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UNIVERSITY OF SOUTHAMPTON
ABSTRACT

FACULTY OF ENGINEERING AND THE ENVIRONMENT
national Centre for Advanced Tribology at Southampton (nCATS)/Bioengineering

Doctor of Philosophy

Development of a Multi-Physics Modelling Framework to Characterise the
Interactions of Skin and Wet Shaving Products

by Maria Fabiola Leyva Mendivil

This PhD project comprised the development of a state-of-the-art multi-physic mod-
elling framework for the characterisation of wet shaving interactions in a coupled Eu-
lerian-Lagrangian finite element environment. The experimental characterisation of
shave prep fluids required the development of sound methodologies to capture the vis-
cous and adhesive properties of the shave prep fluids. The process required step by
step modelling approach for the verification of the fluid viscous response and the anal-
ysis of the contact interactions and its implications in the behavioural response and
simulation run-time performance. The final product resulted in a modular finite ele-
ment framework, for its application in the analysis of wet-shaving lubrication phenom-
ena, for the assessment of new products designs.

Going beyond the original purposes of the project, an state-of-the-art anatomical skin
model was developed with the use of image-based modelling techniques, capturing the
skin microstructure with high geometrical fidelity. This model was applied for the in-
vestigation of the role of the skin microstructure on the macroscopic response to defor-
mation and contact interactions, revealing a complex non-linear interplay between the
geometry and mechanical characteristics of the skin layers. In extension/compression,
the skin topography reassembles a ‘hinge-like’ mechanism for dissipation of strains

in the epidermis, where highest levels of strains were observed at the skin furrows,
and lowest at the crests. In contact interactions simulations, the topographic features
of the skin appear to dominate the global friction response. The study revealed that
the stratum corneum plays a crucial role in the peripheral deformation and propaga-
tion of stress, further away from the area of contact. The high concentration of shear
stresses derived from the multi-asperity contact summed to the high concentration of
strains in the skin furrows, highlighted the importance of the skin microstructure on
the mechano-biological implications of shear stress and strain distribution within the
skin layers.


http://www.soton.ac.uk
http://www.soton.ac.uk/engineering
http://www.southampton.ac.uk/engineering/research/groups.page?
mailto:mflm1g10@soton.ac.uk




To all of those who I've missed so much on this journey. ..






Contents

Acknowledgements xxvii
Notation XXix
Acronyms oo ¢l
1 Introduction 1
1.1 Objective . . . . o v it e e 1
1.2 Methods . . . . . . . . e e e 2
1.3 Project outputs . . . . . . . v v vt i e e e e e e e e e e e e 3
1.4 Outline . . . . . . . e 4
2 Anatomy, physiology, mechanics and constitutive models of human skin 7
2.1 Skin anatomy and physiology . . . ... ... ... ... ... ....... 9
2.2 Mechanical behaviourof skin . . . ... ................... 13
2.2.1 Mechanical behaviour of the hypodermis . . . . .. ... ...... 13
2.2.2 Mechanical behaviour of thedermis . . .. ... ... ....... 14
2.2.3 Mechanical behaviour of the epidermis . . . . ... ... ...... 15
2.2.4 Description of the overall skin mechanical response to deformation 16
2.2.5 Experimental characterisation of the skin mechanical properties . . 20

2.3 Sensitivity of the mechanical properties of the stratum corneum to envi-
ronmental conditions . . . . . ... ... L e 22
2.4 Constitutive modelsof skin . . . ... ... ... 24
2.4.1 Linear isotropic elasticity . . .. ... ... ... ... ... ... 24
2.4.2 Hyperelasticity . . . . . . . . . 25
2.4.3 Entropic-based formulations . . . . . ... ... ... ........ 30
2.4.4 Viscoelasticity . . . . . . . . ... 33
2.4.5 DPoroelasticity . . . . . . . ... 36
2.5 Skin contact interaction properties . . . . . . . ... ...l 36
2.5.1 Frictional behaviour of theskin . . . . ... ... .......... 37
2.6 SUMMATY . . v v v v e e e e e e e e e e e e e e e e e e e e e e e 38
3 Shave preps mechanics, rheology and constitutive models 41
3.1 Microsopic behaviour of foams . . ... ... ... ... .......... 42
3.2 Macroscopic behaviour of foams . . . . . . ... ... 45
3.3 Fluid-structure interactions . . . . . . . .. .. .. ... 46
3.3.1 Fluid-solid adhesion . . .. ... ... ................ 48
3.3.2 Fluid-solid contact interactions . . . . . . . ... ... ... .... 50



viii CONTENTS
3.4 Lubricating role of theshaveprep . . . . . . ... .. ... ... ... ... 52
3.5 Rheological testing of shavepreps . . . . . . ... ... ... .. ...... 53
3.6 Constitutive models of shear-thinning fluids . . ... ............ 55

3.6.1 Fluid compressibility . . . . .. ... .. ... ... .. ....... 58
3.7 Experimental characterisation of shave preps foams . . . . ... ... ... 59
3.7.1 Experimental characterisation of the shave prep viscous behaviour 60
3.7.1.1 Results: Shave prep viscous behaviour . . . . ... .. .. 61

3.7.2 Experimental characterisation of shave prep contact interaction
PIOPETILIES . . v v o o e e e e e e e e e e e e e e e 64
3.7.2.1 Results: Shave prep contact interactions . . . . ... ... 66
3.8 Summary . ... .. e e e e e e e 69

4 Shaving mechanics: tribological aspects and state-of-the-art multi-physics com-
putational models of wet shaving 71
4.1 Review of existing computational wet-shaving models . . . . .. ... .. 73

4.1.1 Blade-Skin-Fluid model (Lawler, 2001) . . . . . . . ... . ... .. 73
4.1.2 Protection model (Moir and Craig, 2010) . ... .......... 76
4.2 Analysis of existing computational wet-shaving models: advantages and
limitations . . . . . . . . . e e e e e e e 79
4.3 Contribution of the multi-physics modelling framework to the study of
wet-shaving tribological interactions . . . ... ... ... ... ...... 81

Shaving mechanics: coupled Eulerian-Lagrangian multi-physics models of shav-

ing tribophysics 85
5.1 Computational modelling of fluid-structure interactions: Coupled Eulerian-
Lagrangian formulation . . . .. ... ... ... ... ... 87
5.1.1 Mesh definitions: Lagrangian and Eulerian descriptions . . . . . . . 88
5.1.2 Coupled Eulerian-Lagrangian formulation . . ... ... ... ... 90
5.1.3 Parallelcomputing . . . ... ... ... .. ... ... ... ..., 92
5.2 Modelling framework development, stage I: models of the individual
shaving stroke components . . . . . . . . . . ... ... 93
5.2.1 Skinmodel . .. ... ... ... 93
5.2.2 Cartridgemodel . .. ... ... ... ... ... o 93
5.2.3 Shaveprepmodel . ... ... ... ... ... . ... ... .... 94
5.2.3.1 Shavepreptestmodels . ... ............... 94
5.2.3.2 Selection of the shave prep constitutive model . . .. .. 96
5.2.3.3 Verification of the shave prepmodel . ... ... ... .. 98
5.2.4 Sensitivity analysis of the shave prepmodel . . . . ... ... ... 101
5.2.4.1 Performance sensitivity to the mechanical properties
describing the fluid behaviour . . ... ... ....... 101
5.2.4.2 Performance sensitivity to the mesh characteristics and
parallelisationlevel . . ... ... ............. 103
5.3 Modelling framework development, stage II: Two-component interactions 106
5.3.1 Cartridge-Skin interaction models . . . . . . . ... ... ... ... 107
5.3.1.1 Dermis-rigid solid model (DRS) . . . . ... ... ... .. 107
5.3.1.2 Skin-Guard model (SG) . . .. .. . ... ... . ..., 109
5.3.2 Skin-Shave prep interactionmodels . . . . . . ... ... ... ... 111

5.3.2.1 Droplet slidingmodel (DS) . ... ... .......... 112



CONTENTS ix

5.3.3 Cartridge-Shave prep shearing interaction models . . . . . . .. .. 114
5.3.3.1 Taylor-Couette flow model (TCF) . . . . ... ....... 114
5.3.3.2 Laminar flowmodel (LF) . ... ... ... ........ 118
5.4 Modelling framework development, stage III: Three- component contact
INTETactionsS . . . . . . . v v i i i e e e e e e e e e e e e e e e 122
5.4.1 Skin-solid-fluid interaction . . . . . . . ... ... ... ... ... 122
5.4.1.1 Solid-rigid skin-shave prep model (SRS) . . ... ... .. 122
5.4.1.2 Guard-skin-shave prep model (SGS) . ... ... ... .. 125
5.5 Modelling recommendations for the characterisation of interaction with
opensurfacefluids . ... ... ... ... .. ... ... . ... 132
5.6 Application of the multi-physics modelling framework to the design of
wet shaving products . . . . . . . . .. e e 133
5.7 Limitations and furtherwork . . ... ... .. ... .. ... . ... .. 136
58 Summary . . . ... e e e e e e 136
6 Micromechanical modelling of skin mechanics I - mechanistic insight into the
material and structural role of the stratum corneum on skin mechanics 139
6.1 Introduction . . . . . . . . . . . . . e e 140
6.2 Materialsand methods . . . . . ... .. ... ... . ... . . ... 144
6.2.1 Skin histology and imaging . . . ... ... ............. 144
6.2.2 Image processing and finite element meshing . . . . .. ... ... 145
6.2.3 Finite element models and analyses . . . . . .. ... ........ 146
6.2.4 Mechanical propertiesof skin . . . ... ... ... ... ...... 147
6.3 Results . . . . . . . e e e 150
6.3.1 Effects of mechanical properties on skin surface topography . . . .151
6.3.2 Strain distribution and magnitude in the skin layers for the com-
Pression Case . . . . . . . . ...t e e e e 151
6.3.3 Strain distribution and magnitude in the skin layers for the ex-
tension case . . . . . . ... L. e e 152
6.3.4 Quantitative analysis of strains in the stratum corneum . . . . . . . 153
6.3.5 Global and local strains in the stratum corneum for the compres-
sioncase . ... ... e e e 155
6.3.6 Global and local strains in the stratum corneum for the extension
CASE « v it e e e e e e e e e e e e e e e e e e 155
6.3.7 Influence of the viable epidermis stiffness on the strain magni-
tude in the stratum corneum . . . . . . ... ..o 157
6.3.8 The role of structural features of the skin and stratum corneum
stiffness in strain reduction/amplification . ... ... ... .. .. 163
6.3.8.1 Compression . ....................... 163
6.3.8.2 Extension . ... ... .. ... ... 164
6.3.9 Influence of the skin topography on the distribution and modula-
tion of strains across skinlayers . . . . . . ... ... ... ..., 165
6.4 DiSCuSSION . . . . . . ... e e e e e e e e e 167
6.5 Conclusion . . . . . ... . . e e e 173

7 Micromechanical modelling of skin mechanics II - structural and material as-
pects of skin contact mechanics 175
7.1 Physics of friction and contact mechanics . . . . .. ... ... ....... 177



CONTENTS

7.2 Materialsand methods . . . . . . . . .. ... ... . 180
7.21 Skinmodels . . . . . . . . . .. 181
7.2.2 Contact interaction simulations . . . . . . .. .. .. ... ..... 182
7.2.3 Analytical validation of the finite element models . . . . .. .. .. 183
7.2.4 Analysisoftheresults . .. ... ... ... ... ... ... ..., 185

7.24.1 Contactarea . . . . . . . v v v vttt 185
7.2.4.2 FriCtion reSPomnSe . . . . v v v v v v v v v e e e e e 187
7.2.4.3 Shear stress distribution . . . . .. ... ... ... ... 188

7.3 Analytical validation of the finite element models: relevant analytical
models validation procedure . . . . . ... ... 188

7.4 ResultS . . . . . o i e e e e e e 194
7.4.1 Contact ar€a . . . . v v v v e e e e e e e e e e e e e e e e e e 194
7.4.2 FriCiON TESPOMSE . . . v ¢ v v v v v e vt e e e e e e e e e e e 197
7.4.3 Shear stress distribution . . . . ... ... .. 0 0 0 oL 202
7.4.4 Shear stress distribution during pure indentation . . . ... .. .. 203

7.5 Shear stress distribution during sliding contact . . . . ... ... ... .. 214

7.6 DIiSCUSSION . . . . . v v i e e e e e e e e e e e e e e e e e e e e 217

7.7 Conclusion . . . . . . . .. e e e 219

7.8 Limitations and furtherwork . . ... ... ... ... .. .. .. .. ... 220

Conclusions and future work 221

8.1 Principalfindings . . . . . . . ... 223

8.2 Recommendations for furtherwork . . . .. .. .. ... ... ....... 226

8.3 Conclusion . . . . . . . . . e e e e e e e 228

Appendix A Shave Prep Rheological Testing Protocol 229

A.1 Sample preparation . . . . . . . . .o i i i 231

Appendix B Mechanical properties of fluid models 233

B.1 Fluid models analysed for the selection of the shave prep constitutive
model . . . .. e 233

B.2 Fluid models employed in the simulations . . ... ... ... ....... 236

Bibliography 241



List of Figures

1.1 Project work flow diagram . . . . ... ... ... ... ... .. ...,
1.2 Contentsdiagram . . . . . . . . . . i v it e e e

2.1 Simplified structure representation of the skin anatomy, featuring the
epidermis, dermis and hypodermis . . . ... ... ... ..........
2.2 Skin subject to in-plane tension forces . . . . ... ... ... ... ...
2.3 In-plane compression of theskin . .. ... ... ... ...........
2.4 Skin subject to out-of-plane tension forces . . . . ... ... ... ... ..
2.5 Out-of-plane skin compression . . . . . . . . .. .. ... ... ...
2.6 Chain representation of a wormlike collagen fibre, during straightening . .
2.7 Gaussian and Wormlike chains . . . .. ... ... ... ... .. ... .
2.8 Eight-chainmodel . ... ... ... ... ... ... ...
2.9 Typical viscoelastic material behaviour . . . . ... ... ... .......
2.10 Viscoelastic Zener model (Standard solid) . . ... ... ... .......
2.11 Viscoelastic generalised relaxationmodel . . . . . . ... ... ... ....

3.1 Foam formation process . . . . . . v v v v v v v v v e e e e
3.2 Wetanddryfoams . .. ... ... ... .. ... ...,
3.3 Foam ageing proCesses . . . . . v v v v v v i e e e e e e e e e e e e
3.4 Macroscopic behaviour of foam under loading . . . . . . ... ... ....
3.5 Contactangle . . . . . . . . . . . e e e
3.6 Droplet in mechanical equilibrium on a tilted surface . . ... ... .. ..
3.7 Stribeckcurve . . . ...
3.8 Rheometer’s formulas: strain rate and shear stresses . . . . ... ... ..
3.9 PEG (Polyox™) solutions viscosity curves . . . . . . . . . . . ... ...
3.10 Applicability of shear-thinning constitutive models . . . . .. ... .. ..
3.11 Structural changes in shaving foam during testing . . . . . . ... ... ..
3.12 Consistency evaluation of protocol for foam sample preparation . . . . . .
3.13 Shave prep rheologicalresults . . . . . . ... ... .. ... ........
3.14 Shave prep rheological results: model fitting . . . . . .. ... ... ....
3.15 Adhesive behaviour of shave prepfoam . . . . ... ... ... .......
3.16 Droplets adhesive behaviour . . . . . .. ... ... ... 0oL

4.1 Shaving stroke and skin deformation . . . ... ... ... ... ......
4.2 Blade-Skin-Fluid model . . . ... ... ... ... . ... ... ... ...
4.3 Viscoelasticflowmodels . . . . ... ... ... ...
4.4 Glide height and blade tip protection models . . . . . . . ... ... ....
4.5 Geometrical simplification of protection models . . . . . ... ... ....

xi



xii LIST OF FIGURES
5.1 Computational characterisation of shaving stroke interactions . . . .. .. 86
5.2 Lagrangian and Eulerian mesh definitions . . . .. ... ... ... .... 89
5.3 Eulerian analysis procedure . . . . ... ... ... . ... .. ... 91
5.4 Dropletmodel. . . . . . ... ... e 95
5.5 Shearmodels . . . . ... ... . 96
5.6 Droplet model spreading behaviour . . . . . ... ... ... . ... .. 99
5.7 Shear models velocity profiles . . . . . . ... ... ... .. ... ..., 100
5.8 Non dimensional design of experiment for the sensitivity analysis . . . . . 102
5.9 Fluid parameters-runtimes sensitivity analysis . . . . . . ... ... .. .. 103
5.10 Mesh-parallelisation sensitivity analysis to mesh size . . ... ... .. .. 105
5.11 Mesh-parallelisation sensitivity analysis to elements per processor . . . . . 105
5.12 Fitting function for the mesh-parallelisation sensitivity analysis . . . . . . 106
5.13 Dermis-rigid solid model . . . . . .. ... ... ... 108
5.14 Skin-guard model . . . . . ... Lo 110
5.15 Effects of the coefficient of friction on skin-cartridge interactions . . . . . . 111
5.16 Droplet slidingmodel . . .. ... ... ... ... . ... .. . .. .... 112
5.17 DS model parameters correlation to runtimes . . . ... ... ....... 113
5.18 Droplet sliding model: test models simulations . . . . ... ... ..... 114
5.19 Taylor-Couette flowmodel . . . . . ... ... ... ... ... ...... 115
5.20 Reynolds number analysis of the Taylor-Couette flow model . . . . .. .. 116
5.21 Taylor-Couette flow model velocity profiles . . . . . . ... ... ... ... 117
5.22 Slippage measurements in Taylor-Couette flow model . . . . . .. ... .. 117
5.23 Laminar flowmodel . ... .. ... ... .. ... ... . . .. 118
5.24 Planar shear model: velocity profiles . . . . . . ... ... ... ...... 120
5.25 Slippage measurements in Laminar flow model . ... ... ... ... .. 121
5.26 Solid-rigid skin-shave prepmodel . . . . . . . ... ... ... oL ... 123
5.27 Solid-rigid skin-shave prepmodel . . . . . . .. ... ... oL 124
5.28 Skin-guard-shave prepmodel . . . . . ... ... L oL 125
5.29 SGS model, test fluids deformation in shaving stroke simulations . . . . . 127
5.30 SGS model, effects on deformation and shear stress distribution by re-

ducing the longitudinal wave propagation velocity (sound speed). . . . . . 128
5.31 Comparison of the viscous response and contact interactions of PEG so-

lution and fluid SP04 under pure shear simulations . . . . ... ... ... 128
5.32 SGS model, coupled effects of the two-component interactions on the

fluid deformation . . . . . . . . ... 130
5.33 SGS model, effects of stroke velocity and fluid-cartridge friction . . . . . . 131
5.34 Application of the multi-physics modelling framework for evaluation

ofguarddesign.. . . . . . . .. 134
5.35 Other applications of the multi-physics modelling framework . . . . .. 135
6.1 Histological skinsection . . ... ... .. ... ... ... . ..... 145
6.2 Two-dimensional finite element mesh of the skin histological section . . . 146
6.3 Image-based finite element model generation process . . . . . ... .. .. 147
6.4 Macroscopic loading condition of skin for the compression . . . . ... .. 148
6.5 Topographic features of the anatomical multi-layer skin model . . . . . . . 150
6.6 Minimum principal strains Cases A . . . . . . . . . ... ... 152

6.7 Minimum principal strains CasesB . . . . . .. ... ... ... ... ... 152



LIST OF FIGURES xiii

6.8 Maximum principal strains Cases A . . . . . . . .. ... 153
6.9 Maximum principal strainsCasesB . . . . .. ... ... ... ....... 153
6.10 Characteristic dimensions of skin furrows . . ... ... ... ....... 154
6.11 Local median minimum principal strains in stratum corneum, Cases A . . . 156
6.12 Local median minimum principal strains in stratum corneum, Cases B . . . 156
6.13 Local median maximum principal strains in stratum corneum, Cases A . . . 157
6.14 Local median maximum principal strains in stratum corneum, Cases B . . . 157
6.15 Regression analysis: furrow depth and PVRdata. . . ... ......... 159
6.16 Minimum principal strains distributions in the stratum corneum, com-

pression, Cases Aland Bl . . . . . ... .. ... ... ... ... 160
6.17 Minimum principal strains distributions in the stratum corneum, com-

pression, CasesA2and B2 . . . . ... ... ... oL 160
6.18 Maximum principal strains distributions in the stratum corneum, exten-

sion, CasesAland Bl . . . . .. . .. . . .. . .. 162
6.19 Maximum principal strains distributions in the stratum corneum, exten-

sion, CasesA2and B2 . . . . . . . . .. ... 162

6.20 Ratio of minimum principal strains A2/A1 and B2/B1, under compression 164
6.21 Ratio of maximum principal strains A2/A1 and B2/B1, under extension . . 165
6.22 Amplification of minimum principal strains at the skin layers under com-

PrESSION . . v v v v i e e e e e e e e e e e e e e e e e e e e e e 166
6.23 Amplification of maximum principal strains at the skin layers under ex-

TENSION . . . v v v ot o e e e e e e 167
7.1 Global and local frictionresponse . . . . . .. ... ... ... 178
7.2 Extension of the skin model for indenting conditions . . ... ... .. .. 181
7.3 Description of the simulationsteps . . . . ... ... ... ......... 182
7.4 Line contact between a cylinder and a flat surface . . . . . ... ... ... 184
7.5 Procedure for the measurement of the projected and real half width . . . . 186
7.6 Fit of half width measurements with analytical model for idealised ho-

mogeneous conditions . . . . . . ... ... e e e 187
7.7 Analysis of the analytical deflectionmodels . . . . ... ... ... .... 192
7.8 Fitting of the sensitivity analysis results with the analytical models . . . .193
7.9 Congruency of the results in Mathematica and Abaqus FEA software

packages . . . . . ... e e e e e e e e e 193
7.10 Effects of the skin microstructure and indentation scale in the half width

ratio MeasurementsS . . . . .« v v v v v v bt e e e e e e e e e 195
7.11 Analysis of the friction effects on the half width ratio at each indentation

scale . .. 196
7.12 Half width ratio behaviour at high deflection in macro-indentation . . . .197
7.13 Probability distribution of global coefficient of friction in sliding simula-

LONS . . . v v e e 199
7.14 Probability distribution of global coefficient of friction in sliding simula-

tions—interaction scale analysis . . . . .. ... ... ... ... ...... 200
7.15 Global friction response across the skin surface . .. ... ... ... ... 202

7.16 Full model and area of interest for the analysis of shear stress distribution 203
7.17 Effects of stiffer stratum corneum in shear stress distribution in pure in-
dentation ideal conditions . . . . . . ... ... oL oL 205



Xiv LIST OF FIGURES

7.18 Shear stress and deformation in the viable epidermis scale up at pure
indentation . . . . ... .. ...
7.19 Effects of local coefficient of friction in the shear stress distribution pat-
tern in the viable epidermis at pure indentation . . . . . ... ... .. ..
7.20 Shear stress distribution in pure indentation with the anatomical skin
model . . ...
7.21 Shear stress distribution in viable epidermis under pure indentation for
Ri=010mm. . . . . . o o e e e e e e e e e e
7.22 Shear stress distribution in viable epidermis under pure indentation for
Ri=020mm. . . . . . o o e e e e e e e e e e e e e e
7.23 Shear stress distribution in viable epidermis under pure indentation for
Ri=050mm. . . .. . . o i i e e e e e e e e e
7.24 Shear stress distribution in viable epidermis under pure indentation for
Ri=00mMIM . . . . o it e e e e e e e e e e e e e e e e e
7.25 Shear stress distribution overlaid with the compressive streamlines
7.26 Shear stress distribution under sliding contact on soft stratum corneum . .
7.27 Shear stress distribution under sliding contact on soft stratum corneum . .



List of Tables

2.1
2.2

3.1
3.2

5.1
5.2
5.3

6.1

6.2
6.3

7.1

7.2

B.1
B.2

Hyperelastic formulations . . . . . ... ... ... ... ... ...... 27
Versions of the volumetric term for the strain energy function . ... . .. 28
Description of the rheological tests on Gillette® Gel shave prep. . . . . . . 63
Contact angle measurements . . . . . . . . . . . .o v 66
Constitutive models performance . . . . . ... ... ... ... ...... 97
Verification of the fluids viscous behaviour . . . . ... ... ... ... .. 101
Parameters range for the parameters-runtimes sensitivity analysis (SA)

and the extended sensitivity analysis (xSA). . . ... ... ... ... ... 102

Linear elastic and corresponding neo-Hookean constitutive parameters

forskinlayers . . . . . . . . . . e 142
Design of computational experiment . . . . . ... ... ... ....... 149
Fitting function parameters for logarithmic regression for the furrow

depth-strain PVRdata . ... ... ... .. ... ... eeiuinine... 159

Parameter limits for the analyses of sensitivity of half width and deflec-
tion sensitivity of the analytical models, with the use of the idealised

skin contact model. F» - Young’s modulus of the flat material. . . . .. .. 191
Relative error analysis between the analytical deflection models and the

finite elementresults . . . . . . . . . ... 191
Fluid properties for selection of shave prep constitutive model . . . . . . . 235
Fluid properties . . . . . . . . . . . . e e 239






List of Symbols

a o >

L

Young’'smodulus. . . . ... ... oo o oo 24
POISSOM'S ratio . . . . v ¢ v v v vt e e e e e e e e e e e e 24
First Lamé’s parameter . . . . . . . . v v v v v v v i 24
Shear modulus (second Lamé’s parameter) . . ... ... ... ... 24
Linear elasticity tensor . . . . . . . . . . ... oo 24
Second order identity tensor . . . . . . ... ... 24
Fourth order symmetric identity tensor . . . ... ... ....... 24
Strain tenSOr . . . . . . v v i i e e e e e e e e e e e e 24
Cauchy Stress tensor . . . . . v v v v v v v v e e e e e e e 24
Strain energy function . . . . .. ... ... ... 25
Deformation gradient . . . . . . . .. ... ... . ... ... 25
Right Cauchy-Green deformationtensor . . . . . ... ... ..... 25
Left Cauchy-Green deformation tensor . . . . ... ... ...... 25
Principal stretches . . . . . . . . ... ... ... . o, 26
Volumeratio . . . . . . . . . .. e 26
Principal deformation invariants . . . ... ... ... ........ 26
Deviatoric deformation gradient . . . . .. ... ... ........ 26
Volumetric deformation gradient . . . . . . . ... ... ... .... 26
Deviatoric deformation invariants . . . . . ... ... ........ 26
Distortional term of the strain energy function . ... ... ... .. 26

Xvii



xviii LIST OF SYMBOLS
v, Volumetric term of the strain energy function . . . . .. ... .. .. 26
m Polynomialorder . ... ... ... .. ... .. ... . ... .... 26
Cij Material parameter . . . . .. .. ... .. ... . L. 26
Qi (b Ogden parameters . . . . . v v v v v vt e e e e e e e e 27
140 Initial shear modulus . . . . ... .. ... ... ... L. 27
Ko Bulkmodulus . . ... ... ... . ... e 28
D Pressure or hydrostatic pressure . . . . . . ... ... ... ..... 28
Am Locking stretch . . . . ... . . ... . . . ... . .. .. ... 29
Go Initial shearmodulus . . . . ... ... . ... ... ... ... ... 29
0 Global interaction parameter . . . . . . . ... ... ... ... ... 29
B Linear mixture parameter . . . . . . . . . . . ot ot e u e e e .. 29
S Second Piola-Kirchhoff stresstensor . . . . .. ... ... ...... 29
E Green-Lagrange strain tensor . . . . . . . . . . .ot ea e e . 30
T Kirchhoff stress . . . . . . . . . . ... ... .. . ... ..., 30
N Number of rigid segmentsinachain. .. ... ............ 31
P, End-to-end vectorof achain . .. ... ... ... ... ....... 31
A Persistencelength . . . . .. ... ... ... .. ... . ....... 31
e Deviatoric strain rate . . . . . . . . . . .t ittt e e e 34
gb Volumetric strainrates . . . . . . . . .. ..o 34
G(s—s') Shearmodulus function. . . . ... ... ... ............ 34
K(s—s') Bulkmodulus function . ... ..................... 34
s Reduced time . ... ... ... ... .. ... 34
t Time . . . . . e e 34
Ag Shift function . . . . . . . . . . ... e 34
Or Temperature . . . . . . . o i i e e e e e e e e e e e e e 34
ma Number of terms of Prony series (shear modulus) . ... ... ... 35
mE Number of terms of the Prony series (bulk modulus) . . . . ... .. 35



LIST OF SYMBOLS xix

Ti

i
IR
9i
In
fr

Vr

SN

Relaxation times . . . . . . . . . . . . i i i 35
Instantaneous shear modulus . . . . . ... ... ... ........ 35
Relative shear modulus . . . . . ... ... ... .. ......... 35
Viscous deviatoric creep strain . . . . . ... ... ... ... 35
Instantaneous bulk modulus . . . . . ... ... ... 0oL, 35
Relative bulk modulus . . . . . . ... ... ... .. ... .. ... 35
Volumetric creep strain . . . . . . . . . . .ot 35
Dimensionless relaxation modulus . . . . . ... ... ........ 35
Shear relaxation moduli of the Prony series . . . . . ... ... ... 35
Magnitude of the normal force . . . . ... ... ... ........ 37
Magnitude of the tangential force . . ... ... ... ... ..... 37
Coefficient of friction . . . . . ... ... .. ... ... ... 37
Free energy change (reversiblework) . . . ... ... ........ 48
Surfaceenergy . . . . . . . . . o 48
Total surfaceenergy . . . . . . . . . . . . .. 49
Flat area of a droplet of fluid onasurface . . . . ... ... ..... 49
Curved area of a droplet of fluid onasurface . . . . ... ... ... 49
Contactangle . . . . . . . . . . . . 49
Angle of the solid surface . . . . ... ... ... .. ... ...... 49
Advancingangle . . . . .. ... ... . 49
Recedingangle . ... ... ... ... . . ... . ... . . ..., 49
Transversal area of thedroplet . . . . . ... ... ... ....... 49
Density . . . . . . o o e e 50
Gravity acceleration . . . . . . . . . ... e 50
Dynamic ViSCOSIty . . . . . . v v v vt e e e e e e e e e e 52
Relative velocity . . . . . . . . . . . o e 52

Stribeck parameter . . . ... ... ... ... ... 52



LIST OF SYMBOLS

Moo

1o

Ts

Tlp

s

Tf

bH

Shearstress . . . . . . . . i i e e 53
Shear strainrate . . . . . . .. ... ... ... 53
Fluid thickness . . . . . . . . . . . ... . . .. .. . 53
Tangential velocity . . . ... ... ... ... ... ... . ..... 53
Area ... e 53
Torque . . . . . . . e e 53
Angularvelocity . . . . . . . . .. ... 53
Power factor . . . . . . . . . i e e e 56
Fluid consistency . . . . .. . . . . . .. ... ... 56
Limiting viscosity at infinite shear strainrate . . .. ... ... ... 57
Limiting viscosity at zero shear strainrate . . . . .. ... ... ... 57
Polymeric component shear stress . . . . . ... ... ........ 57
Solvent component shear stress . . . . . .. ... ... ... ..., 57
Polymeric component Viscosity . . . . . . . . . . ... ... .. 57
Solvent component viscosity . . . . . . . ... ..o 57
Fluid shear stresstensor . . . . .. ... ... ... ......... 57
Mobility parameter . . . . . . . . . . . .. ... 57
Relaxation time of Giesekusmodel . . . . . ... ... ... ..... 57
Retardation time of Giesekusmodel . . . . . ... ... ... .... 57
Shear strainratetensor . . . . . . . ... ... ... 57
Carreau-Yasuda time constant . . . . . . . . . ..o v vt .. 58
Yasuda material parameter . . . . . .. ... ... ... .. 58
Longitudinal wave propagation velocity (sound speed) . ... ... 58
Shockwave velocity . . . . . . .. . ... ... 58
Particle velocity . . . . . . . . . . . . .. ... 58
Linear Hugoniot slope factor . . . . ... ... ... ......... 58

Hugoniot pressure . . . . . . . . . i v it e e e e e e e e e 58



LIST OF SYMBOLS xxi

E,,
En

b

r

T

Qo

Hsc
Kfc

Kfs

(x13, y1i)

Internal energy per unit mass . . . . . . . ... e ... 58
Hugoniotenergy . . . . . . . o v i v i i e e e e e e 58
Hugoniotpressure . . . . . . . . . ... o o 58
Gruneisen parameter . . . . . . . v v v v b e e e e e e e e 59
Nominal volumetric compressive strain . . . . . . ... ....... 59
Initial configuration domain . . ... ... ... ... ........ 88
Current configurationdomain . . . ... ... ... ... ...... 88
Material coordinates . . . . . . .. ... ... 88
Spatial coordinates . . . . .. .. ... .. ... ... 88
Mapping function . . . . . ... ... . 88
Displacement . . . . . . . .. ... 88
VeloCity . . . . . . o e 88
Acceleration . . . . . . . . ... e 89
Reynoldsnumber . . .. .. ... .. ... ... ... ........ 98
Hydraulic diameter . . .. ... ... ... .. ... ... .... 98
Gapdistance . . . . . . ... e e e e 98
Coefficient of friction for the skin-cartridge interaction. . . . . . . . 126
Coefficient of friction for the fluid-cartridge interaction . . ... .. 126
Coefficient of friction for the fluid-skin interaction . . . .. ... .. 126
Furrowdepth . . ... ... .. ... .. ... ... .. ... ..., 158
Strainratiometric . . . . . . . . ..o 163
Median value of the strain ratio metric distribution . ... ... .. 163
Magnitude of the indenting force . . ... ... ... ........ 178
Global unit vectors . . . . . . . . . ... e 178
Global reaction force . . . . . . . . . ... ... 178
Number of asperities . . . . . . ... ... ... ... ... 178
Local unit vectors . . . . . . . . . . v i i it e 178



xxii LIST OF SYMBOLS
f }l%’ ; Local reactionforce . . .. .. .. ... ... .. ... . ...... 178
(x1,i,y,,) Local coordinatesystem. . . . ... .................. 178
(g, yq) Global coordinate system . . . . . . .. ... ... 178
Hii Local coefficient of friction for a contact pointz. . . . .. ... ... 179
fu Magnitude of the global friction force . . . .. ... ... ...... 179
g Global coefficient of friction . . ... ... ... ........... 179
£, Frictionforce. . . . . . . . . . .. 179
f;ﬁ‘Clh Adhesion component of friction force . . .. ... ... ... .. .. 179
f, def Deformation component of friction force . . ... .. ... ... .. 179
Ry Indenterradius . . . . . . . . ... e 183
D, Indenter displacement . . . . ... ... ... .. .. . ... 183
) Skindeflection . . . . . . ... ... 183
1 Local coefficient of friction . . . ... ... ... ... ... ..... 183
Rs Contact material radius (skin) . . . . .. . ... ... ... ..... 184
L Contactlength . . . . . . . . . . . ... ... .. .. .. 184
b Half width of linecontact . . . . . . ... ... ... ......... 184
A, Real contactarea . . . . . . . . .« v v v v v vttt 185
Ay Apparent or projected contactarea . . . . . . ... ... ... ... 185
b, Real halfwidth . ... ... ... . ... . . . .. . . .. . .. ... 185
by Apparent (projected) halfwidth . . . .. ... ... ... ...... 185
n; Nodesincontact . . . . . . . . . v v v v i i it et 185
(n;,yn;) Contact node coordinates in the current configuration . . . . . . . . 185
dp, Projected distance between nodes in contact . . ... ... ... .. 186
dy, Median projected distance between nodes in contact . . . . . .. .. 186
N, Number of nodesincontact . . .. . ... .. .. ... ..... 186
R Reduced radius . . . . . . . . . . . ... 188
E* Reduced Young’s modulus . . . ... ................. 188



LIST OF SYMBOLS xxiii
¢ Distance between the indenter contact point and a point within a

half space, directly underneath the indenter . ... ......... 189

hs Depthofhalfspace . ... ... ... ... ... . . ... . .... 190






Declaration of Authorship

I, Maria Fabiola Leyva-Mendivil, declare that this thesis and the work presented in it
are my own and has been generated by me as the result of my own original research.

Development of a Multi-Physics Modelling Framework to Characterise the Interac-
tions of Skin and Wet Shaving Products

I confirm that:

1. This work was done wholly or mainly while in candidature for a research
degree at this University;

2. Where any part of this thesis has previously been submitted for a degree or
any other qualification at this University or any other institution, this has
been clearly stated;

3. Where I have consulted the published work of others, this is always clearly
attributed;

4. Where I have quoted from the work of others, the source is always given.
With the exception of such quotations, this thesis is entirely my own work;

5. T have acknowledged all main sources of help;

6. Where the thesis is based on work done by myself jointly with others, I have
made clear exactly what was done by others and what I have contributed my-
self;

7. Either none of this work has been published before submission, or parts of
this work have been published as:

Chapter 6:
Leyva-Mendivil, Maria F. and Page, Anton and Bressloff, Neil W. and
Limbert, Georges. “A mechanistic insight into the mechanical role of
the stratum corneum during stretching and compression of the skin”.
Journal of the Mechanical Behavior of Biomedical Materials. 49:197-219,
2015. ISSN: 17516161. doi: 10.1016/j.jmbbm.2015.05.010.

Signed: Date:

XXV






Acknowledgements

Thanks to the Mexican Council of Science and Technology (CONACyT), Procter & Gam-
ble (P&G) and the University of Southampton for the sponsorship of this programme.
Thanks as well to the supervisory team, my academic supervisors Prof. Georges Lim-
bert and Prof. Neil Bressloff, and my industrial supervisor from P&G, Dr. David O’Callaghan
for the guidance and support on the project matters. I am also grateful to the staff at
the Great London Innovation Centres in Reading (GLIC-R) and Egham (GLIC-E), in the
United Kingdom, the Biomedical Imaging Unit in the Southampton General Hospital,
and the University of Southampton Electrochemistry department for support, training
and advice on the experimental techniques used in this project. I'd like to acknowledge
the technical support from Dr. Ross Cotton from Simpleware Ltd, Exeter, UK and Dr.
Jakub Lengiewicz, from the Polish Academy of Sciences, Warsaw.

Personally, I deeply thank all of those who supported me in this journey. My family and
friends who've hold on across the distance, my ‘Southampton family’, and those who
beyond their supervisory ‘role’ in this project offered their advice as colleagues and be-
came my friends. My most sincere thanks to you all.

XXVii






Notation
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of a value. For example, a local coefficient of friction j; might be distinguished
from a global one j, with the indication a subindex as part of the scalar symbol.

Tensor notation:
All tensors of order one or two are indicated in bold case. Most of the first order
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Chapter 1

Introduction

The modelling of the wet shaving process requires a multi-physics approach that gathers
together mechanical behaviour of the materials in the razor cartridge, its parts and mech-
anisms, the non-linear behaviour of the human skin and the non-Newtonian behaviour of
the shave preps. The consumer shaving style defines the dynamic conditions of the shaving
process. Setting the outlines for the development of a multi-physics modelling framework
to characterise the interaction of skin and wet shaving products, this chapter provides the
objective of this thesis project, the followed methodology and the project outputs. The out-
line of the chapter’s contents describes the work flow of the project, delivering a full image
of the integration of the different phenomena involved in wet shaving.

The human skin is subject to a wide range of tribological interactions on a daily basis.
This is the case of wet shaving, where the skin interacts with shaving devices in a hy-
drated low friction environment (provided by the shave prep —any foam, gel or cream
used to ease the gliding of a razor cartridge over the skin surface) during a shaving
stroke. This activity involves complex coupled multi-scale physical phenomena such as
non-linear deformation, surface physics, shear rate dependent fluid viscosity and fluid-
structure interactions. The aim of the project was to characterise and unravel some

of the key multi-physics interactions taking place between the skin, shave prep (gel/-
foam) and razor. This was achieved by developing a modelling environment based on
multi-physics finite element techniques using the experimental framework developed
by the industrial sponsor, Procter and Gamble (P&G), for skin deformation as a starting

point.

1.1 Objective

The objective of the project was the development of a multi-physics modelling frame-
work that characterises the interactions between the skin, razor and shave preps in
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shaving stroke simulations. This computational modelling platform was developed for
P&G for its use in the design process of new high performance shaving systems. Its im-
plementation allowed the assessment of the shave prep behaviour during the shaving
stroke and how it is affected by the cartridge design, providing advantages in the per-
formance evaluation prior to production, and reducing the prototyping costs. Further
contributions were achieved by the development of a micro-mechanical model of the
human skin. This model was developed with the support to the Biomedical Imaging
Unit, at the Southampton General Hospital, for the evaluation of effect of the skin to-
pography and its mechanical properties on the distribution of strain and stress across
the skin, during deformation and contact interactions involved in skin tribology.

1.2 Methods

The development of the modelling framework for the characterisation of wet shaving
interactions involved the fluid-structure interactions (FSI) of the components: skin,
razor cartridge, and the shave prep (shaving foam/gel). These components were first
characterised individually, accounting for their mechanical properties and/or geomet-
rical parameters. Given the experimental framework provided by P&G for the charac-
terisation of the skin and the razor cartridge, a critical aspect of the development of
this project involved the experimental characterisation of the shave prep viscous and
adhesive behaviours, its implementation in a finite element environment, and the opti-
misation of the computational models so that runtimes are kept to a minimum. The ex-
perimental tribological characterisation of the shave preps was performed at the facil-
ities of P&G at the Great London Innovation Centres in Reading (GLIC-R) and Egham
(GLIC-E), in the United Kingdom. The adhesive behaviour of the shave prep was cap-
tured by the use of the contact angle measuring facilities in the electrochemistry labo-
ratory at the University of Southampton. The development of the image-based micro-
mechanical antomical model of the human skin involved the acquisition and prepa-
ration of a human skin sample into histological slides, digitalisation of the slides and
image processing for the construction of a finite element mesh. The individual skin lay-
ers were represented according to the literature parameters and tested under in-plane

deformation and indentation.

The modelling of single components was followed by the modelling of two-component
interactions, prior to the integration of the three component in the multi-physics mod-
elling framework. The interactions of the shave prep with the skin and cartridge were
captured in the coupled Eulerian-Lagrangian (CEL) finite element environment pro-
vided by Abaqus 6.14 (Simulia, Dassault Systemes, Providence, RI, USA) which fea-
tures advanced constitutive models and multi-physics solvers. Supercomputing capa-
bilities of P&G Research and Development centre in Cincinnati, OH, USA were used for

the multi-physics simulations.
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1.3 Project outputs

The developed modelling framework provides several benefits to the sponsoring com-
pany, P&G. The short terms benefits include:

* In-depth knowledge of the effects of the model parameters on the behavioural
and simulation runtime performance. These effects were evaluated through a
series of sensitivity analyses.

* Fluid adhesion characterisation. The model captured the spreading and adhe-
sive behaviour of the shave preps on different surfaces, showing a realistic distri-

bution under different shearing conditions.

* Effects of skin surface topographic features (microscopic scale) on the macro-
scopic response to deformation and tribological interactions. Based on an
anatomical model, the influence of these features were studied in terms of skin
stress/strain, for further application in the study of the protection layer formation
under the blades.

In the long term, the expected outputs are:

* Faster performance analysis. The performance analysis will require only the
manipulation of the parameters defining the characteristics of the model (i.e.
shave prep properties and shave stroke dynamics), substitution of newly de-
signed cartridge parts, and the use of the computational resources available.

* Reduction in the need of experiments. Experiments required will be reduced
to the verification of the model and the acquisition of the shave preps parameters

required for the model.

* Consumer perception identification. The consumer perception is recorded in
P&G facilities in terms of ease of sliding, noise produced at shaving, quality of
shaving, general comfort, among others. The computational model of the prod-
ucts used by the consumer will provide virtual measurements that are to be con-
nected to consumer perception.

* Forward design. Once the comfort parameters are identified, the composition
of the shave prep and the cartridge material and geometry can be manipulated
to improve the performance of the foam and razor. As part of the design process,
this will mean that (instead of a design-prototype-test loop prior to fabrication)
the process would require a design-evaluation loop prior to verification followed
by product production.
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1.4 Outline

Following the project work flow diagram (Figure 1.1), it can be visualised how the
wet shaving components (skin, shaving foam, cartridge) and consumer preferences are
linked together in the development of the multi-physics modelling framework, con-

tributing with the sponsoring company in the search of increasing the customer satis-
faction.

Anatomy and
Sskin Physiology

#~  Mechanical
Constitutive Models behaviour

of Skin

Skin data

Materials

Chapter 3
Shaving Consumer

: technique
Geometry ggggggﬁ Shave preps
Razor Comfort Prep _\ (foam/gel)
Mechanical perception selection
properties Lathering
Cartridge process
FE model

Chemical

composition
Chapter 4

Skin and
Wet shaving products
TRIBOLOGY

Chapter 5

Foam model

Mechanical
properties
Contributions

to P&G

Multi-physics

Faster modelling framework
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analysis

Reduction
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Increase in
Consumer comfort

Increase in
product
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Figure 1.1: Work flow diagram of the development of the skin and wet shaving products interac-
tion multi-physics modelling framework, including the project contribution to the sponsoring com-
pany and the consumer.

Figure 1.2 shows the three wet shaving components represented by a coloured oval
(blue for the shave prep, yellow for the skin and grey for the razor cartridge); the in-
formation available (literature/experimental background) of each component is shown
inside the ovals, where no overlap between the components is observed. The contri-
butions made to each component during the development of this project are indicated
with the inwards arrows, and the outcomes from the analyses with the outwards ones.

The overlapping areas show how the two-component interactions are characterised
and how they ‘feed’ the multi-physics modelling framework.

Chapter 1 Introduction
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The contents in Figure 1.2 are colour coded with the aim to provide a visual index

of the chapter contents. The anatomy and physiology of skin are described in Chap-
ter 2. As a multi-layer composite, each skin layer is described and further related with
their role in the overall mechanical behaviour of skin. In this chapter, it is included the
description of the commonly used constitutive models adopted in this project to rep-
resent the skin elastic and viscoelastic behaviour. A brief description of the frictional
behaviour of skin is also provided.

The physics behind the shave preps, both as foams and interstitial fluid, are described
in Chapter 3, going from the bubble formation to the viscous behaviour of shave preps
(either as foam or interstitial fluid). A review of the constitutive models adopted in this
project to represent shear thinning fluids is included, a long to the description of the
most common testing method to characterise the shave preps. A brief description of
the molecular contact parameters that describe the fluid-solid interactions is also in-
cluded. The experimental procedures adopted for the rheological characterisation of
the shave prep viscous response and its contact interactions with the cartridge materi-
als are explained later in Section 3.7. As precedents of this project, the description of
the existing shaving stroke models and a discussion of their limitations is provided in
Chapter 4.

Chapter 5 covers the theory behind the fluid-structure interactions and the process to
develop the multi-physics modelling framework. It involves the computational char-
acterisation of the shaving prep, skin and razor cartridge, and the characterisation of
the interactions between each shaving stroke component under adhesive and shear-
ing conditions. These interactions were incorporated in a simple version integrating
the three shaving stroke components, providing the bases for the full cartridge multi-
physics modelling framework. Chapter 6 describes the development of a skin anatom-
ical model and its application for the assessment of the effects of the skin topography
and the effect of humidity during in-plane deformation at a microscopic scale. Chapter
7 describes the application of this micro-mechanical model to tribological interactions
of the skin. The conclusions of this project can be found in Chapter 8, where the out-
comes of the project and its further application are discussed.



Chapter 2

Anatomy, physiology, mechanics
and constitutive models of human
skin

The skin is a multi-layered composite material, acting as the main physical barrier be-
tween the exterior and interior of the human body. In this chapter, a review of the skin
anatomy and physiology is presented, explaining the link between the mechanical proper-
ties and structure/composition of each skin layer. As part of the review, an analysis of the
most common constitutive models used to represent the non-linear mechanical behaviour
of this tissue is also provided. The applicability of these models to specific physical condi-
tions is examined for the selection of the most appropriate constitutive models to represent
the skin behaviour in the multi-physics modelling framework and the anatomical skin
model developed in this PhD project. Of high relevance for the tribological interaction of
the skin with wet shaving devices, this chapter also includes the basic information on fric-
tional response of human skin, and the lubricating action provided by the shave prep.

The skin is a complex multi-layer tissue, consisting of three main layers: the hypoder-
mis, dermis and epidermis, from the inside out. Within these layers, various appen-
dices (to be subsequently detailed) connected to the nervous system provide sensory
mechanisms to sample the external environmental conditions, particularly when these
conditions represent a potential hazard to the skin (Burns et al., 2004; Shimizu, 2007).
The structural, mechanical and biochemical properties of the skin layers and the var-
ious sensory cells make the skin a highly multi-functional biophysical interface which
provide mechanical protection as well as thermoregulatory functions. This will be de-
tailed in the next sections.

Mechanical protection involves the three skin layers, the sensory-receptors provid-
ing the sense of touch and the presence of hair. The hypodermis provides damping of

impact forces; the dermis and hypodermis control the levels of in-plane deformation;

7
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the epidermis forms a thin strong layer of dead cells on the skin surface that acts as
a mechanical barrier from the environment. This outer layer, the stratum corneum, is
covered in a layer of fatty acids that controls the water loss in the skin. The sense of
touch is provided by mechano-receptors specialised for the detection of tactile sen-
sation, pressure and vibration at low deformation (such as the Merkel cells, and the
Pacinian and Meissner corpuscles), and nociceptors (free nerve ending) specialised
for the detection of potential skin damage at high deformation (e.g. puncture, cuts)
(Shimizu, 2007).

Finally, hair provides mechanical protection by two means: on the one hand, high con-
centration of neural terminals at the base of the hair follicles allows the detection of
slight movement of hair, providing high sensitivity to low forces acting on the skin (e.g.
wind, insects); on the other hand, hair also provides mechanical cushioning and reduc-
tion of skin-skin friction (Veijgen et al., 2013c) (e.g. armpits, pubis).

The skin barrier function is confined to the epidermis, which provides an impermeable
layer preventing water loss with high strength to prevent penetration of harmful sub-
stances (Hendriks et al., 2006; Pedersen and Jemec, 2006). In the stratum corneum,
chemical protection is provided in the first instance by deposition of the sebaceous
and sweat glands secretions, which allow to maintain stable internal conditions under-
neath the skin surface. The sebum produced by the sebaceous glands forms the fatty
acids coating on the skin surface, that, with pH levels between 4 and 6, acts as a bacte-
ricide (Shimizu, 2007). Sweat also contains small amounts of anti-microbial peptides
(AMP), aminoacids that increase the chemical protection at the skin surface against a
broad spectrum of pathogenic microorganisms (Burns et al., 2004). In case of skin rup-
ture, other bacteria and pathogens can enter the skin, for which case the keratinocytes
forming the epidermis increase the AMPs production (Burns et al., 2004). For further
protection, immune system cells (e.g. phagocytes, lymphocytes) constantly patrol the
different skin layers in search of pathogens, and triggering the primary immune re-
sponse when necessary (Burns et al., 2004).

Being the interface between the body and the external environment, the skin plays an
important role in the regulation of body temperature. Preserving a constant temper-
ature is advantageous for the well functioning of the body, so the environmental con-
ditions do not interfere with the metabolic processes (Burns et al., 2004). However,
the temperature in the body can be affected by intense activity (e.g. sports), emotional
stimulus, immune response (e.g. fever, infammation), or environmental conditions.

The fat tissue in the hypodermis provides thermal insulation, but for thermal regu-
lation, the skin involves hair, peripheral blood vessels, and sweat glands, which react
to physical stimuli sensed by the cutaneous thermo-receptors. The normal or “physi-

ological” temperature in the human skin is about 34°C, and specific cold and warmth
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receptors are ‘activated’ at abnormal thermal conditions. Cold receptors detect tem-
peratures between 14-30°C (1-20°C lower than the normal skin temperature), while
higher temperatures of 32-45°C are detected by warmth receptors. Thermal sensation
depends on the rate and degree of temperature change, and according to the sensed
conditions, the thermo-receptors send signals to the hypothalamus to activate the ther-
mal regulation response (Burns et al., 2004). In case of low temperatures, shivering is
stimulated for elevating the body temperature, and contraction of the peripheral blood
vessels prevents diffusion of heat through the skin surface. Furthermore, the activa-
tion of the arrector pili muscles attached to the hair root sheath, moves the hair to a
position where more air is trapped at the skin surface (i.e. goose bumps), providing
an enhanced thermal insulation (Burns et al., 2004; Shimizu, 2007). In the case of
high temperatures, the skin response involves the endocrine system which activates
the sweat glands so the body is cooled down by perspiration. Conversely, high tem-
peratures induce dilatation of the peripheral blood vessels so that heat is brought to
the skin surface for thermal diffusion through sweat evaporation and radiation (Burns
et al., 2004). It is worth mentioning that thermal pain is triggered when either dam-
age or noxious stimuli is caused at cold temperatures, or when the skin temperature is
above 45°C (in this later case, the signal is produced by nociceptors rather than warmth
receptors) (Burns et al., 2004). With such stimuli, the withdrawal reflex is triggered,
activating muscular response to remove the skin from the heat source and prevent fur-
ther damage to the skin tissue (Pur, 2001).

All together, the skin structure and its appendices, provide great protection to the hu-
man body from the external environment. Being of high relevance for this project, the
next section describes in detail the structure, function and mechanical behaviour of the
skin layers. For further information about the integumentary system involving the skin
and its appendices the reader is referred to Burns et al. (2004); Shimizu (2007), and
Marieb and Hoehn (2010).

2.1 Skin anatomy and physiology

The hypodermis, dermis and epidermis layers are distinguished by their own particular
constitution. The simpler structure is observed in the hypodermis, while the composi-
tion of the dermis and epidermis shows higher structural complexity, as schematically
represented in Figure 2.1.

The hypodermis is mainly constituted of fat cells grouped in fat lobules, that give a
granular appearance to this layer. Its thickness is largely variable across the body and
between individuals, being particularly thicker at the cheeks, tights, palms and soles
(Kong et al., 2011; Shai et al., 2009; Shimizu, 2007). As already mentioned, it pro-
vides impact and thermal protection to internal organs and the muscles. Furthermore,
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Figure 2.1: Simplified structure representation of the skin anatomy, featuring the epidermis, der-
mis and hypodermis. The deepest layer, the hypodermis, is formed by fat lobules. Across this layer,
the retinacula cutis fibres provide an anchoring structure between the dermis and the muscular fas-
cia. The dermis is formed by collagen and elastin fibres, embedded in a ground substance matrix.
These components are arranged differently through the depth of this layer: in the reticular dermis,
above the hypodermis, the collagen and elastin fibres are packed in dense bundles; while closer

to the epidermis, these fibres are loose allowing patrolling of the immune system cells in the sub-
papillary and papillary dermis. The papillary dermis has a characteristic egg-crate shape formed by
dermal papillae in which the capillary blood vessels loops are embedded. The epidermis is formed
by epithelial cells. Through the dermal-epidermal junction, the blood vessels provide nutrients and
oxygen to the basal epidermal layer. This, the stratum basale, contains ‘mother cells’ that constantly
replicate to form and renew the epidermis. As the epithelial cells replicate and migrate towards the
surface and away from the source of nutrition, their structure changes, forming the stratum spinosum
and stratum granulosum before they keratinise to form the strongest epidermal layer called stratum
corneum. Due to the different mechanical properties of the basale, spinosum, and granulosum strata
with respect to the stratum corneum, these softer layers are commonly referred as the viable epider-
mis. The sensory receptors of pressure, vibration and deformation (Ruffini organs, Krause end bulbs,
Pacinian and Meissner corpuscules and Merkel disks) are distributed trhoughout the dermis, but the
pain receptors (free nerve endings) are located in the viable epidermis.

it eases the sliding of skin on top of the muscles during deformation. Excess of sliding
is prevented by fibre bundles (retinacula cutis) that connect the hypodermis to the der-
mis with the deeper tissue (e.g. the fascia covering the muscles) (Burns et al., 2004;
Shimizu, 2007).

The dermis is mainly constituted of type I/III collagen and elastic fibres embedded

in a “viscous gel-like” matrix formed of polysaccharides and proteoglycans, known as
ground substance (Burns et al., 2004). The dermis thickness varies between 1.0 and 4.0
mm according to body location. Through its depth, it can be classified in three sub-
layers according to their fibre-matrix arrangement, into reticular, subpapillary and
papillary dermis, from the inside out (Geerligs, 2010; Shimizu, 2007). The reticular
dermis, forming 90% of the dermis (Wu, 2006), is characterised by soft elastic fibres
bundles oriented parallel to the skin surface, and dense bundles of stiffer collagen fi-
bres, that together induce the stretch-stiffening elastic response of skin on tension
(Shimizu, 2007). The elastic fibres are highly elastic, and help to maintain the skin
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natural residual tension and are key in providing the skin with its elastic recoil ability
(Bischoff et al., 2000; Boyer et al., 2009; Humbert et al., 2012; Tran et al., 2007). The
collagen fibres, representing 70% of the dermis dry mass, are composed of tropocolla-
gen molecules forming ‘wormlike’ fibres (Kuhl et al., 2005; Shimizu, 2007) arranged
in a preferred orientation along the body. The Langer lines, describing the skin natural
tension lines (Langer, 1861), are associated with such preferred orientation of the col-
lagen fibres bundles (Ni Annaidh et al., 2012a), providing different tensile responses to
the skin for particular stretch directions on the skin surface (Flynn et al., 2011b; Kuhl
et al., 2005; Liang et al., 2010; Marieb and Hoehn, 2010; Shimizu, 2007; Vexler et al.,
1999; Wu et al., 2006b). Above the reticular layer, in the subpapillary and papillary
dermis, the collagen and elastic fibres are loose and tortuous, allowing immune sys-
tem cells to navigate in the ground substance, looking for infiltrated bacteria (Marieb
and Hoehn, 2010). The dermis is anchored to the dermal-epidermal junction (DEJ)
through type VII collagen fibrils and fibrillin-rich microfibril bundles (Naylor et al.,
2011).

Most of the skin appendices, such as the oil and sweat glands, hair roots, sensory re-
ceptors and blood vessels, are contained within the dermis. The sensory receptors dis-
tributed through the dermis and epidermis are connected to a network of nerves that
transfers the sensory information to the central nervous system (Burns et al., 2004;
Goldstein, 2008). While the thermo and mechano-receptors (detecting pressure, vi-
bration and deformation) are located at the dermis, the free nerve terminals or noci-
ceptors (detecting high deformation, extreme temperatures and chemical irritation,
providing the ‘pain’ sensation) are located in the viable epidermis (Goldstein, 2008).
Veins and arteries are contained within the dermis, forming a network of vessels in the
deeper dermis (subcutaneous plexus) that ascend to form a secondary network within
the subpapillary dermis (subpapillary plexus) (Shimizu, 2007). The capillary vessels ex-
tend up to the dermal papillae, from where they provide with nutrients and oxygen to
the epidermis through the DEJ (Burns et al., 2004; Shimizu, 2007).

The epidermis is made of epithelial cells, of which 95% are keratinocytes that are kept
together via specialised cell adhesion complexes called desmosomes (Burns et al., 2004).
This layer, varies between 0.03 and 0.2 mm in thickness across the body (Jachowicz

et al., 2007; Shimizu, 2007). It goes through a continuous regeneration process to
maintain and repair its barrier function. The epidermal layer originates at the stratum
basale, a one-cell-thick layer of stem cells attached by hemidesmosomes to a basement
membrane rich in type IV collagen, located at over the DEJ where they are able to re-
ceive the nutrients from the capillaries located in the dermal papillae. These cells con-
stantly replicate and renew the epidermis, pushing the older cells towards the surface.
As they get farther from the source of nutrition, the cells go though a transformation
process from keratinocytes to corneocytes that desquamate at the skin surface (Burns
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et al., 2004). In this migration process, taking place over a period of 13-18 days (Ep-
stein and Maibach, 1965), the cells experience structural changes which lead to the
identification of four sub-layers (five in the case of palmo-plantar skin).

Above the stratum basale, larger keratinocytes are grouped in the thickest layer of the
epidermis, the stratum spinosum, where the desmosomes keeping the cells together
give this layer a prickled appearance. Nearer to the surface, the cells start dying due
to the lack of nutrients and the glycolipids contained in the cells are released into the
inter-cellular space. In this layer, the stratum granulosum, the cells become flatter and
the lamellar granules contained in the cells become more evident; at this stage, the
keratinisation process begins. In palms and soles, a layer of nucleated flat cells char-
acterises the stratum lucidum (Burns et al., 2004). In the outermost layer, the stra-
tum corneum, the cells complete the transformation into corenocytes: they have lost
their nuclei and become fully keratinised, providing a strong mechanical barrier for the
skin (Burns et al., 2004; Shimizu, 2007). The integrity of the outer layer is provided
by the glycolipid content in the inter-cellular space and the strength of the desmo-
somes (Wu et al., 2006a). The extreme contrast in mechanical properties between

the keratinocytes and corneocytes allows the epidermis to be divided into two layers:
the viable epidermis (also known as living epidermis), and the stratum corneum. Final
degradation of the desmosomes leads to desquamation of the skin surface.

At its exterior surface, the skin is characterised by topographic features (i.e. skin fur-
rows and crests) visible to the naked eye. Depth and orientation of the topographic
features vary according to body location and age. These features, often referred as
“microrelief” (Asserin et al., 2000; Lévéque and Audoly, 2013; Piérard et al., 2003),
redirect the stresses in the skin surface as they unfold (Geerligs, 2010; Geerligs et al.,
2011a; Leyva-Mendivil et al., 2015; Pedersen and Jemec, 2006). In this PhD project, it
was demonstrated through 2D finite element simulations that the topographic features
of the skin can modulate the macroscopic strains taken in the stratum corneum during
in plane deformation (Leyva-Mendivil et al. (2015), Chapter 6).

Each of the components of the skin layers contribute in one form or another to the
overall mechanical response of the skin. However, such response is affected by the
structural arrangement of the skin elements (e.g. geometry, fibre orientation), pro-
viding a complex anisotropic mechanical behaviour. In the following section, the link
between the skin structural components and the mechanical response of the skin is re-
viewed.



Chapter 2 Anatomy, physiology, mechanics and constitutive models of human skin 13

2.2 Mechanical behaviour of skin

The mechanical properties of the human skin, which are highly dependent on a rel-
atively large number of intrinsic and extrinsic factors, can vary according to body lo-
cation, individuals, age, sex, race, hormonal status, hydration conditions (Burns et al.,
2004; Flynn et al., 2011b; Marieb and Hoehn, 2010; Shimizu, 2007; Vexler et al., 1999).
In addition, the exposition to environmental conditions (e.g. humidity, UV radiation,
temperatures) and chemicals (e.g. topical medication, skin care products), can mod-

ify temporarily or permanently the skin mechanical behaviour (Geerligs et al., 2011a;
Jachowicz et al., 2007). All these variability factors, added to the intrinsic structural
complexity of the tissue and its anisotropic mechanical response, make it impossible to
characterise with a single experimental test the full mechanical behaviour of the skin.

From a macroscopic point of view, the skin mechanical behaviour can be described as
anisotropic, stretch-stiffening and viscoelastic. These characteristics are distributed in
different proportions through the skin, according to the physical characteristics of each
layer, but are not necessarily present in every skin layer. The skin anisotropy is con-
ditioned by its stratified structure, fibre direction in the dermis, and the geometry of
the skin layers interfaces and its surface topography; the stretch-stiffening elasticity
is due to the combined response of the elastic and collagen fibres in the dermis and
retinacula cutis in the hypodermis; and the viscoelasticity, by the combination of vis-
cous effects provided by the fat tissue in the hypodermis, the ground substance in the
dermis, the glycolipids in the epidermis, and the time-dependent structural rearrange-
ments (e.g. fibre uncrimping and realignment in the dermis). Following the approach
for the description of the anatomy and physiology, the distribution of the mechanical
characteristics of the human skin is explained next for each skin layer, from the inside
out.

2.2.1 Mechanical behaviour of the hypodermis

The hypodermis is partially responsible for the skin viscoelastic response (Geerligs

et al., 2008; Marieb and Hoehn, 2010). Its main contribution is observed in the over-
all skin mechanical response, under indentation. Loads applied normal to the skin sur-
face cause the displacement of the fat tissue in between the upper skin layers and mus-
cle. This motion attenuates and disperses the applied forces and provides a delayed
response to deformation (Geerligs, 2010; Geerligs et al., 2008; Marieb and Hoehn,
2010). In tension, the high compliance of the hypodermis allows the sliding of the
skin (Delalleau, 2007), thus reducing the shear of the tissue at low deformation. The
retinacula cutis fibres, form a strong collagen network that connects the dermis to the
muscular fascia (Burns et al., 2004), preventing excessive displacement of the skin
over the bony structures. It is probable that these fibres play an important role in the
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mechanical behaviour of the skin (Geerligs, 2010), as they provide with a high non-
linear mechanical response to the hypodermis (Sommer et al., 2013). However, these
structures are often ignored in the skin computational models.

2.2.2 Mechanical behaviour of the dermis

In the dermis, the anisotropic, stretch-stiffening elastic and viscoelastic effects are si-
multaneously observed. The anisotropic elastic response in this layer is determined by
the fibre-reinforcement nature of the tissue: in tension, the strength is provided by the
collagen and elastic fibres; in compression, the mechanical response depends mostly
on the nearly incompressible ground substance matrix. In addition, the orientation of
the collagen fibre bundles along the Langer lines, provide further in-plane anisotropy
in tension.

The stretch-stiffening elasticity is provided by the combined response of the collagen
and elastic fibres (Delalleau, 2007; Pedersen and Jemec, 2006). As mentioned in Sec-
tion 2.1, the elastic fibres are highly elastic, for which at small deformation they pro-
vide low resistance to tensional forces. The undulated shape of the collagen fibres do
not provide any resistance to deformation until fully stretched. The gradual mechan-
ical ‘activation’ of these fibres shifts the strain-stress curve of the skin from a low stiff-
ness and toe region at smalls strains, to a high stiffness region at large ones (Bischoff
et al., 2000; Burns et al., 2004; Delalleau, 2007; Gu et al., 2010; Hendriks, 2005; Hen-
driks et al., 2004; Huang et al., 2010; Hung et al., 2009; Moir and Craig, 2010; Ni An-
naidh et al., 2012b). The preferred orientation of the collagen fibres plays a crucial
role in the skin anisotropy, in which the skin tensile stiffness is dependent on the load-
ing direction . Ni Annaidh et al. (2012a) showed that the skin is stiffer when loaded
parallel to the Langer lines, whose direction is correlated with collagen fibres preferred
orientation. This behaviour has been widely reported in the literature , and is char-
acteristic of most soft tissues in many mammalian species (Flynn et al., 2011b; Kuhl

et al., 2005; Liang et al., 2010; Marieb and Hoehn, 2010; Shimizu, 2007; Vexler et al.,
1999; Wu et al., 2006b).

The ground substance provides a significant contribution to the skin viscoelasticity be-
cause of its inherent water content (Delalleau, 2007; Derler and Gerhardt, 2012; Hen-
driks, 2005). Loading of the skin modifies the space where the ground substance is
contained, forcing the fluid to flow through the porous structure formed by the colla-
gen and elastic fibres, providing a delayed response to deformation (Gerhardt et al.,
2008; Kumagai et al., 2011; Zahouani et al., 2011). By unloading the skin, the ground
substance flows back in place and the skin recovers its original shape. Depending on
the intensity and time of the applied load, the recovery can take a few seconds or up
to a several minutes. A good example of this delayed response involve pressure marks
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made by wearing tight clothing. Intrinsic and extrinsic ageing causes significant alter-
ations to these viscoelastic effects (Zahouani et al., 2011).

2.2.3 Mechanical behaviour of the epidermis

The main function of the epidermis is to provide a direct mechanical barrier for the
protection of skin (Pedersen and Jemec, 2006). Although the epidermis contribution to
the tensile mechanical response of the skin is lower than that of the dermis, it plays an
important role in the preservation of such barrier. Due to its stratified and multiphasic

structure, the epidermis features anisotropic and viscoelastic characteristics.

The anisotropy of the epidermis is provided by the variation in properties with cell
keratinisation and degradation as a function of depth. In the viable epidermis, the
strength is provided by the desmosomes and cytoskeleton of the keratinocytes; in the
stratum corneum, the thicker wall of the corneocytes, and their respective desmosomes,
provide this outer layer with higher stiffness than that in the viable epidermis (Geerligs,
2010). Albeit homogeneous properties are expected at each sublayer of the epidermis,
the non-linear elastic response of the epidermis is influenced by the intricate complex-
ity of its geometry (i.e. the undulating shape of the dermal-epidermal junction and the
surface topographic features) that produces an uneven distribution of strains across
this skin layer (Leyva-Mendivil et al., 2015).

In the epidermis, providing that the stratum corneum is not in its softest state (e.g. un-
der high humidity conditions, or after full water intake), mechanical stresses concen-
trate into the stiffer stratum corneum as the skin furrows fold/unfold during extension
and compression (Geerligs, 2010). This ‘folding’ can be viewed as a ‘hinge’ mechanism
where the strains are concentrated in the deeper area of the furrows, while minimum
strains are experienced in the crests (Leyva-Mendivil et al., 2015). With such mech-
anism, the topographic features of the skin reduce the overall strains experienced by
the outer layers of the skin, in comparison of the total applied deformation (Leyva-
Mendivil et al., 2015).

Minor viscoelastic effects are also attributable to the flow of glycolipids in the inter-
cellular space, as highlighted by Crichton et al. (2011). With an intercellular space

of 2% in volume in the viable epidermis, this effect is more obvious in the stratum
corneum where intercellular spaces are larger (about 0.1-0.3 um) (Geerligs, 2010).
However, this fluid can be easily washed out and/or replaced by water or moisturis-
ing creams that modify the epidermis’ mechanical response (Bhushan, 2012; Hendriks
et al., 2004; Jemec and Na, 2002; Vexler et al., 1999; Wu et al., 2006b), as explained
in Section 2.3.



16  Chapter 2 Anatomy, physiology, mechanics and constitutive models of human skin

The macroscopic or gross mechanical response of the skin is a direct result of the me-
chanical properties of its individual structural components and to the way they are as-
sembled together. The next section explains the structural mechanisms that condition
the macroscopic skin response.

2.2.4 Description of the overall skin mechanical response to deformation

The skin is subject to deformation on a daily basis. With simple body motion, it expe-
riences in-plane compression, extension, shear, and any combination of these different
types of load. When interacting with other objects or itself, the skin can also experi-
ence out-of-plane deformation. Contact interactions such as those resulting from self
contact, sitting on a chair or shaving, generates out-of-plane compressive deforma-
tion. Through adhesive forces (such as plaster stripping) or pinching of the skin, ten-
sile forces can generate tensile out-of-plane deformation of the skin.

When the skin is subject to in-plane extension, high elasticity is provided by the elas-
tic fibres at low deformation. The gradual activation of the collagen fibres provides a
stiffening response at larger deformation. The epidermis applies little resistance to de-
formation as the skin furrows open in a ‘hinge-like’ response, and the crests displace as
the skin extends. Releasing the in-plane tension allows the skin to recover its original
shape; however, a delayed response is observed, caused by the flow of the interstitial
fluid in it and the various structural damping mechanisms (such as the ground sub-
stance between the collagen and elastin fibres). See Figure 2.2.

In-plane compression of skin induces buckling of the collagen and elastic fibres in
the dermis and bulging/wrinkling of the epidermis, as the skin slides on the hypoder-
mis. The latter effect is expressed as compression and extension zones at the bulging
surface, which are a direct result of the geometrical instabilities provided by the topo-
graphic features. Compressive stresses are taken by the bulk material of the fibres and
the ground substance. As a result of the increment in pressure, the ground substance
is eventually displaced from the area of compression. Due to the continuity of the skin
(connected throughout the body surface), in-plane compression of the skin is typically
accompanied by stretch in the surrounding areas, and vice versa, with the mechanical
response mentioned above. Like for in-plane extension, releasing the compressive force
allows the skin to recover its original shape with a viscoelastic response caused by the
flow of the ground substance between the collagen and elastic fibres. See Figure 2.3.

By the application of out-of-plane extension (e.g. stripping of a plaster), the skin is
displaced on top of the hypodermis and is subject to tensile forces. In the epidermis,
the top part of the skin unfolds, opening the skin furrows, and it is the collagen fibres
that provide major resistance to deformation, as observed with in-plane extension. The
ground substance flows into the pulled area, by the negative pressure caused by the
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skin displacement; likewise, some fat lobules could be also drawn to this region. As
the skin is pulled out, further displacements that could put the skin at risk of damage
are prevented by the action of the retinacula cutis in the hypodermis, maintaining the
attachment of the skin to the muscular fascia. See Figure 2.4. The ground substance
and fat tissue will provide a delay in the skin recovery as the forces are released, as

explained above.
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Figure 2.2: Skin subject to in-plane tension forces. a) A small force of magnitude F is applied
and taken mostly by the elastic fibres (dotted pink lines, forces represented by the small grey ar-
rows). The skin shows linear behaviour in the stress-strain curve. As the force increases, b) the skin
gradually stiffens as the collagen bundles (solid lines) start stretching (black arrows); at the der-
mis, the skin furrows open up exhibiting a ‘hinge-like’ response. At higher forces, ¢) all the tension
is distributed among all the elastic and collagen fibres showing a linear but much stiffer behaviour
(Huang et al., 2010). d) Once the force is withdrawn, the skin takes its original shape, preserving
the natural pre-tension in the elastic fibres, with a delayed (viscoelastic) response due to the inter-
stitial fluid in the skin and various structural damping mechanisms. In all cases, the skin slides on
top of the hypodermis; the retinacula cutis (white bundles) activate at large displacement of the skin,
preventing damaging tension in the tissue. The uni-directional stress-strain diagram for each case is
shown on the right.
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Figure 2.3: In-plane compression of the skin. With the application of a compressive force of mag-
nitude F’ in-plane, the skin slides on the hypodermis into a compression area where buckling of the
collagen and elastic fibres and bulging of the epidermis are observed. Such bulging, influenced by
the skin topographic features, causes compression and extension zones in the epidermis. The applied
pressure causes the ground substance to leave the compression area (light blue arrows). As a reac-
tion to the in-plane compression, tensile effects are observed outside the compression region (black
arrows).

Figure 2.4: Skin subject to out-of-plane tension forces. As the skin is pulled out with a force of
magnitude F, the skin ridges open due to bending of the epidermis. In the dermis, tensile resistance
is provided by the collagen and elastic fibres. Although the skin is allowed to displace on top of the
hypodermis, further resistance (red arrows) is provided by the reticula cutis to avoid excessive defor-
mation of the skin.
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Out-of-plane compression consists on a the application of a compressive force that
presses the skin against the underlying tissue (e.g. shaving, sitting on a chair). Under
this action, the surface of the skin adapts to the contact surface, where often the topo-
graphic features of the skin condition the real contact area, which is smaller than the
apparent one. In the dermis, the collagen and elastic fibres are unable to bear any sig-
nificant load, unless bending of the skin structure occurs, causing tensile effects in the
reticular dermis. The applied pressure is then borne by the bulk material of the fibres
and the dermal matrix, causing the ground substance to flow away from the deformed
area. Likewise, the fat lobules are displaced out of the area of high indenting pressure.
The magnitude and duration of the applied force have a direct influence on the time
necessary for the skin to recover its original shape. See Figure 2.5.

Figure 2.5: Out-of-plane skin compression. Under indentation load of magnitude F, the skin sur-
face adapts to the indenting surface (although gaps at the location of the skin ridges are expected),
and most of the pressure is taken by the epithelial cells in the epidermis and the bulk tissue and
ground substance matrix in the dermis. If bending occurs in the dermis, the collagen and elastic
fibres can provide tensile resistance. The applied pressure causes the displacement of the ground
substance (light blue arrows) and the fat lobules (dark yellow arrows) towards the outside of the
area under pressure.

Due to the skin structural complexity (stratified intricate geometry with different me-
chanical properties at each layer), the characterisation of the mechanical response of
this tissue as a single layer is highly complex. As reviewed in this section, each the skin
layers provide a different response depending on the loading conditions. For this rea-
son, the load-dependency (magnitude and direction) of the skin mechanical response
needs to be taken into account for its experimental characterisation, as discussed in the

next section.

2.2.5 Experimental characterisation of the skin mechanical properties

Numerous experimental techniques have been applied to characterise the mechanical
behaviour of the human skin. However, due to the complex structure of this tissue, the
type of data obtained through a single experimental test is dependent on the specific
loading conditions applied. This is reflected in the great dispersion of values found in
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the literature to describe the skin mechanical behaviour (e.g. Young’s modulus). This
variability in the results depends not only on the inter/intra subject variability, but also
on the nature of the experimental techniques used to analysed the tissue. The dimen-
sions and magnitude of the test parameters determine which of the skin layers or zones
are mechanically stimulated and for which the mechanical response is captured. Fur-
ther variability is expected if the test is performed in vivo or ex vivo, and with different
environmental conditions, as explained next for the most common techniques applied
for the experimental characterisation the human skin mechanical response.

The characteristics of the load is an important factor as it can be used to measure spe-
cific anisotropic properties or to provide a general response of the skin tissue. The in-
plane anisotropy of the skin elastic response can be measured by the application of ten-
sile forces at along different directions, either applying a single tensile load at the time
as in the case of uniaxial and extensometry tests (Wan Abas and Barbenel, 1982),

or multiple simultaneous forces as in the case of biaxial and multiaxial tensile tests
(Kvistedal and Nielsen, 2004; Payne, 1991). Other techniques measure the in-plane
anisotropy by means of shear wave propagation, taking measurements along spe-
cific directions (Vexler et al., 1999; Xing Liang and Boppart, 2010). From a different
perspective, (Flynn et al., 2010) developed a technique for testing the elastic response
of the skin for multiple directions, in and out of plane. Axisymmetric loading can be
applied to the skin for the characterisation of the general in-plane elastic response,

as it occurs for suction (Hendriks et al., 2006; Payne, 1991) and torsion (Delalleau,
2007) tests, or for the characterisation of the out-of-plane elastic response, as in the
case of indentation tests (Delalleau et al., 2006; Flynn et al., 2011b; Geerligs et al.,
2011b; Payne, 1991). In many cases, the measurements of the skin mechanical prop-
erties are performed in pre-conditioned skin or with quasi-static loading conditions,
reducing short-time dynamic effects from the measurements (Shames and Cozzarelli,
1997); however, the experimental techniques mentioned above can be adapted to ac-
count for the time-dependent response characterising the skin viscoelasticity (Boyer

et al., 2009; Crichton et al., 2011; Gerhardt et al., 2009a; Jee and Komvopoulos, 2014;
Khatyr et al., 2006; Vexler et al., 1999).

With the complex skin microstructure, where each layer have different mechanical
characteristics, capturing the mechanical response of the skin is a complicated proce-
dure. In many cases, the measurements are highly dependent in the number of layers
loaded in the experimental tests. Two examples of this high sensitivity to the scale of
the experiment are suction and indentation tests. In suction tests, the dimension of
the suction cup is related with the depth of the tissue for which the mechanical proper-
ties are obtained; while a 2 mm diameter cup captures the response of the tissue up to
maximum 0.2 mm depth, a 6 mm diameter cup can capture up to 1 mm depth (Boyer
et al., 2009; Hendriks et al., 2006; Khatyr et al., 2006). For indentation tests, good
practice in indentation test involves a material 15 times larger and 10 times thicker
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than the indenter radius, and a maximum indentation depth of 1/5 of the material
thickness, to avoid boundary effects (Karduna et al., 1997). So, the indenting probe
diameter and the applied normal load (or indenter displacement) are to be selected
according to the number of layers to be analysed.

Further source of variation in the measurements of the skin mechanical properties can
be observed in in vivo and ex vivo testing. In vivo testing has the advantage of pro-
viding a mechanical response of skin under ‘working conditions’ such as natural pre-
tension, body temperature and blood flow in the capillaries (Delalleau, 2007). Al-
though skin is often pre-conditioned to obtain consistent results (Flynn et al., 2013;
Hendriks et al., 2006), skin is able to recover its normal conditions allowing re-testing
of its mechanical properties at different conditions (e.g. relative humidity, application
of moisturising creams). Furthermore, in vivo testing allows to capture the skin me-
chanical response over time: the skin mechanical properties can change due to differ-
ent cream treatments, UV damage, scaring and ageing, and in vivo test can be used to
trace these changes as they develop (Jemec and Na, 2002). These advantages come
at the cost of not being able to test single inner skin layers, for which its mechanical
properties have to be indirectly estimated from the skin surface deformation. Ex vivo
testing allows to excise the skin to separate its layers for their individual testing (Crich-
ton et al., 2011; Geerligs, 2010; Ni Annaidh et al., 2012b). Although the natural con-
ditions of the skin are lost, ex vivo testing allows the mechanical characterisation of
individual skin components, even beyond the limits of skin recovery (for which pain
would be an ethical limitation to in vivo testing) (Ni Annaidh et al., 2012b; Wu et al.,
2006a). Nevertheless, some concerns on ex vivo testing involve the loss of blood and
ground substance from the dermis, as well as the loss of integrity of the sample during
its preparation (Delalleau, 2007; Geerligs, 2010).

Many of these experimental techniques are sensitive enough to capture the changes in
mechanical properties of the skin when subject to specific varying environmental con-
ditions that alter the structure and mechanical properties of the stratum corneum (e.g.
moisture). Changes in the material properties of this outer layer can modify the me-
chanical response of the epidermis, and thus the response of the whole skin tissue. The
factors responsible for the sensitivity of the stratum corneum mechanical properties to

environmental conditions are explained in the next section.

2.3 Sensitivity of the mechanical properties of the stratum
corneum to environmental conditions

The mechanical response of the stratum corneum is highly sensitive to environmen-
tal conditions such as relative humidity (hydration) and the presence of a lubricant
(e.g. body lotion, shave prep) (Jemec and Na, 2002; Papir et al., 1975; Park, 1972).
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Water or other liquid substances can affect the cohesion of the corneocytes as they
penetrate into the inter-cellular space or are absorbed by the keratinised cells, result-
ing into the modification of its mechanical and contact interaction properties (Burns

et al., 2004; Delalleau, 2007; Jachowicz et al., 2007; Jemec and Na, 2002; Moir and
Craig, 2010; Pedersen and Jemec, 2006; Vexler et al., 1999; Wu et al., 2006b; Zhai and
Maibach, 2002). Excessive absorption of water into on the stratum corneum can result
in swelling up to five times its volume after one hour of soaking in water (Zhai and
Maibach, 2002), creating inter-cellular cisternae that modify the structure of the cor-
neocytes arrangement (Warner et al., 2003). These structural alterations are translated
into a significant reduction of stiffness in the skin outer layer (Geerligs et al., 2011a;
Wau et al., 2006b). The lipidisation (hydration with an oily substance) of the stratum
corneum, does not affect the barrier properties nor the overall mechanical properties

of the skin, but major effects are observed in the plasticity of the skin (i. e. affecting
the stratum corneum’s stiffness) (Jemec and Wulf, 1999; Jemec and Na, 2002). These
changes in mechanical properties of the stratum corneum can have a great effect on

the distribution of strains in the subjacent layers as demonstrated in a recent computa-
tional study (Leyva-Mendivil et al., 2015), explained in Chapter 6.

The skin hydration or lipidisation can also either increase or reduce the coefficient of
friction of the skin. In the presence of water, an increase in skin friction with various
materials is attributed to the softening of the skin that increases the contact area and
higher work of adhesion caused by the absorption of moisture in the contact area; the
saturation of the stratum corneum with water allows the formation of a fluid film at its
surface that reduces the friction as hydrodynamic lubrication takes place (Derler and
Gerhardt, 2012; Pailler-Mattéi and Zahouani, 2004). As the skin dries out, the coeffi-
cient of friction observed in the original dry conditions is recovered (Sivamani et al.,
2003). An inverse effect is observed in the presence of oily substances such as cos-
metic products, where the coefficient of friction is immediately reduced, followed by
an increase in coefficient of friction after ~ 25 minutes (Koudine et al., 2000; Sivamani
et al., 2003).

Changes in the biophysical properties of the stratum corneum with environmental con-
ditions are of high relevance for many applications, especially those involving tribolog-
ical interactions. It high humidity conditions, the stratum corneum stiffness is reduced,
resulting in lower shear strength on the skin surface (Gefen, 2011). Furthermore, a
higher coefficient of friction between the skin and a contacting object can result in
higher shear stresses within the skin, leading to skin damage in the form of pressure
ulcers and friction blisters (Guerra and Schwartz, 2011; Kirkham et al., 2014; Sopher
and Gefen, 2011; Zhong et al., 2006).
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2.4 Constitutive models of skin

The mechanical behaviour of the human skin can be represented through a variety of
constitutive models that are able to capture certain aspects of the skin complex me-
chanical response to deformation. The skin can be represented as a single or a mul-
tilayer structure, accounting or not for its anisotropic and viscoelastic response. The
skin elastic response can be represented by linear elasticity at low deformation, or non-
linear elasticity (this includes a variety of hyperelastic modes) at moderate to large
deformations. Entropic formulations capture the behaviour of the dermis, where the
collagen fibre network plays an important role in the anisotropy of the skin. Viscoelas-
tic effects can be incorporated to the elastic response implementing formulations that
represent combinations of dashpot and spring elements or as through biphasic (poroe-
lastic) constitutive models. These constitutive models are explained as follows.

2.4.1 Linear isotropic elasticity

In a linear elastic material stress is a linear function of the current strain; if load is
removed, the material is able to recover its original shape (Belytschko et al., 2000).
Many materials that behave linearly at low deformation reach a plastic region at which
larger stresses induce permanent residual deformations. The full linear isotropic elas-
tic model can be described with two elastic constants, the Young’s modulus £ and the
Poisson’s ration v, as explained next. From these two constants, the first Lamé’s param-
eter \, and the shear modulus or second Lamé’s parameter G are obtained as:

Ev
A= (14 v) (1 —2v) (21)
and .
G = S0 (2.2)
The linear elasticity tensor C is defined as:
C=MN®I+2GI (2.3)

where I = J;;e; ® e; is the second order identity tensor, and I = % [0ik0j1 + didji) €; @
e; @ e;, @ e is the fourth order symmetric identity tensor.

With the strain tensor € accounting for change of length and orientation, the Cauchy
stress tensor o is given by:
c=C:e (2.4)

Many experimental tests characterising the skin elastic behaviour report its Young’s
modulus, but not its Poisson’s ratio. A commonly accepted assumption for soft tissues
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is a Poisson’s ratio 0.3 < v < 0.5 (Delalleau, 2007; Gu et al., 2010; Khatyr et al.,
2006; Pailler-Mattei et al., 2008). The selection of a Poisson’s ratio value of 0.5 is jus-
tified under the assumption that the skin is mainly made of water (i.e. fully incom-
pressible) (Bhushan, 2012; Jachowicz et al., 2007; Limbert, 2011; Sokolov and Wood-
worth, 2005; Xing Liang and Boppart, 2010), while lower values for this parameter
are selected under consideration of the compressibility effects provided by other com-
ponents of the skin (i.e. quasi-incompressible) (Adams et al., 2007; Delalleau, 2007;
Derler and Gerhardt, 2012; Geerligs, 2010; Hendriks and Franklin, 2010; Lapeer et al.,
2011; Makhsous et al., 2007; Sokolov and Woodworth, 2005; Sopher and Gefen, 2011;
Wagner et al., 2008). The assumption of quasi-incompressibility is often taken in the
computational modelling of skin for the prevention of computational singularities in
finite element analysis (FEA) calculations (Diridollou et al., 2001).

The linear elastic formulation is valid for small deformations only (Aba, 2014c; De-
lalleau, 2007; Taylor and Zienkiewicz, 2005). Thus, as skin deformation is large with
small loads, a better approach is to consider the skin as an hyperelastic material.

2.4.2 Hyperelasticity

Hyperelasticity describes non linear elastic behaviour by means of a strain energy func-
tion, ¥, which represents the energy per volumetric unit stored in the material upon
deformation. Hyperelastic models are conservative, which implies that elastic defor-
mations are fully recovered upon unloading. Hyperelastic formulations provide a bet-
ter fit to the stretch stiffening response of skin, as registered in experimental tests.
Furthermore, they can be extended to represent the skin viscoelasticity (Taylor and
Zienkiewicz, 2005).

The deformation gradient F, also known as the Jacobian matrix of deformation’ (Be-
lytschko et al., 2000), represents the deformation in non linear continuum mechanics

as:
ox _ Oxy

F=_-_; F;=
X’ Y X;

(2.5)

where x represents the spatial position of a material point in the current configuration
and X its spatial position in the initial one (these terms and their application in finite
element analyses are later explained in Chapter 5.1). The right and left Cauchy-Green
deformation tensors, C and b, respectively, are defined as:

C=FT.F (2.6)

and
b=F.F7T 2.7)
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Then, for hyperelastic materials, the principal deformation invariants can be defined as
(Belytschko et al., 2000; Holzapfel, 2004):

L(C)=1:C; Li(b)=1I:b (2.8)

and
1 1
L(C)=51:C-1:(C-C));  h(b)=5I:b-T:(b-b)) (2.9)
If \; (i = 1,2,3) are the principal stretches (i.e. eigenvalues of F), the principal invari-

ants can be written in terms of principal stretches as:
I =M 4+ 2342 (2.10)

and )
L= (AIA3 + ATA3 + A3)3) (2.11)

The volume ratio J term is introduced, as:

J = det (F) = A3 (2.12)

Hyperelastic models can be represented as a strain energy function of the principal
deformation invariants and the volume ratio as ¥ (I, I5,J) or the principal stretches
U(A1, A2, A3). In order to separate the effects of shape changes (induced by shear) and
change of volume (induced by hydrostatic pressure), the deformation gradient can be
separated into a deviatoric (i.e. distortional) and a volumetric terms through a multi-
plicative decomposition (Belytschko et al., 2000):

F=F,-F,,  where F,=JY%F, F,=JY%1 (2.13)

With this approach, the deviatoric term of the strain energy function is a function of
the invariants derived from the deviatoric deformation gradient (identified by the ‘bar’
symbol as I, I5), and the volumetric term is a function of the volume ratio:

U=y (L, L)+ ¥, (J]) (2.14)

A common approach in the field of rubbers modelling is to represent the deviatoric
term of the strain energy function for isotropic hyperelastic materials in the general
polynomial form (Samani and Plewes, 2004):

m
Uy (I, L) = > Cy (L —3) (I2—3) (2.15)
i+j=1
where m is the polynomial order and Cj; is a material parameter. The most common
formulations for ¥, derived from Equation 2.15 are explained in Table 2.1.
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Table 2.1: Hyperelastic formulations derived from the general polynomial form (Equation 2.15),
with order m = 1, 2, 3.

m Deviatoric strain energy function Formulation
1 U;=Co(L—3) Neo-Hookean
Uy =Cio (1 —3) + Co1 (12— 3) Mooney-Rivlin
2 Wy=Co(Li—3)+Cu (L1 —3) (I —3) Extended Mooney

3 Uu=Cp(Li-3)+ 001 (Iz—3) +Ci1 (I —3) (I —3)  Jamus-Green-Simpson
+ Cy (11—3) + C3p (Il 3)

U, =Cqp (1_1—3)4-020 (I_1—3)2+C'30 (]_1—3)3 Yeoh

These formulations have been widely used in the literature to model the behaviour

of the human skin under different mechanical loading conditions. The neo-Hookean
formulation has been applied to define the skin (single layer) and hypodermis to as-
sess pressure-induced muscle pain sensitivity by Finocchietti et al. (2011); analyses
of micro-needle insertion in the skin (Kong et al., 2011); to study the relative contri-
bution of the different skin layers to mechanical response in suction tests (Hendriks
et al., 2006); and for studying the effect of wrinkles and micro-climate on skin lesions
(Sopher and Gefen, 2011). The Jamus-Green-Simpson formulation has been applied
in the analysis of the heel mechanical response by Luo et al. (2011); however, the
constants Cyp1, Cyo and C5y were set to zero in their study, resulting in the extended
Mooney model. Flynn and McCormack (2010) have combined the use of different
constitutive models for the study of ageing effects on wrinkling in a multi-layer skin
model, representing the stratum corneum as a neo-Hookean material, the dermis as an
orthotropic hyperelastic tissue, and the hypodermis as a Yeoh material.

Another formulation used for the respresentation of the skin behaviour is the Ogden
formulation, whose deviatoric strain energy term is defined by:

_ Z 2 (Re 4 XS 4 A - 3) (2.16)

where «;, 11; are the Ogden parameters, and the initial shear modulus is defined by
po= Y i, p;. Although the principal deviatoric strains depend on the deviatoric de-
formation invariants (I1, I5), the Ogden’s strain energy function cannot be written in
these terms (Aba, 2014c). The neo-Hookean and Mooney-Rivlin models are special
cases of the Ogden model; they can be recovered by setting m = 1 and «; = 2, and
m =2, a1 = 2 and as = —2, respectively (Aba, 2014c; Holzapfel, 2004).

The Ogden model provided a close fit to experimental data in the deformation of fa-
cial skin (Flynn et al., 2013); and it proved useful for the assessment of the heel skin
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stiffness effect in foot biomechanics (Gu et al., 2010) and evaluation of pressure ulcer
formation risk (Luboz et al., 2014; Oomens et al., 2013).

The volumetric term of the strain energy function, defined to provide mathematical
simplicity to the calculations, is related to the volumetric deformation. In this term,
the incompressibility constraint .J = 1 is enforced by defining it in the form of p (J — 1)
(Holzapfel, 2004). Other approaches define this term in relation with the material bulk
modulus:

ko= E/ (1 —2v) (2.17)

as a parameter to account for the hydrostatic pressure p in the material (Horgan and
Murphy, 2009). With this decomposed finite element method, the volume ratio field is
incorporated and treated as an independent variable, thus discretised independently,
leading to stable numerical solutions (Aba, 2014c; Holzapfel, 2004). The volumetric
term is defined in different forms as shown on Table 2.2. Equation d) is typically im-
plemented in many commercial finite element codes such as Abaqus (Simulia, Das-
sault Systemes, Providence, RI, USA), used in this research project.

Table 2.2: Versions of the volumetric term for the strain energy function ¥ .

Volumetric strain energy function References

a) v, = f%p(J -1) Lapeer et al. (2011)
b) ¥,=p(J-1) Hung et al. (2009)

Delalleau et al. (2011); Tran et al. (2007);
Flynn and McCormack (2010)

Aba (2014c); Flynn and McCormack (2010);
Makhsous et al. (2007)

e) V,="5 (% — an) Aba (2014c); O’Callaghan and Cowley (2010)

A U,=31" (- 1)’

d W, =" 0 -1)%

Hyperelastic models present a series of advantages and limitations. Often, they capture
only a portion of the mechanical response. For this reason, the computational char-
acterisation of soft connective tissue is subject to an appropriate fit of the constitutive
models to the experimental results (Delalleau, 2007; Hendriks, 2005). For example,
the neo-Hookean formulation is able to represent the skin mechanical behaviour, when
defined as linear elastic, for relatively small strains only. However, for the fitting of ex-
perimental data involving larger deformation, a higher order polynomial is required
(Hendriks, 2005). Some models, like the Mooney-Rivlin, are viable for characterisa-
tions of strains up to 100% (Ans, 2010); but, in certain cases, the identification the
model parameters is ill-defined (Delalleau, 2007).

In the study of skin-razor interactions, it is important to capture the appropriate defor-
mation of the skin under the razor cartridge. For the development of a finite element
skin model for these interactions, O’Callaghan and Cowley (2010) performed in vivo
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testing of facial skin, combining indentation and extensometry techniques, for the ex-
perimental characterisation of the hyperelastic and viscoelastic properties of this tissue.
Further details about the level of deformation captured in this model can be consulted
in their published patent O’Callaghan and Cowley (2010). A key requirement in the
experimental test was the ability to capture skin bulging between the blades, for which
the indentation test was adapted to capture this mechanical response with the use of a
slotted indenting die. Several hyperelastic models were explored for the fitting to the
experimental data. However, the van der Waals hyperelastic formulation was the only
model able to capture the experimentally observed skin deformation, including skin
bulging at the die slot (O’Callaghan and Cowley, 2010) —this particular response was
not observed with the use of other hyperelastic constitutive models.

The van der Waals model, which is analogous to equations of state based on entropic
approaches (consideration of changes in the system organisation, molecular friction
and statistical variations) applied for real gases (Aba, 2014c), is defined as:

= 3 -
U = Gy —()\3,1—3)[ln(1—7)+fy}—§19<[23) +’;)<J2 1—1nJ> (2.18)

where )\, is linked to the locking stretch, at which asymptotic behaviour is observed,
and G, the initial shear modulus; the variables I and ~ are defined by:

~nr

-3
3

I=(1-p)1 + Bl Y=/

2
m

and the global dimensionless interaction parameter 1}, accounting for the molecular
chains interaction, is defined as

_ 2Cn 2
3Gy A3, -1

where (Y, is the second Mooney-Rivlin parameter (the Mooney-Rivlin model is derived
from the first order general polynomial, Equation 2.15, m = 1). The linear mixture
parameter 3 varies between 0 and 1, and captures the respective contributions of de-
formation modes associated with the deviatoric invariants I; and I5.

This model has been applied for the modelling of rubbers at large deformations by
Pathak (2010), using the Gaussian theory described in Section 2.4.3 to describe the
mechanics of polymer chain networks (which behave similarly to the collagen fibre
networks).

With the different hyperelastic models reviewed, the strain energy function ¥ is ob-
tained. Then, the second Piola-Kirchhoff stress tensor S is obtained by differentiation
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of the strain energy function with respect to the right Cauchy-Green deformation ten-
sor or the Green-Lagrange strain tensor E = } (C —1) as:

av  dv U 01,
g_od¥ _d¥ _9¥9

dC ~ dE 08I, 8C (2.19)

and the Kirchhoff stress is obtained by the push forward operation (or Piola tranforma-
tion) (Holzapfel, 2004):
7=F-S - F' =Jo (2.20)

2.4.3 Entropic-based formulations

Like rubbers, many soft biological tissues (e.g. skin dermis) are composed of complex
three-dimensional networks of polymer chains assembled into more complex multi-
scale structures (Kuhl et al., 2005). These polymer chains can be in equilibrium in a
virtually unlimited number of configurations. Perturbation of the chain configuration
by the application of thermal fluctuating forces (see Figure 2.6) results in the genera-
tion of entropic reaction forces. Due to the large amount of possible chain configura-
tions, it would be too complex to describe every molecular chain individually, thus a
statistical approach is taken (Holzapfel, 2004; Kuhl et al., 2005).

- .

F———L = Apax = Pemax

Figure 2.6: Chain representation of a ‘wormlike’ collagen fibre (Kuhl et al., 2005), during straight-
ening. The collagen chain parameters is characterised by the initial distance P., between the two
ends of the chain. As the, chain is straightened by the application of a force of magnitude F, this
end-to-end distances P. changes. The chain is composed of N links of length [, thus the total chain
length is L = N - I. The persistence length A (Ao at the reference configuration), a sum of the pro-
jected distance of each link over the vector indicating the direction of the first link, is included to
take into account the pre-stresses on the collagen fibre.

Assuming that the tropocollagen molecules forming the collagen fibres —and any sub-
sequent up-scale assemblies of these molecules —can be represented as chains of rigid
links, where the distance between the chain ends is much smaller than the total chain
length, the entropic elasticity is based in the probability that one of the chain ends lies
within a finite volume (Holzapfel, 2004). Various entropic constitutive models have



Chapter 2 Anatomy, physiology, mechanics and constitutive models of human skin 31

been developed to represent the anisotropic and fibrous nature of the skin and, more
particularly, that of the dermis.

Gaussian chain model

For a given single uncorrelated (freely jointed) polymer chain made of N rigid seg-
ments, the Gaussian chain model is used to describe the probability density of the end-
to-end vector P, distribution based on a Gaussian statistics, linking this distribution to
the free energy of the chain (Holzapfel, 2004; Kuhl et al., 2005). See Figure 2.7a.

Wormlike chain model

Accounting for a single correlated wormlike chain, the helicoidal shape can be defined
by a smooth curvature of the chain derived from the direction of the first rigid seg-
ment. This model incorporates the persistence length parameter A to the estimation
of a probability density distribution of P. (Kuhl et al., 2005). See Figure 2.7b.

B A
D
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Figure 2.7: Chain configurations for a) the Gaussian chain model and b) the Wormlike chain
model, under the action of a force of magnitude F. P. indicates the end-to-end chain distance, and
A the persistence length of the wormlike chain.

Isotropic eight-chain model (Arruda-Boyce)

In this model, originally proposed by Arruda and Boyce (1993) to capture the mechan-
ics of polymers and rubber within a microscopic cubic unit cell, Bischoff et al. (2000)
described the force-stretch response of collagen fibres contained within the ground
substance matrix. The material arrangement is described as eight chains contained
within an hexahedral bulk material volume, which coincides with the microscopic unit
cell. Each fibre is attached to each vertex of the volume in one end, and to the centre
of the volume in the other, as shown in Figure 2.8. With the use of a cubic unit cell,
the fibres do not exhibit a preferred orientation.

Orthotropic eight-chain model

In their work, Bischoff et al. (2002) extended the Arruda-Boyce model to orthotropicity
by relaxing the requirements of having a cubic unit cell. Each of the three cell dimen-
sions can be distinct from each other. This simple and elegant assumption allows the
modelling of anisotropic properties by controlling the relative ratios of cell dimensions
(e.g. a/b, a/c).

Eight-chain transversely isotropic model
Kuhl et al. (2005) developed a eight-chain transversely isotropic model by particularis-
ing the orthotropic eight-chain model of Bischoff et al. (2002), in which case a = b # c.



32 Chapter 2 Anatomy, physiology, mechanics and constitutive models of human skin

Bulk material unit cell Polymer chains Eigth chain model

Figure 2.8: The eight-chain model is described by a unit cell of bulk material of dimensions a, b,
and ¢, in which eight polymer chains of end-to-end vector magnitude P, are arranged so each chain
end connects at each vertex and at the centre of the unit cell. In this model, the dimensions of the
hexahedral unit cell determine the fibre orientation in the tissue.

Decoupled invariant formulation

Accounting for the ‘wormlike’ shape of the collagen fibres and microfibrils, Limbert
(2011) proposed a mesostructurally-based anisotropic model for biological soft tissues.
A decoupled invariant formulation combining hyperelastic and entropic formulations
was developed to represent the transversely isotropic and orthotropic behaviour of bi-
ological soft tissue. The formulation took into account separate strain energy functions
for the shear interaction energy, across and along the fibres. Bischoff et al. (2002),
Kuhl et al. (2005) and Limbert (2011) used the experimental results of Lanir and Fung
(1974) on rabbit skin to validate their proposed formulation showing a very good fit-
ting to Lanir’s experimental results.

Six discrete fibre direction model

Flynn et al. (2011a) takes a different approach, characterising the collagen fibre bun-
dles in sets of six discrete fibre directions, each one parallel to each of the lines drawn
by opposing vertices of a regular icosahedron. The strain energy function was defined
in terms of strain energy function of the collagen and elastic fibres, accounting for the
probability of ‘activation’ of the fibres, and its contribution to the strain energy func-
tion when fully stretched.

A key aspect of the multi-physics modelling framework developed in this project is to
account for deformation of the skin in multiple directions. However, data regarding on
human facial skin anisotropic behaviour was not available in the literature, as high-
lighted by Flynn et al. (2015). In the experimental characterisation of facial skin in
vivo, O’Callaghan and Cowley (2010) captured the tensional properties of the skin in
different directions. This data was used for the development of a computational model
of facial skin using the median values of the stretch-tension data, for an average skin
response in all stroke directions during wet shaving.
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2.4.4 Viscoelasticity

The viscoelasticity of a material refers to the combined effects of viscous and elastic
behaviours captured by either the changes in the stress-strain curve at loading and un-
loading (i.e. hysteresis, see Figure 2.9a, the changes in the strain over time as a result
of the application of a constant load (creep, see Figure 2.9b), or the changes in stress
at constant strain (relaxation, see Figure 2.9¢).

a) o b) o] C) €

Eo€o

Loading

Unloading

£ t t

Figure 2.9: Typical viscoelastic material behaviour. It can be captured as changes in the a) stress-s-
train (o0 — ¢) curve at loading and unloading; b) changes in the stress at constant strain (i.e. changes
between the initial and final Young modulus E, and FE) or ¢) changes in strain at a constant load,
until F, is reached.

Viscoelastic behaviour can be represented by the simultaneous action of elastic and
viscous components, as it occurs in the standard solid model, also known as Zener
model, where two elastic elements represent the instantaneous and the equilibrium
elasticity (F and F, respectively), and a dashpot represents the viscosity n of the
material. The standard solid is represented by arranging these components so the in-
stantaneous and equilibrium elasticity components are, respectively, in series with, and
parallel to the dashpot element. Two representations of the standard solid are shown
in Figure 2.10a and b. By setting F, = 0 or £ = 0, the Maxwell and Kelvin-Voigt
viscoelastic elements can be obtained (Figure 2.10c and d, respectively) (Mainardi,
2010; Simo and Hughes, 1998).
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Figure 2.10: The standard solid model can be represented in the form of a) a spring representing
the final elasticity E, parallel to in-series spring (initial elasticity Fy) and dashpot (viscosity 7),

or b) an in-series initial elasticity spring with parallel arrangement of the final elasticity spring and
dashpot. c) The Maxwell viscoelastic element is obtained when FE, = 0, and d) the Kelvin-Voigt one,
when Ey = 0.
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In order to fit the short and long time effects observed in different viscoelastic mate-
rials, these elements are often combined in the form of the generalised relaxation
model (GRM), where many parallel Kelvin-Voigt elements are added to the Standard
Solid (Figure 2.11).
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Figure 2.11: Generalised relaxation model. Taken from Simo and Hughes (1998).

Prony series describe the GMR in terms of shear (deviatoric term) and bulk (volu-
metric term) moduli, taking into account the material compressibility Aba (2014c).
The basic hereditary integral formulation for linear isotropic viscoelasticity to describe
stress is defined as:

t t
cr(t):/ 2G(s—s’)édt’+1/ K (s—s)¢d (2.21)
0 0

where ¢ is the deviatoric strain rate, ¢ the volumetric strain rates, G(s — ') and K (s —
s') are the shear and bulk moduli functions of the reduced time s in the convolution in-
tegral representation, and I is the second order identity tensor, defined earlier in Sec-
tion 2.4.1.

The reduced time is derived from the actual time ¢ by:

t dt’ ds 1
_ (a4 - ds_ 1 2.22
’ /0 Ag (07 ()’ dt Ay (07 (1)) @22

where Ay is the shift function accounting for the temperature 6 effects on the vis-
coelastic properties of the material. As the model for this project assumes constant
temperature, Ay = 1 is assumed, then s = ¢. Equation 2.21 is then redefined for
isothermal viscoelasticity as:

t t
a(t):/ 2G (t — ') édt’+I/ K (t—t) ¢dt (2.23)
0 0
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The shear and bulk moduli defined by Prony series, respectively, as:

mag mg

G(t) =G+ Giexp(—t/m); K(t)=Ku+» Kiexp(—t/r)  (2.24)
i=1 =1

where m¢ and my are the number of terms of the Prony series, respectively, and 7;
are the characteristic relaxation times. The shear term of the integral Equation 2.23 is

then
t mag t/ —t mg
/02 Gm+ZGiexp[ - ] edt' =2G, e—ZG;ei

i=1 =1

t

0

where the instantaneous shear modulus is obtained by Go= G + >_;-G G; and the
relative modulus of the i-th term is Gi,= G;/Gy. The viscous deviatoric creep strain is

defined as: . )
t'—t|\ de ,
e; _/o (1 — exp [ p ]) %dt (2.25)

In an analogous form, the instantaneous bulk modulus is obtained by Ko= K., +
>oi® K; and the relative bulk modulus of the i-th term is K'= K;/Kj. The volumet-
ric creep strain is defined as:

t /
b :/ <1 — exp [t _tD 9 4 (2.26)
0 Ts dt’

Then, Equation 2.23 can also be described as:

t t

(2.27)

o (t) = 2Gy (e — % G;el)

i=1

+1K, <¢ — ZK;@)
i=1

0 0

Integrating Equation 2.27 by parts and using a variable transformation, Aba (2014c)
defines the stress of a linear isotropic viscoelastic material as:

o (t) = 2Goe (t)+/0t 2G () e (t —t) dt’+IK0<z>(t)+I/Ot K{t)g(t—t) at' (2.28)

Within the Abaqus environment, Prony series are numerically implemented through
the definition of a Prony series expansion of the dimensionless relaxation modulus (Aba,
2014a):
mg —t
gr(t)=1-— Zgip <1 — exp |:TG:|> (2.29)
i=1

(2

where gZP are the shear relaxation moduli of the Prony series (Aba, 2014b). The di-
mensionless relaxation modulus is applied directly to the hyperelastic strain energy
function (Equation 2.15) as a factor of the material parameter Cj;.
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Prony series representations of the viscoelastic kernel functions have been used to
characterise the viscoelasticity of the stratum corneum, viable epidermis and dermis,
under micro-indentation, with two terms by Crichton et al. (2011). Flynn and McCor-
mack (2010) have also used a two-term Prony series to model the viscoelasticity of the
hypodermis in the study of skin wrinkling response. Different studies have used other
combinations of the Maxwell and Kelvin-Voigt elements to represent the viscoelastic
properties of the skin (Boyer et al., 2009; Catheline et al., 2004; Clancy et al., 2010;
Jachowicz et al., 2007; Khatyr et al., 2004; Zahouani et al., 2011).

2.4.5 Poroelasticity

The structure of the dermis can be described as a biphasic medium where the solid
phase is constituted of the collagen and elastic fibres and the fluid phase is provided
by the ground substance (Pefia et al., 1998). Its characteristic viscoelasticity can be
modelled from a phenomenological perspective, considering the fibres network as a
porous media and the ground substance as a viscous fluid. Thus, the delayed elastic re-
sponse of the human skin can be captured by incorporating the free movement of the
ground substance between the collagen and elastic fibres network, with the use of the
poroelastic constitutive model (Oomens et al., 1987).

Poroelasticity has been widely used for the characterisation of bone and cartilage ma-
terials (Cowin, 1999; Li et al., 2000). However, the required parameters for the appli-
cation of poroelastic theory (e.g. porosity, permeability, compressibility of each phase,
among others (Verruijt, 2015)) for the human skin have been rarely measured (Wu

et al., 2003). Simple theories, not based on multiphasic (fluid/solid) formulations, are
easier to implement and are sufficient to describe the multi-faceted mechanical be-
haviour of human skin (Oomens et al., 1987). For this reason, only few publications
have used poroelasticity to represent the human skin response to deformation (Mak

et al., 1994; Rim et al., 2005).

2.5 Skin contact interaction properties

During wet shaving, the skin is in contact with the cartridge components and shave
prep. The skin-cartridge interaction is often oversimplified by representing the inter-
action phenomena in terms of a coefficient of friction; however, in the presence of a
shave prep, a lubrication process takes part in the reduction of the friction forces ex-
perienced during wet shaving. In this section, the mechanisms behind the interactions
occurring between the skin and the cartridge, and the skin and the shave prep fluid,
are explained in more detail.
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2.5.1 Frictional behaviour of the skin

For two solids in contact, the resistance to relative motion —friction —has been his-
torically documented since the late 15% century by Leonardo da Vinci (Stachowiak
and Batchelor, 2013). It was observed that during linear displacement (i.e. assuming
2D conditions), there was a linear relation between the magnitude of the normal and
tangential forces (fy and fr, respectively) acting between the bodies in contact, from
which the coefficient of friction was derived:

L
In

This relation summarises the empirical rules derived from the work of Guillaume Amon-

(2.30)

tons and Charles Augustin Coulomb for dry contact, where the deformation of the bod-
ies in contact is assumed to be (Persson, 2000; Stachowiak and Batchelor, 2013; Van
der Heide et al., 2013): a) elastic, b) proportional to the normal load, and c) indepen-
dent of the contact area and sliding velocity.

In reality, the friction response of soft materials (e.g. skin) does not follow the Amon-
ton’s laws (Equation 2.30) (Derler and Gerhardt, 2012; Gerhardt et al., 2009a; Siva-

mani et al., 2003), yet it is the result of simultaneous contribution of forces due to de-
formation and interfacial adhesion effects between the parts in contact (Adams et al.,

2007; Derler and Gerhardt, 2012; Shpenkov, 1995; van Kuilenburg et al., 2013a; Za-

houani et al., 2011).

Many factors are involved in the frictional behaviour of the skin. The compliant nature
of the skin allows it to deform and take the shape of the contacting solid. This could
have an effect in the distribution of pressure in the contact area, as several studies
have shown lower coefficients of friction at higher contact pressures and loads (Adams
et al., 2007; Derler and Gerhardt, 2012; Sivamani et al., 2003; Veijgen et al., 2013a).
In high humidity environments, further increase in the contact area is induced by the
plasticising effect of water as it is absorbed at the surface of the stratum corneum (Adams
et al., 2007). The coefficients of friction of skin against various materials (stainless
steel, aluminium, polyethylene, and polytetraflorethylene) have shown large variation
depending on body location and level of hydration, showing values between 0.03 and
3.86 for static friction and 0.02 and 3.64 for dynamic friction (Veijgen et al., 2013a).

Such variability makes it difficult to characterise the skin frictional behaviour into a
single empirical relation, so a great variety of approaches have been used to charac-
terise it. According to Van der Heide et al. (2013), the most basic model to represent
the coefficient of friction and its load-dependency is in the form of a power law (Co-
maish and Bottoms, 1971):

po~ e B! (2.31)
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in which the constant ¢; and exponent ¢, are determined for the specific tribological
scenario (e.g. adhesion and deformation, which are affected by the materials in con-
tact, humidity levels, temperature, among others) (Van der Heide et al., 2013). To ad-
dress this problem, Veijgen et al. (2013c) have proposed a multivariable model for the
prediction of the human skin frictional behaviour, with a holistic consideration of the
test-subject characteristics and habits, contact material properties, and contact and en-
vironmental conditions during the test. In their study, over 600 skin friction measure-
ments were considered.

For the present PhD project, experimental data describing the skin frictional response
at different wet shaving conditions has been provided by P&G. In order to estimate

the coefficient of friction between the skin and the individual cartridge components,
the drag (i.e. tangential) and normal forces experienced at each individual compo-
nent were measured with an instrumented cartridge, known as the ‘sub-cartridge force’
(SCF) device, developed by P&G at their Greater London Innovation Centre in Read-
ing (GLIC-R). In experimental work involving different lubricant fluids such as water,
polyethylene glycol (PEG) solutions and corn syrup, the load-dependency of the coef-
ficient of friction was observed. However, this load-dependency is also affected by the
thickness of the lubricant film, as observed in consecutive shaving strokes.

The effects of lubrication on the skin contact interactions are reviewed in the next
chapter, in the context of shave preps mechanics. With this section, the review of the
physiological and mechanical aspects of the human skin in relation to wet shaving in-
teractions is concluded.

2.6 Summary

The skin is a complex multi-layered and multi-scale tissue with mechanical character-
istics optimised to provide mechanical, chemical and thermal protection to the body.
As a result of this complexity, the full mechanical response of the skin tissue cannot be
captured by a single experimental test. Therefore, the computational simulation of the
skin mechanical response often relies on experimental data capturing only a potion of
the rich set of behaviours characteristics of the skin.

A wide range of constitutive models have been applied for capturing the anisotropic,
hyperelastic, and viscoelastic behaviour of the skin. Based on the experimental set up
of O’Callaghan and Cowley (2010), specifically developed for the characterisation of
facial skin mechanical response in wet shaving applications, the van der Waals hyper-
elastic model and quasi-linear viscoelasticity based on a Prony series representation
have been selected to represent the skin behaviour in the proposed multi-physics
modelling framework, which development process is presented in Chapter 5. This
constitutive framework was shown to be appropriate to capture the stretch-stiffening
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elastic response, the characteristic bulging of the skin in-between the razor blades
and the delayed response to deformation observer in facial skin during wet shaving
O’Callaghan and Cowley (2010).

In the development of the anatomical skin model (Chapter 6), the integration of the
mechanical response of stratum corneum layer into the model is essential for the anal-
ysis of the skin microstructure, its influence on the distribution of strains in the subja-
cent skin layers (i.e. viable epidermis and dermis) during deformation, and the sensi-
tivity of this response to environmental conditions. The mechanical properties for the
stratum corneum captured in the literature are often expressed in terms of the Young’s
modulus (Delalleau, 2007; Geerligs, 2010; Pailler-Mattei et al., 2007; Wu et al., 2006b),
which are easy to convert into the neo-Hookean formulation (Flynn and McCormack,
2009). Furthermore, the effects of the humidity in the stratum corneum have been
studied, also reporting the Young’s modulus of this layer (Park, 1972; Wu et al., 2006b).
For this reason, the neo-Hookean hyperelastic constitutive model has been selected

to represent the skin layers in the anatomical model developed in Chapter 6, fol-
lowing the approach of Flynn and McCormack (2010, 2009); Kong et al. (2011); So-
pher and Gefen (2011).






Chapter 3

Shave preps mechanics, rheology
and constitutive models

Shave prep plays a key role in the skin-razor interaction in wet shaving. During a shaving
stroke, the lathered shave prep (foam) deforms around the cartridge, while a layer of in-
terstitial fluid is confined beneath the blades and guards, forming a lubricating film at the
skin-razor interface. In this chapter, a review of the physics underpinning the microscopic
and macroscopic mechanical response of the shave prep fluid is provided, highlighting its
characteristics in the form of foam, and the characteristics of its fluid-solid interactions,
followed by its lubricating role in wet shaving. The bases of the rheological tests used for
capturing the non-linear viscous behaviour of shave preps, applicable for both foams and
interstitial fluids, are also explained, along with the different constitutive models avail-
able for the characterisation of such a viscous response. The application of the reviewed
techniques is explained for the experimental characterisation of the shave prep used for the
development of the shave prep model as part of the multi-physics modelling framework.

The term shave prep refers to any fluid used to enhance gliding of a razor cartridge
over the skin surface (e.g. shaving foam, gel or cream). Its main purposes are the hy-
dration of the skin surface and hair, and lubrication of the skin-razor interface. To
achieve these functions, key physical characteristics in a shave prep include: foaming
and foam stability, adhesion to the skin, and ‘shear-thinning viscosity’.

In wet shaving, shave prep enhances hydration of the hair and skin. As explained in
Section 2.3, humidity modifies the mechanical and barrier properties of the stratum
corneum, reducing its stiffness as water is absorbed within the corneocytes and in the
intercellular space (Adams et al., 2007; Masen, 2011). Likewise, constant exposure

to high humidity reduces the stiffness and fracture toughness of hair (Draelos, 2012;
McFeat and Ertel, 2010). As a result, maintaining high humidity conditions on the skin
surface provides a more compliant contact surface, and reduces the cutting force re-

quired for the hair removal.

41
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Shave preps typically show shear-thinning viscosity (i.e. its viscosity is reduced at high
shear rates). The adhesion phenomena of shave prep to the skin and cartridge sur-
faces, reviewed detail in Section 3.3.1, contributes to shearing of this fluid during a
shaving stroke, reducing its viscosity, inducing a fluid-like behaviour. This topic is cov-
ered in detail in Section 3.2. Furthermore, shave prep adhesion on skin allows flow of
fluid under the razor cartridge. As bubbles are rather pushed away from high pressure
contact areas, a film of interstitial fluid is formed between the razor and skin. This film
provides hydrodynamic lubrication, thus reducing the friction between the skin and the
razor cartridge (Section 3.4).

Shave preps used in wet shaving are typically foamed. If not delivered in this form,
foam is prepared by the consumer prior shaving through a lathering process in which
shear stress is applied to the fluid (e.g. rubbing between hands or using a brush), so
air or other blowing agents (e.g isobutane, isopentane) are incorporated into the shave
prep, forming the foam bubbles. The end product is a bi-phasic material made of a gas
(i.e. bubbles) and a fluid phase (i.e. interstitial fluid). The physics behind the forma-
tion of foams are explained next.

3.1 Microsopic behaviour of foams

The microscopic behaviour of foams is conditioned by the components of the foam
fluid phase. A common ingredient in many shave preps is polyethylene glycol (PEG),
also known as polyethylene oxide (PEO) or its commercial name Polyox™, dissolved
in an aqueous solution. When PEG is coupled to hydrophobic molecules, it produces
non-ionic surfactants (Winger et al., 2009). These molecules, distinguished by a polar
(hydrophilic) head and an apolar (hydrophobic) tail (Figure 3.1a), are responsible for
the formation of bubbles in the foam.

Within an aqueous solution, surfactants arrange themselves at the interface with a
non soluble gas with the polar head pointing towards the aqueous solution and the
tail pointing towards the gas. At low concentrations, they are dispersed at the free
surface interface (Figure 3.1c). As the surfactants concentration increases, the fluid
free surface saturates reaching the critical micelle concentration (CMC) (Figure 3.1b).
At concentrations above the CMC (Figure 3.1d), surfactants form micelles (spherical
arrangements of surfactants where the polar head is facing the solution and the apo-
lar tail faces the centre, as shown in Figure 3.1e). If gas is introduced to the solution
(e.g. air), the surfactants arrange at the new solution-gas interface, covering the bub-
ble (Figure 3.1f) and providing it with high stability (Durian, 2002; Katgert, 2008). If
more gas is incorporated to the solution, more bubbles are formed, increasing the gas
volume fraction (i.e. portion of volume taken by the gas contained in the bubbles) of
the foam.
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Figure 3.1: Foam formation process. The concentration of a) surfactants, contained in a ‘soapy’ so-
lution determines the lathering process to convert the the solution into a foam. The graphic b) shows
the position of the figures c-e regarding the surfactant concentration as follows: At c¢) low concentra-
tion, the surfactants start arranging at the air-fluid interface; d) as the concentration increases the
fluid surface fills at the CMC (critical micelle concentration) and some surfactants are left behind;

e) as the concentration keeps increasing the free surfactants groups in spheres, with their tails point-
ing to the centre of the sphere. f) If gas (e.g. air) is blown into the solution, the bubbles will form
and the surfactants contained in the micelles will cover the bubble fluid-gas interface.

The foam structure is formed by the assembly of several bubbles. As the walls of the
bubbles are made of an aqueous solution, this solution is referred as the interstitial
fluid of the foam. When two bubbles locate next to each other, they form a thin film. In
the junction with a third bubble, a Plateau border filled with interstitial fluid is formed
(Katgert, 2008). According to the amount of interstitial fluid contained in the Plateau
borders, the foams are classified as wet or dry (see Figure 3.2). More interstitial fluid
is observed in the Plateau borders of wet foams, giving a rounded finish to the bubbles
assembly. The interstitial fluid can be drained out from the Plateau borders and bubble
walls by the action of gravity forces, increasing the gas volume fraction of the foam.

In this process, foam becomes dry and the structure takes a polyhedral shape (Katgert,
2008). The changes in the Plateau borders and walls alter the equilibrium of the basic

foam structure, leading to foam ageing.

The foam ageing process results in coarsening and coalescence of the foam bubbles

as the film walls thin. Coarsening refers to the change of bubble size due to the dif-
fusion of water soluble gases from one bubble to another, through the thin film. This
diffusion usually occurs from smaller to larger bubbles in order to balance concentra-
tion gases. If the insoluble gas concentration in the smaller bubbles increases, the gas
concentration equilibrium is obtained by diffusion of soluble gases back to smaller bub-
bles (Cohen-Addad and Hohler, 2001; Katgert, 2008). Coalescence occurs when the
thin film breaks, fusing two bubbles together (Durian, 2002; Katgert, 2008). See Fig-
ure 3.3. As a result, irregular bubble shapes are observed in aged foams. More details
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Figure 3.2: Wet and dry foams. a) Wet foams are characterised by a more spherical bubbles, form-
ing Plateau borders between bubbles which are filled with interstitial fluid. b) Dry foams are charac-
terised by polyhedral shaped bubbles joined with other bubbles by thin films. 2D foam views shown
on the left, 3D bubbles junctions on the right.

about the physics laws characterising the balance of forces in the foams can be found
in the work of Katgert (2008). The coarsening effects on Gillette® shave prep foams
take about 20 minutes to occur (Park and Durian, 1994), thus this effect is not relevant
for this PhD research as it goes beyond time-scales relevant for wet shaving.
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Figure 3.3: Foam ageing processes. Coarsening accounts for the fusion of bubbles due to diffusion
of water-soluble gases from a bubble to another (generally from a small - bubble 2, to a larger one -
bubble 1). Coalescense occurs due to breaking of the film between the two bubbles.

The macroscopic mechanical behaviour of wet foams differ substantially from that of
interstitial fluid. In the next section, the link between the foam microstructure and its

macroscopic viscous behaviour is explained.
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3.2 Macroscopic behaviour of foams

The macroscopic mechanical response of foams is dependent upon the interstitial fluid
viscous behaviour, the foam structure, and the shear rate applied. The viscous behaviour
of the interstitial fluid defines the drag forces experienced by bubbles. Along with it,

the bubbles size and thickness of the Plateau borders define the flow conditions of the
interstitial fluid, having a direct effect on the viscous drag and elastic response of the
foam.

The thickness of the Plateau borders creates a channel that provides higher mobility to
bubbles in the foam. This is observable as wet foams have lower shear modulus than
dry ones, where there is not enough fluid for the bubbles to flow without breaking
their thin film (Cantat et al., 2013). The bubbles size and homogeneity are also related
with shear modulus observed in foams. In a monodisperse foam where the bubbles
sizes are homogeneous, bubbles arrange in a face centred cubic (FCC) arrangement,
where shear modulus is inversely proportional to the bubbles radius (Cantat et al.,
2013). However, in polydisperse foams where bubbles differ in size up to 10% (Kat-
gert, 2008), the grid becomes disordered and the larger bubbles deform the most. The
effect that this phenomenom has on the shear modulus of the foam remains unclear
(Cantat et al., 2013).

The applied shear strain rate defines the level of deformation, according to its inten-
sity. At low shear rates, high viscous drag forces are experienced in the interstitial fluid
making the foam show a solid-like behaviour (Gopal and Durian, 1999; Katgert, 2008;
Park and Durian, 1994). In such conditions, deformed bubbles are able to recover their
original shape. Conversely, for higher shear rates, viscous drag forces of the interstitial
fluid are overcame by shear forces, allowing bubbles to flow on top of each other, in a
laminar flow (Gopal and Durian, 1999; Katgert, 2008; Park and Durian, 1994). This is
illustrated for a 2D foam in Figure 3.4.

In the shaving process, both solid and fluid-like behaviour of foam are observed. In
resting conditions, after application of shave prep, it is due to adhesive forces that
shave prep adheres to the skin surface. As no shear forces are applied, high viscous
drag forces allow the foam to maintain its shape, showing solid-like behaviour. Dur-
ing a shaving stroke, the forces applied by the cartridge shear the foam in multiple di-
rections, causing bubbles to flow around its geometry. At the contact areas between
the skin and cartridge (i.e. the blades and guards), the applied forces displace bubbles
out of the areas of high pressure (Moir and Craig, 2010). However, adhesive forces be-
tween the skin and shave prep create a non-slip condition at the skin-fluid interface,
allowing formation of a thin film of interstitial fluid (i.e. aqueous solution) at the skin-

razor interface to provide lubrication.
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Figure 3.4: Macroscopic behaviour of foam under loading. a) The foam in its original state keeps
its form and shape (ignoring the ageing of foam). b) If a small force is applied, the bubbles deform
elastically but the viscous drag forces at the bubbles interface do not allow the flow of foam. If the
shearing force is released, the foam will recover its original shape. ¢) If a larger shearing force is
applied, the foam will flow. d) If the large force is withdrawn, the displacement of the bubbles is
irreversible.

Due to the crucial role of solid-fluid contact interaction for the formation of lubrication
layers, this phenomena is explained below.

3.3 Fluid-structure interactions

Mechanical problems involving interaction of fluids and solids where their deforma-
tion co-depends on the other are known as fluid-structure interaction (FSI) problems
(Bazilevs et al., 2013). Wet shaving can be considered as a solid mechanics problem if
the shave prep hydrodynamic lubricating effects are simply defined as a coefficient of
friction for the skin-razor system. However, the shave prep fluid not only provides lu-
brication, but also contributes to the skin deformation. At the initial stage of the shav-
ing stroke, the first contact interaction is between the razor cartridge and shave prep.
While resting on the skin, the shear strain rate applied to the shave prep is at is mini-
mum (caused by the action of gravity forces only), so the shave prep viscosity is high
enough to transmit the cartridge forces to the skin as it resists to flow. This means that
the skin is deformed even before the blades get in contact with the skin surface. As
the shave prep is sheared, its viscosity reduces and it flows around the cartridge parts.
Then, the formation of a protection layer of shave prep (to prevent skin cuts) is simul-
taneously dependent of:

a) the velocity and indenting force of the shaving stroke;
b) the adhesion of shave prep to the skin and cartridge surfaces; and

c) the deformation of skin caused by both contact with the razor components and
pressure within the shave prep.
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Understanding the complexity of the skin-shave prep-razor interaction is crucial for the
design of improved wet shaving systems. Wet shaving is and should be treated like an
FSI problem. With the advantages of current computational tools, an FSI modelling
approach can be used for the analysis of the multi-physics interaction of skin and wet
shaving products.

An important challenge in this analysis is the characterisation of the contact interac-
tions at the fluid-solid interface. These interactions are dependent on a vast number of
parameters that involve the mechanical properties of the solid and fluid (viscous and
elastic forces), their intermolecular forces (electrostatic, magnetic, van der Waals), and
forces derived from the conditions on which the interaction takes place (velocity, iner-
tia, gravity, pressure) (Barnes, 1995; Sochi, 2011). In rheology and fluid mechanics,
the interaction at the fluid-solid interface is related to the relative velocity between the
fluid and the solid surface. This is known as wall slip. A common assumption in fluid
mechanics involves that the fluid ‘sticks’ to the solid surface so their relative velocity is
zero: a ‘no-slip’ condition. However, such assumption is often invalid (Granick et al.,
2003; Hatzikiriakos, 2015). Wall slip is often detected indirectly by sudden drops in
viscosity observed in rheological tests, or by direct measurement of fluid velocities
higher than the wall velocity at the fluid-solid interface (Schmatko et al., 2005; Sochi,
2011).

In an in-depth review of slip at fluid-solid interfaces, Sochi (2011) summarised the
complexity of the fluid-solid interactions. In their work, it is explained how wall slip
can be either true or apparent. The concept of true slip is self explanatory: it occurs
when the relative velocity of the fluid with respect to the wall is larger than zero at

the interface. However, this does not often apply. In the case of multi-phasic materi-
als, a slip layer of a gas or an additive substance can formed at the fluid-solid inter-
face, acting as a lubricant for the bulk fluid material (Granick et al., 2003). In other
cases, physical changes in the fluid (e.g. lower viscosity due to viscous heating) at the
solid interface would generate such a slip layer, so the fluid technically lubricates itself.
In these situations, although a ‘no-slip’ conditions is met at the slip layer, the veloc-

ity profile shows otherwise apparent slip, which is a common mechanism for wall slip
(Sanchez et al., 2001; Sochi, 2011), mostly for polymer solutions (Hatzikiriakos, 2015)
such as shave preps.

Wall slip is a complex phenomenon. As mentione above, it involves a vast number of
variables, so the characterisation of wall slip in analytical or even empirical models is
“virtually impossible” (Sochi, 2011). However, experimental evidence indicates that
interfacial forces between a fluid and a solid surface strongly influence the wall slip,
as indicated by Sochi (2011) and references there in. A general parameter that can be
used to approximate the strength between the fluid and solid surface is the advancing
contact angle and liquid surface tension (Schmatko et al., 2005). The contact angle is
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directly proportional to the fluid-solid adhesion forces (Israelachvili, 1991), indicat-
ing whether the fluid has a tendency to stick or separate from the solid surface. These
forces, along with the cohesion of the fluid material and its viscous behaviour, allow
the estimation of the parameters describing the fluid-solid contact interactions. That
is, the fluid-solid boundary conditions that determine the relative motion to the solid
surface interface in the FSI problem (Bazilevs et al., 2013). Determining the most ap-
propriate boundary conditions is of “extreme importance” in a number of situations
involving micro-flow (Henry et al., 2004). The dimensions expected in the formation
of a lubrication film layer in-between the cartridge and skin is in the microns range
(Lawler, 2001; Moir and Craig, 2010). Therefore, a thorough analysis was taken to
capture the shave prep adhesion and how the wall slip can be approximated in the FSI
model. The theory used for this analysis is provided below.

3.3.1 Fluid-solid adhesion

In solid-fluid interactions, adhesion of two different materials is driven by intermolec-
ular forces acting between them. This involves cohesion forces keeping the material
molecules together, adhesion forces occurring at a two-materials interface (where a
positive value means attraction, and a negative one, repulsion), and the surface energy
of both materials (Israelachvili, 1991).

In the case of solid-fluid interactions, the energy required to separate the two mate-
rials can be obtained by the measurement of the contact angle, formed at the vertex
between the planar and curved area of a droplet of fluid resting on the solid surface.
The free energy change per unit area W (also known as reversible work) required to
separate two planar surfaces is determined by the surface energy « of the materials (or
surface tension in fluids). For a material 1, the relation between its surface energy and
cohesion work (i.e. energy required to separate two planar plates of the same material)
is given by:

"= %Wn 3.1

The interfacial energy between material 1 and material 2 (with ~2, Wa9) in a vacuum

medium is given by:
1 1
Y12 = §W11 + §W22 —Wi=v+7—-Wno (3.2)

so the adhesion work (i.e. energy required to separate two planar plates of different
materials) is:
Wia =y + 72 — 712 (3.3)

The work of adhesion in a third medium (material 3) is:

Wiz2 = 713 + 723 — 712 3.4
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Setting a system where material 1 is a solid base, material 2 a droplet fluid, and mate-
rial 3 an immiscible medium containing the others materials, the total surface energy is
defined as (Israelachvili, 1991):

Wiot = 723 (Af + Ac) — Wiz Ay (3.5)

where Ay and A, the curved and flat areas of the droplet surface. Accounting for equi-
librium conditions where W = 0, Equation 3.5 can by divided by Ay, so:

Ac
Wiza2 = 723 (1 + 1 > (3.6)
f

The contact angle 6, formed at the vertex between A. and Ay, can be determined by:

j; = cos 0 (3.7)

So, with the use of Equations 3.7 and 3.6,
Wise = o3 (1 -+ cos 9) (3.8)

Therefore, the contact angle can be used as an indication of the adhesion energy be-
tween the fluid and solid (Israelachvili, 1991). For values of 8 close to 180°, the adhe-
sion energy is at its minimum, allowing the fluid to easily separate from the surface. In
contrast, values of 6 close to zero indicate that the adhesion energy is at its maximum,
pulling the fluid towards the surface so a wetting condition is met as ‘no-separation’ of
the fluid is allowed. See Figure 3.5.
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Figure 3.5: The contact angle 6 formed by flat and curved surfaces of a droplet resting on a solid,
is linked to the adhesion energy per unit area between the fluid and the liquid. If 8 = 180, the en-
ergy is minimum, so the fluid does not stick to the surface, as it occurs when the contact angle is
reduced. For § = 0, the adhesion energy is at its maximum, so the fluid spread on the fully wettable
surface.

In order to measure the surface energy of a fluid, Macdougall and Ockrent (1942)
proposed a technique in which the solid surface was tilted at an angle 6, so the fluid
was displaced by gravity forces (i.e. weight). In these conditions, the advancing angle
04 (at the lowest point) was larger or equal to the receding angle 6 (at the highest
point), as shown in Figure 3.6. Setting the transversal area of the droplet A, perpen-
dicular to the solid surface and the rotation axis, the surface energy of the fluid can be
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obtained by (Macdougall and Ockrent, 1942):

sin 6
=A 2 3.
7 agp <cos Or — cos 9A> (3.9

where p is the density of the fluid and ¢ the gravity acceleration. Similarly, the study
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Figure 3.6: Droplet in mechanical equilibrium on a tilted surface. For a droplet of fluid, with
weight my - g, resting in equilibrium on a solid surface tilted at an angle 65, the component of the
weight tangential to the surface acts on the droplet generating and advancing contact angle (64)
and a receding one (0r).

of droplets of non-Newtonian power-law fluids on a tilted surface has been applied for
the analysis of the fluids’ spreading behaviour, (Ahmed et al., 2013).

On the skin surface, the contact angle depends on the hydrophilic/hydrophobic prop-
erties of the skin. Such properties are partly conditioned by the content of sebum on
the skin, which varies with body region and personal grooming habits (as it can be eas-
ily washed out of the skin). Although the sebum can act as a lubricant film (Gerhardt
et al., 2009b), its role in the frictional response of skin is unclear (Derler and Gerhardst,
2012).

3.3.2 Fluid-solid contact interactions

Fluid-solid contact interactions are defined in FSI problems by two traction boundary
conditions. Normal to the surface of contact, a ‘no penetration’ condition between ma-
terial phases is established. Tangential to the solid surface, a wall condition defines the
fluid behaviour at the boundary layer at the fluid-solid interface (Bazilevs et al., 2013).
While the ‘no penetration’ condition is applied to ensure that the solid and fluid do not
coexist within the same space, the wall condition should be representative of the com-
plex wall slip behaviour. The most common way to represent the wall slip conditions

is by specifying either ‘slip’ or ‘no-slip’ at the fluid-solid interface (i.e. frictionless or
tied contact). In rough surfaces, it is widely accepted to assume ‘no-slip’ because it is
thought that the fluid “interlocks” with the surface, so the relative velocity between the
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fluid and solid is zero at the interface. For example, in rheological experiments, slip is
prevented by roughening the surfaces (Barnes and Nguyen, 2001; Meeten, 2008). In
the macroscale fluid-structure interactions, the assumption of ‘no-slip’ at the wall inter-
face usually provides good results Schmatko et al. (2005). Under the thought that sur-
face roughness dominates the ‘no-slip’ condition (which is not always the case (Sochi,
2011)), ‘slip’ is usually implemented in FSI studies involving smooth surfaces such as
wind-turbine blades (Bazilevs et al., 2014; Takizawa et al., 2015), or the surfaces of a
razor cartridge, as reviewed in Chapter 4 for the models of

Lawler (2001) and Moir and Craig (2010).

Experimental test such as direct observation (Hale et al., 1955), laser Doppler velocime-
try (Tomonaga et al., 1981) and duplex ultrasonography (Kamenskiy et al., 2011)
(among many others) can be used to detect wall slip in a given set of conditions. It is
on these experiments that ‘partial slip’ has been frequently detected, challenging com-
mon assumptions such as those mentioned above (Sochi, 2011). Although ‘partial slip’
can be modelled as a ratio of the velocity at the wall, a realistic implementation of slip
in FSI problems is far more complex —if not yet impossible. As earlier reviewed, wall
slip depends on so many chemical, mechanical and physical factors (Sochi, 2011) that
changing the conditions of the fluid-structure interaction (e.g. flow rate, velocity, ge-
ometry) could modify the wall slip conditions. If a fixed wall slip parameter is selected,
it could lead to unrealistic results in the simulations.

Measuring wall slip in wet shaving conditions would require an exhaustive analysis,
not feasible within the context of this PhD project. However, given the significance of
the implications of selecting either ‘slip’, ‘no-slip’ or ‘partial slip’, especially on the shear
stress/viscosity observed in the shave prep, the selection of a wall conditions should be
appropriately justified. In the finite element environment used for this project, fluid-
solid contact interactions were defined as a coefficient of friction affecting the tangen-
tial fluid behaviour at the solid surface, where a ‘slip’ condition can be set as friction-
less, a ‘no-slip’ condition with infinite coefficient of friction, and partial slip can be de-
termined by a given coefficient of friction between zero and infinity (non inclusive).

By applying the tilted surface technique (Macdougall and Ockrent, 1942), the angle of
the surface at which the droplet starts to slide (sliding angle) could be used to estimate
the coefficient of friction between the fluid and surface, decomposing the normal and
tangential forces caused by the weight of the droplet, treating the problem as simply
solid friction, and using Equation 2.30. Although this approach would not provide a
realistic value to define the wall slip condition, it allows an estimation of the bound-
ary conditions at the fluid-solid interfaces, identifying some differences between one
contact material or another (e.g. blades, elastomer guard).
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3.4 Lubricating role of the shave prep

The lubricating properties of shave preps are provided by the long chain polymers of
PEG. When dissolved in water, these polymer chains form an aqueous polyelectrolyte
lubricant capable to reduce the friction between the skin and razor cartridge (Sta-
chowiak and Batchelor, 2013). Contained within the interstitial fluid of the shave prep
foam, this lubricant creates a thin film that stays on the skin surface even after the
foam is removed. This film is crucial to ensure hydrodynamic lubrication, and also pro-
vide a skin-blade clearance that enhances protection against nicks and cuts during wet

shaving.

Lubrication can take place in three different regimes, depending on the dynamic vis-
cosity of the lubricant fluid n, the magnitude of the contact normal load F)y and rela-
tive velocity Vi between the contacting parts. These parameters are related in the so
called Stribeck parameter, defined as:

Sy =1-Vr/Fx (3.10)

which is used for the identification of the lubrication regimes. With low Sy, the two
surfaces are in direct contact, showing high coefficients of friction as geometrical inter-
locking between surface asperities produce resistance to relative motion. This is known
as the boundary lubrication regime. As Sy increases (higher velocity, higher viscosity or
lower load), the interaction conditions encourage formation of a hydrodynamic film
that provides support in-between contacting parts, thus reducing interlocking con-

tact. This is observed by a sudden reduction in coefficient of friction in the transition
regime or mixed lubrication. At higher Sy, a linear relation between the Stribeck pa-
rameter and the coefficient of friction describes the hydrodynamic lubrication regime
(Stachowiak and Batchelor, 2013). See Figure 3.7.
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Figure 3.7: Stribeck curve representing changes in friction coefficient at the different lubrication
regimes.
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Derler and Gerhardt (2012) reviewed the effects of water absorption rate in the stra-
tum corneum, showing that fully hydrodynamic lubrication changes into a mixed or
boundary lubrication as water gets absorbed or evaporates. In wet shaving, the lubri-
cant film is maintained ‘fresh’ as evaporation of interstitial fluid at the skin interface is

prevented by application of a thick layer of shave prep.

For the analysis of lubrication in wet shaving conditions, it is important to note that the
Stribeck curve is influenced by the shear-thinning behaviour of shave prep viscosity.
Such behaviour is observed at different scales in the interstitial fluid and foams. It is
therefore important to have access or develop robust techniques for experimental char-
acterisation of changes in viscosity due to varying shear rate. Such rheological testing
methods are described in the next section, and subsequently applied to characterise the
rheology of various shave prep formulations.

3.5 Rheological testing of shave preps

Rheology refers to “the study of flow and deformation of materials” (Barnes, 2000).
For characterising rheological properties of non-Newtonian fluids (such as shear-thinning
shave preps), several measurement devices have been used, among which rheometers

are the most often preferred.

Rheometers are used for calculation of viscosity as a function of shear stress 7 and
shear strain rate +4:

n=-, (3.11)
5

By trapping a fluid into two axy-symmetric geometries (e.g. cone and plate, cone-
cylinder, concentric cylinders, among others), a ‘no-slip’ condition between the fluid
and solid geometry must be ensured for application of shear stress (through a torque)
and measurement of shear strain rate (deformation) or vice versa (Barnes, 2000; Can-
tat et al., 2013). These parameters can be measured using the fluid thickness h, magni-
tude of the velocity and force tangential to the shearing motion (referred as tangential
velocity or tangential force, respectively) Vr and Fr and fluid contact area A, as fol-
lows:

v = 5 T=— (3.12)

In this radial arrangement, torque 7' is defined as ' = F7p - r, where r is the radial
distance from the rotation axis, and V; = w - r, where w is the angular velocity (units
rad/s). Figure 3.8 shows different forms of Equation 3.12 for some of the most com-

mon rheometrical geometries.

Testing PEG solutions does not require special procedures except of the use of appro-
priate geometry that can contain the tested fluid (e.g. for a low viscosity fluid, concen-
tric cylinders geometry would be required). In the case of shave prep foams, lathering
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Figure 3.8: Rheometer’s formulas to obtain strain rate and shear stresses for different rheometer
geometries: a) parallel plates, b) concentric cylinders, c.1) cone and plate, c.2) separated cone and
plate, and c.3) re-entrant cone and plate, are described by the separation between the components
of h, a fluid outer radius r,, fluid inner radius r;, the inner cylinder height H, and a cone angle ®.
By the application of a torque 7" and the measurement of the angular velocity w or vice versa, the
shear stress 7 and shear strain rate + are given by the corresponding formulas, and their variation as
a function of the distance from the rotational axis is shown in the graphs at the right of the formula.
Compilation from Barnes (2000); Cantat et al. (2013); Rheosys LLC. (2011). Graphs are purely qual-
itative.

can affect the sample rheological properties, and development of a specific test proto-
col was required, as described in Section 3.7.

Rheological techniques have been applied by P&G for analysis of viscous-shear strain
rate response of shave preps in the form of interstitial fluid (PEG solutions). A set of
viscosity-shear strain rate curves for two PEG water-soluble resins with different molec-
ular weight, both at 1% and 0.2% w/w (weight/weight concentrations) in water is
shown in Figure 3.9. It was observed that even at low concentrations such as 0.2%
w/w PEG in water, the viscous behaviour observed in water was altered, causing an
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increase in viscosity and a more pronounced shear-thinning behaviour at larger PEG

concentrations.
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Figure 3.9: PEG (Polyox™) solutions viscosity curves. The viscosity-shear strain rate response of
PEG 1MM (Polyox™ N-12K, molecular weight 10%) and 5MM (Polyox™ coagulant, molecular weight
5-10°) was tested at 1% and 0.2% concentrations in water. Such a small concentrations significantly
alter the viscous behaviour of water (shown for reference). Proprietary data (P&G). Do not dis-
close.

The viscosity curve of shear-thinning fluids is usually characterised by an “S” shape
where the viscosity behaviour can be separated in three stages: (I) the transition from
a constant viscosity at very low shear strain rates to a constant drop in viscosity (II),
and (I1T) a final transition to a constant high shear strain rate viscosity. This behaviour
can be captured by constitutive models such as the Power Law, Hershel-Bulkley, Sisko,
Cross and Carreau models (Barnes, 2000), which apply at different stages, as shown in
Figure 3.10. These models are explained next.

3.6 Constitutive models of shear-thinning fluids

Newtonian fluids show a linear relation between shear stress and shear strain rate,
showing a constant viscosity at any shear strain rate (Stachowiak and Batchelor, 2013).
In non-linear materials, as shown in the previous section, the fluid viscosity changes at
different shear strain rates, so the dynamic viscosity can be expressed as 7 ().
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Figure 3.10: Applicability of shear-thinning constitutive models. The shear-thinning behaviour of
shave preps is represented in three stages: (I) high viscosity at very low shear strain rate; (II) loga-
rithmic drop in viscosity with increasing shear strain rate; and (III) constant high shear strain rate
viscosity. While constitutive models such as Power-law can capture only stage II, Sisko and Herschel-
Bulkley models capture stages II and III, and Cross, Carreau and Giesekus models are capable to
capture the three stages of the shear-thinning behaviour. Adapted from TA2 (2004); Barnes (2000).

Power Law based-models are widely used to describe non-linear viscosity. Using a power
factor n as an index of the shear strain rate, the model is capable of capturing Newto-
nian viscosity, (n = 1), shear-thickening viscosity (n > 1), and shear-thinning be-
haviour observed in shave preps (n < 1). Power Law-based models are expressed in
terms of either shear stress or viscosity (using Equation 3.11), as follows.

The Power Law model is based on a logarithmic change in viscosity given by:

where K (also known as the viscosity factor) and n a power factor. This model only
focuses on the main shear-thinning slope, ignoring any stabilisation of the fluid (bring-
ing the fluid into a Newtonian state) at higher shear strain rates (i.e. stages I and III,
Figure 3.10).

The Herschel-Bulkley model is defined as (Katgert, 2008):

T =70+ K" n=mo+ Ky (3.14)

accounts for the viscous behaviour at stage III, so at high shear strain rates where n—0,
1o overcomes a high shear strain rate Newtonian (constant) viscosity.
Likewise, the Sisko model, defined as (Barnes et al., 1989; Servais et al., 2002):

. . Mo . _ "o
T =N + K1) 1N =1oo + o8 (3.15)
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is able to capture transition into a Newtonian fluid at high shear strain rates, by ac-
counting for the limiting viscosity 7, at infinite shear strain rate and limiting viscosity
1o at zero shear strain rate, under the assumption that ny > 7. and K% > 1. This
model is derived from the Cross model, defined by Barnes (2000) as:

70 — Moo

1= Moo +
which accounts also for solid-like behaviour, characteristic of shaving foams at low
shear strain rates (Gopal and Durian, 1999; Katgert, 2008; Park and Durian, 1994).

This wide shear strain rate range can be also covered by Geisekus and Carreau models
(Lawler, 2001).

The Giesekus model, designed for characterisation of non-linear elastic fluids (Giesekus,
1982), accounts for normal stresses in shear flow, large stresses when elongational

rates are high, as well as time-dependent stresses in transient flows (Lawler, 2001).
Developed for a superposition of a solvent and a polymer (Bird et al., 1987), it is de-
fined by the following equations:

O (3.17)
, A .
Tp + Xi"'p - agnil (Tp - Tp) = —mp¥ (3.18)
p
r ——_ (3.19)
A
Ny = —2__p (3.20)
A=A

where 7/ is the fluid shear stress tensor, and the viscosities and shear stresses sub-
scripts s and p stand for solvent and polymer components; a, represents the mobility
parameter, and A} and )} are relaxation and retardation times of the Giesekus model.
In this case, the shear strain rate is included as the tensor 4.

The Carreau model is defined as (Carreau et al., 1997):

n—1

0=+ (10— 100) [1 4+ (N9)°] 7 (3.21)

Lawler (2001) characterised the shaving preparation, combining the Carreau and the
Giesekus models, for the simulation of shave prep flow under a razor blade. In order

to adapt these models for shaving preparation, Lawler (2001) substituted the solvent

viscosity component defined in Equation 3.20 with Equation 3.21, so the solvent vis-
cosity becomes a function of the shear strain rate.
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The Carreau-Yasuda model, which can be viewed as a generalisation of the Carreau
model described above for a, = 2, is defined as (Aba, 2014c):

0= oo + (0 — o) [1+ (A4)™] (3.22)

where )’ is the Carreau-Yasuda time constant and a, the Yasuda material parameter.

3.6.1 Fluid compressibility

Another important physical characteristic of fluids is their degree of compressibility.
In isotropic solid materials, in the low strain regime, this property is captured by bulk
modulus kg, described in terms of the Young’s modulus and Poisson’s ratio (Equation
2.17). It can be also related to density p and longitudinal wave propagation velocity

(also referred as sound speed) ¢ as:

Ko = Cop (3.23)

In fluid materials, their volumetric strength can be captured with the use of an equa-
tion of state. The equation of state provides a hydrodynamic model for the material,
where its hydrostatic pressure is represented as a function of its density and internal
energy. In order to capture the fluid compressibility, pressure in a shock-compressed
material can be considered as a function of its internal energy (Heuzé, 2012). When a
material is subject to sudden acceleration (e.g. impact), the velocity of a shock wave
U, and that of particles U, can be related to the longitudinal wave propagation velocity
(sound speed) assuming a linear relation between the shockwave and particle veloci-
ties:

Us = co+ SU, (3.24)

where S = 0U,/0U, is the linear Hugoniot slope factor. The Mie-Griineisen equation
of state, available in Abaqus to represent the fluid compressibility, provides the mate-
rial pressure p in isothermal conditions, as a function of volume and mass (i.e. density)
(Aba, 2014a; Heuzé, 2012) as:

p—pu =Tp(En— Eg) (3.25)

where py is the Hugoniot pressure, I is the Griineisen parameter, and E,,, and Ey
are internal energy per unit mass and Hugoniot energy, respectively. The Hugoniot
pressure is given by (Aba, 2014a; Ahrens, 1993):

2
CoMv
Py = (1”_0 ;:’7 E (3.26)
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The Griineisen parameter is obtained in the reference configuration (I'y) relating the
volume of the material with changes of pressure with respect to changes in energy, so
in the current configuration the Griineisen parameter is given by:

=1, (3.27)
p
The Hugoniot energy is defined as:
By =2 (3.28)
2po

where 7, =1 — %0 is the nominal volumetric compressive strain defined by changes of
density in both the reference and current configuration (pg and p, respectively).

Then, using Equations 3.27, 3.28 and 3.25, the fluid pressure can be defined as:

r
p=TopEm + pu <1 - ”277> (3.29)

3.7 Experimental characterisation of shave preps foams

Building a computational model requires information about how the materials behave
in real loading conditions, so that appropriate constitutive models and associated pa-
rameters can be selected. For the computational modelling framework developed in
this PhD project, experimental data of the viscoelastic behaviour of skin and mechan-
ical properties of cartridge parts materials were readily available. Rheological viscous
data of shave preps in the form of interstitial fluid was also available, and that in the
form of foam was generated in this project through rheological measurements.

The key characteristics to be captured in the shave prep model are its compressibility,
viscous behaviour, and contact interaction properties. These characteristics were de-
fined in the Abaqus (Simulia, Dassault Systemes, Providence, RI, USA) finite element
environment in terms of viscosity, density, longitudinal wave propagation velocity, co-
efficient of friction and important assumptions concerning if separation between the
fluid and solid parts was or not allowed. Testing the longitudinal wave propagation ve-
locity in non-linear fluids is not a trivial task, and many considerations must be taken
into account in order to obtain meaningful results (Leighton et al., 2004). In bubbly
fluids and foams, longitudinal wave propagation measurements are affected by gas vol-
ume fraction, bubble size, and frequency of sound as it has been documented in inter-
nal P&G research (Holt). Developing a dedicated experimental set up for the measure-
ment of the wave propagation velocity in shave preps was deemed too time-consuming
and beyond the scope of this PhD project. For this reason, these properties were gath-
ered from the literature and combined with reasonable assumptions, as discussed in
Appendix B.
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3.7.1 Experimental characterisation of the shave prep viscous behaviour

Rheological testing of shave preps in their aqueous solution form follows the require-
ments of any regular fluid. However, in foam, the lathering process to prepare the
foam plays an important role as homogeneity of the sample is crucial. In preliminary
tests of Gillette® Series Sensitive Gel, high sensitivity of the rheological behaviour to
the sample preparation (user) was observed. For this reason, different lathering pro-
cesses were tested in order to set the recipe for ensuring sample homogeneity. The
approach taken for sample preparation, measurement of density, rheological testing
parameters, and the documentation of structural changes in the foam before and after

the test are described as follows.

Lathering process
This process accounts for the consumer action of shearing the product from the
can (e.g. gel) in-between the hands to form the foam prior to application on
the shaving area (e.g. face). In order to ensure sample homogeneity, the gel was
stirred (in a medium size beaker) during 30-50 seconds, followed by a visual in-
spection at a final stir. Another two different lathering methods were proposed in
the protocol (see Appendix A), with no significant differences in the results, as
indicated in Section 3.7.1.1. After the lathering process, the sample was evalu-
ated in terms of density and gas volume fraction as explained next.

Measurement of density and gas volume fraction
The density of the shave prep samples (gel and foam) was obtained through the
shave prep specific gravity. A beaker was topped with water and weighted to ob-
tain the water mass, and the procedure was repeated with the shave prep gel
and foam samples to obtain the sample mass. The same beaker was used in all
measurements to maintain a constant volume measurement (estimated by the
measured weight of water), and a constant beaker mass that could be extracted
from the measurements. With a constant volume, the specific gravity of the gel
and foam samples was obtained as the ratio of mass of the sample with respect to
the water mass, and its density by multiplying the sample specific gravity by the
known density of water.

Assuming the foam gas does not contribute to the weight of the foam sample,
the mass measured in the foam sample was taken as the content of ‘fluid’ in the
foam. As the density of the gel sample is constant, the ratio between the mass
of the foam with respect to the mass of the fluid is equivalent to the foam’s fluid
volume fraction. This, subtracted form the unity results on the gas volume frac-
tion. After these values were recorded, the sample was ready for testing.
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Rheometric testing parameters
For the rheometric test, an ARG2 rheometer (TA Instruments Ldt., New Castle,
Delaware, U.S.) was used. Two different geometries, concentric cylinders and
cone-and-plate (see Figure 3.8), were employed with no significant differences
in the results. The main concern with the use of concentric cylinder geometry
was the air encapsulation between the sample and inner cylinder, forming a con-
siderably large bubble that reduced contact between the sample and outer cylin-
der. Thus, the use of cone and plate was preferred.

Test parameters were set for a constant temperature of 25°C (Lipic and Smith,
2012) in order to avoid a phase transition in the sample, within a 0.001-1000

/s shear strain rate range. The test was performed within 20 minutes to prevent
foam ageing. Because of this time limit, the procedure was set to take no extra
equilibration time after the test started and data points were recorded when ei-
ther 3 consecutive measurements were taken within a 3% tolerance or a 5 min-
utes limit was reached. The detailed protocol can be found in Appendix A, where
the recording of foam structural changes was also indicated by taking micro-
graphs, with an optical microscope, of foam on smooth glass prior and after the
tests, and comparing them to the structure of the aged foam. This procedure was
repeated for each sample, as shown in Figure 3.11 for a shave prep sample with
20% (mass) water.

Figure 3.11: Structural changes in shaving foam during testing. The 10x magnification images
of Gillette® Series Sensitive gel foam diluted with 10% mass water, show the characteristic foam
structure observed in most of the samples right after preparation (lathered) and after rheological
test. The effects of ageing (coarsening, coalescense, and thinning of the changes in the structure of
Plateau borders are observed the aged foam (18 minutes).

3.7.1.1 Results: Shave prep viscous behaviour

A preliminary test at 30°C showed that samples prepared under the protocol specifi-

cation (lathering process “a”, see Appendix A) were consistent with each other, com-
pared with a non-lathered sample (see Figure 3.12).



62 Chapter 3 Shave preps mechanics, rheology and constitutive models
. xNon-Lathered IIIEEEEE 30°C, 0% water, sample 1
= v Lathered - 30°C, 0% water, sample 1
b 2 = Lathered I[NNI - 30°C, 0% water, sample 2
3 1 + Lathered - 30°C, 0% water, sample 3
il y o Lathered NN - 30°C, 0% water, sample 4
X + Lathered - 30°C, 0% water, sample 5
E ol o
7 x of o
] x o
] AR S N
—_ X ¥ °
(TR x .
© 3 x
e - e
2 ¥,
S You
o °
2 - ¥,
> E
. 3
4 X
i o
B i
E X e
] 3
1 H
] T T A T 5 T

Shear strain rate (1/s)

Figure 3.12: Consistency evaluation of protocol for foam sample preparation. Five Gillette® Series
Sensitive gel samples (0% water dilution) were compared with the non-lathered shave prep (gel) for
reference. At shear strain rate s1, the applied shear has lathered the gel sample shifting the viscos-
ity curve to the same trend observed for pre-lathered samples. After shear strain rate s, is reached
the viscosity results are discontinuous due to separation of the foam between the geometry walls.
Proprietary data (P&G). Do not disclose.

The lathered samples showed a shift in viscosity compared with the non-lathered prep
sample up to s; shear strain rate, after which the non lathered sample showed a tran-
sition joining the lathered ones (i.e. it lathered due to the applied shear). For the lath-
ered samples, a consistent behaviour was observed. While samples 1-3 were tested in
the same range, testing of sample 4 was initiated at a higher shear strain rate, follow-
ing the same path as the previous samples. In order to evaluate the effects of ageing,
sample 5 was tested from at much higher shear strain rate, for which it also joined the
path of the previous samples. The congruency of the viscosity curves to the samples a
different shear strain rate ranges reflected the stability of the foam samples along the
test.

Testing the samples at 25°C showed more stable results, and the lathering processes
“a” and “b” (pure gel lathered by stirring or lathering by rubbing it on hands, see Ap-
pendix A) showed consistent results. The parameters of Gillette® Series Sensitive gel
samples, tested with cone and plate geometry, are described in Table 3.1, grouping the
samples in sets A to E according to the applied conditions of the test.

Rheological test results, showed that the non-lathered sample (test set A) had lower
initial viscosity than the lathered one (test set B), at 30°C. Set C showed less dispersion
than set B by lowering the temperature to 25°C as advised by Lipic and Smith (2012).
As the dispersion of values was resolved, an inclusion of 10% mass (weight) of water
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Table 3.1: Description of the rheological tests on Gillette® Gel shave prep. Proprietary data
(P&G). Do not disclose.

Set Temp Shear strain Water dilution Samples Gas Volume Density
[°C] rate [1/s] [% mass] fraction [%] [kg/m?]
AT 30 0.01-1000 0 1 0 786.84
B 30 0.005 - 1000 0 6 89.73 89.67
C 25  0.005 - 1000 0 6 88.99 86.65
D 25 0.01-1100 10 5 88.51 90.38
E 25 0.05 - 1100 20 1 85.5 114.06

TNon-lathered samples set.

was included in the samples (set D), showing a slight shift of properties, lowering the
initial viscosities. The same behaviour was observed in the 20% mass water sample
(set E). All samples showed the same discontinuity in the viscosity curve at shear strain
rate sg, although preliminary tests showed viscosity at shear strain rate greater than so
could be captured with higher water concentrations. See Figure 3.13.
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Figure 3.13: Shave prep rheological results. Less scatter is shown in the samples at 25°C (set C)
than in the ones at 30 °C (set B, blue X). The decrease of temperature shifts up the sample viscosity
with 0% water inclusion (orange squares). A shift down is in the viscosity curve is observed while
the water inclusion increases from 10% (set D, green diamonds) and 20% (set E, red circles) in
mass. The non-lathered shave prep (set A, blue triangles) is shown for reference. Proprietary data
(P&G). Do not disclose.

Although these results proved reliability of the foam preparation procedure, viscous
behaviour of shave prep foams at high shear strain rates (such as the applied ones dur-
ing shaving) was not evaluated in the current rheology test, due to the discontinuity
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observed in the viscous curve at shear strain rate greater than s, (Figures 3.12 and
3.13).

The viscosity curves obtained were fitted to the constitutive models reviewed in Sec-
tion 3.6, giving in all cases a close fit to experimental data, as shown for set C in Fig-
ure 3.14. For this reason, the constitutive model selected to characterise the shave
prep in the computational modelling framework was determined according to the
runtime performance (i.e. the constitutive model providing the faster runtime in the

simulations).
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Figure 3.14: Model fitting of the experimental data (set C) to the Power law (red), Herschel-
Bulkley (blue), Sisko (purple), Cross (green) and Carreau (pale blue) models. It is observable that
the fluid yields into the power law behaviour at shear strain rate > so. Proprietary data (P&G). Do
not disclose.

3.7.2 Experimental characterisation of shave prep contact interaction
properties

As mentioned in Section 3.3, using an appropriate boundary conditions a the fluid-
solid interface (wall slip) can be essential to capture the shave prep behaviour. In the
multi-physics modelling framework, the shave prep interacts with the skin and with
each of the materials of the razor cartridge. Within the finite element analysis environ-
ment, the fluid-solid interactions were defined in terms of adhesion, stating if separa-
tion of the fluid from the solid surface was allowed or not, and coefficient of friction,
defining the level of slip between the two materials.

For the contact interaction between shave prep and cartridge parts, the polymeric ma-
terials and blade coating were initially assumed to be hydrophobic, where no adhesion
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took place, providing a ‘slip’ interaction where no adhesion was occurring between

the fluid and solids (i.e. separation was allowed). However, such assumption was dis-
missed as it was observed by setting droplets of water or shave prep aqueous solution
on the blade or elastomer guard surfaces, the droplets did not slip from the surface,
but attached to it due to adhesion forces. Therefore, it was concluded that the inter-
molecular forces acting in the fluid-solid contact interface are required to be measured,
for the appropriate characterisation of fluid-solid interaction in the shaving stroke sim-
ulations.

In order to capture these two parameters, the following experiments where used:

* Adhesion: Measurement of contact angle between a droplet of fluid and a flat
surface.

* Friction: Measurement of sliding velocity of a droplet of fluid on a tilted surface.

These experiments were only performed in the cartridge materials (i.e. blade and elas-
tomer guard). On the skin surface, the wall slip conditions was determined with the
following analysis. The skin surface energy is dependent on the lipid content (Mavon
et al., 1997), so assuming pre-shaving cleansing (i.e. sebum removal), the skin can be
considered to be hydrophilic so adhesion was accounted for in the skin-shave prep in-
teraction. In addition, the skin surface roughness provides asperities for interlocking of
the foam bubbles. Also considering that with the application of shave prep it sticks on
the skin surface as it is applied, a ‘no-slip’ condition was assumed at the skin interface.
The procedure followed for the characterisation of adhesive behaviour of shave preps
on the cartridge materials is described next.

The fluid-solid contact pairs analysed consisted of the following materials/structures:

* Fluids samples:

Lathered Gillette® Series Sensitive Gel (foam)

Deionised water (reference)
PEG 1MM (Polyox™ N-12K) 1% w/w solution in water
PEG 5MM (Polyox™ Coagulant) 1% w/w solution in water

¢ Solid surfaces:

— Glass (reference)
— Razor blade

— Razor guard elastomer

With the use of a Drop Shape Analyzer DSA100 (KRUSS GmbH, Hamburg, Germany),
the contact angle of a 1 ul droplet was analysed in two conditions:
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* Contact angle on a flat surface for the evaluation of adhesive behaviour.

* Tilted plate for the detection of the sliding angle; this angle is required for the
estimation of the fluid-solid coefficient of friction to be implemented in the simu-
lations.

The procedure consisted of placing a droplet on the surface of contact, and captur-

ing the image of the droplet for the measurement of the contact angle using the Drop
Shape Analysis software (version 1.90.0.11), at both flat and tilted conditions. At least
five measurements were taken for each contact pair, at each surface position. The shave
prep foam was excluded from the contact angle analysis because of its high viscosity
behaviour at low shear strain rate: in these conditions, no shearing load is affecting the
fluid so solid-like behaviour was expected. However, its adhesive behaviour was cap-
tured in terms of deformation at the application process as explained below.

3.7.2.1 Results: Shave prep contact interactions

The shave prep foam sample was carefully prepared, ensuring homogeneity of the
foam. It was then applied to each surface with the aid of a spatula. In the three sur-
faces, it was observed that due to adhesion forces acting simultaneously on the tested
surface and the spatula, the foam sample behaved as a solid material under uniaxial
tension. This caused the foam sample to reproduce a ductile fracture, as observed in
Figure 3.15 by the formation of a pointy tip (also observed in the foam left on the
spatula). As a result of low density (i.e. low weight) and high viscosity, no changes
in the foam sample shape nor sliding was observed when the surfaces were tilted by
60°. The adhesive behaviour of the aqueous solutions to each surface was captured by
the analysis of droplet shape (i.e. contact angle) on each of the tested surfaces. Higher
work of adhesion was observed on the glass surface with the PEG solutions, and lower
work of adhesion on the elastomer surfaces (see Figure 3.16). The average contact
angles of the contact pairs are summarised in Table 3.2.

Table 3.2: Mean contact angles and standard deviation (S.D.) measured at a §; = 0° for the contact

pairs of deionised water, PEG 1MM solution 1% w/w in water, PEG 5MM solution 1% w/w in water

(fluids) with glass, razor blades and guard elastomer (solid surfaces). Proprietary data (P&G). Do
not disclose.

Fluid Glass [°] Blade [°] Elastomer [°]
Mean S.D. Mean S.D. Mean S.D.
Deionised water 62.8 3.8 98.5 5 105.1 2.7

PEG 1MM 1% 2000 14 83.8 1.3 1024 1.7
PEG SMM 1% 30.2 3.3 84.0 1.2 103.0 7.8

For the evaluation of the sliding angle, adhesion forces showed larger than droplets
weight, preventing any sliding of the fluids. Although sliding could be induced with



Chapter 3 Shave preps mechanics, rheology and constitutive models 67

Glass Blade Elastomer

Surface 0°

Surface 60°

Figure 3.15: The adhesive behaviour of shave prep foam cannot be captured with measurements
of contact angle due to its high viscosity at low shear strain rate: it behaves as a soft solid rather
than a fluid droplet. After tilting the surface to 60°, no changes in the sample shape nor sliding was
observed. Proprietary data (P&G). Do not disclose.
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Water

PEG [ 1%

PEG I 1%

Figure 3.16: Deformation of the fluid droplet for the contact pairs of deionised water, PEG 1MM
solution 1% w/w in water, PEG 5MM solution 1% w/w in water (fluids) with glass, razor blades and
guard elastomer (solid surfaces), showing different adhesive behaviour. Proprietary data (P&G).
Do not disclose.
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the use of larger droplets, the size of the droplets was limited by the area of the blade
and elastomer samples. By tilting the surface up to 6; = 90°, no sliding was observed,
concluding that the area of blade and elastomer surfaces was not appropriate (i.e. too
small) for the test.

In order to relate the intermolecular adhesion forces, as reviewed in Section 3.3.1, to
the coefficient of friction between the fluid and contact surface, the following proce-
dure was proposed:

* Expand the contact-interaction experiments to obtain the work of adhesion be-
tween the fluid droplets and the surface.

» With the use of larger droplets (and larger test surfaces), investigate the sliding
angle and record the sliding velocity of the droplet.

* Implement a simulation process to represent the conditions of the droplet slid-
ing experiment, iteratively tune the coefficient of friction, aiming for a match be-
tween the sliding velocity observed in the simulations and the experiments.

Implementation of the latter step was attempted, but aiming a zero sliding velocity
proved to be computationally expensive, as explained in Section 5.3.2.1.

If the sliding velocity is captured, the optimal tuned coefficient of friction would be
the one to be implemented in the subsequent simulations. Similar procedure has been
used for the estimation of coefficient of friction of stent-grafts and inner wall of ab-
dominal aortas was developed by Vad et al. (2010). If a relation between the coeffi-
cient of friction and the work of adhesion is found, it would be easier to estimate the
appropriate coefficient of friction required for future simulations in the Abaqus finite

element analysis environment.

With these experimental tests, the review of the physical and mechanical characteris-
tics of shave preps is completed, setting the required background for its implementa-
tion in the multi-physics modelling framework.
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3.8 Summary

Shave preps are non-Newtonian fluids that provide lubrication to wet shaving inter-
action (i.e. between the various components of a razor and the skin surface). Their
shear-thinning behaviour, captured through rheological tests, is directly affected by
the chemical composition and the geometrical structure of the foam (i.e. bubble size,
homogeneity of bubble sizes, thickness of the Plateau borders). Two experimental pro-
cedures were developed in this PhD project and presented in this chapter for evalu-
ation of the shave prep behaviour. Non-linear viscous shear response was captured
through rheological testing, and adhesive behaviour through analysis of shave prep
fluid droplets, applied to different contact surfaces. Such experiments provided essen-
tial data to feed constitutive models characterising the fluid behaviour in the computa-
tional modelling framework developed in this PhD project.

Rheological tests provided viscosity of the fluids at different shear strain rates. This
data was used to fit the different constitutive models reviewed in Section 3.6. A very
good agreement was obtained between experimental data and predicted theoretical
values. For this reason, selection of an appropriate constitutive model to represent the
shave prep viscous behaviour in the finite element environment was made in terms of
performance and wall clock time required to complete the simulations (explained later
in Section 5.2.3.1).

In the finite element environment used for this project, contact interactions are defined
in terms of coefficient of friction for traction behaviour, and allowing or not separation
to account for adhesive interaction (‘no separation’ was set for fluids where adhesion
was observed). The contact angle measurements revealed an adhesive behaviour be-
tween the shave prep and the cartridge parts. With a contact angle lower than 90°, the
‘no-separation’ condition is present in the shave prep-blade interaction. With a contact
angle larger than 90°, the interaction between the elastomer guard and shave prep can
be set as ‘allow separation’. For skin-shave prep interactions, skin was expected to have
low sebum content due to skin anticipated cleansing prior to a shave. This increases
hydrophilic behaviour in skin, thus high adhesion is expected at the skin-shave prep in-
terface. Therefore, a ‘no-separation’ condition was defined for the contact interaction.
A high coefficient of friction was selected to fit the ‘no-slip’ condition expected on the
skin surface. However, the selection of such coefficient of friction was limited in the
simulation by the reaction forces in the skin substrate, as reviewed in Section 5.3.2.
For this reason, the effects of the this parameter was explored in the multi-physics sim-
ulations, in Chapter 5.






Chapter 4

Shaving mechanics: tribological
aspects and state-of-the-art
multi-physics computational
models of wet shaving

Wet shaving features a complex interplay between the skin, shave prep and razor car-
tridge. This multi-physics phenomenon has been previously investigated by the develop-
ment of micro-scale models to characterise the shave prep flow underneath the razor car-
tridge. This chapter includes a review of two models, which served as a basis for the multi-
physics modelling framework developed in this project. The first model corresponds to
the use of computational fluid dynamics (CFD) techniques for the investigation of shave
prep flow around a single blade. The second one, investigates the formation of a ‘protec-
tion layer’ beneath the blades, through a mathematical model characterising the shave
prep ploughing and flow around the elastomer guard and blades. At the end of this chap-
ter; the advantages and limitations of the models are highlighted, providing justification
for the objectives and original contributions achieved in this PhD project with the develop-
ment of the multi-physics modelling framework: implementation of the shave prep in
its free surface form in a multi-physics 3D finite element environment, for the analysis of

its deformation and lubrication effects.

Wet shaving involves complex physical interactions between the skin, razor cartridge
and shave prep. In a shaving stroke, the consumer applies both a force normal to the
skin surface and a displacement at a given tangential velocity, as shown in Figure 4.1a.
This induces deformation of the skin and shave prep, causing the latter to displace
around and flow underneath the cartridge parts.

71



Chapter 4 Shaving mechanics: tribological aspects and state-of-the-art multi-physics
72 computational models of wet shaving

The skin deformation depends on its mechanical properties, loading conditions and
soft and hard tissue beneath the cartridge. At the upper cheek and chin the layer of fat
and muscular tissue is thin, so skin deformation is restrained by the zygomatic bone
and mandible; at the cheeks, the fat layer is thicker so larger deformations are ob-
served before the maxillary bone or teeth provide any resistance (see Figure 4.1b).

It is in this facial area that the higher viscoelastic effects are observed (Kumagai et al.,

2011).
a) b)
%\ﬁ
S

Figure 4.1: The shaving stroke loading conditions are defined by a) force of magnitude F normal
to the skin surface and a velocity of magnitude V' in a direction parallel to it. b) During a stroke, skin
deformations are highly dependent on the mechanical characteristics of the tissue underneath the
skin: the bone protuberances (red ellipses) restrain the deformation, while in areas where thicker
muscles lies between the skin and bone (purple ellipses), higher deformations are allowed. However,
at the centre of the cheek the highest deformations are observed (blue circle) as thicker fat tissue is
found at this location and no constraint is encountered until the cheek tissue makes contact with the
molars.

As mentioned in Section 2.2, the skin mechanical response is influenced by its current
state of deformation, due to its stretch-stiffening and viscoelastic characteristics, and
environmental conditions affecting the outermost layer of the skin. In wet shaving,
these conditions affecting the mechanical response of skin layers are dependent by the
consumer’s personal habits: pre-loading of the skin, and facial cleansing.

A common shaving habit consists in pre-stretching the skin. Some techniques involve
pulling the skin taut at the cheeks, folding the lips or turning the head for stretching
the skin at the neck. This physically intuitive action stiffens the dermal layer providing
a stiffer and more stable surface for the shaving stroke. Furthermore, it reduces the
depth of the skin furrows thus providing a flatter surface for better compliance with
the razor blades.

Facial cleansing provides many benefits in wet shaving. On the face, the skin contains
larger amounts of sebaceous glands compared to other parts of the body (Kumagai
et al., 2011), producing a sebum layer that traps dirt particles that get in contact with
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skin. Although the sebum and stratum corneum provide a strong chemical and mechan-
ical barrier against pathogens (see Chapter 2), cleansing is recommended by shav-

ing products companies for the removal of sebum and dirt to prevent infections in

case of cuts. Furthermore, cleansing hydrates skin and hair leading to a softer stratum
corneum and hair. Hair softening also reduces the hair cutting force, which is more sig-
nificant after two minutes exposure to water (Draelos, 2012; McFeat and Ertel, 2010).
However, the cutting force is further reduced as exposure time to hydrating conditions
is increased. This is directly related to consumer cleansing habits: a face wash can take
only a few seconds, while a shower takes at least a couple of minutes. The use of a
shave prep not only maintains hair constantly hydrated, softening it until it is shaved,
but also acts as a lubricant for a smoother shave, therefore providing a more comfort-
able shaving experience for the consumer.

As explained in Section 3.4, shave prep reduces skin-cartridge friction forces and cre-
ates a protective layer between the skin and blades (McFeat and Ertel, 2010). Based on
this principle, two computational models have been previously developed for the anal-
ysis of how mechanical properties of the shave prep fluid influence thickness and for-
mation of such protective layer: the “Skin-blade-fluid model” by Lawler (2001) and the
“Protection model” by Moir and Craig (2010). In the following sections, these mod-

els are described in detail, and their contribution of the study of shaving mechanics is
analysed. In a later Section 4.2, a critical review expands on the advantages and limi-
tations of these models and how these limitations are addressed by the development of
the multi-physics modelling framework proposed in this PhD project.

These models are P&G proprietary data. Do not disclose.

4.1 Review of existing computational wet-shaving models

4.1.1 Blade-Skin-Fluid model (Lawler, 2001)

The blade-skin-fluid model was focused on shave prep flow ahead and underneath
the blades at a micro-scale, considering a region of approximately 5 — 30 ym around
the tip of the blade. This 2D model was developed by Lawler (2001) to investigate

the role of shave prep viscoelastic properties on skin deformation. The skin was rep-
resented as a bilayer linear elastic material, and the blade as a rigid body. The shave
prep domain considered two regions: the inlet, ahead of the blade, and a much thinner
outlet meniscus, after the blade tip, as shown in Figure 4.2. With the use of CFD tech-
niques, the flow of shave prep against the blade was simulated, subject to the following
boundary conditions:
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Figure 4.2: Blade-Skin-Fluid model. Flow of shave prep (foam) is driven by motion of the skin
with respect to the blade at a velocity V. A ‘no-slip’ condition drags shave prep at the skin interface
at a velocity equal to V. As foam flow gets closer to the blade, the foam velocity profile is deflected
by the rigid blade, fixed in a static position (i.e. its velocity is zero), so the fluid is allow to exit the
inflow surface. At the outlet, a meniscus of fluid is formed, allowing fluid to escape the outflow sur-
face at the same velocity than the skin. The skin, composed by two layer representing the dermis and
epidermis, deforms elastically under the blade, by the action of the shave prep pressure distribution.
The size of the structures represented are not scaled up. Image adapted from Lawler (2001).

* Inflow surface: The fluid velocity profile was specified, restricted to be in the
direction parallel to the skin surface.

* Outflow surface: The fluid velocity was restricted to be in the direction parallel
to the skin, allowing the fluid to exit only through this boundary.

* Fluid bottom surface: ‘No-slip’ condition at the shave prep-skin interface was
enforced by matching the fluid velocity to the velocity of the skin relative to the
blade.

* Fluid top surface, inlet region: The fluid velocity was restricted to be in the di-
rection parallel to the skin surface, simulating ‘free surface’ conditions by allow-
ing fluid flow back to the inflow surface.

* Fluid top surface, outlet region: The fluid velocity was equal to that of the skin,
restricted to be in the direction parallel to the skin surface.

* Blade surface: Although the results suggest ‘no-penetration’ and ‘slip’ contact
conditions for the fluid-blade interaction, these are not explicitly indicated by
Lawler (2001).

As initial conditions, the blade-skin clearance distance and skin velocity were
specified in the model.

In the study, Lawler (2001) compared the effects on skin deformation by implementing
in the simulations three different fluids. The first one was a Newtonian fluid, setting

a comparison point for the subsequent analyses. The other two fluids account for the
shear-thinning viscous response of an aqueous polymer-xanthan gum solution, charac-
terised through rheological experiments, for which viscoelastic effects were expected.
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Of these shear-thinning fluids, one was represented as inelastic (purely viscous) with
the Carreau constitutive model; the other one, accounted for the fluid visco-elastic re-
sponse by combination of the Giesekus constitutive model of viscoelasticity with the
shear-dependent response of the Carreau model. The model parameters were set to fit
the shear-thinning response observed in the experimental rheological data.

Lawler (2001) built the blade-skin-fluid model by stage, going from simple to more
complex. In this process, the model went through mesh optimisation and calculation of
the parameters required to set the initial conditions of the computational model. These
stages are described below.

The first stage consisted in the calculation of the velocity field (to be applied as bound-
ary condition), assuming the skin and blade as rigid bodies. This calculation was ob-
tained considering the viscosity of a Newtonian fluid and the skin velocity. Showing
difficulties to achieve converged solutions at varied viscosities, Lawler (2001) applied
a continuation process where the viscosity parameter was modified step by step, en-
suring convergence from one solution to another, until the desired value was achieved.

This numerical technique is applicable to any parameter required in the simulations.

In the second stage, the inelastic Carreau fluid was implemented, using the acquired
velocity profile. The elastic response of the skin, previously model as a rigid body, was
re-incorporated, and the resolution of the results was improved through optimisation
of the fluid and skin meshes. In these simulations, an analysis of the effects of spec-
ified initial blade-skin clearance on the skin deformation were explored. A range of

0.5 — 5.0 pm initial clearance values estimated by the use residual film thickness stud-
ies, was evaluated. The skin deformation results were linked to the changes in pressure
distribution on the skin surface, as a consequence of the alteration of the initial blade-
skin clearance.

Prior to implementation of the viscoelastic fluid in the blade-skin-fluid model, valida-
tion and verification of the viscoelastic fluid were performed with capillary flow sim-
ulation. The geometry of this model consisted of a pipe with a sudden diameter re-
duction, as shown in Figure 4.3a. For a fluid flowing at a given velocity profile, this
diameter contraption causes a drop of fluid pressure along the axial position. Lawler
(2001) indicated that this response can reveal the elastic characteristics of the fluid.
Under such conditions, the simulations were in agreement with experimental results in
the literature and the analytical calculations.

For the viscoelastic fluid, an attempt to impose the fluid stress field in the simulation
was performed through the box model. In the box geometry, the inlet region condi-
tions of the blade-skin-fluid model were replicated (imposed velocity profile at the inlet
surface, free horizontal motion in the top surface, fluid velocity equal to that of the
skin at the bottom surface). For this specific fluid, the fluid stresses were achieved in
the simulation of the blade-skin-fluid model, so this step could be omitted.
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Figure 4.3: The viscoelastic flow models. a) Capillary flow geometry, build for the validation and
verification of viscoelastic model. b) Box model, built for the estimation of stress distribution in the
inlet region of the blade-skin-fluid model.

At the last stage, viscoelastic fluid properties were incorporated into the model. First
attempts involved the simplification of the model by removing the blade and skin nodes
from the calculation domain, and reducing the geometric order of the elements. The
continuation process was applied for the achievement of converged solutions. How-
ever, it was noted that modification of the parameters of the elastic fluid can affect its
viscous behaviour. Therefore, special attention was taken to ensure that the parameters
defining the fluid elasticity would maintain the same shear-thinning response. The fi-
nal analysis compared the effect of using different elastic parameters with equivalent
shear-thinning behaviour in the deformation of the skin against the results of the in-
elastic fluid, showing high sensitivity of the skin deformation to these changes.

In this study, Lawler (2001) highlighted the sensitivity of the skin deformation to the
initial conditions of the simulation, and the parameters defining the fluid behaviour.
During a shaving stroke, the pressure distribution on the skin surface, caused by the
shave prep flow around the blade, contributed to the skin deformation in this area. As
the blade interfered with the shave prep flow, it created a pressure drop after the blade
tip that pulled the skin towards the blade. Therefore, the initial blade-skin clearance
had an important role on the skin deformation, as this parameter can be a determining
factor for a safe close shave or a cut. Shear-thinning fluids showed a viscosity reduc-
tion due to high shear rate under the blade, so less pronounced pressure drops were
observed. However, with identical shear rate-viscosity behaviour, the elastic properties
of the fluid modified the pressure profile on the skin, either increasing or reducingd
skin protection. With these results, Lawler (2001) provided the tools to investigate spe-
cific fluid characteristic for their implementation into shave preps.

4.1.2 Protection model (Moir and Craig, 2010)

The Protection model of (Moir and Craig, 2010) analysed the sensitivity of the shave
prep characteristics on the formation of a protective layer preventing direct contact be-
tween the blades and the skin (i.e. nicks and cuts) whilst allowing a close shave. This
model was adapted for its application in two areas of interest: the blade tips and the



Chapter 4 Shaving mechanics: tribological aspects and state-of-the-art multi-physics
computational models of wet shaving 77

elastomer on the front guard (with respect of the stroke motion). For these areas, the
blade tip and glide height protection models were specified, respectively, as shown in
Figure 4.4.

{ Blade
Lubrication strip

/— Elastomer guard

s

T« C Skin

Figure 4.4: The protection model characterises the formation of a protective layer of shave prep
underneath the blades, in the blade tip protection model, and beneath the elastomer guard in the
Glide height protection model. The model accounts for shave prep displacement and its flow be-
neath the cartridge, the spring-like motion of the blades, and the skin elastic deformation (deflection
0) caused by an indenter force of magnitude F' and a sliding velocity of magnitude V" applied during
a shaving stroke.

In both models, Moir and Craig (2010) represented skin as a linear elastic half space
and shave prep as a shear thinning fluid, with the Herschel-Bulkley constitutive model.
The blades were characterised as not deformable, but their motion was considered
with a linear spring reaction. The skin elastic response, calculated base on an analyt-
ical model for line contact (Johnson, 1985), was determined by the reaction forces at
the front and rear guards. This allowed the estimation of the clearance between the

blades and skin, which tended to zero.

Two approaches were used for the investigation of the protection layer formation:
wedge flow, where fluid was pushed and deflected by a ‘wedge’ geometry, and lubri-
cation theory, where formation of a film of fluid allowing hydrodynamic lubrication
was considered. Wedge flow, implemented for fluid interaction with the front faces
of the blade tip and elastomer guard, reduced the pressure taken by the fluid trapped
beneath the guard, where flow was calculated through lubrication theory. See Figure

4.5. The individual models are described below.

In the blade tip protection model, the tip of the blade was represented as a wedge
whose front face was located at an angle a with respect to the skin surface (Figure
4.5a). The shave prep boundary conditions were defined as ‘partial no-slip’ at the skin
surface (introduced as a factor of the blade velocity), and ‘slip’ at the blade surface,

so as the blade moved at a given velocity, the shave prep on the skin was displaced by
the blade. A flow of fluid underneath the blade was essential to enable protection. So,
even though no fluid was allowed to flow underneath the blade on this simulation, the
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effect of the blade-skin clearance (calculated by the elastic response of the skin) was
accounted for by the application of clearance-dependent pressure saturation at the cor-
ner formed by the blade and skin surfaces.

In the glide height protection model, the elastomer guard was represented as a wedge
whose front face was located at an angle @ = 90° with respect to the skin surface (see
Figure 4.5b). Similar to the blade tip model, the shave prep in front of the guard was
pushed by its front face, forming a plough. Underneath the elastomer guard, an in-
clined wedge was assumed to form a lubrication channel capable of supporting the
load applied by the consumer. The channel inlet height was considered to be of the
same order of the skin surface roughness, if foam was not considered; otherwise, it

was assumed that the bubbles resistance to enter the channel (experimental observa-
tions indicate that no bubbles enter the channel) influenced the channel inlet height,
which was set equal to the mean bubble diameter. The outlet height was defined in
terms of the pressure and channel length. The inlet pressure in the channel was de-
fined by the pressure at the shave prep plough, calculated through the wedge flow ap-
proach, and set to zero at the channel outlet. In the wedge flow approach, the fluid
flow was represented by Navier Stokes equations, simplified for creeping steady flows;
in the lubrication channel, the Dien-Elrod approximation to the non-Newtonian Reynolds
equation was used (Khan, 1988).

a) b)
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Figure 4.5: Geometrical simplification of protection models. a) Blade tip protection model: The
blade tip is simplified as a wedge with the fluid-contact surface at an angle «. b) Glide height pro-
tection model: The elastomer guard is simplified as a inclined wedge where o = 90° for the inter-
action with the shave prep foam. With a razor cartridge moving at a velocity V with respect to the
skin, the shave prep is pushed by the wedge geometries (blade and guard). Beneath the elastomer
guard a channel of interstitial fluid is formed.

In their report, Moir and Craig (2010) analysed the effects of the shaving stroke force
and velocity, and the sensitivity of the model to shave prep characteristics, foam bub-
ble radius, Herschel-Bulkley parameters, cartridge dimensions and skin elasticity. The
model showed that glide and blades protection increased with an increasing velocity.
By increasing the normal force, the glide protection was reduced while protection at
the blades remained constant.

As part of the protection analysis, the effects of a ‘protuberance’ (e.g. scar tissue or
acne spot) in skin were included. The presence of a protuberance changes the angle
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of the blade with respect to the skin surface, so cleavage is likely to occur. In this case,
the protection relied on displacement of the skin protuberance being higher than the
clearance between the skin and blades.

Furthermore, Moir and Craig (2010) also considered the case of a second stroke, where
no shave prep plough was formed. This analysis showed the relevance of the shave
prep plough in the distribution of pressure in the elastomer guard channel. As higher
pressures were taken under the guard, the channel height was reduced and so was the
skin protection.

With these results, Moir and Craig (2010) proposed a number of experiments for ver-
ification of the results and a series of recommendations for improved skin protection,
involving physical characteristics of the shave prep and cartridge design.

4.2 Analysis of existing computational wet-shaving models:
advantages and limitations

The reviewed skin-blade-fluid and protection models provided essential information
about the FSI phenomena from a microscopic perspective (at a tip-of-the-blade scale).
The natural complexity of the interaction led to simplification the problem with as-
sumptions of linear elasticity of the skin and flat geometries of the blade and elas-
tomer guard as wedges. However, the studies presented by Lawler (2001) and Moir
and Craig (2010) explored different scenarios by assessing the sensitivity of the param-
eters describing the mechanical behaviour of shave prep and consumer shaving style to
skin deformation and formation of a protection layer on the skin surface.

The two models incorporate the skin deformation with the pressure effects of the fluid
underneath the cartridge parts but with two different approaches. On the one hand,
Lawler (2001) estimates the magnitude of the blade-skin clearance based on residual
film thickness theories, and given this value, the skin deformation was linked to the
pressure build-up in the shave prep fluid. On the other hand, Moir and Craig (2010)
estimated the skin-blade clearance from the skin elastic response, and the formation of
an interstitial fluid channel beneath the ruffle strip in terms of the skin surface rough-
ness or the bubble radius (if present). This provided an estimate of the protection layer
thickness underneath the blade, which was used to estimate the changes in pressure
incorporated to the shave prep flow ahead of the blade.

The main drawback of these models lies in the de-coupled approach to incorporate
multi-physics interactions in the shaving stroke simulation. Modelling assumptions
were made to estimate formation of fluid film beneath the cartridge. Furthermore, the
analyses were performed in a plane strain 2D scenario, failing to capture the real 3D
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interactions between shave prep, cartridge and skin, and the distribution of shave prep
around the cartridge structure. The limitations of these models are listed as follows:

* Both models (Lawler, 2001; Moir and Craig, 2010) were developed in 2D, thus
no shave prep distribution around the different geometrical features of the car-
tridge could be captured.

* Although the models consider the formation of a shave prep film at a micro-
scopic scale, at which it is thought that skin microrelief (i.e. topographic fea-
tures) might have a large effects on the film formation, the skin was assumed
to be a flat linear elastic substrate.

* The fluid-solid contact interactions were modelled in terms of no-slip condition
(Moir and Craig, 2010) or equal velocity at the fluid and skin (Lawler, 2001),
and as a contact slip condition at the cartridge parts, without considering any
different adhesive forces at each of the cartridge parts.

* In both reviewed models, no validation for the formation of the protection film
against experimental data was provided. While Lawler (2001) only validated the
fluid elastic behaviour in terms of pressure drop (capillary flow model), Moir and
Craig (2010) did not validated any aspect of their model. They clearly stated that
their results were for understanding the effects of shave prep properties in the
formation of a protection layer.

Another area of discussion is the effect of hair during the shaving interaction. Moir
and Craig (2010) considered either the bubble radius or the skin surface roughness
to estimate the dimensions in the channel formed between the skin and the elastomer
guard. However, being the guard the first area of contact in the stroke direction (i.e.
no hair is cut at this stage), the hair diameter is more likely to define the thickness of
the ‘glide’ layer under the guard. Then, hair provides an obstacle in front of the blade,
so it is caught by the blade tip and it gets pulled out of the hair root sheath as the ra-
zor moves. Being partially cut, hair under the blade pushes the skin down creating a
gap under the blade, potentially larger than that calculated with lubrication analyti-
cal models. Once the hair is cut by the first blade, the skin gets back in contact with
the blade, being at this point that the protection layer is more relevant —before the
next hair comes to play. Because of the viscoleastic nature of the skin, hair pulled out
by the first blade is caught by the next blade before it retracts to its original position,
repeating the process mentioned above at each blade, providing a closer shave. It is
easy to deduce that, in this process, the direction of hair with respect to the shaving
stroke (i.e. either against or with the grain) would have an effect on the gap formed
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between the blade tip and the skin surface. Likewise, differences in the blade gap di-
mension can be expected with the changes in the hair geometry after consecutive shav-
ing strokes. Despite its importance in the skin and blade deformation (which can po-
tentially modify the whole lubrication process), none of the shaving models reviewed
above considered the effect of hair during a shaving stroke.

4.3 Contribution of the multi-physics modelling framework
to the study of wet-shaving tribological interactions

The multi-physics modelling framework developed in this project, is a logical exten-
sion of the two reviewed models. A more realistic 3D and fully coupled multi-physics
finite element approach was taken, evaluating the effects and mechanical behaviour

of shave prep at a macroscopic scale. The main contributions of this modelling frame-
work to existing models involve the skin and shave prep models, and the integration of
the fluid-structure contact interactions in a flexible multi-physics finite element envi-

ronment, as explained below.

Skin model
The implemented skin model was developed by O’Callaghan and Cowley (2010)
through experimental characterisation of facial skin, capturing the skin elas-
tic and viscoelastic characteristics, including the bulging response observed in-
between blades. This model consisted of three layers (epidermis, dermis and
hypodermis), idealised as flat layers for the analysis of shaving mechanics in a
macroscopic scale.
From a microscopic scale perspective, an anatomical skin model was developed,
based on images of histological sections of human skin. This model captured in
2D the intricate anatomical geometry of the skin microrelief and that of the inter-
faces between skin layers, considering the stratum corneum, viable epidermis and
dermis. The skin layers were represented as hyperelastic neo-Hookean materials.
Extension of this model into a one-element thick 3D model can be applied for the
analysis of shaving mechanics in the microscopic scale.

Razor cartridge
The implemented razor cartridge model reassembled the detailed geometries of
a Gillette® Fusion cartridge parts, with their corresponding materials and me-
chanical properties, provided by the sponsor. In order to reduce computational
cost, optional modelling of the parts as rigid bodies was available. The model ac-
counted for the pivoting and retraction mechanisms that allowed the cartridge to
tilt freely along the face contours. Each cartridge part was easily replaceable for
the assessment of different cartridge designs.
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Implementation of the shave prep model

Shave preps were experimentally characterised in order to capture their shear
thinning viscous behaviour, and their adhesive properties to materials found in
the razor cartridge. A protocol for rheological testing of shave prep foams was
designed to ensure consistent results of shear strain rate effects on the foam vis-
cosity, considering the methodology for sample preparation, measurement of the
fluid density, and qualitative assessment of the foam structure (bubble ratio).
The adhesive behaviour of shave preps was evaluated through measurements

of contact angle of PEG solutions droplets deposited on test surfaces correspond-
ing to cartridge parts (blade and elastomer guard). By rotation of the surface,
the experimental analysis included the assessment of the gravity effects pulling
the droplet along the surface, documenting the changes in the advancing and re-
ceding contact angles. The experimental conditions were not suitable to induce
sliding of the droplet for the estimation of a coefficient of friction for the fluid-
solid contact pair. However, a series of improvements and an iterative simulation
process was proposed for characterisation of shave preps adhesive behaviour in
terms of coefficient of friction and adhesion (allowing no separation between the
materials).

The shave prep model, developed from the experimental characterisation of
shave preps, was implemented in the modelling framework as a free surface
non-Newtonian fluid. Under the action of the razor cartridge, the fluid freely
deformed, capturing the flow around the cartridge structure under indentation,
and channelling of shave prep underneath the cartridge as it moved. Such chan-
nelling was captured through definition of fluid-structure contact interactions
between shave prep and cartridge parts in terms of adhesion and coefficient of
friction, providing higher fidelity to the simulation than that under common
‘slip’/‘no-slip’ boundary conditions.

Modular modelling environment

The computational modelling framework was built in modular modelling en-
vironment in which the razor cartridge and skin model were interchangeable.
Likewise, the mechanical properties and constitutive model representing the
shave prep material and its specific interaction properties could be tailored to
represent different shave prep formulations.

The multi-physics modelling framework developed in this PhD project incorporated

most of the elements present in wet shaving: the whole cartridge structure, applied

loading, a skin material model, and a free surface shear thinning shave prep constitu-

tive model. This modelling framework was developed in a robust industry-grade cou-

pled Eulerian-Lagrangian finite element environment that coupled fluid effects with

the deformation of skin under the action of applied force in a 3D space. Furthermore,

it incorporated the adhesive behaviour of shave prep to skin and cartridge surfaces,
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established through dedicated experimental tests. The fidelity of the multi-physics
model can be augmented by incorporating experimentally-based fluid-structure con-
tact properties for each solid material, following the recommendations for a coupled
experimental-computational analysis of sliding fluid droplets (Section 3.7.2.1). This
modular framework allowed for interchangeability of model parts for the analysis of
different guard forms and skin conditions. For example, the framework can accommo-
date anatomically-realistic skin microrelief to study micromechanics shaving interac-
tions, and the effect of hair. With these characteristics, the multi-physics modelling
framework provided a comprehensive toolbox for the analysis of skin deformation and
lubrication effect for cartridge designs, shave preps and skin conditions.

The research methodology followed for the development of the multi-physics mod-
elling framework is explained in the following chapter.






Chapter 5

Shaving mechanics: coupled
Eulerian-Lagrangian multi-physics
models of shaving tribophysics

Solid and fluid materials show notable differences in deformation response for given load-
ing conditions and time scales, so their analysis in finite element (FE) methods require dif-
ferent approaches. Fluid-structure interactions (e.g. wet shaving) involve the combination
of Lagrangian and Eulerian methods applicable for solid and fluid analyses respectively, in
a coupled Eulerian-Lagrangian (CEL) approach. In this chapter, the theory behind the fi-
nite element methods and its application to characterise the interactions between the skin,
razor cartridge and shave prep are described. The modelling process must capture the
physics (i.e. mechanics) of the individual components of the systems (skin, razor, shave
prep) as well as the physics of their interactions (coupled physics). Along this process, a
model optimisation process is described, evaluating the sensitivity of the model runtimes to
the parameters describing the fluid material, the fluid mesh characteristics and the com-
putational resources used for the analysis (parallelisation). The knowledge gathered from
these models and analyses set the basis of the computational modelling framework for the
characterisation of the skin interactions with wet shaving products. Some applications of
this modelling framework are described at the end of this chapter.

In a shaving stroke, three individual components, the skin, razor cartridge and shave
prep, interact together via multi-physics phenomena (i.e. fluid-structure coupling). The
process of developing the multi-physics modelling framework for this PhD project
consisted of three stages: I) development/implementation of individual shaving stroke
components; IT) implementation of two-components interactions accounting for fric-
tion, shearing and adhesion effects (solid-solid and fluid-solid interactions); and IIT) im-
plementation of the three-component interactions models, describing the full fluid-struc-
ture interactions (FSI) of the shaving stroke problem, as illustrated in Figure 5.1.

85
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Figure 5.1: Computational characterisation of shaving stroke interactions. The multi-physics mod-
elling framework accounts for the individual shaving stroke components (skin, razor cartridge and
shave prep), and the interaction between each of the components (cartridge-skin, cartridge-shave
prep and skin-shave prep). An anatomical skin model (described in Chapter 6) is proposed for the
more fundamental analysis of the effects of the skin microstructure on its macroscopic deformation
(Chapter 6) and tribological response such as shaving interactions (Chapter 7). Snap-shots of the
developed models at different stages of the modelling process are included in the diagram.

The first stage of development consisted in the characterisation of the individual shav-
ing stroke components in the finite element environment. In Section 5.2, the geomet-
rical characteristics and parameters required for the constitutive models are described.
In the case of the shave prep model, which was fully developed as part of this PhD
project, additional information about the verification process and sensitivity analysis
of the model performance to viscous properties, mesh characteristics, and parallelisa-
tion level is provided. The second stage of development involved the implementation
of the shaving stroke components into two-component interaction models in the finite
element environment, for the analysis of the different interaction conditions observed
during a shaving stroke. These models included the skin-cartridge ‘dry’ interactions
for the analysis of frictional effects, the shave prep-skin interaction accounting for the
shave prep adhesive behaviour, and the shave prep-cartridge interaction for the anal-
ysis of viscous effects in the shave prep due to shearing conditions applied by the solid
parts. The description of the boundary and loading conditions of the two-components
models and the implications observed at each interaction pair are given in Section 5.3.
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The third stage of development integrated the individual components and interaction
models in a unified environment that served as a test platform for the fully-coupled
modelling framework towards the multi-physics simulation of a shaving stroke, as de-
scribed in Section 5.4.

As reviewed in Chapters 2 and 3, the mechanical response of each material in the
shaving stroke components can be represented through different constitutive models.
Within finite element methods, constitutive equations are augmented by a series of
equations in order to enforce material continuity during the analysis. Such equations
can be solved with either a Lagrangian or an Eulerian description, depending on the
level of deformation expected: Lagrangian methods are typically used for low defor-
mation problems where the material can be easily tracked (e.g. skin, cartridge parts),
and Eulerian methods for problems where the deformation rate is so large that the ma-
terial points are difficult to track (e.g. shave prep). In the following sections, the the-
ory behind these descriptions and how they are coupled in the finite element method
for solving FSI problems is described (Section 5.1), followed by the description of the
three developing stages of the multi-physics modelling framework adopted in this
PhD project in Section 5.2-5.4.

5.1 Computational modelling of fluid-structure interactions:
Coupled Eulerian-Lagrangian formulation

The deformation and response of continuum media can be described by either a La-
grangian (material) or an Eulerian (spatial) approach. In both cases, the quality of the
mesh is crucial to obtain accurate solutions. The Lagrangian description is often used
in solid mechanics problems involving relatively low deformations, because at large
deformations, the quality of the mesh deteriorates leading to higher computational
cost and inaccurate solutions if any. The Eulerian description captures flow of mate-
rial as it moves through a fixed mesh. This description is appropriate for the analysis of
fluid materials and simulation of material fragmentation and projectile splattering. As
the material flows through the mesh, the elements can be either full of material, void
(i.e. be empty) or be partially filled. The main drawback of the Eulerian description re-
mains on the definition of moving boundaries, surfaces and interfaces, as the material
surfaces are not physically described (Belytschko et al., 2000).

For complex multi-physics problems such as wet shaving, mud-tyre contact, paste ex-
trusion, among others, where fluids and solids interact and deform simultaneously,

it is possible to combine both Lagrangian and Eulerian descriptions to capture fluid-
structure interactions. In the next section, these two approaches are first described sep-
arately, and then the coupling of these descriptions is explained.
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5.1.1 Mesh definitions: Lagrangian and Eulerian descriptions

The Lagrangian description is also referred to as material description because it tracks
the location of the material points as deformation occurs. Each element node corre-
sponding to a specific material point form the mesh within the body itself, so the anal-
ysis is made from the material perspective. The Eulerian description, also known as
spatial description because material flow is tracked from a fixed position in space, is
capable of tracking the motion of the material points through the spatial coordinates,
so the element nodes are preserved in their position, independently from the material
points (Belytschko et al., 2000). For this description, the space where material can ex-
ist is delimited by the Eulerian domain (also known as Eulerian space) in which the Eu-
lerian mesh is built. The analysis results combine the output parameters at the nodes
with a convective term that describes the material flow. The amount of fluid contained
within an Eulerian element is described by the ratio of volume the material occupy,
with respect to the element volume, known as volume fraction (i.e. volume fraction of
1 represents a full element, and 0 an empty one) (Aba, 2014b). The inverse approach

is referred as void ratio. See Figure 5.2.

In the finite element method, the initial conditions of the problem are defined in the
initial configuration domain €2, and the problem response can be described in either
material or spatial terms in the current configuration domain 2. The material points

in the Lagrangian description are defined by their material coordinates X and time ¢.
Likewise, in the Eulerian description, the material points are defined by their spatial
coordinates x and ¢. The motion of a body in the current configuration is described by
the mapping function ¢(X, ¢) that relates the initial configuration with the current one,

providing the spatial position of the material points at a given time, as:
x =¢ (X,1) (5.1

In the initial configuration, the material and spatial coordinates are coincident so the
position at ¢t = 0 is the identity mapping is given by:

$(X,0)=x=X (5.2)

The displacement of a material point is described by the difference between the posi-
tion in the current and original configurations:

u(X,t) = ¢ (X,t) —¢(X,0) =x — X (5.3)

In the Lagrangian description, the velocity of a material point is written as a derivative
of displacement with respect to time:

du (X, 1)

v (X,t) = 5

(5.4)
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Figure 5.2: Lagrangian and Eulerian mesh definitions. In the finite element method, the mesh
corresponds to the discretisation of the body in a finite number of elements. a) In the Lagrangian
description, as the material deforms, so do the elements, maintaining a coincident location between
the material points and element nodes. b) In the Eulerian (spatial) description, the elements define
an Eulerian domain where the body material can exist - but they do not define the body itself. The
material points move with the deformation while the element nodes remain immobile (b1). The
analysis shows the results at the fixed node locations and the amount of fluid present in the elements
is indicated by the volume fraction, where 0 is shown for empty elements, and 1 for full ones (b2).

Likewise, the material point acceleration is given by:

ov (X, t) _ 0%u (X, 1)

a(X,t) =—% o2

(5.5)

In order to express any vector function M of the material points in the Eulerian de-
scription, it is first expressed in terms of the spatial coordinates and time. That is, M (x,¢) =
M (¢ (X,t),t). The material time derivative of this function provides two terms:

DM (x,t) OM(x,t) n OM (x,t) 0Ox

Dt ot ox Ot (5.6)

where the spatial time derivative is given in the first term on the right hand side of
Equation 5.6, and the convective term that captures the transport in the Eulerian mesh,
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in the second term.

Due to the vectorial nature of x and M,

ox 8.73j

Taking Equation 5.1, then:

ox  0¢(X,t)

=Ty (Xt 5.8

ot ot v (X,1) (5.8)
which is described in Equation 5.4. With the commutative properties of dot product,
Equation 5.6 can be re-written as

DM (x, 1) _ OM (x,1)

Di En +v(X,t)- VM (5.9)
or in a generic way,
D (M) _ 9(M)
D - ot +v-V (M) (5.10)

which is applicable to any other scalar or tensor function such as the velocity v, accel-

eration a, or stress o, to express them from the Lagrangian to Eulerian description.

5.1.2 Coupled Eulerian-Lagrangian formulation

The multi-physics modelling framework was developed within the finite element plat-
form provided by Abaqus 6.13/6.14 (Simulia, Dassault Systémes, Providence, RI, USA).
Within this platform, a “Lagrangian-plus-map” procedure is applied to evaluate Eule-
rian bodies in two phases: Lagrangian deformation and Eulerian convection (re-map)
(Aba, 2014a). The first phase allows the deformation of the finite elements in a mate-
rial description, maintaining the material points and nodes coincident; in the second
phase, the elements deformation is analysed into the spatial description (as in Equa-
tion 5.10) and the mesh is re-mapped into its original location so the deformation is
interpreted as material flow (see Figure 5.3a). The results are then computed at the

element nodes, as shown in Figure 5.2b2.

The same procedure is used for analysing contact interactions in the CEL approach. La-
grangian bodies can co-exist within the Fulerian domain as long as the space occupied
by the Lagrangian body is void-filled (i.e. no Eulerian material is contained in the oc-
cupied space). When the Lagrangian body reaches a filled element, the Eulerian body
deforms to a target Eulerian-Lagrangian contact surface defined by the Lagrangian
body. As this surface moves during the contact interaction, the Eulerian material is
displaced so that penetration of the Eulerian material into the Lagrangian body is pre-
vented (Aba, 2014a). See Figure 5.3b. Under these conditions, the contact interaction
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Figure 5.3: Eulerian analysis procedure. a) The “Lagrangian-plus-map” procedure used for analysis
of Eulerian bodies consists in two steps: Lagrangian deformation (centre), and re-maping (right)

of the mesh into the shape of the original configuration (left). b) Lagrangian bodies can exist in an
Eulerian domain (or space), so when in contact with Eulerian bodies, an Eulerian-Lagrangian contact
surface is formed, replacing the overlapping area of the elements filled with void.

between the Eulerian and Lagrangian bodies can be then specified in similar conditions
as expected for Lagrangian-Lagrangian contact.

Other approaches have been developed for the analysis of fluid-structure interactions.
One example of this is the smoothed particle hydrodynamics (SPH) technique, a mesh-
less method, also available in Abaqus, where the material nodes are represented as
particles with a given volume and zone of influence. This method is often used for

free surface fluids modelling. However, this approach is less accurate than CEL (Aba,
2014a), with a current technological limitation of not being able to support parallel
computations (Aba, 2014a). Due to the complexity of the problem presented in this
project, for the analysis of shaving interactions a fine mesh is required so it could cap-
ture the detailed geometry of the razor cartridge. Furthermore, analyses including con-
tact interactions significantly increase the computational cost. Therefore, given the
high computational cost expected for the FSI analyses of shaving strokes, it is imper-
ative to have access to efficient solvers capable of running on multiple processors. This
requirement made CEL the most appropriate framework in the Abaqus environment for
the development of this project.
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5.1.3 Parallel computing

All the characteristics of a problem (e.g. geometry, mesh, loading and boundary condi-
tions, material properties) are described in a job. When this job is submitted for analy-
sis, the calculations of the analysis are performed in processing units (processors). It is
important to distinguish that while the simulation time refers to the time frame of the
problem described in the job physical time, the wall clock time (WCT) taken to solve
the problem is referred as runtime. While a single processor is capable to run a simple
task on its own, large problems requiring significantly more computations (as it is the
case for the FSI simulations of shaving mechanics) can make use of multiple processors
working in parallel and communicating to each other to provide faster solutions. This
is known as parallel computing (Almasi and Gottlieb, 1994), for which the computa-
tional cost is described in terms of runtimes and processing resources used (parallelisa-
tion level).

For parallel computing, the runtime involves the sum of processing and communica-
tion times. It is expected that larger number of processors working in parallel require
larger communication times, reaching a limit of efficiency in which the use of more
processors would result in larger runtimes. Both processing and communication times
are dependent on the software and the communication system (e.g. types of proces-
sors, connection architecture). Therefore, the analysis of optimum number of parallel
processors for a given problem size is advised for different computing facilities, as the
performance can vary from one computer to another. In the simulations discussed in
this chapter, the optimum number of parallel processors used was selected with the
following approach: The job indicating the simulation instructions was submitted for
its analysis with different numbers of parallel processors for a short time; then, the re-
sults were linearly interpolated to estimate an approximated completion time, being
the shorter estimated completion time the parameter used to select the parallel pro-
cessors required for the simulations. The simulations described in this chapter were
performed in the high-performance computing facilities provided by P&G.

In the multi-physics modelling framework, the skin and cartridge parts were modelled
as Lagrangian bodies, and shave prep as an Eulerian one. The skin and cartridge mod-
els have been previously developed by P&G for the assessment of the skin response
during wet shaving, where the lubricating effects of shave prep were accounted for in
terms of a low coefficient of friction. In this PhD project, the shave prep model was
developed based on the experimental characterisation of shave prep fluids (Chapter
3), and implemented in the shaving stroke simulations, incorporating the lubrication
phenomena in the analysis of wet shaving mechanics. In the next section, the skin
and cartridge models are described, followed by the implementation of the shave prep
model, for the individual characterisation of each shaving stroke component.
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5.2 Modelling framework development, stage I: models of
the individual shaving stroke components

The development of the multi-physics modelling framework required the charac-
terisation of the individual shaving stroke components into finite element models as a
first step. The skin was represented according to the work of O’Callaghan and Cowley
(2010), and the cartridge model corresponds to the geometrical and material charac-
teristics provided by P&G design team. A key task for the development of this project
was the experimental characterisation of the constitutive behaviour of shave prep for
its implementation into the finite element modelling framework. The finite element
models of each individual shaving stroke component are described next. As part of the
shave prep model description, the analysis for mechanical behaviour verification, and
sensitivity of the computation times to the different mechanical properties and Eule-
rian mesh characteristics, are also included.

5.2.1 Skin model

The model of the skin tissue was implemented according to experimental measure-
ments conducted by O’Callaghan and Cowley (2010), resembling the layered compos-
ite structure of the skin, accounting for the epidermis, dermis and hypodermis layers,
whose thickness corresponded to measurements obtained with ultrasound and opti-
cal coherence tomography on facial skin. In their work, the most accurate mechanical
response in finite element simulations was obtained by fitting to the van der Waals hy-
perelasticity (Equation 2.29) and Prony series viscoelasticity (Equation 2.18) consti-
tutive models the experimental data obtained through indentation, extensometry and
skin bulge tests. For this reason, these constitutive models were selected to represent
the skin mechanical behaviour. The skin layers were described as isotropic, assuming
that during the shaving stroke the skin will not be stretched to the point of ‘activation’
of the collagen fibres, leaving the resistance to the elastin fibres and viscoelasticity to
the ground substance. The parameters describing the skin model are subject to con-
fidentiality, and not shown. The testing and modelling methods, as well as the range
of forces and deformation in which the model is applicable is described in detail, and
protected by patent WO 2010/114947 A1 (O’Callaghan and Cowley, 2010).

5.2.2 Cartridge model

The cartridge model was provided by P&G, and corresponded to the design of the Gillette
Fusion® cartridge. The model was built as an assembly of blades, guard, clips, lub-strip
and ruffle-strip elastomer guard. The hinge mechanism at the handle-cartridge inter-
face was included for appropriate simulation of the adaptive motion of the cartridge
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to the skin surface. Each part was represented with the corresponding constitutive
model and mechanical properties of each material, describing the elastic behaviour of
the metallic parts (e.g. clips, blades and blade supports) as linear elastic, and the one
of the elastomeric parts (guards) as hyperelastic. Although specifying the full elastic
behaviour of the parts would provide more accurate results, solid parts where no de-
formation was expected were simplified by applying rigid body constraints for faster
simulation times.

5.2.3 Shave prep model

The skin and razor cartridge models, developed and validated by P&G and O’Callaghan
and Cowley (2010), have been previously applied in the company for ‘dry’ simulations
where no shave prep was considered. In this PhD project, the shave prep finite element
model has been developed, based on the experimental characterisation of the mechan-
ical behaviour of various shave prep fluids and foams (viscosity and adhesion, see
Chapter 3), for its implementation in multi-physics simulations of wet shaving. The
development process consisted in the selection of the constitutive model to represent
the shave prep behaviour, verification of the fluid viscous behaviour, and analysis of
the runtime sensitivity of the fluid model to the different parameters describing the
shave prep in the finite element environment (mechanical properties and mesh char-
acteristics). Such process was achieved with the use of three test models built for the
representation of specific conditions observed in shave preps during a shaving stroke.
The droplet model, accounting for the free-surface conditions of the shave prep ob-
served in wet shaving, provided a platform to analyse the solely contribution of the
fluid material to the simulation runtimes; and two shear models, simulating the shear-
ing conditions observed in the rheological tests (radial arrangement) and under the
cartridge (planar arrangement), provided the conditions to verify the fluid viscous be-
haviour was appropriately captured in the simulations. These models, which accounted
only for the fluid behaviour (i.e. no contact interactions nor solid deformation was in-
volved), and their application in the computational characterisation of the shave prep
model, are described below.

5.2.3.1 Shave prep test models

Droplet model
The droplet model comprised a droplet of fluid contained within an Eulerian do-
main, located near the top surface. The droplet, pulled down by the action of
gravity, was restrained to leave the Eulerian domain by specifying the velocity
normal to each surface as zero. Although such boundary condition emulated a

frictionless wall, its contribution to the simulation runtimes was limited to fluid
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velocity condition, so no fluid-solid contact interaction was accounted for in the
simulations (see Figure 5.4). As the droplet hit the lower boundary, the fluid
spreading behaviour was visually assessed, as faster spreading at the base of the
Eulerian domain was expected for fluids with lower viscosity.

Figure 5.4: Droplet model. The droplet model comprises a fluid droplet (blue) falling freely (by
setting the Eulerian boundary void-inflow at the top surface -green arrows- the droplets falls as a
single entity) under gravity forces g in contained the Eulerian domain volume (grey) by setting the
velocities normal to each surface to zero (orange).

The Eulerian domain was defined by a 0.3 x 0.3 x 0.5 mm? volume, containing
a 0.2 x 0.15 x 0.2 mm? fluid droplet at the centre of the top boundary. The parts
were meshed with a 0.015 mm global seed, generating 11,913 linear hexahedral
Eulerian elements (EC3D8R). The simulation step (i.e. physical time described in
the job) was set to 0.05 s accounting for the time requiring for the droplet to hit
the lower surface at the scale of this model.

Radial shear model
This model comprised the application of shear to a thin section of fluid (one ele-
ment thick) contained within two concentric cylinders, as observed in rheological
test (Section 3.5, Figure 3.8b). The Eulerian domain was defined by a ring with
7 mm inner radius and 7.375 mm outer one, providing a gap of d = 0.375 mm.
‘No-slip’ conditions at the cylinder walls were imposed by setting the angular ve-
locities at the radial surfaces, one at zero and the other one at an angular veloc-
ity w. In order to contain the fluid within the Eulerian domain, the velocity in the
axial direction was set to zero on the lateral surfaces. The ring was meshed with
a 0.075 mm global seed, generating 3,000 linear hexahedral Eulerian elements
(EC3D8R). The simulation step was set to 0.5 s. See Figure 5.5a.
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Planar shear model

This model comprised the application of shear to a fluid, in planar conditions
alike the ones observed underneath the razor cartridge, considering a one ele-
ment thick section of an infinitely wide channel. The Eulerian domain was de-
fined by a box of 4 mm length and thickness of 0.375 mm (representing the gap
d between two surfaces). The shearing conditions were imposed by setting zero
velocity on the bottom boundary, and a V velocity on the top one. Like the ra-
dial shear model, zero velocity in the width direction was set on the lateral sur-
faces. In the intake boundary, the displaced fluid was replaced by new fluid (free-
inflow Eulerian boundary), and in the outflow boundary a zero pressure free flow
was enforced. The box was meshed with a 0.075 mm global seed, generating 265

linear hexahedral Eulerian elements (EC3D8R). The simulation step was also set
to 0.5 s. See Figure 5.5b.

Figure 5.5: The shear models comprise a thin section of fluid subject to shear in radial and planar
conditions. a) In the radial shear model, where the fluid is contained in between the inner and outer
surfaces (s; and s,) of radii r; and r,, respectively, shear is imposed by setting the angular velocity
w at either s; or s, to zero and the other one to a w # 0. b) In the planar shear model, the shear is
imposed by setting the velocity in the bottom surface s, to V4, = 0, and the velocity in the top surface
s¢ to Vz = Vp, where the tangential velocity Vr # 0. The fluid is contained within the Eulerian
domain (light blue) by restricting the velocity normal to the later boundaries to zero (orange).

5.2.3.2 Selection of the shave prep constitutive model

In terms of compressibility, the longitudinal wave propagation velocity (sound speed)

and density of the fluid provide enough information for its representation with the use

of the Mie-Griineisen equation of state in the Hugoniot form (Section 3.6). The vis-

cous behaviour of the shave prep, however, could be represented by a wide range of

Power Law-based constitutive models, given the results of the rheological test (Section

3.7), as shown in Figure 3.14 (page 64). Therefore, the first step in the computational

characterisation of the shave prep model consisted in the identification of the appropri-

ate Power Law-based model to represent its shear-thinning behaviour.
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Considering the free-surface conditions of shave prep in the wet shaving process, the
droplet model was applied for the selection of the viscosity constitutive model accord-
ing to the simulation performance (runtime and simulation accuracy). The droplet
model simulation provides two stages for this analysis: I) free falling, in which the
fluid is fully unconstrained and viscosity effects are negligible —there are no contact
boundaries that affect the fluid flow (Graebel, 2007); and II) spreading of the fluid, in
which the fluid reaches the bottom boundary, and the viscous forces determine how
the droplet spreads. In the first stage, the changes in the simulation runtime should be
affected only by the number of calculations, so the simulation performance can be as-
sessed and compared to that of a reference inviscid fluid (i.e. Newtonian fluid with vis-
cosity zero). Using mechanical properties gathered from the literature, experimental
data and preliminary results of the rheological test on shave prep foams, seven differ-
ent fluids, were tested in the droplet model, in the free falling stage. These fluids were
represented with equal density and longitudinal wave propagation velocity (sound
speed) within the same order of magnitude. Their viscosity was represented with the
Newtonian, Herschel-Bulkley (Moir and Craig, 2010), Carreau-Yasuda (Aba, 2014c;
Lawler, 2001), and Power Law constitutive models (see Section 3.6). } For a descrip-
tion of the mechanical properties representing each fluid model, as listed in Table 5.1,
and how these properties were obtained, the reader is referred to Appendix B, Table
B.1.

The performance of each fluid was measured as a ratio of runtime with respect to the
reference fluid. The non-Newtonian fluid simulations showed a considerable increase
in runtime, showing performance three orders of magnitude slower for the Herschel-
Bulkley model, two orders of magnitude for the Carreau-Yasuda model. In contrast,
performance of only one order of magnitude slower was observed for the Power Law
model (see Table 5.1). As a result, the Power Law constitutive model (Equation 3.13)
was selected to represent the viscous behaviour of the shave prep fluids in the subse-
quent simulations.

Table 5.1: Performance of the different constitutive models for shave prep fluids, compared to an

inviscid fluid for reference. The performance value is calculated by dividing the estimated comple-
tion time of the inviscid fluid over the estimated completion time of the analysed fluid.

Formulation Fluid Performance
Inviscid SPOO 1.000
Herschel-Bulkley SPO1 0.001
Carreau-Yasuda SP02 0.016
Power-Law SP0O3 0.505
SP04 0.512
SP05 0.505

SP06 0.439
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5.2.3.3 Verification of the shave prep model

An important step in the development of the shave prep model involved a ‘sanity-check’
in which it was verified that the viscous behaviour of the fluids was consistent with

the specified viscous properties. The verification of the shave prep behaviour was per-
formed in two steps:

1. Visual inspection of the fluid spreading behaviour: using the droplet model, the
shave prep spreading behaviour was compared against a variety of well-known
fluid properties.

2. Analytical analysis of the viscous response: using the shear models, the specified
viscosity of these fluids was verified against the analytical value obtained from
the shear stress and shear strain rate.

For the spreading behaviour verification, water and corn syrup (Newtonian fluids)
were compared to the non-Newtonian shave prep fluids in the form of interstitial fluid
(PEG 4MM 1% solution in water) and shaving foam A (see Appendix B, Table B.2 for
description and values of mechanical properties of the fluids). By running the analy-
sis jobs with 32 parallel processors, the runtimes obtained varied between 24 and 25
hours. In the simulations, it was observed that the original shape of the fluid droplet
was maintained during the free-fall stage. However, once the bottom boundary was
reached, the fluid was allowed to flow and fill the base of the Eulerian domain, re-
strained only by the viscous forces within the fluid driving changes in droplet shape.
The water droplet showed the least resistance to flow while the corn syrup, PEG 4MM
1% solution and shave prep showed higher resistance to flow. Of these viscous flu-
ids, the PEG solution droplet showed larger differences in the shape, which can be ob-
served by changes in void ratio at the droplets free surface (Figure 5.6).

The verification of the viscous response was performed with the shear models, en-
suring a constant shear strain rate was maintained throughout the simulations. The
tangential and radial velocities imposed were consistent with a laminar regime (where
the fluid flows parallel to the imposed velocity and no vorticity is observed). This was
enforced by ensuring that the Reynolds number Re did not exceed a critical value, ac-
cording to the geometry of the model. Re is defined as:

_Vr-Du-p
n

Re (5.11)
where 71 and p are the fluid dynamic viscosity and density, Dy is the hydraulic diam-
eter. The latter, used for flows in non circular channels or ducts, is equivalent to four
times the transversal area over the wetted perimeter (Rennels and Hudson, 2012). Be-
ing d the gap distance between the shearing parts, it is noted that for concentric cylin-
ders Dy = d (Marrington et al., 2005), while for planar shearing in infinitely wide
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Figure 5.6: Droplet model spreading behaviour. Water (top), corn syrup, PEG solution and shav-
ing foam (bottom) droplets were compared, showing the effects of the viscosity in their spreading
behaviour. At 0.02 s, water was fully spread at the base, while the viscous forces in the other fluids
prevented them to flow at this short simulation time, showing the PEG solution a higher tendency to
flow. The EVF VOID legend indicates the void ratio in the Eulerian elements (i.e. full materials show
a void ratio of zero).

channels Dy = 2d. According to Andereck et al. (1986), the laminar flow is main-
tained in the concentric cylinders geometry when the difference in Reynolds number at
each surface is lower than 107. In most cases of hydrodynamic lubrication, Re < 1,000
(Persson, 2000). With no changes in the pressure within the flow, the fluid is subject

to pure shear flow (also known as Couette flow), so the velocity profile in the shear
models is given by a linear function of d, where the velocity is zero at the static surface
interface, and maximum velocity is observed at the moving surface interface (equal to
that of the moving surface, as ‘no-slip’ is assumed) (Panton, 2013).

Under these conditions, it was analytically known that the simulation output would
consist in a laminar Couette flow with a linear variation of fluid velocity through the
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fluid thickness. By knowing the shear conditions and measuring the output shear stress
within fluid, the ‘output’ viscosity can be calculated and compared to the input one.
Then, these two parameters (velocity profile and viscosity) can be used to verify that
the simulation accurately captures the fluid viscous behaviour. The relative error be-
tween the analytical/input values to the ones captured in the simulation were used as
a metric to assess the accuracy of the results.

Like for the spreading verification test, the simulations were performed for water, corn
syrup, PEG 4MM 1% solution and shaving foam A to verify accurate viscous response
for various fluids. The simulations were able to capture the laminar flow and the linear
velocity profile, as show in Figure 5.7 for an applied tangential velocity of Vi = 2.67
mm/s. The shear strain rate was calculated for various velocities according to the for-
mula provided for concentric cylinders (see Figure 3.8b), and with Equation 3.12 for
the planar shear. The analytical value of viscosity was calculated from the obtained
shear stresses (simulation output), obtaining relative errors lower than 2% with re-
spect to the viscosity of the fluids at the given shear rate (Table 5.2). These results
demonstrated the excellent accuracy of the model and therefore the verfication process
was succesfully completed.

a) Velocity [mm/s] Velocity [mm/s] Section A-A'
Water Corn syrup
Radial shear model
PEG I 1% sol. Shave prep foam A
b) Velocity [mm/s] Velocity [mm/s] Section B-B'

ERE

B
Water Corn syrup

S —

Le>p

Planar shear model
PEG I 1% sol. Shave prep foam A

Figure 5.7: Shear models velocity profiles (in mm/s). In all the studied fluids, the laminar Couette
flow was captured.
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Table 5.2: Verification of the fluids viscous behaviour. The Reynolds number (Re) of each fluid
is within the laminar regime for the given models, and the error between the input viscosity and
analytical one is lower than 2%.

Viscosity relative

Fluid Re 4 [s71] 7 [MPa] error [%]
Radial Water 0.9747 6.931  6.88 x 107 0.724
Corn syrup 0.0002 6.931 4.74 x 107° 0.13
PEG 4MM 0.0012 6.931  5.74 x 1076 0.171
Shave prep A 2.5 x 107° 6.931 2.37 x 107° 0.151
Corn syrup 0.0029 102.679  7.02 x 10~* 0.12
PEG 4MM 0.0902 102.679  1.64 x 107° 0.168
Shave prep A 0.0009 102.679  1.49 x 1074 0.258
Corn syrup 0.0556  1949.153 1.32 x 102 1.047
Linear Water 2.0003 7.112 7.1x 1077 0.127
Corn syrup 0.0004 7.112  4.87x107° 0
PEG 4MM 0.0025 7.112 5.8 x 107° 0.003
Shave prep A 0.0001 7.112 2.43 x 107° 0.017
Water 562.5 2000  1.86 x 107¢ 0.65
Corn syrup 0.1141 2000 1.37 x 1072 0.015
PEG 4MM 21.4975 2000 5.31 x 107° 1.392
Shave prep A 0.3439 2000 2.85 x 1074 0.042

5.2.4 Sensitivity analysis of the shave prep model

As part of the runtime optimisation process for the multi-physics modelling frame-
work, the droplet model was used for the analysis and identification of the parameters
characterising the fluid model that have the largest effects on the simulation runtimes.
The fluid model performance sensitivity was evaluated against a) the constitutive pa-
rameters describing the fluid behaviour, and b) the mesh size and parallelisation level,
as explained next.

5.2.4.1 Performance sensitivity to the mechanical properties describing the fluid
behaviour

The mechanical properties representing the fluid behaviour in the finite element en-
vironment are density, longitudinal wave propagation velocity (sound speed) and vis-
cosity. In order to understand the effect of each parameter in the simulation runtimes,
uniformly distributed variation of these parameters was considered in order to build 25
models with sets of properties within the ranges of the material properties of the test
fluids (i.e. water, corn syrup, PEG 4MM 1% solution and shaving foam A). A pseudo
random space filling sampling plan was built with values between 0 and 1, using the
Sobol sequence from the Intel® Math Kernel Library (MKL) generator through Math-
ematica (Wolfram Research, Inc., Champaign, IL. 61820-7237, USA). The Sobol se-
quence is a low-discrepancy sequence that provides a uniform distribution of values for
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random sampling generation (Sobol’, 1967). A ‘seed’ value of 1 was specified in order
to maintain the same sequence of pseudo-random values in consequent analyses. A 3D
map of the space filling sampling plan, shown in Figure 5.8, represents the design of
experiment (DoE) of the non-dimensional mechanical properties. The values of O and

Viscosity
o
o

0.0

0.6
Densiq,

Figure 5.8: Non-dimensional design of experiment for the sensitivity analysis. The 3D map of the
space filling sampling plan shows 25 sets of simulations (dots) located at the coordinates corre-
sponding to the non-dimensional values for density, sound speed and viscosity. The sampling plan
was generated as a pseudo-random Sobol sequence, using the Intel® MKL (Math Kernel Library)
generator within the Mathematica (Wolfram Research, Inc., Champaign, IL 61820-7237, USA) envi-
ronment, setting the random ‘seed’ as 1.

1 are representative of the lower and upper limits, P,,;, and P,,,. respectively, of the
range considered for each of the mechanical properties. The non-dimensional values
0 < P,y < 1 where converted to their corresponding dimensional value P, by:

Pv:(Pmax_Pmin)Psf+Pmin (5.12)

The ranges of parameters considered in the sensitivity analysis (SA) are shown in Ta-
ble 5.3.

Table 5.3: Parameters range for the parameters-runtimes sensitivity analysis (SA) and the extended
sensitivity analysis (xSA).

Density Sound speed  Viscosity
[Ton/mm?] [mm/s] [MPa-s]
min  8.665-10 ! 4.5-10* 8.615-10~10
max  1.389-107° 1.905-10° 6.849-10~6
min  8.665-10~13 4.5.10° 8.615-10~ 12
max  1.389-1077 1.905-108 6.849-10~*

Analysis Limits

SA

xSA
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All models were run at equal parallelisation levels. By tracking the simulation progress
with respect to the runtimes, a linear relation was found between these two parame-
ters. This finding allowed to run each model for only one hour, using the linear rela-
tion to calculate the estimated completion time. In Abaqus, the stable increment is di-
rectly proportional to the element size, and indirectly proportional to the longitudinal
wave propagation velocity (sound speed) (Aba, 2014c). However, with the sensitivity
analysis SA, no correlation was found between the simulation completion times and
any of the parameters within these ranges. As a result, the parametric domain of sen-
sitivity analysis was extended by two orders of magnitude at each limit (xSA in Table
5.3).

In the extended sensitivity analysis (xSA), the results showed high correlation between
the longitudinal wave propagation velocity (sound speed) and the required completion
times (R? = 0.9982), showing , as expected, that a lower sound speed value acceler-
ates the simulation, increasing the simulation performance (see Figure 5.9). However,
this correlation was found outside the range of parameters required for the shave prep
model. Therefore, further analysis for the optimisation of the runtimes was performed
by the assessment of the sensitivity of the model performance to the mesh characteris-
tics (size and density of elements) and the parallelisation of the jobs, as shown next.

Sensitivity analysis Extended sensitivity analysis
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Figure 5.9: Fluid parameters-runtimes sensitivity analysis. In the sensitivity analysis (left) per-
formed within the range of viscosity 7, density p and longitudinal wave propagation velocity (sound
speed) co of water, corn syrup, interstitial fluid and shaving foam, no correlation with the simula-
tion completion times was found. The parameter ranges were extended by two orders of magnitude
at both limits in the extended sensitivity analysis (right), showing a clear correlation between the
longitudinal wave propagation velocity and the estimated completion times.

5.2.4.2 Performance sensitivity to the mesh characteristics and parallelisation
level

The size of the elements in the Eulerian mesh proved to have as great influence in
both, capturing the appropriate fluid behaviour in the simulations, and the runtime
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performance. Although smaller elements are recommended to capture the fluid be-
haviour in detail (Aba, 2014c), reducing the element size results in larger runtimes
required for the computations: the time increment in the analysis also depends directly
on the element size, and the number of elements (and so the equations to solve) in-
creases exponentially (Aba, 2014a). In preliminary results, it was shown that the water
droplet simulation with 216 elements (low resolution) run with a single processor took
1.2 hours, compared to 24.8 hours for a 11,913 elements (high resolution) job run in
parallel with 32 processors. For this reason, a mesh-parallelisation sensitivity analy-

sis was performed, considering for 1 mm? of shave prep fluid (shaving foam B, Table
B.2): a) variation in volume of the Eulerian domain, b) variation in element size for
the Eulerian mesh, and c) simulations run with 20, 40, 60 and 80 parallel processor (in
20-processor nodes).

Using the same pseudo-random Sobol sequence as in the previous analysis, 25 sam-
ple jobs were generated in a 2D space, setting the ranges of Eulerian domain volume
to 100-500 mm? and element size to 0.1-1.0 mm. Each job was run at the four dif-
ferent parallelisation levels for a total of 100 analyses. Each model was run for five
hours, and the estimated completion time was calculated as a linear extrapolation of
the total progress observed at the end of the simulation, like in the previous analyses.
Analysing the effects of this assumption throughout completed simulations, the relative
error varied between 6% and 14% up to a simulation progress of 30%, and lower than
6% afterwards. Nevertheless, considering that the estimated completion time of some
simulations was larger than 600 hours, a linear relation between runtime and simula-
tion progress was considered to be reasonable assumption. The estimated completion
time was used as the parameter to determine the performance of the simulations. The
analysis showed that the neither the total volume of the Eulerian domain nor the ratio
of fluid contained within have any correlation with the runtimes. Although faster run-
times where observed for larger element sizes, direct correlation between these two
parameters was not found in this study. This implied that other factors, such as the
number of elements in the mesh or the level of parallelisation, have a stronger influ-
ence in the simulation performance (i.e. processor communication time). See Figure
5.10.

A parameter of interest for this study was the number of Eulerian elements per pro-
cessor used in the simulations, for which a non-linear correlation was found with the
simulation performance. The effects of communication time between processors were
observed in the results, being the analyses run with 80 processors the ones with longer
runtimes at a given elements per processor value, as shown in Figure 5.11. Fitting

the data of each parallelisation level to a quadratic function, the number of elements
per processor at which performance start to decrease with more elements per proces-
sor can be estimated, as shown also in Figure 5.11; however, the low performance at
lower elements per processor was not captured. In order to capture the optimal value
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Figure 5.10: Mesh-parallelisation sensitivity analysis to mesh size. Although no specific trend is
found in the data, the parallelisation indicates an influence in the simulation performance.

of elements per processor, a non-linear function, applicable for the range of elements
per processor used in this study, was proposed to estimate the number of elements per
processor that would provide maximum performance (i.e. lower runtimes), as show in
Figure 5.12. Such function provides a correlation of R?2=0.75.
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Figure 5.11: Mesh-parallelisation sensitivity analysis to elements per processor used. A quadratic
fitting of the data is provided at the for parallelisation levels studied, showing the limit of Eulerian

elements present in the mesh per processor used at which the performance of the simulations is re-
duced.

These results show only the effects in runtime accounting only for the fluid deforma-
tion. However, it was observed that specific boundary and interaction conditions in a
ESI analysis could modify the expected results, for which a specific mesh-parallelisation
sensitivity analysis is recommended at different applications. As for appropriate con-
tact interaction the resolution of the fluid mesh is of high relevance (as explained later
in Section 5.3.3), a short parallelisation analysis was run at each model stage to in-
vestigate the number of processors that would provide the best performance. In such
short parallelisation analysis, this study provided a guideline for an approximation of
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Figure 5.12: Fitting of the mesh-parallelisation sensitivity analysis data to a non-linear function to
estimate the limit of Eulerian elements present in the mesh per processor at which maximum perfor-
mance (lower runtimes). Fitting correlation R?=0.75, mean square error of 0.6%.

the optimal parallelisation level. The results shown in this analysis are applicable for
the characteristics of the high performance computing facilities provided by P&G.

5.3 Modelling framework development, stage II: Two-component
interactions

The interactions between the skin, razor and shave prep can be separated into two-
component interactions for an isolated study of the concurrent phenomena observed
during a shaving stroke. The two-component interactions models include two of the in-
dividual component models described in Section 5.2, assessing the role of the contact
interaction parameters in the mechanical response of each component:

Cartridge-Skin
At the cartridge-skin interface, the coefficient of friction between the contact
surfaces interplays with skin deformation. This interaction was studied in the
dermis-rigid solid (DRS) and skin-guard (SG) models, simulating the shaving
stroke motion of a solid indenter on the skin surface.

Skin-Shave prep
The interaction between the skin and the shave prep is dominated by the adhe-
sive forces at the fluid-solid interface. The evaluation of the coefficient of friction
required to account for these forces was performed with the use of the droplet
sliding (DS) model, simulating the experimental conditions of a droplet on a
tilted surface (see Figure 3.6, Section 3.3.1).

Cartridge-Shave prep
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The forces applied through the cartridge cause the shave prep to shear and flow.
The flow is enhanced by a dynamically reduced viscosity of the prep due to its
shear-thinning properties. These shearing conditions were studied at low shear
rates within the laminar regime with Taylor-Couette flow (TCF) and laminar
flow (LF) models, simulating fluid trapped between two surfaces in radial and
planar configurations. These models aim to replicate the rheological test (Section
3.5) and the conditions underneath the cartridge guards (Section 4.1.2).

In the following sections, these models and their application in the analysis of these
two-component interactions are explained.

5.3.1 Cartridge-Skin interaction models

The cartridge-skin interaction models simulate the contact between a soft substrate
(skin) and a much stiffer body (cartridge) which dynamically indents and slides over
the substrate (i.e. normal force and tangential velocity). While the skin was modelled
as described in Section 5.2.1, the cartridge parts were modelled as rigid bodies, focus-
ing the simulation on skin deformation. In earlier developments, a simple model was
built accounting for a single layer of skin and a simplistic indenter representing the
cartridge. This model worked as a basis for a more complex model considering a multi-
layer skin tissue in contact with a geometry taken from the cartridge design. These two
models are described next.

5.3.1.1 Dermis-rigid solid model (DRS)

The DRS model provides a simplified representation of a shaving stroke, in ‘dry’ con-
ditions (i.e. no shave prep involved). The skin was represented as a deformable body
with a 30 x 5 x 10 mm? cuboid geometry, and the material properties of the dermis.The
indenter was defined by a shell rigid body with a semi-cylindrical contact surface of 10
mm diameter, fitted in a 10 x 10 x 10 mm? volume. The skin and solid were meshed
with a 0.5 mm and 1 mm global seed size, respectively, generating 12,000 linear hex-
ahedral elements (C3D8R) for the skin, and 585 mixed quadrilateral and triangular
linear elements (R3D4 and R3D3) for the solid indenter.

The shaving stroke conditions were simulated as a 5 Pa pressure gradually applied to
the indenter, and a gradual velocity of 100 mm/s restricted to the stroke direction, both
reaching their maximum amplitude value at 0.2 s (for a total step time of 0.3 s). The
interaction was defined as a frictionless contact. The skin was pinned at the base and
symmetrical boundaries were set at the sides. The shaving stroke simulation with the
solid indenter is shown in Figure 5.13.
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Figure 5.13: The dermis-rigid solid model comprises the simulation of the shaving stroke motion

defined by a pressure P and a velocity of of magnitude V, applied by a rigid solid indenter to a soft,

hyperelastic, viscoelastic skin.
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5.3.1.2 Skin-Guard model (SG)

In the SG model, the simple indenter was replaced by a section of the comb guard
(part of the razor representing the whole cartridge), and the skin by a bi-layer tissue
comprising the dermis and epidermis, for a more realistic simulation of skin deforma-
tion. The skin was defined by a 10x2x0.5 mm? cuboid body, where the epidermis was
50 pm thick. This tissue was constrained by symmetric boundaries in all of its faces
with the exception of the epidermal contact area. The comb guard geometry design
(provided by P&G) provides a teeth-like structure that allows the skin to bulge in be-
tween its teeth when a normal force is applied. For the skin, the mesh seed size was
set to vary from 0.5 to 0.1 mm, specifying a minimum of two elements thickness in the
epidermal layer, providing 4,795 linear hexahedral elements (C3D8R). The guard’s
global seed size was 0.2 mm, refining the elements to 0.05 mm at the contact sur-
face, for 978 quadratic tetrahedral rigid elements (C3D10M). To simulate the shaving
stroke, a 30 mN load was gradually applied at the indenter, and a gradual velocity of
20 mm/s, both reaching their maximum value at 0.2 s, for a simulation step time of 0.5
s. The interaction was enforced using an augmented Lagrangian method, and defined
with a coefficient of friction. By running the simulation job with 48 parallel processors,
the simulation took 2.5 hours runtime. The shaving stroke simulation with the comb
guard is shown in Figure 5.14.

This model was used to study the effects of the contact friction between the skin and
the cartridge on skin deformation. It was observed that higher coefficient of friction
increases the height of the skin bulge in front of the guard, affecting as well the distri-
bution of strains in the dermis, as shown in Figure 5.15. These effects are relevant to
capture the correct skin deformation during a shaving stroke, demonstrating the im-
portance of setting the correct coefficient of friction between the skin and the contact
elements at the cartridge.

In the simulations, the coefficient of friction specified in the contact interaction def-
inition refers to the local coefficient of friction at the skin-cartridge interface. In ex-
perimental tests, a global coefficient of friction is measured as a result of the reac-

tion forces derived from the small-scale contact interaction. The human skin shows

a load-dependent coefficient of friction, which can be related to the deformation of

the skin (Derler and Gerhardt, 2012; Koudine et al., 2000; Pailler-Mattei et al., 2007,
2011; Veijgen, 2013). Such effects and the influence of the skin topography and micro-
structure are studied in more detail in Chapter 7.
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t=0.25s

t=0.35s

t=0.10s t=0.45s

t=0.15s t=0.50s

Figure 5.14: The skin-guard model comprises the simulation of the shaving stroke motion, defined
by a normal force of magnitude F' and a velocity of magnitude V/, applied by a rigid solid indenter
(the cartridge’s comb guard), to a soft, hyperviscoelastic, bi-layer skin.
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Figure 5.15: Effects of the coefficient of friction on skin-solid interactions. By setting equal param-
eters to simulate a shaving stroke motion (indenting force of magnitude F' and velocity of magnitude
V), different friction coefficients define the interactions between an indenter and the skin. At 0.3 co-
efficient of friction (top), the maximum principal logarithmic strains (LE) are concentrated under the
indenter, but as the coefficient of friction increases to 0.7 (middle) and 1.0 (bottom), the strains are
distributed ahead the indenter, promoting higher bulging of the skin, as compared with the bulging
height b, for the coefficient of friction of 1.0.

5.3.2 Skin-Shave prep interaction models

The skin-shave prep interaction accounts for the pre/post shearing conditions (i.e.
when the fluid is at rest prior to and after the shaving stroke). It is easy to observe
that when the shave prep is applied on the skin, it stays on the surface as the combi-
nation of adhesion forces at the skin surface and cohesive forces within the shave prep
are stronger than gravity forces. A common approach for FSI is to assume ‘no-slip’ con-
ditions, that would be represented in Abaqus/CEL environment as an infinite coeffi-
cient of friction between the shave prep and skin. However, this condition caused un-
expected deformation of the skin surface. For this reason, the fluid-solid interaction re-
quired the specification of a coefficient of friction. To account for the surface adhesion,
it was considered that for an experimental measurement of contact angle lower than
90°, the ‘no-separation’ condition was specified; otherwise, ‘allow separation’ was spec-
ified. By implementation of the shave prep droplet model (Section 5.2.3.1) in contact
with a solid tilted surface, the parameters for the characterisation of fluid adhesion
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were analysed in the droplet sliding model. This model was also applied to explore
other interactions where rather than full adhesion, slipping of the fluid is observed (as
observed in some of the cartridge parts), as explained next.

5.3.2.1 Droplet sliding model (DS)

The DS model comprises the simulation of a fluid droplet resting on a tilted surface as
described in Section 3.7.2, exploring the interaction parameters that could capture
droplet adhesion as it is counterbalanced by gravity forces. A 4 x 2 x 4 mm? cuboidal
fluid droplet was defined within a 30 x 5 x 10 mm? Eulerian domain resting on the

30 x 10 mm? surface of the 5 mm thick skin, defined as a semi-rigid body with iron
like properties (so the analysis was focused in the droplet deformation only). The skin
was tilted by 60°, allowing gravity forces to ‘pull’ the droplet down through the Eule-
rian domain. See Figure 5.16. These tilting conditions have been used by Rouyer et al.
(2005) to test the yield stress in Gillette® shaving foam. In this simulation, the adhe-
sion forces between the fluid and surface were captured by the deactivation of the ‘al-
low separation’ settings (referred as ‘no-separation’ conditions) and the specification of
contact by a penalty friction coefficient.

Figure 5.16: Droplet sliding model. The droplet sliding model comprises a fluid droplet (blue),
contained withinthe Eulerian domain volume (grey), sliding over a 60° tilted surface (beige) by the
action of gravity forces g. Despite of the contact surface, the skin surfaces are fixed by a symmetric
boundary condition (orange) a long with the lateral surfaces of the Eulerian domain. The fluid is
allowed to flow freely through the top and bottom surfaces (green arrows).

The skin mesh was relatively coarse (global seed size 2.5 mm, resulting in 60 linear
hexahedral C3D8R elements). The fluid was meshed with a global seed size of 0.5
mm, generating 12,000 linear hexahedral Eulerian elements (EC3D8R). The fluid was
restrained from leaving the Eulerian domain by setting symmetry boundaries at the
lateral surfaces of the Eulerian domain, parallel to the fluid flow, but was allowed to
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freely leave the Eulerian domain at the outflow surface. The physical simulation step
was 1.0 s.

Water, corn syrup, PEG 4MM 1% solution and shaving foam A (see Table B.2, Ap-
pendix B) were tested with coefficients of friction of 0.0, 0.25, 0.50, 0.75 and 1.0.

By running the simulation jobs with 16 parallel processors, the simulations took 1-9

h runtime. With these four fluid samples, it was found that both, the longitudinal wave
propagation velocity (sound speed) and density, had direct correlation with the run-
times, with R? ~ 0.94, while the specified coefficient of friction did not show correla-
tion, resulting in a R? = 2.3 x 108, as shown in Figure 5.17. Although the correlation
found for the density and wave propagation velocity does not reflect the sensitivity of
the parameters in a wider parametric space (see Figure 5.9), this analysis served to
evaluate only the effects of the coefficient of friction on the simulation performance.

@ Coefficient of friction

A Density

& Wave propagation velocity

— R?=2.3x1078
1 — R?=0.944
— R?=0.935

Normalised Runtime

0.0 0.2 0.4 0.6 0.8 1.0
Normalised parameter values
Figure 5.17: DS model parameters correlation to runtimes. For the droplet sliding simulation anal-

ysis, both density and wave propagation velocity showed direct correlation with the simulation run-
times. In contrast, no correlation was observed in terms of variation of coefficient of friction.

With the application of ‘no-separation’ conditions in the simulation, the fluid droplet
attaches to the surface, allowing the interaction behaviour to be driven by the com-
bination of the viscous and frictional forces. The droplet sliding velocity was highly
sensitive to the coefficient of friction, which can be related to the work of adhesion be-
tween the fluid and the solid part. In a lower scale, the viscosity of the fluid also affects
sliding velocity as the flow within the fluid droplet (spreading behaviour) sums up to
the sliding velocity of the whole droplet with respect to the plate. This can be observed
in Figure 5.18 for corn syrup and shaving foam A.

As discussed in Section 3.7.2.1, describing the experimental characterisation of the
shave prep contact interactions, no sliding of the shave prep fluids was observed for
the surface samples available. Therefore, a trial iterative process was implemented
aiming at a sliding velocity of zero. In order to ensure that full adhesion was captured,
no sliding should be captured after a reasonable time in the simulation: small sliding
distances could be mistaken as ‘no-sliding’ in short simulations, but it would be easier
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Figure 5.18: Droplet sliding model: test models simulations. The simulation of corn syrup (left)
and shaving foam (right) fluid on a 60° tilted surface are shown with a friction coefficient of 0.0 and
0.5, with the implementation of the ‘no-separation’ settings. The ‘no-separation’ condition allows the
sliding fluid to spread on the surface while the coefficient of friction, along with the fluid viscosity,
controls the sliding velocity.

to detect them at longer simulation times. This process required far more computa-
tional resources than having a sliding velocity to compare, being also time consuming.
Further investigation in this area is therefore advised.

5.3.3 Cartridge-Shave prep shearing interaction models

The cartridge-shave prep shearing interaction models account for the dynamic shearing
conditions the shave prep is subject to during rheological testing or a shaving stroke.
Similar to the shear models described in Section 5.2.3.1, the fluid is contained be-
tween two surfaces, subject to shear due to motion of one of the surfaces. Unlike the
shear models, where the velocity was applied as a boundary condition to the Eulerian
domain, the surfaces containing the fluid were included in the cartridge-shave prep
models as solid parts, and the velocity of these surfaces was transmitted to the fluid
through the fluid-solid contact interaction. As a rough tangential friction behaviour

is not feasible for the fluid interactions with the skin, the contact interaction was de-
scribed in terms of coefficient of friction for the evaluation of slip for different test flu-
ids. These two-component interaction models were also built in the radial and planar

conditions, as described next.

5.3.3.1 Taylor-Couette flow model (TCF)

The TCF model comprises the simulation of radial shearing of a fluid representing the
flow phenomena found in concentric cylinders rheological tests. The model geome-
try was defined by a d = 0.375 mm gap containing the fluid between a 5 mm radius
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rotating inner cylinder and a static outer one. Both cylinders were represented as 0.1
mm thick solid rings. The first drafts of the model considered the complete circumfer-
ence of the cylinders, with similar mesh quality to the one used in the shear models.
However, this mesh was not able to capture the solid-fluid interaction. Thus, only a
10° section of the fluid with a finer mesh was modelled in contact with a 12° section
of the outer cylinder, and larger 33° section of the inner cylinder providing enough ex-
tension for its estimated rotation. The accounting of gravity forces was required in this
simulation to induce the initial fluid-contact interaction. See Figure 5.19.

Figure 5.19: Taylor-Couette flow model. The Taylor-Couette flow model comprises a section of
fluid (blue) contained between two concentrical cylinders of which the outer one is fully constrained
(grey) and the inner one that rotates on its axis (blue line) at a w angular velocity, applying shearing
forces to the fluid. Only a section of the concentric cylinders is modelled to ensure faster runtimes.
Therefore, the fluid is constrained by setting velocity in z direction to zero in the faces normal to

the axis (orange), and a free inflow and outflow at the faces normal to the flow direction (green
arrows). The Eulerian domain (gray shade) extends over the fluid gap, overlapping the cylinders’
structure to enhance the solid-fluid contact interaction.

The cylinders’ global seed size was set to 0.01 mm, with a variation of 0.03-0.01 mm
in the radial direction (with finer mesh towards the fluid contact surface), generating
14,250 and 5,700 linear hexahedral elements (C3D8R) for the inner and outer cylin-
ders, respectively. For the fluid, the global seed size was set to 0.02 mm with a varia-
tion of 0.03-0.0075 mm in the radial direction, refining the mesh towards each of the
contact surfaces, generating 13,050 linear hexahedral Eulerian elements (EC3D8R).
Overlap between the Eulerian domain and the cylinders was specified to maintain a
solid-fluid interface throughout the simulation, but only the elements in between the
solid surfaces were set to be filled with fluid. The fluid was constrained between the
cylinders by setting the velocity in the width direction to zero in the free surfaces. In
order to ensure a constant flow, free inflow and outflow was specified at the surfaces
normal to the flow. The outer cylinder was fully constrained to prevent any motion,
while the inner one was set to gradually reach an angular velocity of 150 rad/s (i.e.
Vp = 750 mm/s, 7 = 2000 s~1), at 0.005 s. The simulation step was set to 0.025 s.
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Water, corn syrup, PEG 4MM 1% solution, and shaving foam A fluids (see Table B.2
for properties) were tested under these shearing conditions. For these fluids, laminar
flow was expected along the simulation, with the exception of water, which reaches

Re > 107 after 0.002 s of simulation (see Figure 5.20). At such Re a vortex flow is
expected (instead of laminar flow) (Andereck et al., 1986). A friction coefficient of 1.0,
allowing ‘no-separation’ between the fluid and the cylinders was defined for the fluid-
solid contact interaction, for the evaluation of ‘slip’ effects at the fluid-solid interface.
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Figure 5.20: Reynolds number analysis of the Taylor-Couette flow models. With the exception of
water after 0.002 s simulation time, the flow is maintained within the Couette flow (laminar) with a
Re < 107 (Andereck et al., 1986).

A big concern was raised by noting that within 150 hours runtime, only 7-8% of the
simulation had been completed (with a maximum simulation time of 2x1073 s, at
which V' = 238 mm/s), even with the use of 48 parallel processors. Improvement of
the runtime could be achieved by redefining the mesh dimensions. However, in these
shearing conditions, lower quality of the mesh caused artefacts in the simulation that
introduced ‘void’ values in the fluid, while the mesh described above proved to appro-
priately capture the solid-fluid interaction. For this reason, no further simulations were
run with the TCF model, which showed to be too computationally expensive. There-
fore, the analysis of results was focused on those obtained in the transient state.

As shown in Figure 5.21, the laminar flow condition was met for all the fluids. In the
transient flow, the velocity profile was expected to reflect the changes in velocity through
the fluid, showing a soft reduction of velocity in the cross section from the moving in-
ner boundary to the static outer one. However, such a condition seems to be highly af-
fected by slip. In order to analyse slip at the fluid-solid interfaces, the relative velocities
between the fluid and the cylinders at the fluid-solid interface were compared.

Taking a cross section of the fluid model (section C-C’ in Figure 5.21), the average ve-
locity of the nodes in contact with the cylinders was subtracted from the velocity on
the cylinder’s surfaces. In ‘no-slip’ conditions, the relative velocity is zero. Different lev-
els of slip were observed at the two interfaces. At the inner cylinder, where V- was ap-
plied, low slip was observed for all the fluids up to 1.5x1073 s, where the slip of corn
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Figure 5.21: Taylor-Couette flow model velocity profiles. Shearing of the fluid contained in the gap
d between the concentric cylinders is caused by the rotation of the inner cylinder of radius r; at an
angular velocity w. The velocity profiles at section C-C’, as indicated in the model diagram (left), are
shown for the simulation time 1.75 x10~2 s, with transient flow (w is increasing at this stage of the
simulation) and tangential velocity at the inner ring contact interface Vr = w - r; = 211.31 mm/s.
The difference in fluid velocity at this interface indicates slip effects for the specified coefficient of
friction of 1.0.

syrup showed higher magnitude than the other fluids. At the outer cylinder, water and
PEG solution showed a relative velocity close to zero, while higher slip was observed
for corn syrup and shaving foam A as a result of higher viscous drag. See Figure 5.22.
Although the level of slip seems related to the mechanical properties of the fluids, no
direct relation of these properties with the slip was found.
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Figure 5.22: Slippage measurements in Taylor-Couette flow model. The plots show the relative ve-
locity between the fluid and cylinders. At the inner cylinder surrface (left), where maximum velocity
is expected, the negative values show a slower velocity of the fluid compared to that of the cylin-
der wall. At the outer cylinder surface (right), where the cylinder is static, the positive value show a
speed up of the fluid, driven by viscous drag.
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5.3.3.2 Laminar flow model (LF)

The LF model provides a fluid-structure interaction version of the planar shear model,
consisting on the simulation of planar shearing of a fluid, simplifying the features of
the channel created between the skin and the cartridge blade/guard into a fluid been
sheared between two parallel plates. The model assembly included a static plate pro-
viding a 2.0 x 0.1 mm? contact surface to the fluid, a longer moving plate applying the
shearing velocity, and a 1.6 x 0.475 x 0.1 mm? Eulerian domain. Like in the TCF model,
overlapping the solid plates with the Eulerian domains was specified to maintain the
fluid-solid interface for the contact interaction). The moving plate was set ten times
longer to the static one to ensure shear throughout the simulation time. Only the Eule-
rian elements in-between the plates were filled with fluid material. Once more, gravity
forces were accounted for to ensure the first contact between the fluid and the plates.
See Figure 5.23.

Figure 5.23: Laminar flow model. The Laminar flow model comprises a section of fluid (blue)
contained between two parallel plates of which the bottom one is fully constrained (grey) and the
top one that moves in the flow direction at Vi velocity, applying shearing forces to the fluid. The
fluid is constrained by setting velocity in z direction to zero in the faces normal to the axis (orange),
and a free inflow and outflow at the faces normal to the flow direction (green arrows). The Eulerian
domain (gray shade) extends over the fluid gap, overlapping the plates’ structure to enhance the
solid-fluid contact interaction.

The same meshing approach used in the TCF model was applied, generating 80 and
800 linear hexahedral elements for the static and moving plate, respectively, and 13,440
linear hexahedral Eulerian elements. Likewise, the same velocity constraints were ap-
plied to contain the fluid in the space between the plates. In order to ensure a constant
flow, free inflow was specified at the inlet surface, and zero pressure outflow was en-
forced at the outlet surface. The static plate was fully constrained to prevent any mo-
tion. The moving plate was allowed to move in only one direction, at a gradually in-
creasing velocity Vo = 800 mm/s (i.e. ¥ = 2133.33 s~1), reaching a steady state at
0.005 s. The simulation step was set to 0.025 s.
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The simulations were performed with the same test fluids of the previous model. Un-
der these conditions, a maximum Reynolds number range between 600 (for water) and
0.122 (for corn syrup), maintaining the simulations within the laminar flow regime.
The contact interaction between the fluid and the cylinders was defined by a friction
coefficient of 1.0, allowing ‘no-separation’ between the parts.

The geometry of the LF model provided better runtime performance. In this case, most
of the simulations reached a steady shearing velocity, with the exception of the shav-
ing foam A one, which only reached up to 1.75 x10~3s after 20 hrs runtime with 32
parallel processors. Although the Reynolds number doubles the one on TCF model, the
velocity profiles patterns of water, corn syrup, and PEG solution show some similarities
up to this point (see Figures 5.21 and 5.24). Like the TCF model, slip measurements
were taken from the average velocity of the nodes at the plates interfaces, across a sec-
tion of fluid (section D-D’ in Figure 5.24).

Like the slip results of the TCF model, lower slip was observed for water followed by
the PEG solution, while higher slip was show for corn syrup and then the shaving foam
A, driven by the viscous drag. In the LF model, slip at the moving plate for all fluids
and slip closed to zero for water and PEG solution at the static plate only, was also reg-
istered in the transient state. The changes in slip throughout the simulation appear

to reflect the effects of acceleration of the moving part. At the moving plate interface,
these effects are more noticeable at the transient state, as higher slip occurs at the start
of the simulation, when the plate starts to move, and then the fluid slip reduces as the
acceleration is reduced, with more immediate effects in the less viscous fluids. At the
static plate interface, initial acceleration has a larger effect in the corn syrup and shav-
ing foam A as higher viscous drag is transmitted. Further inertial effects in fluid slip
were observed at the transition to the steady state. These effects are captured in the
plots shown in Figure 5.25.
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Figure 5.24: Planar shear model profiles. The fluid is contained in the gap d formed between two
plates. The boundary conditions are set to allow the fluid flow in the velocity direction, but prevent-
ing the flow in the z direction by setting the normal velocity at faces normal to z as zero. The top
plate is fixed while the bottom plate shears the fluid by moving at a velocity V. The figure plots the
velocity profiles obtained at section D-D’ for different fluid models at simulation time 1.75x107% s,
where the current plate velocity is transient at Vr = 188.14 mm/s.
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Figure 5.25: Slippage measurements in Laminar flow model. The plots (top) show the relative ve-
locity between the fluid and plates surfaces. At the moving interface (left), where maximum velocity
is expected, the negative values show a slower velocity of the fluid compared to that of the plate. At
the static plate interface (right), the positive value show a speed up of the fluid, driven by viscous
drag. The dotted line indicates the start of the steady state of the simulation, corresponding to the
stage at which the plate acceleration plot (centre) reaches zero at 0.005 s. A zoomed area of the slip

plots is shown to highlight the slip behaviour of water and PEG solution (bottom).
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5.4 Modelling framework development, stage III: Three- com-
ponent contact interactions

Taking the knowledge provided for the two-component interaction models, the skin-
solid-fluid interaction was assessed in terms of the contact parameters, considering

the fluid adhesion to the skin prior, during and after shearing, in the solid-rigid skin-
shave prep (SRS) model, incorporating the skin large deformations in the skin-guard-
shave prep (SGS) model. These two models show the initial stages of the multi-physics
modelling framework developed in this PhD project.

5.4.1 Skin-solid-fluid interaction

The three-component interaction incorporates the two-component interaction models
into a simulation of the interaction of a free surface fluid with both, the surface it rests
on, and the solid part than deforms it by applying the characteristic forces exerted by
a cartridge during a shaving stroke. The skin-solid-fluid interaction models built up

on the acquired knowledge during the development of the previous two-component
models, starting from simpler to more complex, as explained in the following sections,
providing the bases for the multi-physics modelling framework.

5.4.1.1 Solid-rigid skin-shave prep model (SRS)

The SRS model, built as a ‘step’ model towards the multiphysics modelling frame-
work, comprises the simulation of a shaving stroke motion by an indenter on a rigid

skin substrate, that allows the analysis to focus on the deformation of a portion of

shave prep lying on its surface. The basic geometrical features of the DRS model (Section
5.3.1.1) were used, setting the indenter as a rigid body, the skin with mechanical prop-
erties similar to iron, and the shave prep with the properties of fluid SPO1 (see Table
B.1). On top of the epidermal surface, a 8 x 3 x 6 mm? fluid droplet within a 2 x 5 x 10
mm? Eulerian domain was placed in front of the indenter. At this stage, no overlap be-
tween the fluid and the contact surface was considered. See Figure 5.26.

Like in the DRS model, the indenter was set as a shell rigid part with a global mesh
seed size of 1 mm, generating 468 mixed triangular and quadrilateral linear elements
(R3D3 and R3D4). Due to the rigid structure of the skin, its mesh was much coarser,
with a global seed size of 3 mm generating 60 linear hexahedral elements (C3D8R).
For the fluid, the global seed was set to 1 mm, refining the area around the droplet to
half the size, generating 4,480 linear hexahedral Eulerian elements (EC3D8R). The
motion of the indenter was set by applying a constant velocity vector of 40 mm/s, con-
straining the motion to the stroke direction. With the exception of the top surface, the
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Figure 5.26: Solid-rigid skin-shave prep model. The Solid-Rigid skin-Shave Prep model comprises
a fluid droplet (blue) lying on a solid stiff skin (yellow) deformed by the sliding motion of a rigid
indenter (pink) travelling at a rectilinear speed V. The fluid droplet is allowed to flow outside the
Eulerian domain (gray shade) in the x direction (green arrows), but is constrained in the z direction
by setting the velocity normal to this surfaces as zero (orange). The displacement of the skin non-
contact surfaces is also restrained (grey) by applying symmetry boundary conditions. Gravity forces
are accounted for to ensure the contact of the fluid with the skin.

skin surfaces were constrained by symmetry boundary conditions. The fluid was con-
strained within the Eulerian domain by setting the velocity normal to the surface, at
lateral walls, as zero. The interaction properties between the solid and the skin were
set as frictionless while the skin-fluid and solid-fluid interaction was defined with an
infinite coefficient of friction (indicated as ‘rough’ contact within the Abaqus environ-
ment), for the assumption of ‘no-slip’ conditions. At this stage, the ‘no-separation’ set-
tings used to capture adhesion of the fluid to the surface of contact, had not been im-
plemented. As explained in the following section, this interaction does not work appro-
priately when applied to soft materials, so specific coefficient of friction of the shave
prep-skin interaction should be assigned. Gravity forces were accounted for to ensure
initial contact of the fluid with the skin. The simulation step was set to take 0.3 s.

As shown in Figure 5.27, the model captured how the fluid deforms and adapts to the
loading feature. It was later discovered that the default boundary conditions (free in-
flow/outflow) in the top surface of the Eulerian domain was not adequate for the sim-
ulation, as the fluid leaving this surface was replaced by more fluid. This model set the
basis for the next stage of the skin-solid-fluid interaction model where the deformation
of the skin was taken into account.
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Figure 5.27: Solid-rigid skin-shave prep model. In this fluid-structure interactions (FSI) model, a
fluid lying on an horizontal surface is deformed by a rigid body moving at a velocity V parallel to
the surface. The boundary at the top surface of the Eulerian domain is set by default to replace the
fluid leaving this surface by more fluid. This condition (not desired in the final model) is observable
by the apparent additional fluid after the fluid touches the top surface of the Eulerian domain, at
simulation time 0.10 s.
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5.4.1.2 Guard-skin-shave prep model (SGS)

The SGS model comprises the simulation of a shaving stroke motion, with a section
of a cartridge guard as an indenter, on a soft bi-layer skin that is deformed along with
a shave prep droplet that lies on top of the skin. The geometrical features of the SG
model (Section 5.3.1.2) were used, setting the guard as a rigid body, the skin with
the hyperelastic, viscoelastic, properties of the dermis and epidermis (O’Callaghan and
Cowley, 2010), and the shave prep with the properties of the test fluids (water, corn
syrup, PEG 4MM 1% solution and shaving foam A —see Table B.2). A 2.5x0.8x0.5
mm? fluid droplet within a 12x3.5x0.5 mm? Eulerian domain was specified on the
skin surface 2.5 mm from the surface edge where the shaving stroke starts. On top of
this area, at a 0.08 mm, the comb guard was positioned 1 mm away from the shave
prep droplet. The Eulerian domain overlapped the whole skin part and most of the
guard in order to account for the fluid and skin deformation around the guard. See
Figure 5.28.
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Figure 5.28: Skin-guard-shave prep model. The skin-guard-shave prep model comprises a fluid
droplet (blue) lying on a soft bi-layer skin (yellow) to be deformed by the action of a normal force
of magnitude F' and lateral velocity of magnitude V applied to the comb guard (pink). The motion
of which is constrained to align with the stroke direction (grey). The fluid droplet is constrained
within the Eulerian domain by setting velocity normal to surfaces as zero (orange) in all the surfaces
but the bottom one. The displacement of the skin non-contact surfaces is also restrained (grey) by

applying symmetry boundary conditions. Gravity forces are active to ensure the contact of the fluid
with the skin.

The skin and guard were meshed with the same parameters than the ones used in the
SG model, providing 4,795 linear hexahedral (C3D8R) and 978 quadratic tetrahedral
elements (C3D10M), respectively. The shape prep global seed size was set to 0.005
mm, generating 138,600 linear hexahedral Eulerian elements (EC3D8R). The motion
of the guard was set as in Section 5.3.1.2 by a 30 mN normal load and 10-20 mm/s
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velocity, gradually applied, reaching its maximum value at 0.2 s. With the exception of
the top surface, the skin surfaces were constrained by symmetry boundary conditions.
The fluid was constrained within the Eulerian domain by setting the normal velocity
to zero in all the surfaces except the bottom one. Gravity forces were included in the
model to ensure the initial contact of the fluid with the skin. The simulation step was
set to represent a physical time of 0.5 s.

An early version of this model setting rough friction interaction between the skin and
the shave prep showed that the fluid adhesion was so strong that the skin elements
were dragged and deformed to the point of reaching the locking stretch of the skin tis-
sue (see Section 2.4.2), causing simulations to fail. Therefore, the contact interactions
were defined individually in terms of the coefficient of friction and the separation/no
separation conditions. The contact pairs and their corresponding coefficient of friction
are identified as: a) skin-cartridge interaction, p.; b) fluid-cartridge interaction, s .;
and c) fluid-skin interaction, s ¢s.

In the cartridge-shave prep shearing interaction models (Section 5.3.3), it was shown
that equal interaction properties had different effects in the slip of different fluids.
These effects were visually inspected for the test fluids, under shaving stroke condi-
tions, considering 1, = 0.0, pfe = 0.3, and pyg, = 0.7. The ‘no-separation’ condition
was applied only to the fluid-skin interaction.

The spreading behaviour of the fluids was evident in the simulations, where water de-
forms on the skin surface due to gravity forces, and it is easily splashed by the action of
the cartridge guard movement. Higher adherence was observed for the corn syrup and
the PEG solution, allowing the fluid to go through the channel in the comb guard ge-
ometry. With lower viscosity than the corn syrup, the simulation showed that more of
the PEG solution fluid was allowed to enter the channel, leaving a thicker ‘tail’ of fluid
behind. Different effects were observed for the shaving foam A, which showed low ad-
hesion and, with its high viscosity, how it was pushed by the solid guard allowing only
a small amount of fluid to go through the guard channel. See Figure 5.29. These re-
sults confirm that the specific adhesion conditions cannot be characterised equally for
different fluids, as indicated in the previous analysis.

The test fluid simulations were run with 48 parallel processors. However, analysis was
computationally expensive, requiring exceptionally low time increments for reaching
convergence, as the estimated completion time ranged between 140 and 230 hours,
having lower runtimes with the PEG 4MM 1% solution. Taking into account the sen-
sitivity analysis, where the longitudinal wave propagation velocity (sound speed) was
directly correlated with the simulation runtimes (Section 5.2.4.1), this simulation was
repeated selecting the fluid with better performance with a reduced value of longitu-
dinal wave propagation velocity. The fluid with these characteristics is fluid SP04 (see
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Figure 5.29: Evaluation of the deformation of test fluids with the SGS model under shaving stroke
conditions. With identical interaction properties (coefficient of friction for each contact pair: skin-
cartridge psc, fluid-cartridge p¢. and fluid-skin py,), different spreading, sliding and trace-leaving
behaviour was observed for four test fluids.

Table B.1), which showed a speed up in the simulation with four times better perfor-
mance in terms of runtime than the observed for the PEG solution. The effects in the
fluid behaviour caused by the modification of the longitudinal wave propagation ve-
locity values were evaluated in terms of deformation and shear stresses with the SGS
model, also accounting for any deformation effect on the skin material. Further analy-
sis considered the evaluation of shear stresses and velocity profile, using the TCF and
LF models.

Great similarities were observed between the deformation of the fluid ahead and though
the guard part in the SGS model simulations, leaving similar traces of fluid behind.
However, the distribution of shear stresses was different, showing a smoother distri-
bution of stress across the fluid with lower wave propagation velocity. This resulted in
reduced unrealistic splashing effects observed in the PEG solutions model, capturing a
more appropriate behaviour of the fluid. By reducing this parameter, the compressibil-
ity of the fluid increases, providing more stable conditions for the finite element analy-
sis. Negligible differences were observed in the skin deformation. See Figure 5.30.

Capturing the appropriate viscous behaviour is of great relevance in the simulation
of shear thinning fluids. For this reason, the effects of a reduced wave propagation
velocity were evaluated in the TCF and LF models, under shearing conditions. Fluid
SP04 showed great similarities in distribution of shear stress, but higher slip was ob-
served in the contact interaction. Such slip is within 4% of the observed for PEG solu-
tion in the moving interface, but up to 4.45 times higher at the static interface of the
LF model, and 15 times higher in the TCF one (see Figure 5.31). By specifying the
interaction with a coefficient of friction, the stresses normal to the contact surface de-
termine the critical tangential stress required to allow slip between the surfaces (Aba,
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Figure 5.30: Effects on deformation and shear stress distribution in the fluid, by reducing the
longitudinal wave propagation velocity (sound speed). The results of the simulation of PEG 4MM
1% solution in the SGS model were compared with those of fluid SP0O4, whose wave propagation
velocity is two orders of magnitude lower. Similar deformation is observed for the two fluids, but
the shear stresses (SVAVG12) in fluid SPO4 showed a smoother transition throughout the material.
Negligible effects were observed in the skin deformation, as shown in the plot for logarithmic shear
strain (LE12).
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Figure 5.31: Comparison of the viscous response and contact interactions of PEG 4MM solution
(centre) and fluid SPO4 (right) under pure shear simulations, with the TCF (top) and LF (bottom)
models. The velocity profiles of the two fluids are shown across section C-C’ and D-D’ as indicated
in the models diagrams (left), superimposed to the close up of the area marked in red, showing the
distribution of shear stresses across the gap between the two solid interfaces.
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2014c). Therefore, it is likely that by changing the fluid compressibility, the fluid pres-
sure (and thus the normal stress on the contacting surface) is modified affecting the
wall slip. As mentioned in Chapter 3, capturing the appropriate wall slip is a complex
task. So, any modification in the wall slip behaviour would require to be compensated
by adjusting the coefficient of friction at the fluid-solid interaction. Although further
investigation of these effects is required, doing so is worth the effort, especially after a
four times improved performance was observed.

The SP04 fluid was used for the analysis of the contact interactions effects in the sim-
ulation of the shaving stroke with the SGS model. The effects of the application of ‘no-
separation’ condition to the fluid-skin interaction was evaluated at different interaction
conditions in the whole system. The simulations showed that when ‘no-separation’ was
enforced, the combined effects of the coefficient of friction and adhesion was able to
capture a larger fluid trace, longer than if ‘separation’ was allowed. A higher coefficient
of friction between the skin and the fluid, drove more fluid into the guard channel than
a lower one. The coefficient of friction between the fluid and the cartridge, coupled
with the effects of the deformation on the skin (caused by the skin-cartridge interac-
tion definition), have a direct effect with ploughing of the shave prep ahead the guard.

These results are shown in Figure 5.32.

The effects of the shaving stroke velocity were also compared along with the charac-
teristics of the fluid-cartridge interactions. The analysis considered the variation of the
stroke velocity from 10 to 20 mm/s, and variation of y¢. from 0.0 to 0.3, while the in-
teractions of the skin with the cartridge and fluid remained unchanged, with ps. = 0.3
and p1rs = 0.7 with no separation allowed. In this test, it was shown that with higher
velocity a longer trail of fluid is left but, although more fluid enters the channel, this
effect can be counteracted by the fluid-cartridge friction forces, pushing the fluid ahead
of the guard, as shown in Figure 5.33.

Gathering the knowledge obtained in the development process of the multi-physics
modelling framework, the following recommendations are made for the characterisa-
tion of the interactions with open surface fluids.
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Figure 5.32: Coupled effects of the two-component interactions on the fluid deformation in the
SGS model. The deformation of the SPO4 showed high dependency on the characteristics of the
three contact interactions. Higher friction between the fluid and skin (uy,), implicitly accounts for
adhesion forces, while a higher coefficient of friction between the fluid and the cartridge (us.), cou-
pled with the deformation in the skin caused by the skin-cartridge friction (us.), has an impact on
the shape of the plough of foam ahead of the guard. All images are at the same scale.
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Figure 5.33: Evaluation of fluid deformation effects with a stroke velocity of 20 mm/s (left) and
10 mm/s (fight), with frictionless interaction between the fluid and the guard (us. = 0.0, top) and
a coefficient of friction py. = 0.3, (bottom). The skin-cartridge and fluid-skin contact interaction are
identical in the four cases shown. The stroke velocity can favour the formation of a fluid trail as the
grooved guard deforms. However, these effects can be counteracted by the friction forces between
the guard and fluid. All images are at the same scale.
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5.5 Modelling recommendations for the characterisation of
interaction with open surface fluids

The development of the multi-physics modelling framework in stages, to characterise
the interactions of skin and wet shaving products, has provided detailed and essential
knowledge to be used for the modelling of interactions of deformable and rigid solids
with open surface fluids. From this process, the following modelling recommendations
can be highlighted:

Eulerian domain. The dimension of the Eulerian domain should include all the
space where the fluid can exist. In order to ensure the interaction with other
solids is captured, the Eulerian domain should overlap the elements of the parts

in which the fluid is in contact.

Eulerian boundaries. The Eulerian domain should be built considering that inflow
of fluid can be modelled when dragged by the cohesion forces of the existing
fluid (specifying free inflow at the boundary), but that the fluid leaving the Eu-
lerian limits cannot be recovered. Therefore, the following consideration should

be taken for modelling the interaction of the fluid with the Eulerian boundaries:

1. Specifying ‘none’ inflow at a boundary will create an adhesive interaction
with the fluid, if it is in contact with the surface in the reference configura-
tion. This effect can be avoided by specifying ‘void’ inflow boundary condi-

tion.

2. Specifying a zero velocity normal to the surface, the model provides a fric-
tionless interaction that mimics the fluid laminar behaviour when applied to
surfaces parallel to the flow.

3. For fluids leaving the Eulerian domain, specifying a ‘zero pressure’ condi-
tion at the boundary ensures the fluid outflow does not generate undesired
effects.

Fluid-solid interactions. For fluid-solid interactions, the experimentally obtained
coefficient of friction for the specific fluid and solid should be used. The adhe-
sive behaviour of a fluid can be implicitly accounted for by a large coefficient of

friction and the ‘no-separation’ condition.

Runtime performance. Higher performance is achieved with the use of lower wave
propagation velocity to characterise the compressibility of the fluid, and minimis-
ing the number of elements in the Eulerian mesh.
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5.6 Application of the multi-physics modelling framework to
the design of wet shaving products

The recommendations above have been applied for the completion of the multi-physics
modelling framework. In this framework, the parts are interchangeable for more
complex geometries or assemblies, and the outputs can be adapted for the require-
ments of the analysis, providing a modular tool that can aid to the analysis of lubri-
cation performance of different cartridge designs and shave prep formulations.

The multi-physics modelling framework was applied, in a job requested by P&G, for
the assessment of shave prep ‘flow’ towards the blades for two elastomer guard designs
in development. For faster simulations, some simplifications of the geometries were
applied. The effectiveness of the designs were evaluated in terms of the relative veloc-
ity of the fluid with respect to the velocity of the razor cartridge, as an indication of
flow. The new guard designs were compared to the results obtained with the simplified
Gillette Fusion® cartridge, shown in Figure 5.34.

In this job, the modularity of the modelling framework was put into test, showing its
capability for the consideration of different shave prep properties and razor cartridge
components. These and some other applications of the multi-physics modelling frame-
work are shown in Figure 5.35, in which different geometries and fluids are applied in
on a thin slice of fluid or at a larger scales.
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Figure 5.34: Application of the multi-physics modelling framework for evaluation of guard de-
sign, evaluating the velocity (normalised) of the fluid. The simulation captured the trail of fluid left
behind the shaving stroke, the displacement of shave prep in between the blades, the glide protec-
tion layer under the elastomer guard, and ploughing of the shave prep ahead the cartridge. Simpli-
fied version of Gillette Fusion® cartridge shown. Proprietary data (P&G). Do not disclose.
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Figure 5.35: Other applications of the multi-physics modelling framework

(P&G). Do not disclose.
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5.7 Limitations and further work

The multi-physics modelling framework was built on an existing model of facial
skin, developed and validated by O’Callaghan and Cowley (2010), being a crucial step
the implementation of the shave prep model. In every step of the development of the
shave prep model for its implementation in the modelling framework, a several anal-
yses were performed to verify that the viscous behaviour of shave preps was appropri-
ately captured. However, due to the complexity of the fluid-solid contact interactions,
the model could not be appropriately validated.

In the experimental characterisation of the fluid-structure contact interactions, the ad-
hesive behaviour between PEG solutions (interstitial fluid in a shave prep foam) and
cartridge materials (i.e. blades and guard elastomer) was captured. However, limita-
tions in the surface size of the solid materials did not allow the characterisation of their
interactions in sliding conditions. Reasonable assumptions were taken in terms of the
coefficients of friction used for the implementations of fluid-solid contact interactions
in the modelling framework, indicating a high coefficient of friction for the skin-shave
prep interaction, and low one for the guard-shave prep one, in both cases accounting
for the adhesion effect by specifying ‘no-separation’ allowed at the contact. However,
due to high sensitivity of the fluid-structure interactions simulations to the specified
contact interactions conditions, it was not possible to determine the accuracy of the

simulations rather than by visual inspection (qualitative assessment).

In order to address this limitation, a combined experimental-computational analysis
was proposed for future work, under the framework of a fluid droplet sliding over a
slanted surface. This analysis involves the use of larger fluid droplets and larger con-
tacting surfaces samples in the experimental tests, so the droplet is forced to slide on
the surface under the action of gravity, as the contacting surface is rotated. Once the
sliding of the droplet is captured, an iterative simulation processes could be imple-
mented aiming the tuning of the fluid-surface coefficient of friction to the sliding cap-

tured in the experimental test.

5.8 Summary

The development of the multi-physics modelling framework has been performed fo-
cusing on the characterisation of, first, the individual shaving stroke components, and
second, the individual interactions between the three contact pairs. These three com-
ponents were joined together for the evaluation the effect each interaction has in the
whole simulation of a shaving stroke, when acting simultaneously. Once these effects
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were understood, a more complex model was assembled in the finite element environ-
ment, involving the interaction of skin, cartridge and shave prep, setting the basis of
the multi-physics modelling framework.

While the skin and cartridge models used in these simulations have been previously
validated by P&G, the shave prep model was fully characterised, taking into account
the viscous properties measured in the experimental tests, and through verification of
its spreading and viscous behaviour. As part of the optimisation process, the sensitiv-
ity of the simulation runtimes to the mechanical properties defining the fluid showed
that the longitudinal wave propagation velocity (sound speed) is the parameter that
most influences the runtime performance. The sensitivity of the runtimes performance
is also affected by the characteristics of the fluid mesh and the level of parallelisation.
The performed analysis showed that, excluding the obvious influence of the mesh size
(which dimensions depend directly on the simulated problem), an area of best per-
formance was reached, for pure fluid problems, when the simulations were run with
between 50-100 elements per parallel processor. The analysis also showed that the per-
formance of the simulations was independent of the fluid-void ratio contained in the
Eulerian space, for which the appropriate setting of the Eulerian domain contributes to
higher performance.

Two-component interaction models were developed for the individual analysis of each
contact pair involved during a shaving stroke. While the coefficient of friction between
the skin and the cartridge ha a direct influence on the skin deformation —which was
also transmitted to the shave prep on the skin surface—, the shave prep was subjected
two different conditions when in contact with the skin or the razor cartridge: adhesion
and shearing conditions. In the characterisation of adhesion, low or no shear stresses
were imposed on the fluid, meaning that the viscosity of the shear-thinning fluids re-
mains unchanged. However, under shearing conditions, the viscosity of shave preps
was altered, having an effect on its final deformation. It was shown that when shear
was imposed on the Eulerian boundaries, the simulation captured the fluid behaviour
with a coarse mesh. However, when shear was driven by the interaction with a solid

surface, a finer mesh was required for appropriate capture of the fluid response.

The fluid-solid contact interactions were defined by a coefficient of friction and allow-
ing or not separation of the fluid from the surface. It was found that these properties
do not produce the same adhesion behaviour in different fluids; although no relation
between the observed slip and mechanical properties of the fluid was found. There-
fore, for the appropriate implementation of the contact interactions an iterative process
relating the sliding behaviour with experimental response is required for each fluid-

solid contact pair.
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In order to characterise the skin-solid-fluid interaction, where the fluid was sheared
and deformed by the action of the solid parts, a first model has been developed focus-
ing on the deformation of the free surface fluid only and then including the skin defor-
mation and geometrical features characteristics of the razor cartridge (Section 5.4.1).
In this model, the influence of the interaction properties between the fluid and the skin
and guard were simultaneously assessed, noticing the large influence in the overall de-

formation of the shave prep.

The three contact interactions were joined together in a model simulating a shaving
stroke at a small scale, for the evaluation of their simultaneous effects to the fluid de-
formation on the skin surface. It was shown that the ‘no-separation’ condition was es-
sential to capture the spreading of shave prep on the skin surface, while the skin de-
formation, caused by the skin-cartridge interaction, contributed along with the coeffi-
cient of friction between the cartridge and shave prep, to the shape of the shave prep
ploughing ahead the guard.

In this model, the performance of the simulation was limited by the required mesh
quality and mechanical properties of the modelled fluid. However, it was shown that
further improvement in the runtime performance can be achieved by reducing the lon-
gitudinal wave propagation velocity (sound speed) of the fluid, providing improvement
of the fluid deformation behaviour and no effects on its viscous response. With this
alteration, the fluid contact interaction response is affected, but this effect can be coun-
teracted by modifying the coefficient of friction between the fluid and the surface.

The models and analyses described above led to the construction of the multi-physics
modelling framework, in which the shave prep, skin and cartridge parts can be re-
placed for the analysis of specific shaving conditions and lubrication performance of
prototype cartridge designs. Its development required sound experimental techniques,
and a mindful step by step modelling approach. This modelling framework goes be-
yond the state-of-the-art, providing a modular interface for the study of multi-physics
fluid-structure interactions.

This framework has been already implemented for different applications and projects
within P&G. In these simulations, the models were able to capture formation of the
lubrication film under the cartridge. With the aim of providing a skin model able to
capture the multi-physics interactions at a blade tip scale, the human skin topography
features have been characterised in a 2D image based model of the skin as a comple-
ment for this project. The development of this model and how it can be related to the
multi-physics interactions of wet shaving is described in the following chapters.



Chapter 6

Micromechanical modelling of skin
mechanics I - mechanistic insight
into the material and structural role
of the stratum corneum on skin
mechanics

This chapter presents an adaptation to the thesis format of the work co-authored with
Anton Page, Neil W. Bressloff and Georges Limbert, published in the Journal of the
Mechanical Behavior of Biomedical Materials, doi:10.1016/j.jmbbm.2015.05.010. See
(Leyva-Mendivil et al., 2015).

The study of skin biophysics has largely been driven by consumer goods, biomedical and
cosmetic industries which aim to design products that efficiently interact with the skin
and/or modify its biophysical properties for health or cosmetic benefits. Up to now, no
computational models of the skin have simultaneously accounted for the geometrical and
material characteristics of the skin microstructure to study its complex biomechanical in-

teractions under particular macroscopic deformation modes.

The goal of this study was, therefore, to develop a robust methodology combining histo-
logical sections of human skin, image-processing and finite element techniques to address
fundamental questions about skin mechanics and, more particularly, about how macro-
scopic strains are transmitted and modulated through the epidermis and dermis.

A sample of fresh human mid-back skin was processed for wax histology. Sections were
stained and photographed by optical microscopy. The multiple images were stitched to-

gether to produce a larger region of interest and segmented to extract the geometry of the
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stratum corneum, viable epidermis and dermis. From the segmented structures a 2D fi-
nite element mesh of the skin composite model was created and geometrically non-linear
plane-strain finite element analyses were conducted to study the sensitivity of the model to
variations in mechanical properties.

The hybrid experimental-computational methodology has offered valuable insights into
the simulated mechanics of the skin, and that of the stratum corneum in particular, by
providing qualitative and quantitative information on strain magnitude and distribution.

Through a complex non-linear interplay, the geometry and mechanical characteristics of
the skin layers (and their relative balance), play a critical role in conditioning the skin
mechanical response to macroscopic in-plane compression and extension. Topographical
features of the skin surface such as furrows were shown to act as an efficient means to de-
flect, convert and redistribute strain —and so stress—within the stratum corneum, viable
epidermis and dermis. Strain reduction and amplification phenomena were also observed
and quantified.

Despite the small thickness of the stratum corneum, its Young’s modulus has a significant
effect not only on the strain magnitude and directions within the stratum corneum layer
but also on those of the underlying layers. This effect is reflected in the deformed shape
of the skin surface in simulated compression and extension and is intrinsically linked to
the rather complex geometrical characteristics of each skin layer. Moreover, if the Young’s
modulus of the viable epidermis is assumed to be reduced by a factor 12, the area of skin
folding is likely to increase under skin compression. These results should be considered in
the light of published computational models of the skin which, up to now, have ignored
these characteristics.

6.1 Introduction

In the last few decades, the study of skin biophysics has largely been driven by phar-
maceutic, cosmetic and consumer goods industries which aim to offer solutions to re-
duce the effects of intrinsic and extrinsic ageing factors on skin health and appearance
(e.g. using topical agents) and to design products that efficiently interact with the skin
(e.g. razors). The surface of the human skin is characterised by ridged features, or skin
furrows (sulci cutis), varying in length between 70 and 200um for the main furrows
and 20 and 70um for the superficial furrows (Piérard et al., 2003; Shimizu, 2007).
These furrows, which represent the natural microrelief of the skin, along with natu-

ral or muscle-induced wrinkles, are thought to deflect tensional forces thus providing
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mechanical advantages to the skin (Pedersen and Jemec, 2006). As skin deforms un-
der macroscopic loads it is unclear whether the stratum corneum experiences signifi-
cant local strains (change of length) or simply unfolds/folds during skin extension/-
compression as suggested by Geerligs (2010). Providing a mechanistic quantitative in-
sight into this question constitutes the main objective of the present study for which an
image-based anatomical modelling approach is developed. Understanding the role of
the skin microstructure on its response to deformations has the potential to shed light
on fundamental questions such as evolutionary aspects concerning the advantages pro-
vided by certain skin characteristics or functional abilities. For example, it was recently
demonstrated that water-induced finger wrinkles in humans improved the handling of
submerged objects (Kareklas et al., 2013), therefore confirming a possible evolution-
ary mechanical advantage for manipulating objects in submerged conditions (Changizi
et al., 2011). An in-depth understanding of the structure-function relationship of the
skin also presents many opportunities for practical applications in the aforementioned
industrial sectors besides the obvious applications in biomedical and health sciences
where the coupling between mechanics and biology (i.e. mechanobiology) is particu-
larly relevant (Brand, 2006).

The anatomy and physiology of the skin has been previously discussed in Chapter 2,
describing the complex structure of the different skin layers. Within the epidermis,
the stratum corneum provides the prime line of defence against environmental threats.
However, as described in Section 2.3, it is highly sensitive to environmental condi-
tions. Such sensitivity of the mechanical characteristics of the stratum corneum to en-
vironmental conditions, particularly relative humidity, is well established by Levi and
Dauskardt (2010); Levi et al. (2010b, 2011); Pailler-Mattei et al. (2007); Wu et al.
(2002, 2006b) and references therein. This phenomenon results in significant intra-
sample variability of its mechanical properties. Typically, the Young’s modulus of the
stratum corneum decreases with relative humidity because of the water-induced plas-
ticisation effect affecting its “brick and mortar” structure. Moreover, differences in ex-
perimental measurement techniques, testing conditions, inter-and intra-subject vari-
ability are translated into a wide range of mechanical properties found in the literature
(Table 6.1) and this variability must be considered in models if one wants to obtain
more universal results. In a finite element modelling context, it implies that using a
single set of mechanical properties for the stratum corneum would limit the domain of
validity of the simulation results to specific conditions.

A wide array of experimental and clinical measurement techniques are used to charac-
terise particular aspects of skin biology and biophysics (Alexiades-Armenakas, 2012;
Batisse et al., 2002; Bellemere et al., 2009; Delalleau et al., 2006; Diridollou et al.,
2000; Gunner et al., 1979; Hendriks et al., 2006; Jor et al., 2013; Limbert and Simms,
2013; Tonge et al., 2013a,b; Wan Abas and Barbenel, 1982). Nevertheless, comple-
mentary approaches based on mathematical and computational modelling techniques
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Table 6.1: Linear elastic and corresponding neo-Hookean constitutive parameters for skin layers
obtained trough experimental tests or used in finite element (FE) models (SC - stratum corneum, VE
- viable epidermis, D - dermis). Parameter values which were not in the original paper reference and
that were derived for our study (e.g. calculation of neo-Hookean parameters from Young’s modulus
and Poisson’s ratio and vice-versa, see Equation 6.2) are indicated in bold characters. The parame-
ter D, is related to the bulk modulus k¢ as D1 = 2/kg.

Layer Linear elastic Neo-Hookean Test Ref
E [MPa] [ ClO [MPa] Dy [MPafl]
SC 0.6 0.37 0.115 4 Human skin, ex 1
vivo indentation
1.2 0.3f 0.231 2 Human skin, ex 1
vivo indentation
6 0.5 1.003 0.01 FE model 2
8.87 0.3f 1.706 0.271 Murine skin, ten- 3ta
sile test
10 0.3 1.923 0.24 FE model 4th
12 0.5 2.007 0.005 FE model 58§
13.5 0.3f 2.596 0.178 Human skin, ex 6
vivo out of plane
test
13 0.3f 2.5 0.185 Human skin, in 3tb
vivo
57.8 0.3f 11.115 0.042 Human skin, in 3t
Vivo sonic propaga-
tion
100 0.3t 19.231 0.024 Human skin, in 3id
vivo indentation
175.3 0.3t 33.712 0.014 Human skin, in- 6
plane tensile test
240 0.48 40.535 1010 Porcine skin, rheo- 7te
logical test
1000 0.3t 192.308 0.002 Human skin, in 3id
vivo indentation
VE 0 0.3F 0 4195.804 Human skin, in 8
Vivo suction test
0.05 0.3 0.01 48 FE model 4 th
0.05 0.5 0.008 1.2 FE model 5
0.05 0.5 0.008 1.2 FE model 58
0.6 0.3f 0.115 4 Human skin, ex 1
vivo indentation
7.8 0.3f 1.5 0.308 Human skin, in 3t/
vivo indentation
DE 0.01 0.3f 0.001 480 Human skin, in 3%
vivo indentation
0.6 0.3 0.115 4 FE model 4ih
0.6 0.5 0.1 0.1 FE model 5
0.83 0.3f 0.16 2.885 Human skin, suc- 8
tion test
1 0.5 0.167 0.06 FE model 5%
1.61 0.3f 0.31 1.489 Human skin, in 3tf
vivo indentation
§ Values for aged skin. T Estimated value.
References: 1 Originally published by:
1-Geerligs et al. (2011a) a -Papir et al. (1975)
2-Magnenat-Thalmann et al. (2002) b -Pannisset et al. (1994)
3-Delalleau (2007) ¢ -Dahlgren (1984)
4-Lévéque and Audoly (2013) d -Pailler-Mattéi and Zahouani (2004)
5-Magnenat-Thalmann et al. (2002) e -Park (1972)
6-Wu et al. (2006b) f -Tran et al. (2005)
7-Flynn and McCormack (2009) g -Lanir et al. (1990)

8-Hendriks et al. (2006) h -Serup et al. (1995)
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offer promising avenues to further our understanding of the skin (Areias et al., 2003;
Bischoff et al., 2000; Boissieux et al., 2000; Buganza Tepole et al., 2011; Cavicchi et al.,
2009; Duan et al., 2000; Evans, 2009; Flynn and McCormack, 2008a, 2010, 2008b,
2009; Hendriks et al., 2006, 2003; Kuwazuru et al., 2008; Larrabee, 1986; Larrabee
and Galt, 1986a,b; Larrabee and Sutton, 1986; Lévéque and Audoly, 2013; Tepole and
Kuhl, 2014; Tepole et al., 2014a,b; Zdllner et al., 2013). These methods have the po-
tential to provide a mechanistic insight into the role and interplay of the material and
structural properties of the different skin constituents, albeit in simplified idealised
conditions. A microstructural outlook on the mechanics of skin can be exploited to de-
sign innovative cosmetic and consumer good products. For example, by locally con-
trolling the stiffness of skin layers using targeted nanoparticles one could ultimately
modify the skin topography (wrinkles) and therefore its appearance (Limbert, 2014).
Moreover, modelling approaches can be used to complement physical and clinical ex-
periments by guiding their design (Hendriks et al., 2006, 2003). Intra-individually,

the biological and mechanical characteristics of skin, considered either as a material

or a composite structure, are also known to vary with age (Waller and Maibach, 2005,
2006), environmental conditions (Wilhelm, 1991), hormonal changes (Bolognia et al.,
1989) and exposure to specific chemical agents (Levi et al., 2010a, 2011; Matts et al.,
2006). The experimental characterisation of mechanical strains inside and at the exter-
nal surface of the stratum corneum is a tremendous technical challenge due to its sensi-
tivity to environmental conditions, size, limitations of existing metrology technologies,
experimental measurement errors and issues of repeatability. The approach proposed
in this chapter is a prime example of where a physics-based modelling study can ad-
dress simple fundamental questions unavailable by other means. To reach this goal,
what is required is basic information about the geometry, mechanical properties and
loading/boundary conditions of what is effectively a multi-component structure. Natu-
rally, in the modelling process, and by definition, a number of simplifying assumptions
and discretisation errors are introduced. However, even in the absence of experimental
validation, mathematical and computational simulation tools are well suited to provide
relative answers-the so-called ‘what if scenarios’: how one or several parameters of the

system can affect its output response.

The central focus of the present study is to test the hypothesis that, in a 2D modelling
context, as skin deforms under macroscopic loads, the local strains experienced by the
stratum corneum are modulated by the effect of its geometry and material properties.
We propose to identify and quantify potential mechanisms by which strains in the stra-
tum corneum are reduced or amplified with respect to global macroscopic strains. This
aim is achieved through the key objective of assessing the magnitude and distributions
of strains induced in the stratum corneum, viable epidermis and dermis in a simplified
anatomically-based 2D model as a result of simulated in-plane compression and ex-
tension of the skin. Particular attention was paid to evaluating the interplay between
the mechanical properties of each layer and the relationship between macroscopic
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and local strains. The study provided an opportunity to highlight potentially impor-
tant anatomical structural effects that are missed by idealised multi-layer models of the
skin.

In order to capture a wider range of conditions the finite element analyses presented
in this study consider extreme values for the mechanical properties of the stratum
corneum. In the next section, a methodology combining histology, image processing
and finite element modelling to analyse the mechanical behaviour of a three-layer
model of the skin (stratum corneum, viable epidermis and dermis) is described. This
approach brings a new level of anatomical fidelity which is a stepping stone in the
state-of-the-art modelling of human skin. To indirectly account for the sensitivity of
the stratum corneum to relative humidity, a series of parametric finite element analyses
varying the properties of the stratum corneum are conducted. Results of the analyses
are presented in the Section 6.3 and discussed in Section 6.4.

6.2 Materials and methods

6.2.1 Skin histology and imaging

A fresh mid-back skin sample was obtained from a 30 years-old healthy white Cau-
casian female patient following biopsy. The specimen was processed, sliced, stained
(haematoxylin and eosin) and stored by the Biomedical Imaging Unit (BIU) at Southamp-
ton General Hospital under given consent for its use for research by the patient. The
use of images obtained from the histology sections for the development of this model
was ethically approved by both the Research Governance Office at the University Hos-
pital Southampton NHS foundation Trust, Research and Development department (ID:
RHM MISC0014, December 6th, 2013), and the Ethics and Research Governance at
University of Southampton (ID: 6751, October 10th, 2013). A microscope adapted
with a Nikon E950 camera (Nikon UK Ltd, Kingston Upon Thames, UK) was used to
obtain the images of the histology sections. A series of images (1600 x 1200 pixels,
JPG format with maximum quality settings) was taken for each section at automatic
aperture and exposure time, ISO-80 speed, no flash, at both 4X and 10X magnifica-
tions, including the images of the scale bar which were later used for dimensioning
the model. For better resolution of the skin topography, only the 10 X magnification
images of each section were manually stitched together in a software environment
(GIMP, www.gimp.org) by aligning each image with the next one, ensuring the over-
lapping parts correctly matched, forming a single PNG image (Figure 6.1).
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Stratum corneum Viable epidermis Dermis

SR
Figure 6.1: Histological section of human middle back skin, haematoxylin and eosin stained,

showing several skin furrows. The stratum corneum (SC), viable epidermis (VE) and dermis (D) are
clearly visible.

6.2.2 Image processing and finite element meshing

The single PNG image of the combined skin histological sections was processed in or-
der to develop a 2D anatomical model of the skin capturing not only the skin topogra-
phy but also the epidermal-dermal junction and the interface between the viable epi-
dermis and the papillary dermis. The image was processed in the open-source software
ImageJ 1.47v (Wayne Rasband, National Institutes of Health, USA) to enhance its con-
trast and then transferred into the image-processing software application ScanIP™
6.0 (Simpleware Ltd, Exeter, UK) for segmentation. Image segmentation involved ex-
tracting the regions corresponding to the 2D boundaries and inside of each skin layer
phase. This process was semi-automatically performed by a human operator using a
threshold filtering algorithm which allowed segmentation of regions of interest ac-
cording to pixel intensity. The clarity and contrast of the photograph was pivotal in
distinguishing the different skin structures. In order to limit the model to only three
phases, namely the stratum corneum, viable epidermis and dermis, threshold filtering
was complemented by “manual” painting of the region of interest, therefore ignoring
heterogeneities within each phase. A 1.93 mm long section of the skin was selected to
build a representative composite model of the skin. Within the same software environ-
ment, this section was subsequently meshed into bilinear triangular finite elements.
An adaptive mesh refinement algorithm was used to accurately capture the complex
geometry of the skin substructures whilst minimising the total number of elements. A
mesh sensitivity analysis was performed. The best compromise between accuracy of re-
sults and computing time was found for characteristic element lengths ranging from 2
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to 150 um, resulting in a total of 173,929 elements. The adaptive meshing algorithm
preserves the topology of surfaces and creates a smooth mesh with low element dis-
tortion regardless of the complexity and aspect ratios of the underlying 2D structures
(Figure 6.2). The overall segmentation and meshing procedure is conceptualised in
Figure 6.3. The finite element mesh was then exported to the finite element analysis
package Abaqus 6.13 (Simulia, Dassault Systemes, Providence, RI, USA) for prepara-
tion of the finite element models described in Section 6.2.3.

Figure 6.2: Two-dimensional finite element mesh of the skin histological section with zoomed-in
view at the top. For sake of clarity, the edges of the finite elements constituting the stratum corneum
and viable epidermis are not displayed in the bottom picture.

6.2.3 Finite element models and analyses

Preparation of the finite element model comprised definition of the material proper-
ties of each sub-structure (that is, the stratum corneum, viable epidermis and papillary
dermis), assignment of the boundary and loading conditions and specification of po-
tential self-contact interaction for the stratum corneum due to surface folding. Perfect
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100um Histology
Section

Figure 6.3: Illustration of the image-based finite element model generation process from histology,
image segmentation and mesh generation.

bonding was assumed between adjacent layers. Symmetry boundary conditions were
enforced at the bottom (horizontal) and left (vertical) edges of the skin model (Figure
6.4). Static finite element analysis was conducted wherein no time-dependent effects
such as inertia or viscoelasticity were considered. A series of finite element models fea-
turing distinct combinations of mechanical properties of the stratum corneum and/or
the viable epidermis was devised. The characteristics of these models are presented in
the next section. For each finite element model two analyses were considered. In-plane
20% compression and extension of the skin surface was replicated in the finite element
model by applying a lateral displacement on the free edge on the vertical right side of
the model (Figure 6.4). An hybrid plane-strain 3-noded element formulation was used
(CPE3H element in Abaqus) to cope with the nearly incompressible behaviour of the
materials (when the Poisson’s ratio is close to 0.5) which would result in locking of ele-
ments (Belytschko et al., 2000).

6.2.4 Mechanical properties of skin

The mechanical properties of the different skin layers have been reported by numerous
authors with a wide range of variation depending on body location, hydration, age and
testing techniques (Table 6.1). In most of these studies, each skin layer or the entire
skin-considered as a homogeneous material-is assumed to obey an isotropic Hookean
elasticity law. For example, Geerligs et al. (2011a) have determined the Young’s modu-

lus of the stratum corneum to be 0.6 MPa while Lévéque and Audoly (2013) and Magnenat-
Thalmann et al. (2002) have used values of 1-12 MPa for the Young’s modulus of the
stratum corneum, 0.05 MPa for that of the viable epidermis and 0.6 MPa for the mod-

ulus of the dermis in mathematical and computational models of skin wrinkles. With
increased hydration, the elastic modulus of the stratum corneum can vary from about
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Figure 6.4: Illustration of the macroscopic loading condition of skin for the compression case (in-
dicated by blue arrows). Vertical displacements are fixed at y = 0 and horizontal displacements are
fixed at x = 0. The transparent overlay corresponds to the deformed 2D skin structure after 20+1%
deformation.

5 MPa to 1000 MPa in the in-plane direction (parallel to the skin surface), and from
about 1 MPa to 25 MPa in the out-of-plane direction. Wu et al. (2006b) reported a ten-
sile Young’s modulus of 3 MPa at 100% RH to 370 MPa at 30% RH. Although some au-
thors have developed computational models of the skin (Groves et al., 2013; Limbert,
2011; Ni Annaidh et al., 2012a) or the dermis (Flynn and McCormack, 2010, 2009)
which account for the anisotropic properties induced by the presence of collagen fibres,
this approach is not followed in the current research for two main reasons. The first
reason is motivated by the decision to keep the model as simple as possible to facili-
tate the interpretation of results and to focus on structural rather than material effects.
Secondly, the use of a continuum fibre-reinforced hyperelastic model (Holzapfel et al.,
2000; Limbert, 2011; Limbert and Taylor, 2002; Weiss et al., 1996) entails the defini-
tion of a unit vector field corresponding to the local orientation of collagen fibres. It is
possible to extract this information from histological sections by statistical analysis of
pixels (Elbischger et al., 2004) but, in the absence of accurate structural information,
any deviation from the real collagen bundle orientations might lead to very different
results. In the present 2D case, any out-of-plane fibre orientation would not be cap-
tured. In order to account for a wider range of conditions, the finite element analyses
presented in this study consider extreme values for the mechanical properties of the
stratum corneum (Table 6.2).

One of the key objectives of the present study is to assess strain magnitudes in the skin
layers as a result of simulated in-plane compression and extension (apparent macro-
scopic strain of the whole skin composite structure of up to 20%). It is therefore crit-
ical to account for potentially large strains in each of these structures. Hookean elas-
ticity is not appropriate for materials undergoing large deformations and the simplest
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Table 6.2: Design of computational experiment. Mechanical properties of the skin layers imple-
mented in the eight cases/finite element models considered in this study.

Stratum corneum Viable epidermis Dermis
Analyses E [MPa] v E [MPa] v E [MPa] wv
A B
Al Bl 0.6 0.3 0.6 0.05 0.3 0.6 0.3
A2 B2 370 0.3 0.6 0.05 0.3 0.6 0.3
A3 B3 0.6 0.45 0.6 0.05 0.3 0.6 0.3

A4 B4 370 045 06 005 0.3 0.6 0.3

alternative constitutive law valid for finite deformations is the so-called neo-Hookean
elasticity. It is based on the definition of a strain energy function depending on invari-
ants of a deformation tensor which is chosen here as the right Cauchy-Green deforma-
tion tensor C (Ogden, 1984). The neo-Hookean hyperelastic strain energy potential ¥
is defined with the first deviatoric invariant of C, I, = .J~2/3 (C : I;) where J = v/detC
(varying between 0 and 1) provides a measure of material compressibility (see Sec-
tion 2.4.2). When J = 1, the material is fully incompressible which implies that no
change of volume is allowed and the material can only change its shape by shear de-
formations.

= Cuo (h—=3)+ 5 (J—1)° 6.1)

The constitutive parameters Cy and x( correspond, respectively, to half the shear mod-
ulus and bulk modulus of an isotropic linear elastic material because linearised neo-
Hookean elasticity is equivalent to isotropic linear Hookean elasticity (Ogden, 1984).
One can therefore express Co and kg as functions of the initial Young’s modulus E and
Poisson’s ratio v:

E E

Cip = m and Ko = m (6.2)
A finite element model considering the skin as a monolayer material (the three layers
have the same material properties) was implemented in order to serve as a reference
for subsequent comparison purposes, thus highlighting potential structural effects aris-
ing only from the surface topography. The effect of varying the stratum corneum prop-
erties (to simulate property variability or change in relative humidity) was addressed
by two cases: A) the viable epidermis and dermis have identical mechanical properties;
and B) the viable epidermis is much softer than the underlying dermis (Table 6.2).
For each loading case (20% compression and 20% extension), a total of eight finite
element analyses were run. For further analyses, the geometry of the skin composite
model was virtually split into zones of interest corresponding to particular topographic
features (Figure 6.5) which will be discussed later in the manuscript (Section 6.3.4).
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Figure 6.5: Topographic features of the anatomical multi-layer skin model. These region of in-
terest were selected according to their geometrical characteristics and the magnitude of principal
strains for case Al and A2: (a) in compression (Al) and (b) in extension (A2). These features,
which were identified by the letters A-L (omitting letter I), distinguish areas with high strain peaks
(skin furrows) from those with small peak strains (crests); (c) plot of the finite elements’ centroids
in the stratum corneum (SC, plum colour), viable epidermis (VE, purple) and dermis (DE, pink). The
horizontal lines indicate the mean value of the location of the layer interfaces.

6.3 Results

Colour plots of minimum principal strains distributions in the skin composite model are
provided in Figure 6.6 and Figure 6.7, respectively for cases A and B in compression
whilst Figure 6.8 and Figure 6.9 depict the maximum principal strains for the exten-
sion case (also for cases A and B). Complex non-uniform strain distribution patterns
are observed for all analyses (compression and extension), thus highlighting the im-
portance of the geometrical characteristics of each skin layer in combination with their
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respective mechanical properties. It is worthy to highlight that for the four cases Al-
A4, the mechanical properties of the viable epidermis and dermis remained identical
(Eygp = Ep = 0.6 MPa, vy = vp = 0.3), only the mechanical properties of the
stratum corneum were varied. For the four cases B1-B4, the Young’s modulus of the vi-
able epidermis was changed from 0.6 to 0.05 MPa and the mechanical properties of the

stratum corneum were varied in the same way as they were for cases A1-A4.

6.3.1 Effects of mechanical properties on skin surface topography

For a fixed Poisson’s ratio of the stratum corneum, the surface topography of the skin is
clearly affected by change in stiffness of this layer. In compression, it has the effect of
reducing the self-contact area of the stratum corneum as two cavities resulting from the
closure of the deep furrows can be observed in Figure 6.6 and Figure 6.7 (these deep
furrows correspond to zones B and H depicted on Figure 6.5). Compared to cases Al-
A4, an increase in the folding-induced contact area is observed by reducing the Young’s
modulus of the viable epidermis (case B, shown in Figure 6.7). In extension, the ef-
fects are particularly visible on the deformed deep furrows which take a sharper an-
gular shape when the highest Young’s modulus is considered (Figure 6.8 and Figure
6.9). The outer geometry of the skin gets softer by reducing the Young’s modulus of
the viable epidermis (case B, shown in Figure 6.9), provided the stratum corneum has
its lowest stiffness (Esc = 0.6 MPa). Varying the Poisson’s ratio of the stratum corneum
for a given Young’s modulus does not have a major effect on the geometry of the de-
formed skin model in neither cases A and B.

6.3.2 Strain distribution and magnitude in the skin layers for the com-
pression case

For a given Poisson’s ratio, increasing the elastic modulus of the stratum corneum in-
duces a significant redistribution of principal strains in the underlying layers: larger
compressive strains are observed under compression in the viable epidermis and der-
mis (Figure 6.6 and Figure 6.7). The effect is less apparent in the dermis when the
Young’s modulus of the living epidermis is about an order of magnitude smaller than
that of the stratum corneum (cases B1-B4, Figure 6.7). However, for these cases, and
as expected, the tensile strains in the viable epidermis are an order of magnitude higher.
Approximately 30% compressive strains are produced in the viable epidermis zones in-
terdigitating with the papillae of the papillary dermis, mainly in areas surrounding and
beneath skin furrows. For cases A (Figure 6.6), the area of high compressive strains
extends laterally while for case B (Figure 6.7), high compressive strains are produced
in the viable epidermis with further concentrations in the dermis beneath deep fur-
rows. The difference observed between high strain levels at the bottom of furrows and
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low strain levels at the top of the surrounding crests reveals a potentially interesting
strain deflection mechanism that could occur as a result of stiffening of the stratum
corneum (e.g. drying stress, (Levi and Dauskardt, 2010; Levi et al., 2010b)).

Minimum principal strains
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Figure 6.6: Colour plot of minimum principal strains in the skin for analysis cases A1, A2, A3 and
A4 (ErLg = Ep = 0.6 MPa and v = v, = 0.3) under simulated compression.

Minimum principal strains

Eqe=0.6 MPa; Usc=0.3  Ego =370 MPa; Ugc= 0.3 Egc= 0.6 MPa; uge=0.45  Eqc = 370 MPa; uge = 0.45

Figure 6.7: Colour plot of maximum principal strains in the skin for analysis cases B1, B2, B3 and
B4 (ErLg = 0.05 MPa,Ep = 0.6 and vrg = v, = 0.3) under simulated compression.

6.3.3 Strain distribution and magnitude in the skin layers for the exten-
sion case

Increasing the Young’s modulus of the stratum corneum from 0.6 to 370 MPa has the
effect of significantly altering the distribution of tensile strains in the skin in the vicin-
ity of furrows. Higher strain levels are observed in the viable epidermis, but the effect
is less apparent in the dermis when the Young’s modulus of the viable epidermis is
about an order of magnitude smaller than that of the stratum corneum (case B, Figure
6.9), showing no significant effect in the rather homogeneous tensile strain distribu-
tion and magnitude in the dermis. In contrast, tensile strains above 50% are produced
in the viable epidermis zones interdigitating with the papillae of the papillary dermis.
Altering the Poisson’s ratio of the stratum corneum has a minimal effect on the strain
distribution and magnitude in the viable epidermis and dermis (compare cases B1/B3
and B2/B4, Figure 6.9).
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Figure 6.8: Colour plot of maximum principal strains in the skin for analysis cases A1, A2, A3 and
A4 (Erg = Ep = 0.6 MPa and vpg = v, — 0.3) under simulated extension.
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Figure 6.9: Colour plot of maximum principal strains in the skin for analysis cases B1, B2, B3 and
B4 (ErLg = 0.05 MPa,Ep = 0.6 and v g = v, — 0.3) under simulated extension.

6.3.4 Quantitative analysis of strains in the stratum corneum

The distribution of strain within the composite model of skin is intrinsically condi-
tioned by the specific geometry of each layer of the skin sample used in this study as
well as their respective mechanical properties. In order to make the analysis of results
more universal, the geometry of the skin composite model was virtually split into zones
of interest corresponding to characteristic surface topographic features which can be
found on any human skin sample (Figure 6.5-c). These zones were selected based

on geometrical features (Figure 6.5-c) but also according to trends in the distribu-

tion of principal strains in the three layers along the skin sample (Figure 6.5-a-b). The
crests and furrows were identified with the labels A-L, omitting intentionally the letter
I to prevent any typographic confusion. Crests are labelled as A, C, E, G, J and L. The
dimensions of the skin furrows were measured using the image processing software
application ImageJ (U. S. National Institutes of Health, Bethesda, Maryland, USA) by
measuring the distance between the deepest point in the furrow and the midpoint lo-
cated between the furrow boundaries (Figure 6.10). Furrows were classified according
to their depth as deep (B, H), superficial (F, K) and wide furrows (D) (Piérard et al.,
2003; Shimizu, 2007).

The median values of the principal strains of the finite elements (evaluated at their
centroid) contained in each of the topographic regions of the stratum corneum



Chapter 6 Micromechanical modelling of skin mechanics I - mechanistic insight into
154 the material and structural role of the stratum corneum on skin mechanics

Figure 6.10: Schematic illustrating the characteristic dimensions of a skin furrow (depth and
width). By selecting three points defining the location of the furrow edges (P1, P3) and the deep-
est point (P2) of the furrow (blue crosses), the width was determined by the horizontal distance
between P1 and P3, and the depth as the distance between the midpoint between P1 and P3 and P2.

were extracted from the results of the finite element analyses. These metrics are de-
fined as local median strain (LMS), local because they are specific to each topograph-
ical zone (Figure 6.5-c). A global median strain (GMS) is also defined as the median
value of the strains of all of the finite elements of the stratum corneum layer. The ratio-
nale for defining these measures was to look at how certain topographic features of the
skin surface (Figure 6.5) might amplify or reduce local strains in the stratum corneum
in response to macroscopic deformations such as those applied during in-plane exten-
sion/compression of the skin. GMS values are explored in Figure 6.11-Figure 6.14
while Figure 6.16-Figure 6.19 report LMS values.

Figure 6.11 and Figure 6.12 show the median minimum principal strains for cases
A and B, respectively, in compression. Likewise, Figure 6.13 and Figure 6.14 report
the median values for the maximum principal strains in extension. For a fixed Pois-
son’s ratio, increasing the Young’s modulus of the stratum corneum from 0.6 to 370
MPa (this is an increase by approximately a factor of 617) reduces strain levels in the
stratum corneum by about one order of magnitude. This suggests that non-linear ef-
fects are at play here and the geometrical characteristics of the topographic features
may play a significant role on strain distribution. While most of the crests show simi-
lar strain levels, the distribution of median strains in the skin furrows is not uniform.
Furthermore, the level of strain across the topographic features is also affected by the
stiffness of the stratum corneum: when the Young’s modulus of the stratum corneum is
minimal a broader strain range is observed.
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6.3.5 Global and local strains in the stratum corneum for the compres-
sion case

Under compression, for case A, compressive strains (minimum principal strains) of
maximum magnitude are observed in the superficial furrow zone F. The maximum
magnitude is 19.18% (9.85% GMS) for case Al (Fs¢ = Ep0.6 MPa, vgc = 0.3)
(Figure 6.11-a). For a stiffer stratum corneum (Figure 6.11-b), the LMS level in zone
F peaks at about 1%. Similar strain levels can be observed in furrow zones B, D and H
for a soft stratum corneum (cases Al and A3), but for a stiffer stratum corneum inter-
mediate values between the GMS and furrow F LMS are observed in furrow zones D,
H and K. Lower magnitude of LMS levels are observed in crest features for all cases
(A1, A2, A3 and A4) (Figure 6.11). Under compression, variation of the Poisson’s
ratio of the stratum corneum has a small effect on the overall median strains. How-
ever, its effect is not evenly distributed along the topographic features (zones A to L).
It was found that in all crests the strain magnitude is higher when the Poisson’s ra-

tio is maximum (v = 0.45). For the deep furrows zones (B and H), the effect is re-
versed (the strain magnitude is lower for maximum Poisson’s ratio). For smaller fur-
rows, their behaviour is dependent on the stratum corneum’s stiffness. An inversely
proportional strain-Poisson’s ratio relationship for superficial furrows (F and K) and

a proportional one for the shallow furrow (D) are observed for a low stiffness stra-
tum corneum (Figure 6.11-a) while this behaviour is reversed in the case of a stiffer
stratum corneum (Figure 6.11-b). For case B, where the viable epidermis is the softest
(Eyp = 0.05 MPa), compressive strains are maximum in the deep furrow zone H, with
a LMS=-6.3% for the soft stratum corneum (2.46% GMS) (Figure 6.12-a) and -0.55%
for the stiffer one (2.72% GMS) (Figure 6.12-b). Similarly to case A (Figure 6.12-b),
higher levels of strain are observed in the crests when the Poisson’s ratio of the stratum
corneum is increased from 0.3 to 0.45. For the furrows, it is observed that for the case
of a soft stratum corneum, most of the furrows (with the exception of superficial furrow
K) show a reduction in LMS as the stratum corneum’s Poisson’s ratio increases, while
for a stiffer stratum corneum, LMS increase with Poisson’s ratio. For the stiffest stratum
corneum (Figure 6.11-b, Figure 6.12-b), the overall strain levels (GMS and LMS, de-
fined across skin layers) measured in cases B are lower than those obtained for cases
A. This would suggest that that the structural and mechanical effects of a soft viable
epidermis (Fy g = 0.05 MPa) are a reduction in the strain levels across skin layers.

6.3.6 Global and local strains in the stratum corneum for the extension
case

In simulated extension, for case A, maximum tensile strains (maximum principal strains)
are observed for the soft stratum corneum (cases Al and A3) in the superficial furrow
zone F with LMS of 36% (9.6% GMS) and the shallow furrow zone D with LMS of
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Figure 6.11: Bar chart representing local median minimum principal strain (LMS) values in the
stratum corneum at each characteristic skin topographic zone (A, B, C, D, E, F, G, H, J, Kand L,
Figure 6.5) for cases Al, A2, A3 and A4 (in compression). The horizontal lines correspond to the
global median principal strain values (GMS) of the whole stratum corneum (GMS).
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Figure 6.12: Bar chart representing local median minimum principal strain (LMS) values in the
stratum corneum at each characteristic skin topographic zone (A, B, C, D, E, F, G, H, J, Kand L,
Figure 6.5) for cases B1, B2, B3 and B4 (in compression). The horizontal lines correspond to the
global median principal strain values (GMS) of the whole stratum corneum (GMS).
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17.8% (4.75% GMS). Theses strain magnitudes are significantly higher than in the
other zones (Figure 6.13-a). Zone G experiences a 0.2% LMS. For a stiffer stratum
corneum, differences in LMS between anatomical zones are less pronounced (Figure
6.13-b). Zone F still experiences maximum strain levels, closely followed by zones K, H
and D. Naturally, the GMS values are much smaller (0.76% compared to the soft stra-
tum corneum case of 3.76%). For all cases (Esc = 0.6 MPa and Egc = 370 MPa, cases
A and B, Figure 6.13, Figure 6.14), higher tensile LMS is produced in the furrow zone
compared to the surrounding crests (e.g. LMS for furrow B is 71% while crest A and

C show LMS of 33% and 48%, respectively, Figure 6.13-b). For cases B and low stiff-
ness of the stratum corneum (cases B1 and B3), furrow zones D, F and H exhibit the
highest LMS values (LMS=13.6%; 2.5% GMS) while the lowest LMS are found in zone
G (LMS 2.16%; 0.39% GMS) (Figure 6.14-a). When the Young’s modulus of the stra-
tum corneum is increased from 0.6 MPa to 370 MPa, (cases B2 and B4), higher LMS
values are found in case B4 at furrow zones F, H and K, with maximum values in zone
F with LMS of 1.44% (2.93% GMS) and zones H and K with LMS of 1.01% (2.07%
GMS) (Figure 6.14-b). If Poisson’s ratio of the stratum corneum is reduced from 0.45
to 0.3 (case B2), strain levels in zones F are reduced to 1.08% LMS (2.66% GMS) and
zones H and K to 0.84% LMS (2.08% GMS). All of the crests show similar values of
LMS ranging from 0.36% to 0.53% (0.48 to 1.10% GMS) for case B4 and from 0.26%
to 0.46% (0.65 to 1.14% GMS) for case B2. For both cases A and B, variations in the
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Poisson’s ratio of the stratum corneum did not lead to significant differences in the
GMS of the whole skin model under extension.
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Figure 6.13: Bar chart representing local median maximum principal strain (LMS) values in the
stratum corneum at each characteristic skin topographic zone (A, B, C, D, E, F, G, H, J, K and L, Fig-
ure 6.5) for cases Al, A2, A3 and A4 (in extension). The horizontal lines correspond to the global
median principal strain values (GMS) of the whole stratum corneum (GMS).
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Figure 6.14: Bar chart representing local median maximum principal strain (LMS) values in the
stratum corneum at each characteristic skin topographic zone (A, B, C, D, E, F, G, H, J, K and L, Fig-
ure 6.5) for cases B1, B2, B3 and B4 (in extension). The horizontal lines correspond to the global
median principal strain values (GMS) of the whole stratum corneum (GMS).
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6.3.7 Influence of the viable epidermis stiffness on the strain magnitude
in the stratum corneum

To assess the sensitivity of the principal strains in the stratum corneum to the mechani-
cal properties of the viable epidermis at each of the characteristic topographic locations
(Figure 6.5), box plots of the minimum and maximum principal strains were used for
the case of compression (Figure 6.16 and Figure 6.17) and extension (Figure 6.18
and Figure 6.19), respectively, for each value of the Young’s modulus of the viable epi-
dermis (case A, Ey g = 0.6 MPa; case B, Eyy g = 0.05 MPa). For each zone, the principal
strains of each finite element of the stratum corneum layer were evaluated at the cen-
troid of the element and accounted for in the distribution evaluation. Each particular
zone’s response is described in terms of the median value (50™ percentile of the distri-
bution), the statistical dispersion defined by the interquartile range (IQR) (i.e. range of
values between the first (25%) and third quartiles (75%)) and the peak value range
(PVR) (range between the minimum and maximum values). Within data sets, data
points located in the tail of the distribution curves are classified as near or far outliers
according to the following criteria (Wolfram Research, 2014):
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@1 + 1.5(IQR) < near outlier < @1 — 1.5 (IQR) 6.3)
Qs + 3 (IQR) < far outlier < Q1 — 3 (IQR)
Here Q1 and Q5 are respectively the first (25th percentile) and third (75t percentile)
quartiles of the distribution. Although still accounted for in the PVR, the outliers are
ignored in the figures for better visualisation. The range bars indicate values of the
extreme data points that are not classified as outliers. The deformed geometry of the
stratum corneum was nearly identical in both cases A (where viable epidermis and der-
mis feature the same material properties) and B (where the three layers’ properties are
distinct) when subjected to compressive or extensive deformation (Figure 6.6-Figure
6.9). However, when considering the strain magnitude in the stratum corneum a differ-
ent picture emerges.

Under skin compression, median values for the minimum principal strains in the stra-
tum corneum can reach 19.2% (case Al, Figure 6.16) and 6.8% (case B1, Figure 6.16)
depending on the anatomical locations, showing lower dispersion levels for case B1.
Increasing the Young’s modulus of the stratum corneum from 0.6 to 370 MPa (Figure
6.17, cases A2 and B2) has a drastic effect on the median and peak values of the min-
imum principal strains which are reduced in amplitude and exhibit lower variations
across the anatomical zones considered. These median values do not exceed 1%.

For the case of skin extension, there is a wide distribution of maximum principal
strain values reaching up to 50% in the interquartile range (Figure 6.18, cases Al and
B1) with a very heterogeneous response when considering each anatomical zone. The
median values are predominantly lower in case Al, while the amplitude of dispersion
is substantially reduced in case B1. For a stiffer stratum corneum (Esc = 370 MPa),
the maximum principal strain ranges in the stratum corneum are significantly reduced
(Figure 6.19). Median values lie within the 0-1.5% range. Lower median strains and
dispersion levels are observed in case B2.

It was found that the principal strain PVR representing the maximum dispersion was
correlated to the geometry at the furrow. This was established by conducting a regres-
sion analysis (Figure 6.15) using a logarithmic form f (d¢) = my - In(d¢) + b, where
f(dy) = PVR and d; is the furrow depth. Table 6.3 lists the parameters m; and b of
the regression function corresponding to each of the tests and their respective coeffi-
cient of determination, R?. The coefficients of determination between the simulation
results and the values estimated by the logarithmic regression were R?> 0.69 for com-
pression and R?> 0.81 for extension.

Under macroscopic compressive load the stratum corneum exhibits the following
mechanical response at the characteristic anatomical locations:
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Figure 6.15: Plot representing the regression analysis between furrow depth and the principal
strain peak value range (PVR) experienced by the stratum corneum layer under compression (left)
and extension (right). The continuous lines represent the best fit using a logarithmic regression.

Table 6.3: Fitting function parameters obtained from the logarithmic regression of the furrow

depth-strain PVR data. Quality of the correlation is indicated by the coefficient of determination
R

Analysis type Case m b R’
Compression Al 14.06 78.94 0.87
A2 2.52 13.38 0.86
Bl 16.28 77.51 0.91

B2 1.6 8.33 0.69
Extension Al 194.19 794.4 0.81
A2 6.7 31.59 0.91
Bl 53 226.33 0.85

B2 491 2294 0.93

* Crests (A, G, E, G, J, L): The LMS lie in the same respective range for each spe-
cific case (Al, A2, B1, B2) with average minimum principal strains from -0.08%
to -3.37% when the Young’s modulus of the stratum corneum is minimal (Figure
6.16) and do not exceed -0.35% when it is maximal (Figure 6.17). Lower dis-
persion levels (IQR) are observed in the more protruding crests.

* Deep furrows (B, H): The intensity of the LMS is significantly reduced by the
presence of a soft viable epidermis and the stiffening of the stratum corneum,
showing average minimum principal strain of -16.34% and -6.02% for Cases
Al and B1 (Figure 6.16), and -0.43% and -0.32% for cases A2 and B2 (Figure
6.16). These values are significantly higher in magnitude than the ones observed
for the crests. The IQR is similarly affected.

* Superficial furrows (F, K): The LMS is -11.37% and -2.62% minimum principal
strain in cases Al and B1, respectively (Figure 6.16), while it reduces to -0.64%
and -0.28% for cases A2 and B2 (Figure 6.17). The dispersion levels are similar
to the ones observed for the deep furrows.
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* Wide furrow (D): LMS values of minimum principal strain lie between those of

the crests and deep furrows showing a reduction from -11.94% to -5.97% for a
soft stratum corneum (Figure 6.16), and from -0.58% to -0.38% for a stiff stra-
tum corneum (Figure 6.17), due to the presence of a soft viable epidermis. The
dispersion levels (IQR) in this area are similar to those observed in other furrows.

Higher LMS are observed in the shallower superficial furrow F for case A, shifting to
the shallower deep furrow H for case B. The higher IQR dispersion values were found
among furrows H and K (next to each other in terms of depth, but classified as deep
and superficial, respectively). Correlation between principal strain PVR of all furrows
and their respective depth are: for A1, R?= 0.87; A2, R*>=0.86; B1, R>=0.91; B2,
R?=0.69), showing higher overall dispersion in the deep furrows (Table 6.3).
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Figure 6.16: Box plot representing the minimum principal strains distributions in the stratum
corneum across the different topographic features of the skin (zone A to L, Figure 6.5) under com-
pression. Minimum principal strains are presented for cases Al (where the viable epidermis and

dermis share the same mechanical properties) and B1 (where the viable epidermis is 12 times softer
than the dermis).

Minimum principal strains [%]

Esc= 370 lVIPa; Vsc = 0.3

Case A2 (Eve= 0.6 MPa) Case B2 (Eve=0.05 MPa)
0.5 0.5
0.0 0.0 ? %I
S eeEt | S oeereTyies
i Rk -of | ] |11 ik
! | 1 ' " | gl s f H
-15 g~ l . ! -15 = g= ===t P74
i ofE ) ; ; : : P P
-20 : | : ! : -2.0 -4 F-
: . : a1 . ’
aspo o1 PR .
-3.0 4 : e £ -3.0 : :
ABCDEFGHIJ KL ABCDEFGHIJ KL

Figure 6.17: Box plot representing the minimum principal strains distributions in the stratum
corneum across the different topographic features of the skin (zone A to L, Figure 6.5) under com-
pression. Minimum principal strains are presented for cases A2 (where the viable epidermis and
dermis share the same mechanical properties) and B2 (where the viable epidermis is 12 times softer
than the dermis).
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Under macroscopic tensile load the stratum corneum exhibits the following mechani-
cal response:

* Crests (A, C, E, G, J, L): The LMS lie in the same respective range for each spe-
cific case (A1, A2, B1, B2) with average maximum principal strains varying from
2.73% (case Al) to 4.56% (case B1) when the Young’s modulus of the stratum
corneum is minimal (Figure 6.18). When the Young’s modulus of the stratum
corneum is increased from 0.6 to 370 MPa these LMS are within 0.64% and 0.36%
(Figure 6.19). Low dispersion levels (IQR) are observed in the more protruding
crests (e.g. crests G and A had the lowest LMS for soft and stiff stratum corneum,

respectively).

* Deep furrows (B, H): The intensity of the LMS is significantly amplified by the
presence of a soft viable epidermis when the stratum corneum is soft, but this
trend is reversed when the stratum corneum is much stiffer (Egc = 370 MPa),
showing average maximum principal strain of 4.55% and 10.35% for cases Al
and B1 (Figure 6.18), and -0.95% and 0.68% for cases A2 and B2 (Figure 6.19).
These values are significantly higher in magnitude than the ones observed for the
crests. The IQR are reduced by the presence of the soft viable epidermis, having
a larger effect (i.e. more reduction) in the furrows showing larger dispersion in
case Al. The opposite reaction is observed, at a lower scale, for a stiff stratum
corneum (cases A2 and B2).

* Superficial furrows (K): The LMS is about 20.30% and 10.98% maximum prin-
cipal strain in respectively cases Al and B1 (Figure 6.18) while it goes down
to 1.43% and 0.96% in cases A2 and B2 (Figure 6.19). The dispersion levels
are similarly affected to the ones observed for the deep furrows, showing larger
amplification due to the presence of the soft living epidermis and stiff stratum

corneum.

* Wide furrow (D): LMS values of minimal principal strain lie between those of
the crests and deep furrows showing a reduction from 17.71% to 13.67% for a
soft stratum corneum (Figure 6.18), and from 1.16% to 0.47% for a stiff stratum
corneum (Figure 6.19), due to the presence of a soft viable epidermis. Dispersion
levels (IQR) observed in furrow D are as low as the ones witnessed in the crests,
unlike what is observed in compression.

Higher LMS are observed in the superficial furrows F and K, and in the shallower deep
ridge H. The higher IQR dispersion values were found mainly at deep furrow H. Cor-
relation between principal strain PVR of all furrows and their respective depth are:

for A1, R?>= 0.81; A2, R?=0.91; B1, R?=0.85; B2, R>=0.91), showing higher over-
all dispersion in the deep furrows (Table 6.3). Generally, Figure 6.16-Figure 6.19
show that, for the compression case, the LMS and IQR of principal strain magnitude
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Figure 6.18: Box plot representing the maximum principal strains distributions in the stratum
corneum across the different topographic features of the skin (zone A to L, Figure 6.5) under exten-
sion. Maximum principal strains are presented for cases Al (where the viable epidermis and dermis
share the same mechanical properties) and B1 (where the viable epidermis is 12 times softer than

the dermis).
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Figure 6.19: Box plot representing the maximum principal strains distributions in the stratum
corneum across the different topographic features of the skin (zone A to L, Figure 6.5) under com-
pression. Maximum principal strains are presented for cases A2 (where the viable epidermis and
dermis share the same mechanical properties) and B2 (where the viable epidermis is 12 times softer
than the dermis).

and directions in the stratum corneum can be significantly affected by the value of the
Young’s modulus chosen for the viable epidermis provided that the Young’s modulus
of the stratum corneum is approximately an order magnitude greater. These effects
are more or less pronounced depending on the topographical features of the stratum

corn

eumn (zones A-L). When considering the extension case, significant difference ex-

ists between the case of Eyyg = 0.6 MPa and Ey g = 0.05 MPa (cases A and B). There
appears to be much more significant change in LMS and IQR of strain in specific to-

pographic zones compared to the compression case. Moreover, for the case when Eg¢
= 370 MPa (cases A2 and B2), lowering the Young’s modulus of the viable epidermis

from 0.6 to 0.05 MPa has the effect of reversing the direction of principal strains in

some of the features.
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The effect caused by the presence of a lower stiffness viable epidermis is a major re-
sult to consider in the light of all multi-layer finite element models of the skin found in
the literature which typically assume flat interface between layers. These models are
unlikely to capture these effects even by varying the Young’s modulus of the viable epi-
dermis.

6.3.8 The role of structural features of the skin and stratum corneum
stiffness in strain reduction/amplification

One of the key objectives of this study was to assess the level of strain in the stratum
corneum during simulated in-plane compression and extension of the skin. An impor-
tant aspect to consider concerns the possible variations of the stratum corneum stiff-
ness as a function of environmental or ageing conditions which, in turn, are likely to
affect strain magnitude in the stratum corneum. To assess the effect of variations of the
Young’s modulus of the stratum corneum and also that of the viable epidermis a strain
ratio metric was defined. The strain ratio metric R was defined as the ratio of principal
strains (i.e. minimum and maximum principal strains respectively for compression and
extension) of the compared model (models A2, B2, Esc = 370 MPa) over those of the
reference model (models Al, B1, Esc = 0.6 MPa) at each of the elements composing
the skin model. R = 1 indicates that strain levels remain the same, R > 1 indicates an
amplification of strains, 0 < R < 1 a reduction in the strain levels. A negative value
for R implies a change in the principal direction of strain (from compressive to tensile
and vice versa). Distribution of ratios of principal strains in the compression and exten-
sion cases are respectively depicted in Figure 6.20 and Figure 6.21 for models A1, A2,
B1 and B2 and described in the following section. For each of the topographical zones,
the median value of the strain ratio metric distribution R is taken to represent the ra-
tio of amplification or reduction while the IQR for these distributions is a measure of

dispersion.

6.3.8.1 Compression

As intuitively expected, increasing the Young’s modulus from Egc = 0.6 MPa to Fs¢

= 370 MPa significantly reduces the principal strains in the stratum corneum (Figure
6.20) for all characteristic anatomical zones, with a GMS ratio (i.e. the median ratio
observed for the whole stratum corneum elements) of R ~ 0.1. The minimum principal
strains are mostly reduced in deep furrows with an average median value of R < 0.05
for both cases A and B. The wide furrow D and the shallower superficial furrow F fol-
low close with R < 0.06 and R < 0.075 for cases A and B, respectively. With respect to
dispersion, most of the furrows show a rather homogeneous reduction of strains with
IQR <0.075 except for furrow K (IQR < 0.50). Minimum reduction is found in crest L
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as R is 0.45 for both cases. The most remarkable result is shown in the most protrud-
ing crest G, as while R = 0.15 with a dispersion ratio of 0.21 is found in case A, the
resulting ratios for case B shows an amplification of R = 1.57 and IQR of 3.37. These
results show how heterogeneous the effect is in the elements contained in this crest. In
general, greater R values are observed in the crests, and lower ones in the furrows.
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Figure 6.20: Box plot representing the distribution of ratio of minimum principal strains from
analysis A2 (Fsc = 370 MPa, v = 0.3) over those of analysis Al (Fsc = 0.6 MPa, v = 0.3) in the
stratum corneum across the different topographic features of the skin (zone A to L, Figure 6.6) under
compression. The same ratio of strains from analysis B2 over those of analysis B1 when the Young’s
modulus of the viable epidermis is 0.05 MPa is also plotted. The values between 0 and 1 (grey lines)
represent a reduction in principal strains while the values higher than one represent amplification.
The blue horizontal line indicates the median value of the ratio obtained for all the elements of the
stratum corneum in the skin model (i.e. the general median strain ratio, GMS ratio).

6.3.8.2 Extension

Like in the load case corresponding to in-plane compression of the skin, stiffening of
the stratum corneum by a factor in excess of a 600 induces a significant reduction in
the magnitude of principal strains (Figure 6.21) with a GMS ratio R < 0.20. How-
ever, unlike the case of compression where the GMS ratio was similar between cases A
and B, the GMS ratio of case A is larger than the one observed in case B by a factor of
about 2. Regardless of that, both cases show particularly different behaviours in terms
of the reduction and amplification of strains in each of the topographic features. For
case A, the maximum principal strains are mostly reduced in the shallower furrows
(R < 0.08), but a relevant contrast between the two superficial and the two deep fur-
rows is observed (i.e. a 3 to 5 times larger ratio is observed in the deeper furrow of
each category). The ratio in most of the crests ranges from 0.12 to 0.44 with no shape
dependency. In contrast, crest G, exhibits a significant amplification factor (R = 2.20).
For case B, the distribution of R is rather homogeneous across the topographic fea-
tures, with a range between 0.05 and 0.16 for crests and between 0.04 and 0.11 for
furrows. Although a lower ratio is observed in the wide furrow D and a larger ratio at
the crest G, no topographic shape dependency is observed.
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Figure 6.21: Box plot representing the distribution of ratio of maximum principal strains from
analysis A2 (Fsc = 370 MPa, v = 0.3) over those of analysis Al (Fsc = 0.6 MPa, v = 0.3) in the
stratum corneum across the different topographic features of the skin (zone A to L, Figure 6.6) under
extension. The same ratio of strains from analysis B2 over those of analysis B1 when the Young’s
modulus of the viable epidermis is 0.05 MPa is also plotted. The values between 0 and 1 (grey lines)
represent a reduction in principal strains while the values higher than one represent amplification.
The blue horizontal line indicates the median value of the ratio obtained for all the elements of the
stratum corneum in the skin model (i.e. the general median strain ratio, GMS ratio).

6.3.9 Influence of the skin topography on the distribution and modula-
tion of strains across skin layers

In Figure 6.22 and Figure 6.23 the ratio of the strain distribution magnitude of each
skin layer (stratum corneum, viable epidermis and dermis) over the respective applied
macroscopic strain (20%) is reported for each case Al, A2, B1 and B2. This metric ex-
pressed in% assess whether the magnitude of applied macroscopic strain is amplified
or reduced in the skin layers. A value above or below 100% means that strains are
respectively magnified or reduced. This effectively highlights the effect of the struc-
tural properties of the skin layers in redistributing strains-and so the stress-within the
skin. Even when the skin is modelled as a homogeneous material (case A1) the me-
dian proportional strain values of the outer layer are remarkably lower than the ones
observed in the layers underneath. For case A, it is observed that strains in the der-
mal layer are the least attenuated whilst those in the stratum corneum experience the
largest reduction. For case B, strains in the viable epidermis are the least attenuated.
When the Young’s modulus of the stratum corneum is increased from 0.6 to 370 MPa,
the magnitude of strain is obviously reduced and so is the dispersion.

In compression (Figure 6.22), the proportional median strain levels in cases A and

B are respectively 7 and 15 times lower for the stiffer stratum corneum, while the dis-
persion levels are reduced 20 and 12 times for the IQR, and 6 and 9 times for the PVR.
The changes in the stiffness of the stratum corneum have a marginal effect in the pro-
portion of macroscopic strains transmitted to the viable epidermis and dermis. Be-
tween cases A1-A2 and B1-B2, the median values of this proportion are hardly altered
in the dermis.
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For extension (Figure 6.23), the change in stiffness of the stratum corneum has a rel-
atively different effect as the median proportional strain levels in cases A and B are
respectively 5 and 13 times lower as the Young’s modulus of this layer increases, while
the dispersion levels are reduced 9 and 11 times for the IQR, and 25 and 10 times for
the PVR. The stiffening of the stratum corneum not only increases the median values
of the proportional maximum principal strain distributions in the layers underneath,
but also has an important effect on their dispersion parameters. The increase of pro-
portional strain in the viable epidermis is 20% and 40% for cases A and B respectively,
and 25% and 4% for the dermis. The interquartile dispersion is augmented on average
by 50% for the viable epidermis in both cases, but for the dermis the IQR doubles in
case A, while a negligible reduction is observed for case B. In terms of peak values dis-
persion, the results show negligible variation for the dermis and case A for the viable
epidermis, while the PVR of case B2 is 2.5 times larger than the one observed in case
B1.
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Figure 6.22: Ratio of minimum principal strains in each skin layer (SC - stratum corneum, VE -
viable epidermis, DE - dermis) over the macroscopic strain applied to the skin composite model (ex-
pressed in%) for the compression case. The dashed line indicates the limit between strain amplifica-
tion (> 100%) and strain reduction (< 100%).
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Figure 6.23: Ratio of minimum principal strains in each skin layer (SC - stratum corneum, VE -
viable epidermis, DE - dermis) over the macroscopic strain applied to the skin composite model (ex-
pressed in%) for the extension case. The dashed line indicates the limit between strain amplification
(> 100%) and strain reduction (< 100%).

6.4 Discussion

The imaged-based computational study presented in this paper has highlighted and
quantified the critical role of the structural and mechanical characteristics of the skin
layers over their mechanical response under tension and compression as well as on the
global response of the skin as a 2D composite structure. Given that the skin is the hu-
man body’s interface to the external environment, these results have implications for a
variety of mechanical and/or mechanobiological processes (Limbert and Simms, 2013)
across many domains of application including skin tribology in general (van Kuilen-
burg et al., 2013a,b; Veijgen et al., 2013b), pressure sores (Brand, 2006) and wound
healing (Evans et al., 2013).

Geerligs (2010) stated that, during stretching of the skin, the stratum corneum par-
tially unfolds without elongating, but to the best of our knowledge, this had not been
previously quantified until now. In our 2D study it was revealed that, for a given im-
posed in-plane macroscopic deformation of the skin and fixed value of Young’s mod-
ulus of the stratum corneum, the magnitude of strain in the stratum corneum tends to
be significantly attenuated, particularly at specific topographic locations (crests, see
Figure 6.5 and Figure 6.11-Figure 6.14). When all layers have identical mechanical
properties (case Al), this phenomenon is still present. There is, therefore, evidence
that the convoluted geometry of the stratum corneum, in its own, is a contributor to
this effect. When each skin layer features different mechanical properties, in addition
to the stratum corneum, the contribution of the viable epidermis and dermis to these
structural effects is modulated by the balance of mechanical properties between these
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three layers. When the viable epidermis is 12 times softer than the dermis this strain
reduction effect in the stratum corneum is even stronger (cases B1-B4). In all the cases
considered in the computational analyses, the strain deflection mechanism provided
by the topographical features of the stratum corneum and underlying layers is clear.

In all cases the 75" percentile of the stratum corneum’s finite elements experience a
strain lower than half of the applied macroscopic strain. Similarly, in most of the re-
sults, more than 75% of the finite elements contained in the deeper layers sustain less
than the total applied macroscopic strain. For case B, results show that the viable epi-
dermis is the most strained layer, experiencing 2.5 to 3 times more strain than those
that are macroscopically applied.

It was shown that the stiffness of the stratum corneum plays a critical role in condition-
ing the folding characteristics of the skin surface in both simulated in-plane (parallel
to the outer surface of the skin) compression and extension of the skin (Figure 6.6-
Figure 6.9). When the stratum corneum tends to stiffen —for example, as a result of

a dryer external environment —cavities are likely to form in deep furrows, between
skin folds, in compression while, in extension, the bottom surface of furrows experi-
ence limited rotation and significant strains. In this latter case, the base of a deep fur-
row acts like the fixed axis of a hinge mechanism in which the surrounding “vertical
walls” of the furrow undergo large rotations with minimal straining. This observation
suggests that, for the simulated 2D loading conditions, deep furrows convert in-plane
deformations into out-of-plane deformations. In compression, this is very similar to
the buckling of a column where compressive loads are converted into bending loads.
Moreover, this functionality creates concentrated high strain zones in the deeper lay-
ers of the epidermis and dermis. Interestingly, dermal papillae tend to be very small or
non-existent immediately under deep furrows and there might be a causal correlation
here which could be relevant to the mechanobiology of skin.

With the image-based modelling approach, the stratum corneum structure was cap-
tured ‘as is’, so the thickness of this layer was fixed according to the pixel informa-
tion available in the skin histological images. In order to investigate the role of stra-
tum corneum thickness in the distribution of strain within the skin, the anatomical

skin model can be modified so the stratum corneum geometry is modelled as a shell
structure. Such model, in which bending of outer shell could be related to the levels of
strain beneath this layer, could be applied to investigate coupled effects of humidity in
the stratum corneum thickness and stiffness.

The surface topography of the skin and how it deforms under loads are critical fac-
tors to consider for applications where the skin undergoes contact interactions with
external devices like consumer good products (e.g. for dry and wet shaving the skin
interacts with metal and polymer components, water, body secretions, gel or foam) or
cosmetic agents (e.g. moisturiser). The aforementioned strain reduction and ampli-
fication mechanisms are therefore potentially very important to consider. Depending
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on the initial stiffness of the stratum corneum and its structural geometry, the skin will
produce certain types of mechanical response, particularly if one considers the pres-
ence of a liquid thin-film (e.g. shave preparation) which introduces additional com-
plex tribophysical phenomena (Israelachvili, 1991; Pailler-Mattéi and Zahouani, 2004,
2006; Pailler-Mattei et al., 2007). The application of water-based agents to the skin
has a plasticising effect on the stratum corneum which drastically reduces its Young’s
modulus (Wu et al., 2002, 2006b). In these conditions, where friction forces tend to in-
crease, rubbing of hard or softer surfaces against the skin can generate significant local
strains which, in turn, can lead to important strain and stress redistribution in the un-
derlying skin layers. The 2D computational study presented in this paper demonstrated
the complex interplay between the material and structural properties of the skin layers
during simulated compression and extension of the skin and therefore highlighted the
importance of faithfully capturing these characteristics for reliable numerical analyses,
especially when they are used to assist design decisions in industrial applications.

The numerical analyses showed that, for a given imposed macroscopic deformation of
the skin, increasing the Young’s modulus of the stratum corneum from 0.6 to 370 MPa
led to higher strains in the deeper layers of the skin (viable epidermis and dermis).
Drying stresses arising as a result of water loss in the stratum corneum (Levi et al.,
2010b) are generally perceived through the feeling of skin “tightness”. Given that the
stratum corneum has no mechanoreceptors capable of sensing changes in the homeo-
static state of stress and/or strain, the computational results are consistent with this
observation, namely that stiffening of the stratum corneum in combination with in-
plane loads increases the depth of influence of mechanical stress/strain which reaches
deeper in the viable epidermis and dermis where free nerve endings, Merkel cells,
Meissner’s, Ruffini’s and Pacinian corpuscules are located (Shimizu, 2007).

As in any computational model, a number of limiting assumptions had to be made.
The major limitation of the present model concerns its restriction to 2D geometry, bound-
ary and loading conditions. The computational model was restricted to 2D due to the
imaging technique used in this study and a desire to focus on the simplest modelling
approach that would facilitate interpretation of results. An extension to 3D, straight-
forward in principle, would likely affect the results. However, based on the 2D results,
one would also expect a strong influence of the structural and material properties of
each skin layer on strain/stress magnitude and distribution as well as on surface to-
pography. The 2D model is already a significant addition to what has been proposed
in the literature so far. To the best of the authors’ s knowledge, the proposed microme-
chanical model is the first to account for such a level of structural details for the skin
(high-fidelity anatomical geometries for the stratum corneum, living epidermis and
papillary dermis) and the objectives were to assess how such structural features play

a role in transforming macroscopic strains and redistribute loads. The emphasis was
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on identifying structural effects on a 2D model and use that to suggest potential defor-
mation mechanisms occurring in real skin structures. The simulations highlighted po-
tentially important effects that are missed by idealised multi-layer models of the skin.
The present study is a first attempt to pave the way for more advanced 3D microstruc-
tural models of the skin. The complex 3D patterns of sulci and how they might control
deformations of the upper part of the epidermis should be explored in future studies.

The constitutive models used for the skin layers were based on isotropic neo-Hookean
elasticity and ignored viscoelasticity. There is evidence that the stratum corneum pos-
sesses anisotropic properties (Geerligs et al., 2011a). Due to its high content of col-
lagenous fibres, the dermis also has directional properties. As reviewed in Chapter

2, under compression, the collagen fibres do no take any load, and the skin mechani-
cal response is regarded to the compression of the bulk material of the fibres and the
ground substance. In extension, the level of deformation defines whether the fibre ori-
entation is relevant or not for the analysis. In the present model, the level of defor-
mation was kept under 20% macroscopic strain, which is within the toe region of the
stress-strain curve observed in collagen fibrils (Graham et al., 2004). In this region, the
skin mechanical response is determined by the elastic fibres which, unlike collagen fi-
bre bundles, do not show a preferred direction (Ni Annaidh et al., 2012b), rather than
parallel to the skin surface (Shimizu, 2007). With the range of deformation explored
in this study, the strain field in the dermis is not related to any fibrous response nor the
specific deformation of cells in the viable epidermis. The reported strains are rather
significant for the instantaneous deformation skin experiences in normal conditions,
highlighting the importance of the skin microstructure on its mechanical response.

It should be taken into account that, although the skin is naturally in a pre-tensed
state, this condition was not taken into account in the present model. Thanks to the
work of the Austrian anatomist Karl Langer (Lan, 1978; Langer, 1861) it has been
known since the 19th century that the skin is in a state of residual tension in vivo. Flynn
et al. (2013, 2015) determined a relation between the in vivo the relaxed skin ten-
sion lines (RSTL) on a human face and the directional dependency of the skin stiff-
ness using a combination of contact measurement techniques and inverse finite ele-
ment methods. These authors demonstrated the need to account for these tension lines
in the characterisation of the anisotropic properties of the human skin. It is notewor-
thy that mechanical anisotropy of the skin is due to the combined effects of the pres-
ence of Langer lines and to the anisotropy induced by the structural characteristics of
the skin layers and their sub-structural components. In-plane anisotropy of the skin is
correlated with Langer lines Ni Annaidh et al. (2012b) while out-of-plane (or across-
the-thickness) anisotropy is due to the distinct mechanical properties and complex 3D
structure of the skin layers. In the dermis, the organisation of collagen changes from
loose and tortuous fibres in the papillary dermis to large dense stratified fibre bun-
dles in the reticular dermis (Shimizu, 2007). The inclusion of such features (residual
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strains and fibrous microstructure) in a microstructural finite element model of the
skin, although possible in principle, would only make sense in a 3D setting at larger
deformation, and would require significantly more information on skin microstruc-
ture, data on the level and 3D directions of pre-strain in the specific skin sample (i.e.
consistent with anatomical location) and may likely require higher resolution imaging
modalities. In a 3D finite element context, the question of reliably applying pre-strains
with regards their non-uniform distributions and directions would present technical
challenges (Limbert, 2004; Rausch and Kuhl, 2013; Weiss et al., 1995). The aforemen-
tioned observations provide justification to the choice of using initially stress-free 2D

computational multi-layer skin models.

The composite skin model did not account for the full thickness of the dermis and its
underlying hypodermis. Addressing this limitation would likely affect the results by re-
ducing the effect of imposed boundary conditions, particularly the symmetry boundary.
Future computational analyses should also include skin appendices such as hair folli-
cles and pores which could play a mechanical role in redistributing strain and stress in

the skin as well as in stopping fracture propagation in the (drying) stratum corneum.

All skin layers were assumed to be perfectly bonded to each other without the pres-
ence of any intermediary interface. This simplifying assumption was deemed neces-
sary to focus on other factors, namely, the geometrical and material properties of each
layer. It was also necessary due to the significantly higher computing power that this
would have required because of the level of mesh refinement needed. The living epi-
dermis is connected to the underlying dermis through a 3D interlocking wavy interface
called the dermal-epidermal junction (DEJ) or basal lamina which is effectively a 0.5-
1 um thick basement membrane (Chan, 1997). In the epidermis, the basal cells of the
stratum basale are connected to the basement membrane by anchoring filaments of
hemidesmosomes while the cells of the papillary dermis connect to the basement mem-
brane through type VII collagen fibrils. The geometry and material properties of these
structural elements are likely to play a critical role in load transmission between lay-
ers, particularly in 3D. Future studies should investigate this further but are likely to

require a multiscale approach given the large span of spatial dimensions involved.

As is always the case with mathematical and computational models, a critical step,
before relying on the predictive capabilities of these models, is to validate them-even
partially-using physical experiments. This is currently very challenging but there are
very promising emerging approaches in skin research. For example, using digital image
correlation techniques it is possible to obtain full (strain) field measurements (Tonge
et al., 2013a,b). The modelling approach adopted here is a first step towards mod-

els to assess, understand and control the effects of the structural properties of skin in

medicine, biology and industrial applications.
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In the last few years, the concept of skin microclimate has been in the spotlight with
regards to pressure ulcer research (Gefen, 2011). Skin microclimate encompasses a
number of physical factors such as temperature, humidity and air flow at the skin sur-
face. These interacting factors are believed to play a critical role in compromising skin
integrity by reducing its natural barrier function. These effects are amplified when the
skin acts as a load-bearing surface, particularly when subjected to shear loads (Zhong
et al., 2006). There is evidence that the skin surface topography changes during load-
ing but it is unclear whether these changes are purely driven by mechanics or partly in-
duced by microclimate factors such as temperature and moisture (Kottner et al., 2013;
Veijgen et al., 2013b). The models developed in our study offer the potential to ad-
dress these questions by either focusing on the mechanics only or by considering cou-
pled thermo-mechanical effects combined with moisture absorption or exudation. Our
study showed that, during in-plane compression of the skin, if the Young’s modulus of
the stratum corneum and the viable epidermis are both 0.6 MPa (low end of the spec-
trum for the stratum corneum) maximum strains are located in the dermis and lower
regions of the viable epidermis rather than branching from the skin surface (Figure
6.6). When considering the viable epidermis with a Young’s modulus 12 times lower,
strains are intensified in these regions (Figure 6.7). This effect increases the likeli-
hood of compromising the integrity of the dermal-epidermal junction (DEJ) which is
believed to play a major role in the chemo-mechano-biology of the skin. Indeed, the
DEJ controls the transit of molecules between the dermis and epidermis according to
their dimension and charge. It allows the passage of migrating and invading cells un-
der normal (i.e. melanocytes and Langerhans cells) or pathological (i.e. lymphocytes
and tumour cells) conditions (Burgeson and Christiano, 1997). However, it is impor-
tant to reiterate that the results were obtained for a 2D setting and, that future 3D
studies may unravel more complex structural effects.

After an injury, the folding/unfolding or straining of the skin furrows may play an im-
portant role during the scar formation process by controlling the mechanical envi-
ronment around a wound (Wong et al., 2012). This environment has been clinically
shown to be of the utmost importance for conditioning scar tissue formation (Gurt-
ner et al., 2011). Using an external device to mechanically shield a wound, Gurtner
et al. (2011) showed that creating a mechanical equilibrium state around the wound
would in turn lead to homeostasis (biological equilibrium), effectively inhibiting the
production of new scar tissue with undesirable structural and mechanical character-
istics (e.g. fibrosis). There is evidence that mechanical tension can induce phenotypic
alteration in fibroblasts during wound healing under the form of altered collagen net-
work characteristics (Dunn et al., 1985). These effects lead to hypertrophic scar tis-
sue formation where the new tissue features a reduced extensibility rather than an in-
creased stiffness. Compared to normal skin, scar tissue loses the uncrimping phase of
the typical J-shape of the tensile stress-strain curve (Fung, 1981). Recently, using a 3D
in vitro tissue engineered model, Suarez et al. (2014) demonstrated that skin tension
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up-regulates tension-related gene expression in keloid fibroblasts thus confirming the
role of mechanics as a regulator of the scarring process. There have been few compu-
tational studies in the literature examining the mechanical or chemo-bio-mechanical
environment around a wound or skin suture. In a recent computational study exam-
ining the mechanics of local skin flaps after tissue expansion, Tepole et al. (2014b)
suggested a direct correlation between regions of maximum stress and tissue necro-
sis. Their model considered the skin as a mono-layer transversely isotropic hyperelastic
structure. Cerda (2005) developed a mechanical model of wound contraction in skin
with special focus on wrinkles induced by the existence of residual tension in the skin.
To analyse stress and displacement distributions produced by different wound shapes
and suture patterns, (Chaudhry et al., 1998) established a 2D mathematical model of
the skin. Skin was assumed to be a linear orthotropic elastic material. Following a sim-
ilar motivation, Flynn (2010) developed a series of finite element models featuring dif-
ferent types of wound shapes and compared the distribution and magnitude of stress.
The skin was modelled as an orthotropic hyperelastic material (Bischoff et al., 2002).

In all these numerical studies the skin was assumed to be either a 2D or 3D homoge-
neous structure. There was no account of realistic anatomical skin topography or ge-
ometry of the stratum corneum, living epidermis and dermis. It is often assumed that
the collagen-rich dermis is the main mechanical contributor to the macroscopic re-
sponse of the skin, particularly under finite extension. However, under surface loads
or loads applied in the upper strata of the skin like in the present study, there is a com-
plex mechanical interplay between these layers. If one considers these purely mechan-
ical phenomena in combination with the presence of a wound it is straightforward to
anticipate that the coupled mechanobiological processes involved in epidermal and
dermal wound healing (Vodovotz, 2010) would be affected by the microstructural re-
sponse of the skin. In the light of the computational results obtained in the present
study, it is suggested that past computational studies should be revisited by incorpo-
rating anatomical geometries into skin models, ideally in 3D, in order to provide addi-

tional insight.

6.5 Conclusion

The study presented in this paper has introduced a 2D image-based finite element
modelling approach, with special emphasis on anatomical realism, to study the mi-
crostructural and mechanical interplay of the stratum corneum, viable epidermis and
dermis layers of the human skin under simulated in-plane compression and extension.
The hybrid experimental-computational methodology has proven to be robust and has
offered valuable insights into the simulated 2D mechanics of the skin, and that of the
stratum corneum in particular, by providing qualitative and quantitative information on
strain magnitude and distribution. The implications of this study are many-fold across
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a wide range of sectors where simulating the mechanics of the skin is relevant, particu-
larly in biomedical, consumer goods, cosmetics, sport equipment and computer graph-
ics. Based on 2D finite element simulations, it appears that the geometry of the skin
layers (together with their material properties) could play a significant role in control-
ling the local mechanical environment at the surface and within the skin.

The series of finite element analyses has highlighted and quantified the following key
points

* Through a complex non-linear interplay, the geometry and mechanical charac-
teristics of the skin layers (and their relative balance), play a critical role in con-
ditioning the 2D skin mechanical response to macroscopic in-plane compression
and extension. Topographical features of the skin surface such as furrows were
shown to offer an effective means to deflect, convert and redistribute strain-
and so stress-within the stratum corneum, viable epidermis and dermis. This is
achieved through geometrical features and structural effects that energetically
favour certain deformation modes like bending. A corollary consequence of these
phenomena is that strains can be amplified or reduced in certain locations of the
skin structure. This confirms the work hypothesis of the present study although
these conclusions are based on a 2D approach and it is therefore important to ex-
ercise caution in the interpretation of the results, particularly with regards to the
real 3D characteristics of the human skin (e.g. material and structural properties
as well as residual tension lines). Extension of the model to 3D is likely to high-
light comparable structural effects in terms of deformation mechanisms (i.e. local
modulation of macroscopic strains) but potentially different in terms of spatial
distributions and orientations. Future studies should investigate these questions.

* Despite the small thickness of the stratum corneum, its Young’s modulus has a
significant effect not only on the magnitude and directions of the strains it expe-
riences but also on those of the underlying layers. This effect is reflected in the
deformed shape of the 2D skin surface in simulated compression and extension
and is intrinsically linked to the rather complex geometrical characteristics of
each skin layer. Moreover, if the Young’s modulus of the viable epidermis is as-
sumed to be reduced by a factor 12, the area of skin folding is likely to increase
under skin compression. These results should be considered in the light of pub-
lished computational models of the skin which, up to now, have ignored these
characteristics.

* Stiffening of the stratum corneum, for example, as a result of a dryer environ-
ment, has consequences not only for its own mechanical response but also for the
underlying viable epidermis and dermis because of the intimate mutual structural
relations between these layers.



Chapter 7

Micromechanical modelling of skin

mechanics II - structural and
material aspects of skin contact
mechanics

In the previous chapter, it has been demonstrated that the skin microstructure, its geom-
etry and mechanical properties, play an important role in the distribution of principal
strains within the skin during compressive and tensile deformation. In solid contact inter-
actions, it is known that the surface micro-structure can significantly influence the friction
response; however, the few publications investigating the contribution of skin microstruc-
ture to its macroscopic friction response show mixed results. This chapters describes a com-
putational analysis performed, taking the anatomical model described in Chapter 6 as
a base for the simulations, to evaluate the effects the skin topography and microstructure
have on the skin macroscopic friction response. The simulations involved pure indentation
and sliding contact of the skin with a rigid indenter; at various local coefficients of friction.
The scale of the contact interaction was considered with variation of the indenter radius
from 0.1 mm to 0.5 mm for microscopic scale interactions, and an infinite radius (flat
indenter) for macroscopic scale ones. This study compared the results of the anatomical
model with those o an idealised flat skin model, in terms of relative contact area, global
and local friction response, and the distribution of shear stresses within the skin layers.
The results showed that the relative contact area is highly sensitive to the contact inter-
action scale, being much lower in macroscopic scale interactions. The skin topography
showed to be a dominant factor in the friction response, regardless of the scale of inter-
actions. Further results revealed the effects of the skin topography and microstructure in
the distribution and propagation of shear stresses in the periphery of the contact area, and
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how these stresses are much higher than those assumed by modelling the skin as a flat tis-
sue.

The human skin is the first line of defence against environmental hazards. Its mechan-
ical integrity relies on a complex microstructure that provides the skin with high elas-
ticity and strength, while maintaining a 15-20 cell-thick self-renewable layer of ker-
atinised epithelial cells (Hendriks, 2005), the stratum corneum, that provide a strong
interface for contact interactions. With the stratum corneum as an interface, contact
interactions transmit vibration and deformation to the mechano-receptors in the skin,
providing the sense of touch (Shimizu, 2007). If the interaction causes significantly
high deformation or damage to the skin structure, the ‘pain’ signal pathway of the no-
ciceptors is activated (Shimizu, 2007). This results, in most cases, in an uncomfortable
experience to the person (Gerhardt et al., 2008). This phenomenon is of great inter-
est to the industry of consumer goods such as wet shaving products, skin care, cloth-
ing and sport equipment, who share a vital interest on ensuring that, when interacting
with the consumer’s skin, their products provide a comfortable experience.

As reviewed in Section 2.3, skin is very sensitive to the biophysical effects of environ-
mental conditions and ageing that can alter the microstructure and stiffness of the stra-
tum corneum and other skin layers (Geerligs et al., 2011a; Kwiatkowska et al., 2009;
Wau et al., 2006b). High humidity levels, for example, can significantly reduce the stiff-
ness of the stratum corneum, and produce a considerable increase the friction forces

at the skin contact interface (Gefen, 2011; Hendriks and Franklin, 2010; Zhong et al.,
2006). This effect can lead to a greater likelihood of mechanical damage to the skin
(Derler and Gerhardt, 2012; Sopher and Gefen, 2011).

Experimental characterisations of the skin friction response, often report values of
macroscopic friction, involving the reaction force obtained from relative motion of a
surface with respect to the skin (Masen, 2011). In contrast, only few studies report
the skin friction response at a microscopic scale (Pailler-Mattei et al., 2007; Tang and
Bhushan, 2010). To the best of the author’s knowledge, there are no current studies
comparing the relation between the microscopic friction response, here referred as
local friction, and the macroscopic one (global friction), with the same contacting
materials and environmental conditions. However, a computational study from Stup-
kiewicz et al. (2014), recently quantified that for a given local coefficient of friction
for the simulations, the topography of the material can influence the global friction re-
sponse, particularly with regards to anisotropic friction.

The friction responses of soft materials involve the contribution of both an adhesion
and a deformation component. The adhesion component is driven by real area of con-
tact (sum of micro-asperity contacts), while the deformation component is directly rep-
resented by physical obstacles (i.e. asperities) that oppose the relative motion of the
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contacting surfaces. Although in solid mechanics the surface microstructure of the ma-
terials provides the principal source of friction (Stachowiak and Batchelor, 2013), only
a few studies have investigated the contribution of the skin topography to its global
friction response (Egawa et al., 2002; Nakajima and Narasaka, 2010). These studies
showed contradicting or inconclusive results. In most of the studies found in the lit-
erature, the topographic features of the skin are assumed to provide no contribution
to the skin global friction response, because of the high compliance of the skin com-
pared to that of the indenter (Adams et al., 2007; Derler and Gerhardt, 2012; Gerhardt
et al., 2008). However, it is reasonable to assume that the compression and distortion
of the skin topographic features during sliding contact, as documented by Koudine

et al. (2000), can significantly contribute to the skin global response. The topography
of the skin is dependent on age and body location (Derler and Gerhardt, 2012; Ger-
hardt et al., 2009a; Zahouani et al., 2011), but so are its mechanical and bio-physico-
chemical properties. It might be the case that the effects of the skin topographic fea-
tures on its friction response have been overlooked due to the inherent complexity
and multi-factorial nature of skin friction, which requires a step-by-step simplified ap-
proach focusing on a very limited factors at a time (Gerhardt et al., 2009a; Nakajima
and Narasaka, 2010).

In the present study, the effect of the skin topography and microstructure on the global
friction response of human skin was explored. The simulations consisted of pure in-
dentation and sliding of a rigid indenter on a previously developed 2D anatomical
model of human skin (Chapter 6, Leyva-Mendivil et al. (2015)), and a counterpart
idealised skin model, based on the average thickness of the layers in the anatomical
one. The analysis considered the effect of different interaction scales through variation
of the indenter radius, and the effects of humidity conditions by varying the stiffness
of the stratum corneum. The effects of the skin microstructure in contact interactions
were evaluated in terms of real contact area and comparison of the statistical distri-
bution of the global coefficient of friction and the specified (local) one. Due to their
implication in the mechanism of damage in the inner skin layers (Derler and Gerhardt,
2012; Sopher and Gefen, 2011), the effect of the surface topography on the distribu-
tion of shear stress throughout the dermal tissue was also analysed, by considering
pure indentation (e.g. pressure ulcers) and sliding conditions (e.g. friction blisters).

7.1 Physics of friction and contact mechanics

Although it is known that the fundamental source of friction forces between two con-
tacting body remains in their electromagnetic forces, the “concept of friction” has been
developed for a mechanical interpretation of the factors contributing to a resistance

to relative motion between contacting bodies (Persson, 2000). The friction response
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can be classified into two categories: local friction, involving the micromechanical in-
teractions at a single-asperity level; and global friction, referring to the macroscopic
friction response, as the sum of the contribution of those micromechanical interactions
(Stupkiewicz et al., 2014). This can be explained within the context of a 2D multi-
asperity contact system. Taking a coordinate system (z, y), consider the contact of an
solid indenter into a nominally flat material. The mean contact surface is parallel to
the z direction, and sliding contact between the two bodies is imposed by the applica-
tion of an indenting force of magnitude P, parallel to the y direction, and a displace-

ment u,, parallel to the mean contact surface, as illustrated in Figure 7.1.
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Figure 7.1: Contact system determined by a nominally flat surface and an indenter, subject to an
indenting force of magnitude P and imposed displacement u,,, normal and parallel to the mean con-
tact surface. The global forces involve the reaction force f§ at the indenter, which components in

the global coordinate system defined by the unit vectors (xg, yg) are used for the estimation of the
global coefficient of friction. At a micro-asperity contact a;, the local reaction forces fg; can be de-
rived in their normal and tangential components defined by the local coordinate systems (xi, y1;) for
the determination of the local coefficient of friction. The components of the local reaction forces in
the global coordinate system (e.g. ffcg,l and 59,1 for a1), are related to the global friction response
as fi, = ot ffgg,i and f = St ff,g,i. For the case represented here, n, = 2 number of asperi-
ties.

The global friction response is measured in with respect to the global unit vectors (xg, yg),
coincident with the x and y directions of the coordinate system, where a global reac-

tion force f§ is generated at the indenter as a reaction of the multi-asperity contact.
Considering n, number of asperities in contact, a system of local unit vectors (xy;, y1;)

can be used to define the tangent and normal directions of each contact point i. The

local reaction forces f ZR’Z. generated at each of these contact points can then be ex-

pressed with respect to the local coordinate system (x;;,;,), or the global one (x4, y,)
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f%ti = fglcl,z‘xli + fél,iYIi (7.1)
fr; = fig,ixg + fg,l,g,i}’g (7.2)
Then, the local coefficient of friction for a given contact point, as per Equation 2.30, is
given by:
l
ml,i
i = (7.3)
le/lvi

Like in Equation 7.2, the global reaction force can be described in the global coordi-

nate system as:

fl% = :ggxg"i' 593’g (7.4)
where .
_ l
gg - Z fwg (75)
i=1

This value represents the magnitude of the global friction force, as reported in the ex-
perimental context (e.g. friction tests):

fu= 12, (7.6)

In order to preserve the equilibrium of forces in the y direction, the component of the
global reaction force, normal to the mean contact surface, is considered to be P = fgj’g,

where .
l
L= 1, 7.7
i=1
Then, the global coefficient of friction is given as per Equation 2.30, by:
g
ny =2 78)
fyg

In the 3D context, the friction force f,, is composed by the sum of forces within the
plane of contact.

Elastomer friction theory has been widely applied for the study of skin tribology (Der-
ler et al., 2009a; Gerhardt et al., 2008, 2009a). In this theory, the friction force is the
result of the summed contribution of an adhesion and a deformation component:

f,u — f,uadh + fudEf (79)

The adhesion component is dependent on the contact area (Wolfram, 1983), while the
deformation contribution to friction depends on the presence of micro-asperities (Pers-
son, 2000) and peripheral deformation around the area of contact (Greenwood and
Tabor, 1958). In the analysis of contribution of these two components to the global
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friction response of human skin, many studies have concluded that the adhesion com-
ponent is the dominant source of friction on human skin (Adams et al., 2007; Derler
et al., 2009a,b; Kwiatkowska et al., 2009). However, these results have been called
into question by van Kuilenburg et al. (2013a) in which, accounting for the real area
of contact between a fingerpad and a contacting surface with a controlled topography
showing a uniform pattern of micro-asperities, concluded that the deformation com-
ponent provides a higher contribution to friction at higher contact loads. In addition,
Gerhardt et al. (2009a) found that on aged skin, the deformation component provides
a higher contribution than the adhesive one, while the opposite response is observed
in younger skin. It seems that these two effects balance themselves as Gerhardt et al.
(2009a) found no significant difference in the skin friction response between young
and aged skin.

In the present study, local and global friction were compared to reveal the contribu-
tion of the skin topography to the deformation friction component. This was achieved
by using an anatomically-based and geometrically-idealised multi-layer finite element
model of skin, subjected to indentation and indentation-sliding. The effects of soften-
ing of the stratum corneum due to high humidity, and the influence of contact interac-
tions at microscopic and macroscopic scales were also evaluated.

7.2 Materials and methods

In this study, finite element methods where applied for the computational simulation
of skin contact interactions with rigid bodies. This approach allowed to quantify of the
contribution of the skin topography and microstructure to the global friction response,
in different contact scenarios. The application of various coefficients of friction at a lo-
cal scale was used for the representation of different contacting materials. Variation of
the stratum corneum stiffness, was applied to simulate different humidity conditions.
Furthermore, it was possible so estimate the effects of different indenter dimension,

to identify particular structural effects of contact interactions at a micro and a macro-
scopic scale.
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7.2.1 Skin models

The skin was modelled in 2D using a plain strain assumption based on histological sec-
tions of a mid-back skin sample obtained from a healthy 30 years old Caucasian fe-
male with no known medical conditions. The procedures for sample preparation, im-
age acquisition, image segmentation and meshing are provided in Chapter 6 (Leyva-
Mendivil et al., 2015). The model considered the intricate geometry of the skin topog-
raphy and that of the different layer interfaces, identifying the stratum corneum, vi-
able epidermis, and dermis. The area comprising the previously developed anatomical
model, was set as the area of interest of the present study. Nevertheless, the dimen-
sions of skin model were expanded outside this area to meet the recommendations by
Karduna et al. (1997) to avoid boundary effects in the contact simulations. In order
to be able to isolate the effects of the skin microstructure, a geometrically idealised
skin model was built. This model took into account the mean thickness of the stratum
corneum and viable epidermis to provide an idealised representation of the skin, as a
flat multi-layered tissue (see Figure 7.2).
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Figure 7.2: Extension of the skin model for indenting conditions was performed in order to avoid
boundary effects in the results, according to the recommendations by Karduna et al. (1997). The
topographic features present in the original skin anatomical model, as described in Chapter 6, was
set as the area of interest for the analyses, and extension of the model was made in the lateral and
depth directions. The mean height of the topographic features were used to define the layers dimen-
sions for the extension of the anatomical model and those of the idealised skin model.

The finite element meshes of the idealised and anatomical models were generated
within the finite element environment of Abaqus 6.14 (Simulia, Dassault Systemes,
Providence, RI, USA). This software package was used for the simulation of contact
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interactions at a macroscopic scale, and meshes were exported to the AceGen/Ace-
FEM package integrated within Mathematica (Wolfram Research, Inc., Champaign, IL,
USA.) for the simulation of microscopic contact interactions.

Following the approach taken in Chapter 6 (Leyva-Mendivil et al., 2015), the skin
layers were represented as neo-Hookean materials (see Section 2.4.2), represent-

ing the viable epidermis and dermis with a Young’s modulus of By = Epg = 0.6
MPa (Geerligs et al., 2011b; Lévéque and Audoly, 2013; Magnenat-Thalmann et al.,
2002). To account for the effects of relative humidity (RH), a variation of stratum
corneum stiffness considered the cases of 100% and 30% RH. Wu et al. (2006b) re-
ported a Young’s modulus of 0.6 MPa and 370 MPa, for these humidity levels. The Pois-
son’s ratio was assumed to be v = 0.3 in all the layers (Serup et al., 1995).

7.2.2 Contact interaction simulations

The simulation of the contact interactions were performed in two steps: pure indenta-
tion and sliding contact. The 2D skin models were contained within an zy plane where
the z axis is parallel to the mean contact area and the y axis is orthogonal to it. For the
contact interactions, a rigid indenter was located on top of the centre of the area of
interest, so indentation was performed along the y direction, and sliding along the x
direction (see Figure 7.3). The base of the skin models were allowed to displace only
in the x direction, while the side edges were allowed to freely displace during the in-

teraction simulations.

u

a) Y b)

Figure 7.3: Description of the simulation steps. a) Indentation is simulated with the application of
a vertical displacement u, of magnitude D,, resulting in skin deflection § and a global reaction force
f§ in the y direction. b) Sliding is simulated with the application of an horizontal displacement u
of magnitude D,, resulting in a global reaction force f§ which components in the « and y directions
are used to calculate the global coefficient of friction. The images shown in dashed lines indicate the
initial conditions of each simulation step, and the solid one the completed step.
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The indenter was defined as a discoidal body. In order to represent various contact in-
teraction scales, four indenter dimensions were considered. For microscopic scale in-
teractions, the radius of the indenter R; was set to 0.1, 0.25 and 0.5 mm. For macro-
scopic scale interactions, R; was set to an infinite radius, thus representing the inden-
ter as a flat contacting surface.

The indentation step was defined by imposing a D, displacement to the indenter along
the y direction. In order to avoid boundary effects, the indenter displacement was set
to D, = R;/2 for micro-scale contact (Karduna et al., 1997), and a maximum of 0.25
for the macro-scale contact. The pure indentation simulation required a preceding step
to achieve the first contact, so the skin deflection < D,. To enforce stability of the
contact, small damping effects were added to the simulation (Vad et al., 2010). For
this reason, once D, was reached a stabilisation period was allowed prior to the be-
ginning of the sliding step. The sliding motion was set towards the edge of the model,
up to a distance equivalent to R; (or 0.25 mm for the macroscopic scale simulations)
from the model edge. However, the results discussed in this study are limited to the
measurements taken within the area of interest only.

The contact interactions were enforced using an augmented Lagrangian method and
were defined by a local coefficient of friction y;. For the comparison of the local and
global friction responses with different local coefficients of friction, ;; was set to 0.0,
0.1, 0.2 and 0.3. All the variables considered in our computational study are sum-
marised as follows:

* Skin geometry: Idealised, anatomical

* Mechanical properties of the skin layers:
Stratum corneum: Esc = 0.6 MPa, Esc o = 370 MPa, vge = 0.3
Viable epidermis: Fy g = 0.6 MPa, vy g = 0.3
Dermis: Ey g = 0.6 MPa, vy = 0.3

* Indenter radius:
Microscopic interaction scale: Ry ; = 0.10 mm, R; 2 = 0.25 mm, R; 3 = 0.50 mm

Macroscopic interaction scale: Ry 4 = oo mm
* Interaction conditions: Pure indentation, sliding contact

* Local coefficient of friction: ;1 = 0.0, p;2 = 0.1, y1y3 = 0.2, 14 = 0.3

7.2.3 Analytical validation of the finite element models

The finite element models were validated, by comparing the contact area and deflec-
tion parameters against the relevant analytical models describing the contact condi-
tions applied in the simulations. The 2D conditions of the models relate to plane strain
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conditions equivalent to a cylinder in contact with a half space (i.e. discoidal indenter
on skin). Considering the skin as a flat homogeneous material, its representation as a
half-space is equivalent to an infinitely long cylinder of radius Ry= oo mm. Therefore,
the relevant contact models for this study correspond to the representation of contact
between two cylinders with parallel axes. The contact of cylinders with parallel axes, is
described as ‘line contact’, because it depicts a contact area of width 2b with length L,
as shown in Figure 7.4, for which the half width b is the most representative parame-
ter of the contact area.

P=FyL

s Contact area:
2b
I

Dingr

5 7 T
| T - L/L/J \y -

Figure 7.4: Line contact between a cylinder and a flat surface. The contact between a cylinder of
radius R; and a half-space providing a flat surface, both of length L in the z direction, under inden-
tation force of magnitude Fv, equally distributed along the cylinder length, causes the flat material
to deflect a distance d, resulting in a contact area of 2b x L, where b is the half width of the line con-
tact area. This system can be simplified in 2D under the assumption of plane strain (infinitely long
cylinders), where indentation in caused by a punctual load of magnitude P (right).

The relevant analytical contact models describing the contact interaction of cylinders
with parallel axes are reviewed in Section 7.3. The validation of the finite element
model was performed with the use of the idealised skin model under micro-indentation
conditions (AceGen/AceFEM software package). The contact area and deflection re-
sponses were registered at each converged time increment of the simulations. The val-
idation process consisted of the evaluation of sensitivity of contact area and deflection
parameters, to the variation of stiffness of the half-space material, indenter radius and
indenter displacement. The results of the finite element models were compared against
those of the analytical models.

For the validation of the macroscopic interaction models implemented in the Abaqus
software package, micro-scale frictionless indentation was implemented in this soft-
ware for the comparison of the results obtained in AceGen/AceFEM. The measure-
ments of the contact area and deflection response in both software packages, taken

at each converged times steps of the simulations, were compared to one another and to
the analytical models results.
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7.2.4 Analysis of the results

The evaluation of the contribution of skin topography and microstructure to its global
friction response was evaluated considering:

a) contact area: comparison of the real and apparent contact area, under pure in-
dentation;

b) friction response: comparison of the global friction response with respect to the
specified local coefficient of friction; and

c) distribution of shear stress: evaluation of the shear stress distribution through-
out the skin layers.

The analysis of the results was performed by comparing the results of the idealised
skin model with those of the anatomical one, whilst the effects of the interaction scale,
local coefficient of friction and humidity conditions were accounted for. The proce-
dures followed for the analysis of the results are described next.

7.2.4.1 Contact area

The area of contact, related to the adhesive component of friction (Wolfram, 1983),
was evaluated in terms of the relative contact area, described as the ratio of the real
contact area A, with respect to the apparent (or projected) one A,. These metrics are
given by A, = 2b.L and A, = 2b,L, where b, is the real half width of the contact
area, calculated as the half of the sum all regions in contact, and b, is the apparent
(also mentioned as projected) half width of the contact area.

The relative contact area is then represented by:

A 2L b,

Ar _ o 10
Ay, 20,1 b, (7.10)

where the b, /b, is referred as the half-width ratio.

In the finite element simulations, b, was measured as half of the distance projected
on the mean contact surface (x direction), between the first and last nodes in contact.
b, otherwise, was measured with the following algorithm, implemented in the Ace-
Gen/AceFEM models:

1. Detection of the nodes in contact n; (i = 1,2, ..., N,,), and their location in the
current configuration in the coordinates given by (z,,,, yn,);
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2. identification of the initial and final nodes in contact (n; and ny = ny,,) for the
calculation of by:
by = (Tn; — Tny) /2; (7.11)

3. calculation of the projected distance d,,, between each of the nodes in contact,

parallel to the skin surface plane:

dn; = Tp; — Tn;_y, 251 < f (7.12)

4. identification of the median projected distance d;l. ; the use of the median value
of d,, for the estimation of the real contact area, instead of a mean one, was im-
plemented in order to prevent effects caused by the larger distances observed for
nodes located at the furrows periphery in the anatomical models;

5. calculation of the real half width as:

by = : (7.13)

where N, is the total number of nodes in contact.

This procedure, illustrated in Figure 7.5, is mesh-dependent. A word of caution is ad-
vised in the interpretation of the half width ratio at the smaller areas of contact.

a) b) = Median projected distance
between contact nodes
¢ pr 3 @ Node in contact
@ Initial node in contact

r @ Final node in contact

Figure 7.5: Procedure for the measurement of the projected and real half width. The projected
contact area width 2b,, is estimated by accounting for the distance between the initial node in con-
tact n; and the final node in contact ny. The real contact width 2b, is estimated by multiplying the
amount of nodes in contact n; by the median projected distance between the contact nodes. For

a) idealised skin model, it is expected that the total width 2b has similar values than 2b, and 2b,,
while in b) the anatomical skin model, 2b, < 2b,,.

For the macro-scale models, the same procedure for the measurement of b, was fol-
lowed. However, the b, algorithm was not implemented in Abaqus, and the measure-
ments were performed using the distance measuring tools provided by the software

from the output results.

In the conditions provided by the smooth surface of the idealised model, it is expected
that b, ~ b, (while in the anatomical model b, < b,). For this reason, the idealised



Chapter 7 Micromechanical modelling of skin mechanics II - structural and material
aspects of skin contact mechanics 187

model was used for the verification of the b, calculation algorithm. With an homoge-
neous skin material, it was confirmed that b, ~ b, ~ b. However, with a stiffer stratum
corneum, the contact area was much smaller, so the algorithm was unable to capture
b, confirming the mesh sensitivity of the algorithm.

In a linear regression of the measurements obtained for the homogeneous model, a
slope of 0.9988 was found for the projected and real half width values, within a rel-
ative error of 0.2% of the ideal fit. Furthermore, a correlation of B> = 0.99978 was
observed between the b, and b,, showing that for these conditions (homogeneous skin
model, with Esc = Eyvg_pgr = 0.6 MPa, the use of the projected half width is reliable
to represent the ideal conditions of contact. Figure 7.6 shows the effectiveness of the
algorithm for half width values larger than 0.06 mm, but mesh sensitivity of the algo-
rithm was observed for half width values lower than 0.06 mm. For b, < 0.06 mm, the
mean relative error of b, with respect to b, was of 8.8%, while for larger deflection the
relative error was of 2.7%.

Idealised skin model, Esc=0.6 MPa

0.20 .
€
E
S
ey
S 0.10¢ ¢ Half width measurements
2
- R ot I Ideal fit
<
T 0.05 ]
<

> & <zz>&

0.05 0.10 0.20

Projected half width b, [mm]
Figure 7.6: Fit of projected and real half width measurements for idealised homogeneous condi-
tions. The real half width values were compared against the projected half width measurements in
the simulation of micro and macro indentation, under idealised homogeneous conditions (ideal skin

model, with Esc = 0.6 MPa). The results showed good correlation, with a close fit to the ideal con-
ditions, so b, = b,. The dashed line represents the ideal fit for b, = b,.

7.2.4.2 Friction response

The analysis of the global friction was performed by measuring the components of the
reaction force at the indenter, normal and tangential to the mean contact surface, at
each converged increment of the sliding simulations. The ratio between the magnitude
of these components was taken as a measurement of the global coefficient of friction
(Equation 7.8). These measurements were analysed by reporting their probability
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distribution, which was analysed with respect to the specified local coefficient of fric-
tion considering all the interaction scales. A second analysis evaluated the contribution
of each interaction scale to the global friction response, to investigate the interaction
scale dependency of the global response. A third analysis considered the evaluation

of the global friction response with respect to the indenter lateral displacement, for
the evaluation of the global friction sensitivity to the topographic features of the skin
model.

7.2.4.3 Shear stress distribution

The analysis of shear stress distribution was performed with three different approaches,
during both pure indentation and sliding contact simulations. The first approach in-
volved the analysis of shear stress distribution throughout the whole area of interest,
allowing to observe the effects of geometry, stiffness of the stratum corneum (to indi-
rectly represent relative humidity) and interaction scale throughout the whole area of
interest. The second approach involved the evaluation of shear stress magnitude and
distribution with respect to the geometrical location of the skin topographic features;
this analysis was performed for specific skin layers, in order to capture the contribution
of the skin microstructure on the transmission and concentration of shear stress. In the
third analysis, only performed in pure indentation, compared the direction of the third
stress eigen vectors at each node, throughout the area of interest, providing an insight
to the influence of the skin topography in the compressive response of skin (due to in-
dentation).

7.3 Analytical validation of the finite element models: rele-
vant analytical models validation procedure

Under the action of an indenting load of magnitude Fl, equally distributed along the
length L of a cylinder, the Hertz theory of contact, defines the half width the contact
area (i.e. contact radius) between two cylinders with parallel axes as:

[AR*FN
b= NI
T LE* (7.14)

where R* and E* are the reduced radius and reduced Young’s modulus respectively.

The reduced radius is defined in terms of the radii of the contacting parts:

1 1 1
= 4 7.15
R* Ry + Ry ( )
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which, considering Ry — oo, results in R* = R;. The reduced Young’s modulus is
defined in terms of the elastic properties of the materials in contact as:

1 _1—U%+1—U%

T & (7.16)

where subindexes 1 and 2 refer to the indenter and flat materials, respectively. Assum-
ing that £y — oo for a rigid indenter,

Es

B =_———=
1—1}%

(7.17)

Although the Hertz theory is widely accepted to estimate the half width of the con-
tact area between a cylinder in contact with a flat surface, no common consensus has
been reached for the analytical estimation of the surface deflection. The application of
the Hertzian theory for cylinders with parallel axes does not not capture § when one
of the cylinders is represented with an infinite radius (i.e. a half-space) (Puttock and
Thwaite, 1969), as limp, ,~ 6 = co. A great variety of models have been proposed in
the literature for the estimation of ¢, for which a review is presented next, identifying
each model with a Roman number subindex. Norden (1973) provided an in-depth re-
view of various models for contact of cylinders with a half-space. One of these models
corresponds to the expression obtained from the work of Thomas and Hoersch (1930)

and Love (1942): ,
Fy L°nE*
= 2 1 (22E)] 718

which, although expressed in a different arrangement of parameters, is coincident with
the work of Lundberg (1939) and Puttock and Thwaite (1969). Another model corre-
sponds to the work of Ferguson (1957), considering an elliptical distribution of pres-
sure on the plane surface:

Fy

L3nE*
0 = —— | —0.6082 1.5L NI
=15 [ 0.608205 + 1.5 Ln < T >] (7.19)

From the formulation for deflection of one half of a cylinder compressed by two dia-

metrical forces (Johnson, 1985), the deflection between two parallel cylinders can be

Fn AR*LTE*
5[[[ = InE |:LI1 <FN> — 1:| (7.20)

derived as:

which is equivalent to the solution presented by Nakhatakyan (2011). Johnson (1985)
also presented a model for 2D contact between a cylinder and a half-space, estimating

the deflection of a plane surface with respect of a point located directly underneath the
indenter contact point at a distance ( as:

9
Sy = Ey (1-3) [2 Ln <2C) b2 } (7.21)

LrEs b - 1— w9
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which, assuming the indenter is much stiffer than the half-space material (i.e. £; >>
E»), is equivalent to the total deflection. It was indicated that ¢ can be used to indicate
the depth hg of the half-space in the model, as it does affect the contact interaction.
Considering the thickness of the flat material, Johnson (1985) reviewed the Wrinkler
elastic foundation model. This model represents the flat material as an elastic founda-
tion resting on a rigid surface instead of a half-space. The elastic response of this ma-
terial is dependent on the displacement normal to the surface and excludes any shear
response. Such behaviour is analogous to a mattress whose deformation is given by the
resistance of its springs. With the Wrinkler model, the 2D contact between a cylinder
and the ‘mattress’ material can be approximated as:

3FN

O = L asEY) (7.22)

The last model presented in this section, applied in the analysis of contact in roller
bearings, reviewed by Harris and Kotzalas (2007), accounts for the models from Lund-
berg (1939) for line contact with semi-cylindrical stress distribution at the contact

area.
L?7Es
FN (1 — U%)

2Fn (1 —v3)

.23
LnE, (7.23)

ovr =

All these models (Equations 7.14, 7.18-7.23), were developed under the assumptions
of Hertzian theory (Harris and Kotzalas, 2007; Johnson, 1985; Norden, 1973; Puttock
and Thwaite, 1969):

a) the materials are linear elastic;
b) the contacting surfaces are perfectly smooth and frictionless;
c¢) loading is applied normal to the contact surface, neglecting shear effects;

d) the area of contact is much smaller than the surface dimensions of both contact-
ing bodies; and

e) strain levels are small and within the elastic regime.

The validation of the computational model was performed using the idealised skin
model, with homogeneous mechanical properties, under micro-scale indentation. By
varying the stiffness of the flat material (i.e. skin) Es, the indenter radius R; and dis-
placement of the indenter D,, three sampling sets of 25 experiments were generated
by following the procedure for the sensitivity analysis presented in Section 5.2.4.1.
Each set of experiments, identified as a sensitivity analysis (SA), was set within differ-
ent ranges of parameters, considering the effects of different levels of indentation and
stiffness of the flat material, as listed in Table 7.1.
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Table 7.1: Parameter limits for the analyses of sensitivity of half width and deflection sensitivity of
the analytical models, with the use of the idealised skin contact model. E> - Young’s modulus of the
flat material.

2 Rl Dy
[MPa] [mm] [mm]
min 0.01 0.05 0.01
max 400.0 0.5 1.0
min 0.01 0.05 0.01
max 400.0 0.5 0.05
min 0.01 0.05 0.01
max 1.0 0.5 0.5

Analysis Limits

SA 1: Large indentation

SA 2: Small indentation

SA 3: Low stiffness of flat material

Given the variety of models proposed for the analytical description of deflection §,

the first analysis was performed for determining which of these models could appro-
priately capture the skin deflection, assuming it could be represented as the idealised
model. Despite the imposed indenter displacement, the maximum deflection captured
in the sensitivity analysis simulations was 6 = 0.42 mm. The deflection results were
compared against the six analytical models reviewed (Equations 7.18 to 7.23). Mod-
els ;77 and dy showed a large difference from the simulations results, while higher
agreement was shown for models 6y, §;7, 67 and 0y, especially for § < 0.1 mm
(Figure 7.7). At such a small deflection (6 < 0.1 mm), model 67, showed a mean and
median error of 5.43% and 5.48%, respectively, and an interquartile range of 0.007.
This model was of higher accuracy (lower error and lower dispersion) for the condi-
tions applied in these simulations. Table 7.2 shows the relative error comparison be-
tween the six models here evaluated and the finite element results for § < 0.1 mm.

The variation observed among the analytical deflection models results reflect the dif-
ferent conditions considered in their development. In these simulations, where the
height of the skin model was considered to be h; = 5 mm, the analytical model d;y
showed higher correspondence with the finite element model results. However, fur-
ther analysis is required to evaluate the role of the parameter h, has on the simulation
results, and how it would compare with the different analytical deflection models.
Table 7.2: Error analysis between the analytical deflection models and the finite element (FE)
results. Mean and median values of the relative error distribution for deflection § < 0.1 mm are

compared, showing the interquartile range (IQR) as a measure of error dispersion. Lower error and
dispersion was found in model é;v, as marked in bold font.

Model Mean error [%] Median error [%] IQR

FE 0.0 0.0 0.0

or 23.05 23.17 0.0315
orr 6.30 5.92 0.0672
Orrr 53.05 52.88 0.1056
orv 5.43 5.48 0.0070
oy 80.35 80.25 0.0273

ovr 10.78 9.26 0.1032
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Figure 7.7: Analysis of the analytical deflection models. The deflection results of the finite element
(FE) model simulations were compared against the results of the analytical models d; to dy; for

a) the full range of deflection observed in the simulations, and b) for § < 0.1 mm, focusing on the
models with closer match to the ideal fit (dotted line), indicating a perfect fit between the theory
and computations.

In order to complete the validation analysis, both analytical models for half width
(Equation 7.14) and deflection (d; -Equation 7.21) where compared against the
measurements performed in the finite element models. The summary of the results of
the sensitivity analyses is displayed in Figure 7.8. These results show good agreement
between the analytical and FE solutions, completing the validation of the model. Fur-
thermore, it was shown that the effects of damping, implemented for the stabilisation
of the contact, were minimal.

The previous analysis was performed for micro-indentation simulations, where the re-
sults provide validation of the AceGen/AceFEM model (Mathematica —Wolfram Re-
search, Inc., Champaign, IL, USA.). For the validation of the macroscopic model de-
veloped in Abaqus (Simulia, Dassault Systemes, Providence, RI, USA) the idealised
micro-scale homogeneous conditions were implemented, and the skin deflection and
half width values were compared against the analytical models (Equations 7.14 and
7.21). Both software packages showed similar results, and the measurements of half
width and deflection were in agreement with the analytical models, as shown in Fig-
ure 7.9. The results of these preliminary validation steps indicate that the modelling
strategy proposed in this study is based on a sound assumptions and numerical meth-
ods. This indicates that both microscopic and macroscopic interaction simulations are
compatible for the analysis of the effects of interaction scale in the skin tribological re-
sponse.
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Figure 7.8: Fitting of the sensitivity analysis results with the analytical models for the calculation
of half width, using the Hertz model described in Equation 7.14, and deflection, calculated with
model d7y given in Equation 7.21. The small plots show the results of the individual sensitivity
analyses, with all the results gathered in the large plot (bottom right).
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Figure 7.9: Congruency of the results in Mathematica and Abaqus FEA software packages was con-
firmed by good agreement in the results, compared here against the analytical model of half width b
(Equation 7.14) and deflection ¢ (using model ;v in Equation 7.21).
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7.4 Results

7.4.1 Contact area

The analysis of the contact area was focused on the comparison of the real and appar-
ent contact area, under pure indentation. The ratio between these parameters repre-
sents the relative contact area, which was evaluated in terms of the half-width ratio
b, /b, described in Section 7.2.4.1 (Equation 7.13).

Figure 7.10 shows the half-width ratio measurements of the idealised (grey markers)
and anatomical (coloured markers) models, with respect to the skin deflection, cap-
tured a the node with higher displacement in the indentation direction. Due to difficul-
ties for capturing b, in stiff materials (much smaller contact area), the results showed
here are limited to the models assuming high humidity conditions, where Fsc = 0.6
MPa. Each plot compares the half width ratio observed at the different contact scale,
for each specified local coefficient friction ;. In frictionless conditions (top left plot),
it is observed that for the idealised model b, ~ b, for all indentation scales, which
confirms the accuracy of the algorithm developed for the calculation of b,; the anatom-
ical model, as expected, showed considerably lower half-width ratio with high de-
pendency on the indentation scale. Increase of the local coefficient of friction have
low effects in the idealised model, where the effects of the mesh-dependency of the
half-width ratio measurements becomes obvious for § < 0.05 mm; nevertheless, ig-
noring the results obtained with R; = 0.1 mm (where the mesh-dependency effects
are higher), the half-width ratio measurements of the idealised model showed a mean
value of 1.0114, within a range between 0.884 (for R; = 0.5 mm at ; = 0.3) and
1.0913 (for R; = 0.25 mm at y; = 0.1). In the anatomical model, the results showed
to high sensitivity to the interaction scale, showing lower half-width ratio for greater
indenter radii; however, the effects of the local coefficient of friction on the relative

contact area are not clear in these plots.

The effects of the local coefficient of friction on the relative contact area, at the differ-
ent interaction scale, are shown in Figure 7.11. The plots compare side by side the
results of the idealised and anatomical models. The sensitivity of the measurements to
the mesh size are more obvious in these plots, for § < 0.05 mm, showing great disper-
sion in the idealised model for R; = 0.1 mm, and the anatomical one for R; = 0.25.
For R; = 0.5 mm, more consistent results are shown for § > 0.05 mm. For this indenter
size, it is apparent that with local frictionless conditions the half with ratio is higher.
However, the results do not show an obvious trend between the local coefficient of fric-
tion and the relative contact area for y; > 0.0, neither for the idealised nor the anatom-
ical model. For macroscopic scale interactions (R; — ©0), the half-width ratio showed
no sensitivity to the local coefficient of friction.
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Figure 7.10: Effects of the skin microstructure and indentation scale in the half width ratio mea-
surements at different skin deflection values. While the ideal model results (grey markers) show a
constant trend of the ratio between the real and project half width of b, /b, = 1.0, with dispersion
in the results for all radii caused by higher coefficient of friction, different trends of b, /b, were ob-
served for the anatomic model (coloured markers) at each indentation scale: highest slope in the
half width ratio trend was observed for the smaller indenter radius R; = 0.10 mm, and lower for
the the macroscopic indentation scale where Ry = oo. See Figure 7.5 for the description of the
procedure for calculation of b, and b,.

For the anatomical model, an apparent correlation between the half-width ratio and
the level of deflection was observed in Figure 7.11. In order to analyse the effects of
high deflection in the relative contact area, larger deflection was implemented in the
macroscopic indentation simulation. By establishing a non-frictionless interaction at
the indenter-skin interface, the contact instabilities in the simulation are reduced. This
was reflected in the simulations with higher coefficient of friction, which showed better
convergence in the results, thus reaching higher deflection levels. Considering that the
half-width ratio showed not sensitivity to this parameter, this analysis was performed
for ; = 0.3. In order to increase the level of compression on the skin, this analysis
was performed with a mean skin thickness of 4 mm, where 20% compression, in the

direction normal to the skin surface, was applied.
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Figure 7.11: Analysis of the friction effects on the half width ratio at each indentation scale. No
specific link between the local coefficient of friction y; and the half width ratio (comparing the real
and projected half width measurements b,. /b,) was found at the different indenter radii R;. How-
ever, at macroscopic indentation (R; = oo) the results showed no sensitivity to p;.
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Figure 7.12 shows the half-width measurements taken throughout each of the con-
verged time increments of the simulation. These measurements were compared with
respect to a function derived from a quadratic regression of the measured values with
respect to the deflection level. With a correlation of R? = 0.998, the half-width ra-
tio appears to plateau with higher deflection, not reaching a full contact area (where
b, /b, = 1.0), as commonly assumed in the literature.

Anatomical skin model, Esc=0.6 MPa
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Figure 7.12: Half width ratio behaviour at high deflection in macro-indentation. The ratio between
the real and projected half width (representing the ideal contact conditions, with a flat surface),
br /by shows a parabolic trend with the increment of deflection imposed by the indenter.

7.4.2 Friction response

In the analysis of the friction response, the distribution of the global coefficient of fric-
tion measurements with respect to the specified local coefficient of friction was com-
pared. In these results, the evaluation considered the effects of humidity (through
variation of the stratum corneum stiffness Esc) and interaction scale during sliding
contact. The measurements were taken at each converged time increment of the sim-
ulations, while the centre of the indenter was located within the area of interest (as
indicated earlier in Figure 7.2).

The first analysis considered the global response at all interaction scales. Figure 7.13
shows the probability distribution of the measurements of the global coefficient of fric-
tion. The lines plotted indicate the location of the top centre of the probability his-
togram distributions (being dependent the bandwidth of the histograms bins). On top
the histogram lines, a box plot indicates the median value of the coefficient of friction
tig (darker line), the interquartile range (IQR) (coloured box) and the total range of
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values (horizontal coloured line). The values of the local coefficients of friction y; anal-
ysed are indicated with the grey dashed line.

Figure 7.13 shows that for the idealised model (left), in frictionless conditions (blue),
the global coefficient of friction was coincident to the local one with almost no vari-
ation; a median value of approximately 0.0003 was found in both cases (this is more
clear on the box plot). As the local coefficient of friction increased, a shift between

the global and local friction (i.e. |ziy; — 14|) was observed, showing that ;i, < 1. Nev-
ertheless, such shift was less pronounced in the idealised model with stiffer stratum
corneum. This was shown by shift values ranging from 0.017-0.031 for Esc = 0.6 MPa,
and 0.004-0.006 for the stiffer Fs- = 370 MPa. In all the ideal cases, low dispersion in
the 1, results was observed with IQR values lower than 0.018.

A completely different picture was observed for the anatomical skin model (right),
where higher dispersion of the values was observed in all the cases, where the IQR de-
picted ranged from 0.16-0.33 for soft stratum corneum, and 0.23-0.28 in the stiff one.
Given the response of the idealised model where no shift of the global response was
observed in the frictionless conditions (blue), the distribution of global friction mea-
surements in the anatomical model for x; = 0.0 reflects the pure effect of the skin to-
pography. This was reflected in both frictionless cases of the anatomical model, where
the global response was (i;= 0.184 with IQR= 0.243 for the soft stratum corneum,
and /i;= 0.168 with IQR= 0.228 for stiff one. With y;; > 0.0, the global friction re-
sponse was increased with higher shift of global friction for higher values of y; in the
low stiffness model (top), but no clear trend between the /i, and ;; was observed. A
striking result was provided from the anatomical model with stiff stratum corneum,
which showed low sensitivity to ;;, where the values of ;i; showed and approximate
value of /i,~ 0.224 with an average IQR of 0.257, with values similar to those observed
for the two frictionless cases.

In Figure 7.13, the results showed the combined response of all the interaction scales.
In order to isolate the effects of the interaction scale from those measurements in the
anatomical models, the second analysis compared the global friction distribution for
each y;, with respect to the indenter size. Due to convergence problems in the macro-
scopic scale interactions, these results were omitted from the analysis. The curves, like
in the previous figure, describe the location between the centre of the top of the proba-
bility histogram bars. These results are presented in Figure 7.14.

In frictionless conditions, no sensitivity of the global coefficient of friction distribution
to the indenter size was observed for Fs- = 0.6 MPa; however, a clearly higher proba-
bility was found for the larger indenter for Esc = 370 MPa, with a ji,= 0.133 and IQR
of 0.12 (the IQR of the smaller indenters was of 0.24 and 0.28). With larger values of
1, specific indenter radii showed low-dispersion in the distribution of global friction
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Figure 7.13: Probability distribution of global coefficient of friction in sliding simulations. During
the sliding friction simulations, the reaction forces in the indenter were recorded along the lateral
displacement on top of the area of interest. These measurements were used for the calculation of
the global coefficient of friction u4, plotted here in where the graphs locate the top centre of the his-
togram bars for the ideal skin model (left) and the anatomic one (right), considering a soft stratum
corneum (top) and the stiffer one (bottom). The median value and interquartile range is highlighted
by the box plots on the top of each graph.

measurements, but no specific trend between the indenter size and global friction re-
sponse was observed. An eye-striking result was found for the stiffer stratum corneum,
under a local friction defined by p; = 0.3 where, noting the difference scale in the chart
frame, where a ji;,= 1.59 with an IQR of 0.005 was found for R; = 0.1 mm. The analy-
sis of the simulations raw data indicated that this was a case where the indenter lateral
displacement reached only 8.8% of the intended displacement before the simulation
stopped as no converged solution was found. Such displacement corresponds to the
location of one crest of the skin topography, providing high resistant to motion due to
micro-asperity interlocking (considering the 1 mm radius indenter as a single asperity).
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Figure 7.14: Probability distribution of global coefficient of friction in sliding simula-
tions—interaction scale analysis. Each graph compares the distribution of global coefficient of fric-
tion measurements obtained for different indenter radius R1, at different imposed local coefficient of
friction y; (indicated with the grey vertical line). Only the results for micro-scale interactions were
evaluated.
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The third friction analysis consisted in the evaluation of the global friction response
with respect to the indenter lateral displacement, showing the sensitivity of the global
friction response to the topographic features of the skin model. The global friction re-
sponse was evaluated in the idealised and anatomical models, for different specified
local coefficients of friction. The idealised model results provided required contrast to
isolate the effects of the skin topography and microstructure on the anatomical model
results. Like in the previous analyses, only the global friction measurements taken
within the models’s area of interest were considered.

Figure 7.15 shows the geometry of the stratum corneum corresponding to the idealised
(left) and the anatomical (right) skin models, with respect to the models coordinate
system (x,y). Each of the global friction measurements taken during sliding contact,
were plotted according the location of the indenter centre in the sliding direction. The
effects of sensitivity of the stratum corneum to relative humidity were also considered

in the analysis.

Under the idealised conditions, most of the global coefficient of friction measurements
were maintained under their respective specified local friction. These effects were
more significant in the soft stratum corneum simulations, indicating the contribution
of local deformation. In the idealised simulation results, it is apparent that the disper-
sion observed for the idealised models with ;; > 0.0 (Figure 7.13) could be caused
by stick-slip phenomena, as reported in the experiments by Pailler-Mattei et al. (2007).
In the simulations performed with the anatomical models, the magnitude of the global
friction response was considerably higher than the local one. With the stiffer stratum
corneum (Esc = 370 MPa), the effects where scaled up approximately 30%. The
pattern of the measurements indicated high resistance when the centre of the inden-
ter was located on top of the skin furrows, where the skin crests provide resistance in
the form of asperity interlocking. Similar patterns of global friction response were ob-
served across the skin surface, independently of the specified local coefficient of fric-
tion.
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Figure 7.15: Global friction response across the skin surface. The geometry of the skin models
(grey) is provided with respect to its location in the model coordinate system (x, y) for the identi-
fication of the effects of skin geometry on the global friction response. The idealised model results
are shown on the left, and those of the anatomical model on the right, showing the location of the
skin furrows with the vertical gridlines. The colour plots show the measurements of the global co-
efficient of friction across the skin surface, resulting from the lateral displacement of the indenter,
for different local coefficients of friction p;. The colour plots in the top show the results obtained for
the simulations with soft stratum corneum (Esc = 0.6 MPa); those of the simulations with stiffer
stratum corneum (Esc = 370 MPa are shown in the bottom).

7.4.3 Shear stress distribution

The evaluation of shear stress distribution within the area of interests was done for
both pure indentation and sliding contact. In the idealised homogeneous model, the
shear distribution was expected to reveal a scaled pattern for the different indenter ra-
dius R; < 0.5. Using this pattern as a reference, the effects caused by having a stiffer
stratum corneum and the effects of a higher local coefficient of friction were identified
from the ideal model. These single-asperity effects contacts, were compared with those
observed in the macro-scale contact interactions. In the anatomical model, these ef-
fects were observed at each asperity contact, showing an alternation of shear stress
direction for the contiguous contact points. Furthermore, the effects of transmission
and deflection of shear stresses across topographic features were identified.
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The shear stress distribution in the viable epidermis was analysed under pure inden-
tation because of the relevance of this layer in the formation of superficial pressure ul-
cers. During sliding contact, the analysis was extended to both the stratum corneum and
viable epidermis, to relate the effects of shear stress distribution to the risk of tissue
damage due to abrasion (failure of the stratum corneum) or the formation of friction
blisters (de-bonding of the epithelial cells).

7.4.4 Shear stress distribution during pure indentation

In order to aid the interpretation of subsequent results, Figure 7.16 provides an over-
all view of the boundary conditions of the complete anatomical and idealised models.
In this figure, the area of interest is highlighted showing a contour plot for the inden-
tation simulations, equivalent to the area shown in Figures 7.17 and 7.20. Only the
shear stress results within this area were analysed in this study. Outside this region, the
results were considered to be influenced by the boundary conditions, and discarded.

Area of interest

u

Figure 7.16: The full model for the simulations considering the area of interest and model exten-
sion area. The base of the full model is fully constrained and indentation is applied directly over the
area of interest (indenter displacement uy). The area of interest is highlighted the contour plots of
the anatomical (left) and idealised (right) models, indicating that only the results in this area were
taken into account for this study.

The analysis of the stress distribution in the idealised homogeneous model (Fsc = 0.6
MPa), under frictionless contact conditions, revealed the typical shear stress distribu-
tion of single-asperity contact in the microscopic interaction scale models (R; < 0.5
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mm). The patter reveals symmetric shear stress distribution with respect to vertical
plane passing though the centre of the indenter; near the skin surface, higher con-
centration of shear stress were observed in the limits of the area of contact; the shear
stresses propagate diagonally towards the deeper dermis. Due to the symmetry of the
patter, where shear stress showed equal magnitude but opposite direction, a small area
of low shear was identified directly underneath the indenter. These effects are illus-
trated in the contour plot of the shear stress distribution, left hand side of Figure 7.17.

As expected, the shear stress distribution pattern was scaled with the larger indenter
radii in the micro-scale. Considering changes in the stiffness of stratum corneum due to
lower humidity conditions (Fsc = 370 MPa), the contact area was reduced so shear
stress was transmitted to the viable epidermis and dermis by the bending response of
the outer layer. With the same symmetry observed before, larger areas of high shear
stress were observed in the viable epidermis, directly under the area of contact, com-
pare to those observed with the soft stratum corneum conditions. This effect was ob-
served for larger skin deflection, while for the smaller deflection (as shown for the
smaller indenter radius) the shear stress distribution appeared rather diffused. The ef-
fect of the ratio of indenter size with respect to the thickness of the stratum corneum was
not explored in this study.

In the macroscopic interaction scale, the skin was assumed to be under pure com-
pression so the shear stress pattern of single asperity contact was, as expected, not ob-
served. However, some boundary effects were observed at the edges of the skin model.
In the bottom row of Figure 7.17, it can be observed that those boundary effects were
minimum within the area of interest. This is a clear example of why only the results
within this area were considered in this study. Due to the convergence issues in the
macroscopic scale interaction models under larger indentation, the shear stress distri-
bution was analysed only in the simulations with p; = 0.3.

Considering the region of the viable epidermis underneath the indenter in the ideal
homogeneous skin model, the shear stress at each node was plotted according to their
location in the x direction, for the quantification of the shear stress sensitivity to the
coefficient of friction and stiffening the stratum corneum in Figures 7.18 and 7.19.

As the different simulation did not converged at exactly the same levels of indenta-
tion, it was required to identify the effects caused purely by skin deflection from those
caused by the different friction conditions. As expected for the linear elastic response
of neo-Hookean materials at low deformation, the displacement and shear stresses in
the viable epidermis scaled up as further deflection was imposed to the skin surface as
shown for frictionless indentation with R; = 0.25 mm in the left hand side of Figure
7.18. With the imposition of a coefficient of friction ;; > 0.0 (right), similar scale up
was experienced. However, the shear stress distribution pattern in the region between
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Figure 7.17: Effects of stiffer stratum corneum in shear stress  distribution in pure indentation
ideal conditions. The shear stress distribution in the area of interest of the ideal model is shown for
the different indenter dimensions (from top to bottom, with smaller indenter at the top), at high hu-
midity conditions with Esc = 0.6 MPa (left) and dry conditions where Esc = 370 MPa (right).
For microindenation (R; <= 0.5 mm), the graphic show the results of frictionless indentation

(u = 0.0); for macroscopic indentation (R; = oo mm), the results show pure indentation with
local coefficient of friction p; = 0.3, for which better convergence was obtained in the simulations at
higher deflection (§). For macroindentation, the graph included the full model with a zoom into the
area of interest for visualisation of the observed boundary effects.
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the contact area limits was narrowed, showing a more homogeneous response in com-
parison with the frictionless simulation.

M= 0.0 M= 0.1

-0.17

04 03 02 01 0 01 02 03 04 04 03 02 -01 0 01 02 03 04
Node location in x direction [mm] Node location in x direction [mm]

Figure 7.18: Shear stress and deformation scale up at indentation. The values of shear stress 7
(blue) and displacement u,, (red) at the different nodes located in the viable epidermis are plot-
ted with respect to the node location in the x direction. The gradient in colour shows the evolution
of the parameters distribution from times ¢; to ¢¢, showing a scale up of the shear stress and de-
formation patterns. The results shown correspond to pure indentation with and indenter of radius
Ry = 0.25 mm.

This effect is highlighted in Figure 7.19 (left-hand-side graph), comparing the shear
stresses experienced with y; = 0.0 and p; = 0.3 at similar deformation levels. Similar
analysis was performed for the non-homogeneous ideal skin model, in which Fgc =
370 MPa, showing that under these conditions, the shear stress distribution in the vi-
able epidermis was unaffected by the local coefficient of friction (right hand side graph).

The shear stress distribution in the anatomical model involves multi-asperity contact.
Figure 7.20 shows the contour plot of the distribution shear stress throughout the area
of interest of the skin models in frictionless conditions for the micro-scale interactions.
Like in the idealised skin model analysis, due to the convergence issues in the macro-
scopic scale interaction models under larger indentation, the shear stress distribution
was analysed only in the simulations with p; = 0.3.

The results show the combined action the multiple single-asperity contact effects ob-
served earlier in Figure 7.17. At each contact point, two high-shear stress regions are
separated by a low-shear stress area underneath the centre of the contact point. How-
ever, the presence of multiple contact points causes a more complex distribution of the
shear stresses as each the high-shear stress regions overlap across the projected con-
tact area. Furthermore, the topographic features appeared to deflect the shear stresses,
propagating its effects further sideways in the viable epidermis, affecting mainly the
skin furrows. With stiffer stratum corneum, further propagation was observed, causing
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Figure 7.19: Effects of local coefficient of friction in the shear stress distribution pattern in the
viable epidermis at pure indentation. The values of shear stress 7 (blue) and displacement u,, (red)
at the nodes located in the viable epidermis are plotted with respect to the node location in the x
direction. At similar states of deformation, shear stress and deformation patters are compared for
frictionless conditions p; = 0.0 (light colour) and an imposed local coefficient of friction y; = 0.3
(darker colour). The results shown correspond to pure indentation with and indenter of radius R; =
0.25 mm.

connection between the high shear stress areas across the viable epidermis from one
skin protrusion to another. See Figure 7.20.
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Figure 7.20: Shear stress distribution in pure indentation with the anatomical skin model. The
shear stress 7 distribution in the area of interest of the anatomical model is shown for the different
indenter dimensions (from top to bottom, with smaller indenter at the top), at high humidity con-
ditions with Esc = 0.6 MPa (left) and dry conditions where Esc = 370 MPa (right). For microin-
denation (R1 <= 0.5 mm), the graphic show the results of frictionless indentation (x; = 0.0); for
macroscopic indentation (R; = oo mm), the results show pure indentation with local coefficient of
friction p; = 0.3, for which better convergence was obtained in the simulations at higher deflection

9.
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A more interesting result was observed in the macroscopic scale interaction simula-
tions, where the multi-asperity contact provide multiple areas of high stress. This find-
ing shows a great contrast with respect to the shear stress distribution results found in
the idealised model.

The analysis of the shear stress distribution along the viable epidermis was performed
by comparing, at each interaction scale, the magnitude of shear stress experienced

by the different model configurations, for similar skin deflection. Like in the previous
models, the results showed are limited to the area of interest of the skin models. Fig-
ures 7.21 to 7.24 show the shear stress distribution at each interaction scale with re-
spect to the node location in the z direction, comparing the results obtained from the
idealised and anatomical models, under both high and low humidity conditions (cap-
tured with variation of the stratum corneum stiffness). In these figures, the geometry
of the anatomical model with respect to its location in the zy plane was shown for the
identification of topography-driven effects.

For the analysis of micro-indentation, the contact of the smaller indenter (R; = 0.1
mm, shown in Figure 7.21) with the anatomical skin model showed similar behaviour
than that of the idealised one. However, higher levels of shear stress where observed
in the anatomical model, regardless of the stratum corneum stiffness. In homogeneous
conditions, peaks of shear stress were at each asperity contact, maintaining the areas
of high magnitude shear stress within the same region. For the stiffer stratum corneum (Esc =
370 MPa), where the are of contact was smaller, a wide range of shear stress was ob-
served in the anatomical model, compared to the shear stress pattern observed in the
idealised one. In both skin models, it was observed that the total range of experienced
shear stresses where lower with a stiffer stratum corneum, though this might be an ef-
fect of the low indentation level for these simulations. Despite of the low indentation
level, shear stresses were transmitted across the skin to the contact periphery, affecting
mostly the areas located under the skin furrows.

Similar effects were observed between the simulations with indenter radii of R; = 0.25
mm (Figure 7.22) and R; = 0.50 mm (Figure 7.23). Higher levels of shear stress were
observed in the anatomical models, propagating further away from the area of contact,
in comparison with the idealised models. However, with the presence of multi-asperity
contact, each one altering the direction of the shear stresses, the shear stress distribu-
tion patterns observed in the anatomical model significantly differ from the idealised
ones. With respect to changes in the stratum corneum stiffness, the idealised model
show similar shear stress intensity within the same distance from the indenter centre;
in contrast, further propagation of shear stress was observed for the anatomical model
with Fsc = 370 MPa. With the higher indentation levels and larger indenter sizes,
these effects where also observed in the nodes around the skin furrows away from the
area of contact, with higher shear stress levels in for the stiffer stratum corneum.
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Figure 7.21: Shear stress distribution under pure indentation for R = 0.1 mm, at § = 0.023
and p; = 0.0, for the nodes of the viable epidermis contained within the area of interest (grey). The
result compare the shear stress distribution of the anatomical model (dark blue and orange) and
ideal model (light blue and yellow). The dotted lines indicate the dimensions of the indenter.
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Figure 7.22: Shear stress distribution under pure indentation for Ry = 0.25 mm, at§ = 0.05
and p; = 0.0, for the nodes of the viable epidermis contained within the area of interest (grey). The
result compare the shear stress distribution of the anatomical model (dark blue and orange) and
ideal model (light blue and yellow). The dotted lines indicate the dimensions of the indenter.

The striking differences previously observed between the idealised and anatomical
models in Figure 7.20, were quantified in Figure 7.24. The idealised model showed
a shear stress range of +0.003 MPa for § = 0.25 mm in the viable epidermis across the
whole area of interest, for the two cases of Eg¢, barely distinguishable in the plots.

In contrast, the mixed effects of the local micro-asperity contacts and transmission of

shear stress depicted shear stress values in the anatomical models ranging between
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—0.07 and 0.1 MPa, for the same skin deflection (i.e. >300% larger). With respect to

the stratum corneum stiffness, the anatomical models showed similar intensity, but the
simulation with Es- = 0.6 MPa showed higher sensitivity to the characteristics of the

topographic features. While for this case the areas of high stress seem related to the

skin crests, in the case of stiffer stratum corneum higher shear stresses where observed

in the nodes located at the skin furrows.
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Figure 7.23: Shear stress distribution under pure indentation for Ry = 0.50 mm, at§ = 0.12
and y; = 0.0, for the nodes of the viable epidermis contained within the area of interest (grey). The
result compare the shear stress distribution of the anatomical model (dark blue and orange) and
ideal model (light blue and yellow). The dotted lines indicate the dimensions of the indenter.
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Figure 7.24: Shear stress distribution under pure indentation for Ry = oo mm, at § = 0.25 and
w = 0.3, for the nodes of the viable epidermis contained within the area of interest (grey). The
result compare the shear stress distribution of the anatomical model (dark blue and orange) and
ideal model (light blue and yellow). The dotted lines indicate the dimensions of the indenter.
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For the evaluation of the influence of the skin topography in the compressive response
of skin (under indentation), the direction of the third stress eigen vectors at each node,
was analysed throughout the area of interest in the skin models. The directions of
these eigen vectors were traced and interpreted as streamlines, referred as compression
streamlines in this study. This analysis compared the idealised and anatomical models,
considering only the cases of homogeneous skin (Esc) = 0.6 MPa), for the micro and
macroscopic contact interactions during pure indentation.

Figure 7.25 shows the compressive streamlines observed for the contact interaction
simulations, indicating the different levels of shear stress. On the top right corner, a
the geometry of the full skin model is presented, showing the area of interest for which
the compressive streamlines were analysed. On the top left corner, a representative
example of the compressive streamlines observed in idealised conditions is provided
—this pattern was repeated in all of the homogeneous, frictionless, idealised simu-
lations. The other plots show the compressive streamlines observed for the different
indentation scales in the anatomical model.

In ideal conditions, the compressive streamlines formed a ‘bell-shape’ as the stream-
lines diverged from the area of contact towards the skin depth, indicating principal di-
rection of compressive stress in the nodes. The ‘bell-shape’ was symmetrically aligned
to the direction of the indentation load (i.e. normal to the flat skin surface). In the pe-
riphery of the contact area, the compressive streamlines follow a vertical path in the
compression-free areas, that deflect to incorporate to the ‘bell-shape’ area subject to
compression.

In the anatomical models, each micro-asperity contact replicated the ‘bell-shape’ ob-
served in the idealised model, rotated with respect to reaction force component, nor-
mal to the asperity geometry (see Figure 7.1). For bigger indenter sizes depicting multi-
asperity contact, the contiguous bell-shaped compressive stream lines appeared to be
squeezed one next to the other, in a composite ‘bell-shape’. In the path of the compres-
sive streamlines, the load-free topographic features were by-passed showing similar
behaviour to that observed in the periphery of the idealised model. In the macroscopic
interaction scale, the compressive streamlines appear to ‘by-pass’ the less-loaded topo-
graphic located in between two areas under higher compression.
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Figure 7.25: Shear stress distribution overlaid with the compressive streamlines. Comparison be-
tween the ideal (top left) and anatomical skin models at different indentation scales (microindenta-
tion with indenter radius R; < 0.5 mm, and macro indentation with R; = oo mm), in homogeneous
conditions for Fsc = 0.6 MPa. With except for the macroindentation simulation where the local
coefficient of friction is y; = 0.3, the microindentation simulations show the results with frictionless
(i = 0.0) conditions.
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7.5 Shear stress distribution during sliding contact

Under sliding conditions, the analysis was performed only in the idealised skin model
simulations, as it was observed how the shear stress response of a single-asperity con-
tact can be put into context of the multi-asperity ones. This analysis included the eval-
uation of shear stress distribution throughout the area of interest with a contour plot,
and their quantification with respect to the location of the nodes in the direction of
sliding (x direction) for specific skin layers. The analysis was focused in the effects

for the viable epidermis and stratum corneum with respect to the local coefficient of
friction, for two different humidity conditions affecting the stiffness of the stratum

corneum.

Figures 7.26 and 7.27 show two examples of the sliding simulations for the soft and
stiff stratum corneum, respectively. On the top part of the figures, the contour plot of
the shear stress distribution shows the changes in symmetry of the high shear stress
areas (in comparison with the pure indentation results, showed in Figure 7.17). Each
plot indicates the level of skin deflection and lateral displacement of the indenter. The
plots at the bottom part of the figures show the isolated shear stress response of the
stratum corneum (left) and viable epidermis (right) with respect of the location of the
nodes in the x direction.

In high humidity conditions, simulated with a stratum corneum stiffness of Egc = 0.6
MPa, a larger region of high shear stresses was depicted in the contour plot ahead the
indenter, propagating towards the deeper dermis. Furthermore, the area of low shear
stress (mainly compressive behaviour) observed in pure indentation conditions directly
under the indenter was not longer observed. Analysing these effects on the isolated
measurements in the stratum corneum, the magnification of the shear stresses with
higher local coefficient of friction was clearly observed. In contrast to the low-shear
stress observed at the area of contact for frictionless conditions, a maximum shear
stress value of 0.03 MPa was depicted for ;; = 0.2; this represents a magnification

of 30% from the maximum values captured in the stratum corneum for y; = 0.0. In
the viable epidermis, the maximum shear stress at this area was of 0.026 MPa; how-
ever, this was only 62% of the maximum shear stress observed ahead of the indenter.
The magnitude of the shear stresses ahead of the indenter increased with the larger 1,
while that of the shear stresses behind the indenter were reduced; however, no signifi-
cant variation was observed with respect to the frictionless conditions in comparison to
the effects observed in the stratum corneum. See Figure 7.26.

In dryer conditions, simulated with a stratum corneum stiffness of Egsc = 370 MPa,
the magnification of high shear stress region, propagating towards the deeper dermis

ahead of the indenter was also captured in the contour plot. However, the section of
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Figure 7.26: Shear stress 7 distribution under sliding contact with Esc = 0.6 MPa. The contour
plot (top) shear stress distribution in the area of interest of the idealised skin model, under sliding
contact. The interaction conditions corresponding to this plot are provided (indenter radius R;, local
coefficient of friction y;, maximum skin deflection §, and lateral displacement of the indenter D).
At similar deflection and indenter lateral displacements, the plots in the bottom illustrate the sensi-
tivity of the stratum corneum (left) and viable epidermis (right) layers to changes in the local friction
conditions, showing the shear stress levels observed the nodes of each layer, across the node location
in the x direction.

low shear stresses directly under the indenter was still obvious in the viable epider-
mis. The shear stress response of the stratum corneum and viable epidermis were cap-
tured with respect to the location of its nodes in the z direction. In the stiffer stratum
corneum, the simulations captured an alternation in shear stress direction caused by
the bending of this layer under the contact interactions, but no significant sensitivity of
the shear stress to larger local friction conditions was observed. In the viable epider-
mis, despite the asymmetry shear stress distribution observed in the contour plot, the
shear stress distribution was similar to that observed in the for pure indentation (see
Figure 7.19). Likewise, no significant sensitivity to larger local friction conditions was
observed. See Figure 7.27.
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Figure 7.27: Shear stress 7 distribution under sliding contact with Esc = 370 MPa. The contour
plot (top) shear stress distribution in the area of interest of the idealised skin model, under sliding
contact. The interaction conditions corresponding to this plot are provided (indenter radius R;, local
coefficient of friction y;, maximum skin deflection §, and lateral displacement of the indenter D,,).
At similar deflection and indenter lateral displacements, the plots in the bottom illustrate the sensi-
tivity of the stratum corneum (left) and viable epidermis (right) layers to changes in the local friction
conditions, showing the shear stress levels observed the nodes of each layer, across the node location

in the x direction.
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7.6 Discussion

This study was based on the simulation of skin contact interactions at microscopic
and macroscopic interaction scales. The contact was simulated as pure indentation and
sliding contact (combination of indentation and lateral displacement), for the analysis
of the contribution of the skin topography to the macroscopic friction response of this
tissue, comparing the results to those obtained with an idealised flat skin model. The
study comprised the analysis of relative contact area, comparison of the global and lo-
cal friction response of skin, and distribution of shear stress throughout the skin layers.
Multiple scenarios were considered, accounting for variation of stiffness of the stratum
corneum, and various local coefficients of friction at the contact interface. The principal
findings of this study are:

Contact area:
The real contact area between the skin and the contacting material can have sig-
nificant influences on the skin friction response, especially under larger loading
conditions (van Kuilenburg et al., 2013a). In the simulations of pure indenta-
tion, it was noted that the real contact area in the anatomical model is inversely
proportional to the scale of the interaction (larger relative area as observed for
smaller indenter radius). This was observed for small skin deflections (with de-
flection equivalent to half of the indenter radius). It is expected that in a micro-
scale contact with larger skin deflection the real and apparent contact areas might
be the same. However, in the simulation of macro-scale indentation, a relative
contact area of 72% was found for up to 20% compression of the skin (inden-
tation). These results were obtained with a soft stratum corneum stiffness cor-
responding to high humidity conditions, so for a stiffer stratum corneum, this
measurement is expected to be lower. Most of the experimental techniques ex-
ploring the contribution of adhesive and deformation effects to the skin friction
response, relate the adhesive contribution to the skin contact area, and deforma-
tion contribution to the ploughing or ‘bow-wave’ effects in the contact periphery
(Kwiatkowska et al., 2009). However, the contribution of the skin topography to
the deformation friction is often overlooked under the assumption that the real
contact area is similar to the apparent one. Nevertheless, the contact area results
obtained in this study suggest that this is not the case. This has further implica-
tions in the skin friction response and the distribution of shear stresses within the
skin layers, as explained below.

Friction response:
The global friction response obtained in the simulations of sliding contact was
analysed with respect to the applied (input) local coefficient of friction. The fric-
tion response of the anatomical model was contrasted with that of the idealised
model.
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o Despite of the small thickness of the stratum corneum, the contact simulations
showed that its mechanical properties have a significant effect on the skin global
friction response, as it alters the peripheral deformation at the contact area. With
a lower stiffness, the contact area increased and larger ‘bow-wave’ or ploughing
was observed. Many studies consider that the contribution to friction due to pe-
ripheral deformation is relatively small (Kwiatkowska et al., 2009), attributing
the friction response to be largely dominated by adhesion and the contact area
(Gerhardt et al., 2008). The study presented in this chapter, analysed the effects
of peripheral deformation and contact area in sliding contact with use of the ide-
alised skin model. In these simulations, the specification of a local coefficient of
friction implicitly accounted for the adhesion effects. In these idealised condi-
tions, the ‘bow-wave’ peripheral deformation effects behind the indenter pro-
vided a ‘push forward’ force causing the reduction of the global friction response
—effect that was not observed with a stiffer stratum corneum. This suggests that
even though ploughing contributes to the resistance to motion, the mechanical
deformation behind the indenter provide a counteracting effect, reducing its total

response.

o In comparison with the friction response observed in idealised conditions (flat
surface of contact), the global friction response of the anatomical skin model was
dominated by the skin topography. Comparing the results to the specified local
coefficient of friction, the simulations performed with a soft stratum corneum showed
significant increase of the global friction response, as a result of the combined pe-
ripheral deformation effects and the resistance provided by the skin topographic
features. In contrast, for a stiffer stratum corneum where the no ‘bow-wave’ ef-
fects were observed in ideal conditions, similar global friction response was regis-
tered for all the simulations, regardless of the specified local coefficient of friction
or indenter radius. These results strongly suggest that the contribution to friction
at the area of contact in soft materials, is a combined response of the adhesive ef-
fects and the deformation due to multi-asperity contact at the microscopic scale.
Despite the fact that the simulations accounted for a 1 mm sliding distance, they
provided enough information about the influence of the skin topography and mi-
crostructure on its global friction response. In order to isolate the specific contri-
bution each topographic feature to the skin global friction, the skin model should
include a significant number of topographic features with similar characteristics,
identified as in Chapter 6 (Leyva-Mendivil et al., 2015). This could also provide
a more generalised understanding of the global friction response and how the
geometrical characteristics (e.g. skin furrows, size of crests) of the skin topogra-
phy can influence this response. So far, not many studies have considered the
skin topography as a contributing factor to the skin friction response. With the
evidence provided in this study, it is implied that this factor should not be longer
overlooked in the study of skin friction.
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Shear stress distribution:
The shear stress distribution within the skin layers showed a complex multi-
asperity response under contact interactions. In comparison with the shear stress
distribution for a single-asperity contact in the idealised model, the skin topogra-
phy and microstructure can significantly alter the distribution of shear stress:

o The multi-asperity contact in the anatomical model, with lower contact area than
in idealised conditions, results in higher concentration of stress at each localised
contact. This was observed regardless of indentation scale. However, this is of
higher relevance in the macroscopic scale, where in idealised conditions the skin
is assumed to be in pure compression (in the direction normal to its surface). The
results of macroscopic indentation showed that the shear stresses in the viable
epidermis were in the range of +0.003 MPa in the idealised model, while reach-
ing values 300% larger when the micro-asperity contact is considered. These
results are of great implication for the study of the mechanism of formation of
superficial pressure ulcers due to constant application of pressure on the skin sur-
face.

Shear stress provides an indication of potential damage of the skin tissue (Gold-
stein and Sanders, 1998; Sopher and Gefen, 2011). For this reason, it is crucial
that the computational models investigating the mechanism of skin damage (e.g.
for superficial pressure ulcers and friction blisters) take into consideration the
microstructure of the skin.

o Once more, the stiffness of the stratum corneum depicted an important role in
the propagation of shear stresses within the viable epidermis. Although simi-
lar levels of maximum shear stresses were observed with a stiff and soft stratum
corneum (accounting for the Young’s modulus of this layer for 30% and 100% RH
(Wu et al., 2006Db)), a stiffer stratum corneum produces higher propagation ef-
fects around the area of contact in comparison to the soft one. This is caused by
the peripheral deformation: with a soft stratum corneum, this layer is both, sub-
ject to displacement and deformation, while a stiff stratum corneum is less subject
to deformation, so it is only displaced on the skin surface, causing the propaga-
tion of shear stresses further away. Under the ‘hinge-like’ mechanism observer
for the in-plane deformation of skin (Chapter 6), further strains/stresses concen-
trate at the areas of the skin furrows, away from the area of contact.

7.7 Conclusion

The topography and microstructure of the skin play a crucial role in its tribological in-
teractions, widely overlooked by the assumption of the tissue as a flat material. The
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simulations of pure indentation and sliding contact with the 2D anatomical skin model
showed that the skin topography provides a multi-asperity contact that dominates the
skin global friction response, regardless of the contact area. The multi-asperity contact
results in higher concentrations of shear stress at each contact point, in comparison to
the levels expected with an idealised (flat) skin model. However, the skin furrows pro-
vide a mechanism of shear stress propagation along the outer layers of the skin, not
observed in idealised conditions. Furthermore, the stratum corneum proved once more
that, despite of its small thickness, has a significant effect in the skin tribological inter-
actions. Its stiffness is key in the characteristics of contact area and peripheral defor-
mation, affecting directly the distribution of shear stresses within the skin. In addition,
a stiffer stratum corneum results on further propagation of shear stress, away from the
contact area.

7.8 Limitations and further work

The anatomical skin model comprises the geometry of the skin layers obtained from
histological sections of a specific sample of human skin. The preparation of the histo-
logical sections allows the preservation of the skin anatomical features, but in order to
preserve these features in an un-loaded state or damaged stare, the sample cannot be
used for experimental testing. Although a different part of the sample could have been
tested for experimental characterisation of the mechanical properties of the skin layers,
such procedure was not contemplated in this project. Without these ‘patient-specific’
parameters, it is impossible to validate our results against experimental evidence.

Given the factors involved in the variation of mechanical properties and topography

of the skin layers, a more meaningful application of this model has been provided by
the exploration of different ‘what if’ scenarios. The relevance of capturing a patient-
specific skin geometry is not that of providing specific answers, but exploring the in-
sights of the role of the skin microstructure on its mechanical response, and any poten-
tial implications it might have in the skin care research (either for consumer products,
or health care). However, capturing in detail the complex geometry of the skin in finite
element models requires a fine mesh resolution that results in a great demand of com-
putational resources. In order to reduce the computational cost, the anatomical model
was developed in plane strain (2D), and the mechanical properties of its layers where
represented with the use of the isotropic neo-Hookean constitutive model.

Future work involves the representation of the skin layers in the anatomical model
with their anisotropic time-dependent mechanical properties and expansion of the
model in 3D. As mentioned before, this would result in high computational cost, for
which the 2D model provides a tool to explore a wide range of scenarios in order to
isolate a specific conditions to be implemented in the 3D computational analysis.



Chapter 8

Conclusions and future work

The goal of this PhD project, the development of a multi-physics modelling framework
for the characterisation of the complex wet-shaving interactions has been achieved. For
the development of this project, it was necessary to experimentally characterise not only
the mechanical properties of shave preps (density, compressibility, non-linear viscosity),
but also their contact interactions with the cartridge materials. Its implementation in the
multi-physics modelling framework required multiple verification steps in order to en-
sure that its viscous and contact response were appropriately captured. During this pro-
cess, some of the key multi-physics interactions taking place between the skin, shave prep
(gel/foam) and razor have been established, paving the road for further multi-physics sim-
ulations. Beyond the original purpose of this project, an image-based anatomical skin
model was developed for further investigation of the tribological interactions of skin. This
2D finite element model was implemented for the study of the effects of the skin topogra-
phy and microstructure on its deformation and contact interaction response. These studies
revealed important implications about the role of the skin microstructure with respect to
the micro and macroscopic mechanical response, as well as mechano-biological implica-
tions derived from the distributions of strain/shear within the skin layers. In this chapter;
the conclusion of this PhD thesis is provided, highlighting the key findings of this project
and their implications, discussion of the project limitations and recommendations for fur-

ther work.

Many of the interactions the human skin is subjected to, involve complex multi-physics
phenomena. This is the case of wet-shaving interactions, where the human skin de-
forms by the combined action of the loads applied through the razor cartridge and the
pressures and stresses experienced by the shave prep as a lubricating media. Under-
standing the complex multi-physic phenomena taking place on the surface of the skin,
is of high relevance for the development of high performance consumer products that
provide comfort to the consumer and ensures a safe interaction with the skin.
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In the study of the lubrication phenomena in wet shaving interactions, three main as-
pects have been historically considered for the delivery of a close shave that prevents
damage of the skin: a) pressure distribution on the skin surface; b) lubrication at the
guard-skin; and c) lubrication at the blade tip. These three factors are inter-connected,
requiring deep understanding of the mechanical behaviour of skin (O’Callaghan and
Cowley, 2010), lubrication theory (Moir and Craig, 2010) and fluid dynamics (Lawler,
2001), as it was reviewed in Chapters 2 and 4. Furthermore, understanding of the
complex non-linear behaviour of shave preps (Chapter 3), is crucial for the study of

wet shaving interactions.

Until now, the study of the wet shaving interactions required major assumptions. The
skin model developed by O’Callaghan and Cowley (2010) has been used in P&G for the
investigation of skin deformation, considers the complex 3D geometry of the razor car-
tridge, but the lubrication factor was accounted for as a reduced coefficient of friction.
In the analyses of Lawler (2001) and Moir and Craig (2010), the lubrication phenom-
ena as been studied into a 2D analysis approach at a microscopic scale, considering
simple linear elastic response of the skin and highly simplified geometries representing
the cartridge parts. With latter improvements in the technology where finite element
techniques are more accessible and capable to capture the fluid-structure interactions
and non-linear viscous fluids, an opportunity was provided for this project with the fol-

lowing objective:

the development of a multi-physics modelling framework for the
characterisation of the interactions between the skin, razor and shave preps in
shaving stroke simulations.

The completion of this project opens further opportunities for the study of shaving in-
teractions, providing a modular tool that can aid to the analysis of lubrication perfor-
mance of different cartridge designs and shave prep formulations.

This project was taken beyond its original purpose, expanding the analysis of the skin
contact interactions to a micro-mechanics perspective. The objective of these side stud-
ies was the investigation of the role of the skin topography and microstructure on the
macroscopic response to deformation and contact interactions. The development of an
image-base anatomical skin model, accounting for its topography and microstructure
with high geometrical fidelity, provided a tool for the investigation of the link between
the microscopic and macroscopic mechanical response of this tissue. Furthermore,

this model opens the door to the investigation of the mechano-biological implications
derived from the distribution of stress and strain within the skin layers, in a variety

of ‘what-if’ scenarios. The anatomical skin model is unique on its type, comprising a
state-of-the-art model with great potential for its application in the field of interactions
with consumer products, prevention of skin damage (e.g. pressure ulcers, friction blis-
ters) and skin health care.
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8.1 Principal findings

The development of the multi-physics modelling framework required the experi-
mental characterisation of the non-linear viscous behaviour of shave preps and their
contact interactions with the cartridge materials. Through the implementation of the
shave prep within the modelling framework it was essential the careful evaluation of
the effects of the fluid mechanical properties, its contact interactions and mesh charac-
teristics on a) the simulation runtimes performance; and b) the behavioural response
of the simulation. From this process, the principal findings are summarised next.

The simulation runtime performance is highly affected by the mechanical properties
of the fluid, the fluid mesh characteristics, and level of parallelisation of the calcula-
tions. The sensitivity analyses performed through the simulation provided the follow-
ing findings:

* Shave prep mechanical properties. The analysis of the mechanical properties
of the shave prep indicated that he runtime performance is highly sensitive to the
longitudinal wave propagation velocity (i.e. sound speed), related with the com-
pressibility of the fluid. This finding was applied for the optimisation of the simu-
lation, where the reduction of 50% of this value in a lubricant fluid resulted in 4
time faster simulations. The effects of this change were evaluated in the lubricant
fluid. In the open fluid configuration (i.e. the simulation of a shaving stroke),
previous un-realistic splashing effects were reduced —improving the behavioural
response of the fluid. Under pure shear, no significant effects were observed in
the fluid viscous behaviour, but higher slip at the fluid-solid interface was ob-
served. This meant that the fluid contact interaction response was reduced, but
such effect can be easily accounted for with the modification of the friction pa-
rameters. This provides an example of significant optimisation of the simulation
runtime performance, without compromising the behavioural performance of the
shaving stroke simulation.

* Fluid mesh characteristics and parallelisation level. The analysis of the shave
prep deformation in a shaving stroke requires a fine fluid mesh to capture the
fluid-structure interactions at the detailed geometry of the cartridge (e.g. small
features such as the grooved surface of the elastomer guard). Furthermore, the
Eulerian space, where the fluid mesh is defined, requires to be large enough to
contain the space where the shave prep can exist. That is, that it should account
for the skin deformation and the shave prep ploughing ahead of the razor. This
results in a large fine Eulerian mesh. With these mesh characteristics, it is ad-
vised that parallelisation methods are applied to faster computation of the analy-
sis.
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The sensitivity analysis was performed for the evaluation of the effects of the
mesh characteristics and parallelisation level on the simulation runtime perfor-
mance. The analysis compared the effects of the element size, Eulerian space
volume or fluid-void ratio within the Eulerian space at different parallelisation
levels. The results showed that the most relevant parameter for the estimation
better performance was the parameter ‘number of elements per processors’. This
indicated that the simulation performance can be improved by optimising the di-
mensions of the Eulerian space (e.g. running a ‘dry’ simulation to estimate the
maximum deformation of the skin) to adjust the number of elements to the par-
allelisation capabilities available.

The analysis of qualitative performance of the shaving stroke simulation involved

constant verification of the viscous fluid response and fluid-solid contact interactions at

the different stages of development of the model, providing the following conclusion:

* In the different stages of development of the modelling framework, the shave

prep non-linear viscous response was appropriately captured, showing no con-
cern for the simulations: the shear stress experienced at specific shear strain
rates was in agreement with the specified non-linear viscosity (input) with a rel-
ative error lower than 2%. However, in the context of the shaving stroke, the be-
havioural response of the multi-physics interaction was highly conditioned by the
fluid-solid contact interaction properties.

The experimental characterisation of the fluid-solid contact interactions required
the identification of the adhesion forces between the fluid and solids, and the
forces required to produce sliding of the fluid on the contact surface. These prop-
erties require a mechanical interpretation for its implementation in the modelling
framework in the form of a coefficient of friction (sliding resistance) and a condi-
tion to allow or not separation of the fluid from the surface (adhesion). However,
there is no direct link between such mechanical interpretation and the adhesion
response for fluid-solid contact interactions. For this reason, empirical estimation
of these contact parameters through combined experimental and computational
analysis, was proposed.

The development of the anatomical skin model resulted in a robust methodology in

which the combination of histological sections of human skin, image-processing and

finite element techniques were applied to address fundamental questions about skin

mechanics: a) what is the role of the skin microstructure in the mechanism of trans-

mission and modulation of macroscopic strains through the epidermis and dermis;

b) how does the skin microstructure contribute to the macroscopic friction response of

skin in contact interactions. These questions where addressed in two studies in which

the anatomical model was subjected to in-plane deformation and multi-scale contact
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interactions. These studies accounted for multiple scenarios affecting the mechanical

properties of the skin and contact interaction properties, providing the following find-

ings.

A complex non-linear interplay between the geometry and mechanical charac-
teristics of the skin layers, plays a critical role in conditioning the 2D skin me-
chanical response to macroscopic in-plane compression and extension. The skin
topographic features provide a ‘hinge-like’ mechanism that effectively deflects
and redistributes the strain (and so stress) within the skin layers. This resulted in
substantially lower strains in the stratum corneum, below 50% of the macroscopic
strain applied as a result of purely geometrical implications (considering the skin
as a homogeneous tissue). These results indicate that the topography of the skin
has a strain modulating role, protecting the epidermis under large deformations.

In contact interactions, the simulations showed that the skin topography has a
great influence in the global friction response, from the micro-asperity contact
point of view. This aspect is often overlooked under the assumption of skin as a
flat material. In the contact interaction simulations performed with the anatom-
ical model, it was shown that the contact interaction is highly influenced by the
resistance provided by the topographic features, and the deformation around the
contact area. In the simulations with a stiff stratum corneum, where the such de-
formation was minimal, all of the simulations showed closely similar results in
the measurements of global friction. With these results, the computational anal-
ysis strongly suggests that, in tribological interactions of the skin, its topography
dominates the friction interaction response.

The intensity of the shear stresses observed in the multi-asperity contact of the
skin is of higher relevance in the macroscopic scale. In idealised conditions the
skin is assumed to be in pure compression (in the direction normal to its sur-
face). The results of macroscopic indentation showed that the shear stresses in
the viable epidermis were in the range of +0.003 MPa in the idealised model,
while reaching values larger than 300% when the micro-asperity contact is con-
sidered. These results are of great implication for the study of the mechanism of
formation of superficial pressure ulcers due to constant application of pressure on
the skin surface. Shear stress has been used as a mechanical measure to account
for potential skin damage (Sopher and Gefen, 2011), therefore, the results of this
study imply that capturing the effects of the skin topography in the distribution
of shear stress is crucial to evaluate such potential damage.

Despite the small thickness of the stratum corneum, its mechanical properties
have a significant effects not only on the magnitude and directions of the strains
and stresses it experiences, but also on those of the underlying layers. In the
simulation of contact interactions, changes in the mechanical properties of this
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layer had significant effects, not only in the dimension of the area of contact, but
also in the mechanism of shear stress propagation in the viable epidermis, fur-
ther away from the contact area. With a soft stratum corneum (representative

of high humidity conditions), the skin furrows deflect route of propagation of
shear stresses sideways, further away from the area of contact, affecting mainly
the viable epidermis. With a significant increase in the stiffness of the stratum
corneum (representative of low humidity conditions), similar levels of stress were
observed in the viable epidermis, but the mechanism of shear stress propaga-
tion was modified. As a result of the peripheral deformation around the con-
tact area, the stiffer stratum corneum is displaced, causing higher propagation

of shear stresses. With the presence of the ‘hinge-like’ mechanism mentioned
above, higher stress concentration in the skin furrows located further away from
the area of contact.

From the mechano-biological perspective, the strains in the underlying skin layer
can affect the tactile sensation (Van der Heide et al., 2013), so the results of this
study imply that the mechanical properties of the stratum corneum can consider-
ably affect the sensation in the skin. This implication is consistent with the aims
of the skin cosmetic industry, where a softer moisturised skin provides comfort
to the individual, a relieves itching sensation caused by a dry skin (Shai et al.,
2009). In terms of the distribution of shear stresses, the mechano-biological im-
plication resides on the potential risk of skin damage (Goldstein and Sanders,
1998).

8.2 Recommendations for further work

The knowledge generated throughout this project, can be combined by the implemen-
tation of the anatomical model in the computational modelling framework, for the
benefit on the industry of consumer products. In the area of wet-shaving research, the
following recommendations for further work are proposed:

Analysis of the micro-mechanical interactions of wet shaving:
The development of the anatomical model emerged with the aim of capturing the
formation of the protection layer under the cartridge blade. With the extension
of the anatomical model in 3D, the modularity of the multi-physics modelling
framework can be exploited to investigate the wet-shaving lubrication phenom-
ena in microscopic scale —without the simplification of the skin nor the fluid-
structure contact interactions.

Analysis of comfort perception:
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The mechano-receptors and nociceptors of the skin (providing the sense of touch
and pain) are activated by the deformation caused within the skin. Complemen-
tary to the proposal above, the study of the shear stress and strain distribution
within the viable epidermis, can be applied for the assessment of the ‘comfort
perception’. The implementation of this idea would require further knowledge in
the biological aspect of the skin sensation, application of wider ranges of loading
conditions, and interaction with the consumers for the evaluation of their com-
fort perception.

The implementation of the anatomical model has proven the importance of the skin
topography in the micro-mechanical response of the skin. This model provides the op-
portunity to explore many other scenarios where the skin microstructure is key on its
mechanobiological response. Some examples include:

Development of permanent wrinkles:
The concentration of strains in the skin furrows directly affects the viable epider-
mis and the basal layer of the skin. A combination of the anatomical model with
adaptive computational methods as applied by Buganza Tepole et al. (2011),
could result in the analysis of the development of permanent skin wrinkles.

Development of superficial pressure ulcers:
It is thought that ischemia is the principal cause of superficial pressure ulcers, as
compression of the dermal papilla prevents the flow of blood to the skin capil-
laries during prolonged compression of the skin. In the studies presented here,
it was demonstrated that a complex shear response also takes place in the up-
per dermis and viable epidermis. Time-dependent effects can be implemented
in the simulation of macro-scale compression of the skin for the investigation of
‘ischemic damage’.

Investigation of the damaging mechanism of friction blisters:
Friction blister are caused by de-bonding of the epithelial cells in the viable epi-
dermis, as a result of mechanical fatigue. The sliding contact simulations have
shown that the propagation of shear stresses towards this layer. The anatomical
skin model could be combined with analysis of fatigue and crack propagation.
With further implementation of pro-elasticity or bi-phasic materials could capture
the formation and filling of the friction blisters in a fluid-structure interaction
model.

Mechanical effects of the alteration of the skin microstructure:
The thickness and mechanical properties of the stratum corneum can be consid-
erably altered by the micro-climate conditions. Further changes in the skin mi-
crostructure can be produced by ageing, UV damage, and inflammatory skin con-
ditions. The techniques and methods developed in the course of this PhD project
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can be also applied for the investigation of how these structural changes affect
the skin mechanical response. In the case of skin conditions such as eczema, fur-
ther efforts can be applied for the investigation of mechanisms triggering the itch
response, and how the (tribological) reponse to scratching can be linked to fur-
ther inflammation.

8.3 Conclusion

A new approach for the modelling of multi-physics fluid-structure interactions has been
proposed with the development of the multi-physics modelling framework. The im-
plications of the characteristics of the fluid mechanical properties, its mesh and the
parallelisation level required for best simulation runtime performance have been un-
ravelled. Furthermore, the methods for the representation of the fluid-solid contact
interactions have been challenged. The characterisation of the fluid-solid contact inter-
actions requires hybrid experimental-computational methodologies to remove simple
assumptions of ‘slip’ or ‘no-slip’ conditions, investigating different methods for the me-
chanical representation of these complex interactions. With these findings, the way has
been paved for future implementations of multi-physics modelling of fluid-structure
interactions.

Going beyond the interest of capturing the skin tribological interactions on the sur-
face, this project has gone further, investigating the effects of these interactions within
the skin. With the development of the skin anatomical model, a new perspective on
the modelling of human skin has been provided. This model has excelled the com-
mon practices in the computational modelling of skin with the implementation of the
complex geometry of the skin. This project has captured the relevance of the skin mi-
crostructure, not only in its macroscopic mechanical response, but also in its internal
response to deformation and contact interactions, providing great potential in the in-

vestigation of skin biomechanics.



Appendix A

Shave Prep Rheological Testing

Protocol

Rheological test of Shave preps in ARG2 rheometer (TA Instruments Ldt. New Castle,
Delaware, U.S.). SAFETY GLASSES SHOULD BE WORN AT ALL TIMES IN THE LAB
AREA.

Materials:

Shave prep sample(s)

Beaker (0.5-1 L capacity)

Stirrer

Minimum 3 glass slides and glass slide covers per test.
10 ml Beaker

10 ml syringes. At least one for foams and another for pre-canned fluids.
Cutter

Four digit precision balance

Microscope (10x, 20x)

Paper tissue

Ethanol (for cleaning rheometer parts)

Chronometer

Procedure:

1. ARG2 Set up: Set the geometry (concentric cylinders for interstitial fluid, either
concentric cylinders or cone and plate geometries - to be confirmed). Set the test
Flow Procedure under the following recommended values:

(a) Conditioning Step:
i. Temperature: 25°C

ii. Perform equilibration: 0:00:00
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i. Flow Step:
A. Test type: steady state flow
Ramp: Shear rate (1/s). Set values as required for the test.
Mode: log
Points per decade: 5

Sample period: 0:00:01

mm Y 0w

Percentage tolerance 3%; Consecutive within tolerance: 3; max
point time 0:05:00

ii. Minimum shear strain rate.

iii. Maximum shear strain rate.

2. Prepare sample. See Section A.1 for different procedure for interstitial fluid and
foams. Set the chronometer on when the sample is ready. The test time should be
less than 20 minutes, prior the foam starts coarsening.

3. Take a sample to the microscope to capture the foam structure (foams only). Us-
ing the stirrer to apply a tiny amount of foam on the glass slide. Measure film
thickness and average bubble radius.

4. Measure the sample specific gravity. In case of foams, compare their weight with
the interstitial fluid weight to obtain the volume fraction.

(a) Weight the small beaker. Empty 10 ml beaker weight =
(b) Fill the beaker to the top with water (Volume > 10 ml).
i. Water+beaker weight=
ii. Water weight = Water+beaker weight - beaker weight =
(c) Dry perfectly the beaker. Measure the weight and make sure it has not changed.

(d) Fill the beaker to the top with the interstitial fluid. In case of canned gels,
use the pure gel (non-lathered); for canned foams, use the pre-can fluid if
available.

i. Interstitial fluid +beaker weight:
ii. Interstitial fluid weight = Interstitial fluid + beaker weight — beaker
weight =

(e) Clean and dry perfectly the beaker. Measure the weight and make sure it
has not changed.

(f) Fill the beaker to the top with the foam sample (Volume > 10 ml).

i. Foam+beaker weight =
ii. Foam weight 1 = Foam+beaker weight — beaker weight =

iii. Foam gas volume fraction 1 = 1 - (Foam weight 1 / Interstitial fluid
weight) =
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iv. Foam specific gravity 1 = Foam weight 1 / Water weight =
5. Load the sample into the rheometer geometry.

(a) For concentric cylinders geometry: Once the inner cylinder has been placed
in the test height, the fluid should be covering completely the inner cylinder
without over-flowing.

(b) For cone and plate geometry: Once the cone has been placed in the test
height, the foam sample should go slightly out of the cone diameter. Too
little foam will not provide full contact area, while too much foam will alter
the torque forces.

6. Run the test.

7. Take the sample out of the rheometer. In case of foams, take a sample to the mi-
croscope to capture the foam structure (as in step 3).

8. Measure the after-test sample specific gravity as in step 4. No difference should
be observed in testing of the interstitial fluid. *This step might be omitted if there
is no enough sample to perform the measurement.

(a) Foam+beaker:
(b) Foam weight 2 = Foam+beaker weight — beaker weight =

(c) Foam gas volume fraction 2 = 1 - (Foam weight 2 / Interstitial fluid weight)

(d) Foam specific gravity 2 = Foam weight 2 / Water weight =

9. Repeat steps 7 for the aged sample (for reference and comparison of sheared vs.
aged foam). Step 8 might be omitted if value for after-test sample was not taken.
Foams only.

(a) Foam+beaker 3 =
(b) Foam weight 3 = Foam+beaker weight — beaker weight =

(c) Foam gas volume fraction 3 = 1 - (Foam weight 3 / Interstitial fluid weight)

(d) Foam specific gravity 3 = Foam weight 3 / Water weight =

10. Clean the rheometer parts and repeat the procedure for next sample.

A.1 Sample preparation

This procedure is to ensure consistency of the samples for test repeatability.

INTERSTITIAL FLUID (PRE-CANNED FOAM SOLUTION).
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1. Use the syringe to place the fluid into the rheometer outer cylinder. Once the in-
ner cylinder has been placed in the test height, the fluid should be covering com-
pletely the inner cylinder without over-flowing.

FOAM OR LATHERED GEL.

1. Disassemble the syringe and cut the syringe nozzle. This will be used to load the
sample into the rheometer geometry. The nozzle is cut to avoid extra shearing of

the sample.
2. Alternative lathering processes:

(a) In a large beaker apply approximately 10 ml of gel or 50 ml of foam. Stir
during 50 s until the sample has been completely lathered (no gel is ob-
served within the sample). For this sample, either ‘cup and bob’ or plate and
cone could be used.

(b) Apply the foam or gel on the palm of the hand. Rub for 10 s. Repeat until a
proper amount of foam is collected for the density test and rheometry.

(c) Wet the hands. Apply the foam or gel on the palm of the hand. Rub for 10
s. Repeat until a proper amount of foam is collected for the density test and
rheometry.

3. Measure the sample density. In case of foams, compare it with the interstitial
fluid density to obtain the volume fraction.

(a) Weight of the empty 10 ml beaker:
(b) Fill the beaker with 10 ml of the sample. Weight of the sample and beaker:

4. Analyse a sample within the microscope for bubble homogeneity and bubble size.

5. Assure the conditions obtained in steps 3 and 4 are met in every prepared sample
(error within 5%).
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Mechanical properties of fluid
models

The mechanical properties required for the computational modelling of Eulerian mate-
rials in the Abaqus environment require complete sets of properties consisting on: Den-
sity p, Sound propagation velocity ¢y (also mentioned as ‘sound speed’), and Viscosity
1. With these properties, the mass and volume occupied by the fluid are accounted by
p, the compressibility by ¢, and the viscous behaviour is accounted as a function of the
shear rate (i.e. 7 (%)). The list of fluid properties explored in this project are included
in two sections, providing the list of fluid models used for the selection of the most vi-
able constitutive model to represent the viscous behaviour of the shave prep in Table
B.1, and the properties used for the validation and interaction models in Table B.2.
These sets of properties where gathered as follows. The values shown for shave prep
fluids are property of P&G.

B.1 Fluid models analysed for the selection of the shave prep
constitutive model

Fluid SPO0O
This fluid was built as a reference inviscid fluid for performance comparison
against non-linear viscous fluids, using the density of water, the wave propaga-
tion velocities of fresh Gillette® regular foam (Mujica and Fauve, 2002).

Fluid SPO1
This fluid was characterised with the density of water, wave propagation ve-
locities of aged Gillette® regular foam (Mujica and Fauve, 2002), and viscous
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properties of shaving foam (Moir and Craig, 2010), represented by the Herschel-
Bulkley constitutive model, under the assumption that the yield stress occurs at a
shear rate of 0.05 s~ 1.

Fluid SP02
This fluid was characterised with the density of water, wave propagation veloci-
ties of fresh Gillette® regular foam (Mujica and Fauve, 2002), and viscous prop-
erties of PEG 4MM (Polyox™ WSR-301) 0.15% solution in water, represented by
the Carreau-Yasuda constitutive model.

Fluid SP03
This fluid shows the same characteristics of Fluid SP02, for a concentration of
0.2% in water, represented by the Power Law constitutive model.

Fluid SP04
This fluid shows the same characteristics of Fluid SP02, for a concentration of
1.0% in water, represented by the Power Law constitutive model.

Fluid SPO5
This fluid was built with the same density and wave propagation velocities as
Fluid SP02, for PEG 8M (Polyox™ WSR-303) 0.2% solution in water (Lawler,
2001), represented by the Power Law constitutive model, represented by the
Power Law constitutive model.

Fluid SP06
This fluid shows the same characteristics of Fluid SP05, for a concentration of
1.0% in water, represented by the Power Law constitutive model.

Fluid SP07
Fluid SPO7 was built with the preliminary results obtained from the rheological
test, for lathered Gillette® Series Sensitive shave gel with 0% water inclusion,
assuming the wave propagation velocities of fresh Gillette® regular foam (Mujica
and Fauve, 2002), represented by the Power Law constitutive model.
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Table B.1: Summary of properties for fluid models for the selection of the constitutive model to
represent the shave prep viscous behaviour. N, H-B and C-Y stand for Newtonian, Herschel-Bulkley

and Carreau-Yasuda parameters. Proprietary data (P&G). Do not disclose..

Fluid

Density
[Ton/mm?]

Sound speed

[mm/s]

Viscosity

Fluid SPOO

1.000x10~?

6.500x10*

1 =0.000 MPa-s

H-B

Fluid SPO1

1.000x10~?

4.500x10%

no =1.000 x 10~3 MPa-s
7o =5.000 x 10~° MPa
K =1.700 x 10~° MPa-s"
n =0.550

CY

Fluid SPO2

1.000x107?

6.500x10%

no =1.800 x 10~3 MPa-s
Noo =1.600 x 10~ MPa-s
A =0.010 s

n =0.200

ay =1.500

Power Law

Fluid SPO3

Fluid SP0O4

Fluid SPO5

Fluid SPO6

Fluid SP07

1.000x107?

1.000x107*

1.000x10~?

1.000x107?

8.968x 1011

6.500x10%

6.500x10%

6.500x10%

6.500x10*

6.500x10%

K =3.500 x 10~% MPa-s"
n =0.590

Nmaz =3.800 x 1078 MPa-s
Nmin =3.000 x 10~ MPa-s
K =2.700 x 10~% MPa-s"
n =0.390

Nimaz =2.706 x 1076 MPa-s
Nmin =6.000 x 1072 MPa-s
K =9.400 x 10~8 MPa-s"
n =0.490

Nmaz =9.720 x 10~8 MPa-s
Nmin =3.200 x 1072 MPa-s
K =5.000 x 10~% MPa-s®
n =0.350

Nmaz =5.005 x 1075 MPa-s
Dmin =5.000 x 10~ MPa-s
K =4.036 x 10~° MPa-s"
n =0.312

Nmaz =1.966 x 10~* MPa-s
Nmin =1.052 x 1076 MPa-s
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B.2 Fluid models employed in the simulations

Water
The properties of water have been obtained as an approximate value for a tem-
perature of 20.5°C, from Haynes (2014).

Fluid A
This fluid was built with the density and sound propagation velocity of water,
multiplying the viscosity by a factor of 4.

Corn syrup 93% (corn syrup-water dilution, 93-7% by weight)
The density and viscosity were taken from experimental results provided by P&G.
The sound propagation velocity was calculated assuming a linear relation be-
tween the solid contents and the wave propagation velocity, as follows.

The percent of solid contents S has a direct relation to water content W (portion
by weight), as:
S(W)=5y-(1-W) (B.1)

where S is the solid content for pure corn syrup, which value was taken from
Zacharias and Parnell (1972):

S (0) = Sy = 0.785 (B.2)

For a dilution with 10% water by weight, were the water-corn syrup proportion is
equivalent to 9.09-90.91%, Zacharias and Parnell (1972) repoted:

5(0.0909) = S; = 0.7136 (B.3)

The wave propagation velocity ¢y [m/s] was assumed to be a linear function of
the solid content, of the form:

co(S)=A-S+B (B.4)

Given the values publised by Zacharias and Parnell (1972), it is known that:

co (0.785) = cop = 1.9580 x 10°mm/s (B.5)
co (0.7136) = co; = 1.8847 x 10°mm/s (B.6)
the slope is defined as:
€o1 — Coo
A=——"2 B.7
S S, (B.7)

Taking Equation B.5 and B.6, B is obtained:

1
B = 3 [coo + co1 — A (So + S1)] (B.8)
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so the function to estimate the sound propagations velocity was developed as

follows:
_ €01 — Coo 1 o1 — €00
co (5) = K S+ [Coo ten - g o (So + Sl)}
_ o= o 1 (co0 + co1) (S1 — So) — (co1 — coo) (So + 51)
Sl S() 2 Sl - SO
_ o —coo g, 1 (co0S1+ conSi — conSo — corSo + —co1So + conSo — co151 + cooSt
Sl So 2 Sl - SO
_ o —con g 1 (2008 — 20015 ) _ con—coo g n 0051 — 0150
T S-S0 2 S1 =350 S1 =350 S1 =350
_ 015 — c00S + o051 — 0150
S1—3So0
S —Sp) — S-S
e (5) = ( 0) — coo ( 1) (B.9)

S1—So

Given viscosity and density values for a corn syrup-water dilution, 93-7% by
weight, provided by P&G, the sound propagation velocity for this fluid was cal-
culated as:

5(0.07)=0.730, ¢0(0.730)=1.902x10% mm/s

By mistake the value in the simulation was set as 1.905x10% m/s, which is within
a 0.2% error, which effect was considered negligible due to the qualitative nature
of the droplet model simulation.

PEG 1MM (Polyox™ WSR-N-12K) 1%(by weight, dissolved in water)
Density and viscosity-shear rate rheological data were provided by P&G for the
PEG 1MM 1% solution.

The viscous behaviour of the PEG solution differs significantly for that of water,
but the effects of such small PEG dilution in the wave propagation velocity are
still unexplored. In communication with Leighton (2014), from the Institute of
Sound and Vibration Research (ISVR, University of Southampton), it was indi-
cated that measuring the wave propagation velocity of this solution was complex
problem, unaffordable for this project. Therefore, the sound propagation velocity
was assumed to be that of water.

The viscous behaviour data (P&G) was fitted into the Newtonian constitutive

model.

PEG 4MM (Polyox™ WSR-301) 1%(by weight, disolved in water)
Density and viscosity-shear rate rheological data were provided by P&Gfor the
PEG 4MM 1% solution. The solution density, 0.2% lower than water was rounded
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for practical reasons, matching the density of water. The sound propagation ve-
locity was assumed to be that of water. The viscous behaviour data (P&G) was
fitted into the Power Law constitutive model.

PEG 5MM (Polyox™ Coagulant) 1%(by weight, disolved in water)
Density and viscosity-shear rate rheological data were provided by P&Gfor the
PEG 5MM 1% solution. The sound propagation velocity was assumed to be that
of water. The viscous behaviour data (P&G) was fitted into the Power Law consti-
tutive model.

Shaving foam A
The shaving foam was characterised according to the experimental test (Section
3.7) for lathered Gillette® Series Sensitive shave gel with 0% water inclusion at
25°C. The density is an average value for five tests. The viscous behaviour was
fitted to the Power Law constitutive model, considering the the five tests data
at a shear rate range of 0.0001-200.0 s—!. The sound speed is taken from fresh
Gillette® regular shaving foam as reported by Mujica and Fauve (2002).

Shaving foam B
The shaving foam was characterised according to the experimental test (Section
3.7) for lathered Gillette® Series Sensitive shave gel with 0% water inclusion
at 25°C. The density is an average value for five tests. The viscous behaviour
was fitted to the Power Law constitutive model, considering the the five tests
data at a shear rate range of 0.0001-200.0 s~!. The sound speed is taken from
Gillette® ‘foamy’ at a sound frequency of 670 kHz (pre-resonant) reported by
Holt.
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Table B.2: Summary of properties for fluid models. N, H-B, C and C-Y stand for Newtonian,
Herschel-Bulkley, Cross and Carreau-Yasuda parameters. Proprietary data (P&G). Do not disclose..

. Density Sound speed .. .
Fluid [Ton/mm?®] [mm/s] Viscosity
Water 1.000x1079  1.483x10° n = 1.000 x 10~9 MPa-s
. Fluid A 1.000x107°  1.483x10° n = 4.000 x 10~? MPa-s
Corn syrup 93% 1.389x107?  1.905x10%* 1 =6.849 x 10~% MPa-s
PEG IMM 1%  9.981x107'% 1.483x10° n =3.32 x 1078 MPa:-s
PEG 4MM 1% 1.000x1079  1.483x10° K =2.700 x 10~° MPa-s"
n =0.390
Nmaz =2.706 x 1075 MPa-s
Nmin =6.000 x 1079 MPa-s
PEG5MM 1%  9.978x10~%  1.483x10° K =3.448 x 10~% MPa-s"
n =0.367
Nmaz =2.706 x 1076 MPa-s
Dmin =1.000 x 1079 MPa-s
2 Shaving foam A 8.665x107!!  6.500x10* K =5.428 x 10~° MPa-s"
. n =0.218
% Nimaz =3.420 x 1076 MPa-s
o Nmin =8.615 x 10719 MPa-s

Shaving foam B 8.665x10~'!  1.200x10° K =5.428 x 10~® MPa-s"
n =0.218
Nmaz =3.420 x 1075 MPa-s
Nmin =8.615 x 10710 MPa-s

* Value used in the simulations. Real value should read 1.902 x 106.
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