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Abstract 

The measurement of the mechanical properties of skin (such as stiffness, extensibility and strength) is 

a key step in characterisation of both dermal ageing and disease mechanisms and in the assessment 

of tissue engineered skin replacements. However, the biomechanical terminology and plethora of 

mathematical analysis approaches can be daunting to those outside the field. As a consequence, 

mechanical studies are often inaccessible to a significant proportion of the intended audience. 

Furthermore, devices for the measurement of skin function in vivo generate relative values rather than 

formal mechanical measures, therefore limiting the ability to compare studies. In this viewpoint essay 

we discuss key biomechanical concepts and the influence of technical and biological factors 

(including the nature of the testing apparatus, length scale, donor age and anatomical site) on 

measured mechanical properties such as stiffness. Having discussed the current state-of-the-art in 

macro-mechanical and micro-mechanical measuring techniques and in mathematical and 

computational modelling methods we then make suggestions as to how these approaches, in 

combination with 3D X-ray imaging and mechanics methods may be adopted into a single strategy to 

characterise the mechanical behaviour of skin. 

 

  



1. Introduction 

The mechanical properties of skin mediate its ability to resist external forces whilst facilitating normal 

movement and maintaining a youthful appearance. In order to understand and ultimately prevent or 

reverse the mechanisms which drive aberrant mechanical remodelling (such as age-related frailty, 

pathological stiffening and the induction of wrinkles), it is vital to develop better approaches to 

characterising the mechanical behaviour of skin. In this viewpoint article we introduce the key 

biomechanical concepts, discuss the capabilities and limitations of current mechanical 

characterisation approaches and suggest potential future strategies.  

2. Current state of knowledge 

2.1 Biomechanics and skin 

Unfortunately the terms used in materials science and biomechanics disciplines are often unfamiliar to 

scientists and clinicians outside the field of biomechanics, but an appreciation of this terminology is 

important to understanding mechanical investigations. The structure of skin is complex and as a 

consequence it behaves anisotropically when deformed. In contrast to isotropic materials (such as a 

rubber ball), anisotropic materials behave differently depending on the direction in which a force is 

applied. The area over which the force is applied is also important (contrast the effects of a needle 

and a finger applied with the same force to the surface of skin) and the force divided by area is known 

as the stress. This stress in turn may induce a change in the shape of material which is expressed as 

the strain (calculated as the change in dimension divided by original dimension) [1] (Fig. 1A). The 

goal of many mechanical investigations is to characterise the resultant stress-strain curve. Typically 

for biological materials, the initial regions of these curves are J-shaped (i.e. a low stress induces a 

large strain). From such curves it is possible to measure multiple functional attributes (formal material 

properties) including stiffness (the elastic or Young’s modulus), strength (stress at fracture) and 

extensibility (strain at failure) (Fig. 1B). Because skin is mechanically anisotropic it is often essential 

to characterise its properties (i.e. stress-strain curve) along more than one direction [2, 3]. 

 

For accessible introductions to the general mechanics of materials and properties of biological 

materials the reader is referred to the excellent works of Professors Gordon and Gosline respectively 



[4, 5].  Finally, and in contrast to many inorganic materials (such as steel and rubber), biological 

materials such as skin behave viscoelastically, so that the initial rapid deformation is followed by a 

slower subsequent deformation [6]. In order therefore to fully characterise the mechanical properties 

of skin it will be necessary to take into account anisotropy and viscoelasticity whilst measuring local 

stress and strain at multiple length scales and preferably in three dimensions (3D). A further challenge 

is to reconcile in vitro mechanical measurements with the non-invasive determination of skin 

biophysical properties in vivo in order to exploit biophysical knowledge of skin in the clinical 

environment [7]. 

Currently there is no single answer to the question “how stiff (or indeed strong or extensible) is skin”. 

Measurements of skin stiffness vary by 3 orders of magnitude (from 1MPa to 1GPa) depending on the 

methods used, anatomical site and donor age, the length scale tested and the degree of hydration 

(Table 1)  [3, 8-10]. Additionally collagen-rich human dermis (measured by macro-mechanical uniaxial 

testing) is apparently substantially stiffer than comparable collagen-rich tissues characterised by AFM 

indentation [11, 12]. Finally, in the case of non-invasive macro-mechanical methods, the measured 

parameters extracted from skin force displacement curves are relative or qualitative values and not 

readily relatable to formal mechanical material properties (eg., elastic modulus and resilience). 

 

2.2 Macro-mechanics 

The assessment of cutaneous mechanical properties has been used extensively in both in clinical and 

research settings to determine the severity and progress of disease, wound repair, extrinsic and 

intrinsic ageing and the success of therapeutic strategies. In contrast to many internal organs the 

macro-(sometimes termed gross)-mechanical properties of skin can be measured rapidly and non-

invasively by devices which employ suction (cups or cutometer), indentation (ballistometer), and 

torsion (dermal torque meter). Other approaches to measure dermal properties include reviscometry, 

tonometry, adherence, elastometry and quantitative electrical characterisation methods such as 

dielectric and bioelectrical impedance [13-15]. Perhaps the most widely employed of these devices is 

the Cutometer® (Courage and Khazaka Electronic GmbH, Köln, Germany). On application of a 

negative pressure, the skin surface is deformed into the chamber via an aperture of known diameter. 

The degree of deformation is measured using a laser. The Cutometer® is now widely used in both 



dermatology and aesthetic research settings and may be adapted to partially distinguish between 

epidermal and dermal mechanical contributions [16, 17].  

The utility of these devices is clear: age-dependent mechanical remodelling for example can be 

quantified by torsion (elasticity and stretchability: [14]) and suction (tonicity, extensibility, elasticity and 

fatigability [18, 19] approaches. Additionally when suction and indentation methods are employed in 

the same study, there is often reasonable agreement between the methods as to the mechanical 

trends When used in combination with subsequent histological analysis (of the same skin site) 

instruments such as the Cutometer® and ballistometer can provide complimentary information on the 

influence of skin composition and ethnicity on mechanical behaviour  [15, 20]. Using this approach we 

have shown that the Cutometer® alone can readily distinguish between the macro-mechanical 

behaviours of photo-protected buttock skin from young (18-30 year old) White Northern European  

and Black African volunteers. However, both instruments detected mechanical differences in the 

photo-exposed forearm skin of the same volunteers and the ballisotmeter clearly identified increased 

damping (of the bouncing probe) in White Northern European forearm skin.  Other groups have also 

compared the ability of these two instruments to distinguish between the mechanical properties of 

differing skin sites such as the forehead, cheek and volar forearm [15]. Once again the differing 

measurements provided by the instruments yield complimentary mechanical insights (Figure 2). 

Whilst such empirical observations are useful , the inability to extract formal mechanical properties 

from the output of these measuring devices and the difficulty in relating the contribution of complex 

and variable skin structures to the averaged mechanical behaviour of a poorly defined skin volume 

has hampered progress in understanding skin mechanics. A key goal should be to move beyond 

qualitative terms to describe the mechanical properties of skin (wrinkling, elasticity and pliability) to 

the extraction of formal mechanical parameters (such as elastic modulus and resilience) from non-

invasive macro-mechanical testing methods in order to facilitate direct comparisons between studies. 

However, in order to establish the relative contribution of discrete skin regions (stratum corneum, 

epidermis, papillary and reticular dermis and hypodermis) to the mechanical behaviour of the organ it 

will be necessary to make localised measurements at the length scale of these structures and 

individual components (cells and fibres). 

 



2.3 Micro-mechanics 

The mechanical properties of biological tissues are length-scale dependent. In general measured 

stiffness increases as length scale decreases so that organs and tissues are less stiff than their 

component molecules [21]. In addition, cells sense the stiffness of their local (µm and nm) 

environment and the importance of local stiffness in mediating cell phenotype is clear from studies in 

cancer biology where stiffness influences cancer progression [22].  

A number of methods have been used to characterise biological tissues, and specifically skin at µm 

length scales. Nanoindentation uses spherical and conical probes [23] to indent the surface of 

biological samples and measure the mechanical properties of discrete tissue areas. Using a spherical 

indenter with a radius of 500 μm, Geerligs and colleagues measured the stiffness of both the 

epidermis and stratum corneum as between 1 and 2 MPa [8], this contrasts values of 5-1000MPa 

when measured using fracture mechanics under varying hydration conditions [3]. The Young’s 

modulus of human dermis, as determined using macro-mechanical tensile testing of ex vivo tissue 

(following dissection of the epidermis and hypodermis), ranges from 83MPa [9] to 70-160MPa 

(depending on orientation) [10].  

 

To probe the mechanical properties of even more compartmentalised areas of tissue, smaller indenter 

sizes are required. AFM indentation uses probes with diameters of <10 μm resulting in high spatial 

resolution mechanical measurements. Using hydrated cryosections and indentation depths of less 

than 5% of the section depth it is possible collect many hundreds of force-extension curves and to 

relate local mechanical stiffness to tissue structure. Using this approach we have recently shown that 

high mammographic density (which is a key risk factor for breast cancer) is associated with the 

presence of mechanically stiff, large diameter collagen fibril bundles in the periductal region of the 

breast [11]. In order to understand the contribution of architecturally complex skin components to the 

macro-mechanical behaviour of skin it will be necessary to computationally model the behaviour of 

the composite structure.     

 

2.4 Modelling 



The complex and non-linear interplay of skin structures and physical phenomena present us with 

tremendous challenges at an experimental and modelling level. [7, 24-26] also highlighted the need 

for tight integration of modelling, instrumentation and imaging. As of 2017, throughout many 

industries, advanced physics-based numerical simulations, typically relying on finite element [27] 

and/or meta-modelling techniques [28], are used in the rational design of products intended to interact 

with the skin (e.g. razors and skin stimulation devices). At a more fundamental level, and as 

hypothesis-driven research tools, mathematical and computational models of the skin are developed 

to shed light on the biophysical complexity of skin physiology [25, 29-36] and to unravel particular 

mechanobiological aspects associated with diseases and the ageing process. Mathematical and 

computational models offer the ability to deconstruct complexity by varying one parameter at once, 

and therefore allow the simulation of many “what if” scenarios to gain a mechanistic and quantitative 

understanding in such a complex biophysical system. They can also assist in the design of physical 

experiments by optimising equipment use (for example, by simulating expected mechanical loads and 

response). 

 

3.  Future developments 

3.1 Material properties, macro-mechanical testing and modelling 

Mathematical and computational models of the skin have now reached a high level of sophistication, 

and can capture a wide range of relevant biophysical processes from elasticity and viscoelasticity, 

through growth and remodelling to damage, ageing and thermoelasticity [25]. The major hurdle 

limiting the applicability and wide-spread adoption of these models is the scarcity and relevance of 

captured experimental data. There are several fundamental questions associated with this 

observation [25] that should be points of focus for future research efforts: i) use of modelling 

approaches to extract formal mechanical properties from in vivo testing data, ii) characterisation and 

reconciliation of differences between measurements made in the in vivo and ex vivo biophysical 

environments, iii) statistical models to account for intra- and inter-individual variability, iv) the 

sensitivity of skin biophysical properties to external environmental conditions, v) the exploitation of 

full-field measurement macroscopic characterisation techniques which can provide rich data [37, 38]. 



With regards to integrate methodologies it remains unclear what the best strategies and 

methodologies might be to integrate multi-modality and multiscale imaging, characterisation and 

modelling techniques. Data mining and machine learning techniques [39] are likely to play an 

increasing role in the future to make sense of large and complex heterogeneous data sets, whether 

they originate from physical or computer experiments, expert knowledge (e.g. anatomists, clinicians, 

nurses, vets) or from any other means (e.g. patient’s observations, shamanic knowledge). Multi-

variate and multiscale data-based and/or physics-based statistical models of biological tissues built 

from the results of machine learning (i.e. meta-models) [28, 40] could then replace computationally 

expensive physics-based finite element models, and be used to predict a variety of scenarios and 

outcomes. For example, one could ask: What should be the optimal locations/lengths/types of surgical 

skin sutures in complex reconstructive surgery procedures such as face transplant [41] and what 

might be the effect of ethnicity and age? The answers to these questions will depend on many factors 

and hence are likely to be statistical distributions rather than single deterministic values. 

 

3.2 Micro-mechanics and correlative microscopy  

Correlative microscopy employs complimentary techniques to characterise differing structural, 

compositional and mechanical characteristics of the same tissue [42]. Modern AFMs may be mounted 

on optical microscopes with control software which tightly integrates optical (µm scale) and AFM (nm 

scale topography and nm/µm scale mechanics). These approaches have the potential to directly 

relate microscale biomechanical measurements with local tissue micro-architecture. Recent work in 

rat tail skin for example has shown that AFM indentation is able to detect significant differences in the 

elastic moduli of the epidermis (MPa range) and the more compliant (less stiff) dermis (kPa range) 

[43]. Current work in our laboratory is using an analogous technique but applied to human skin, 

assessing both photoexposed and photoprotected sites in young and old volunteers to investigate the 

effects of chronological age and sun exposure on dermal micromechanical properties.  

 

3.3 3D X-ray imaging and digital volume correlation  



In common with other tissue and organs, skin is organised in three dimensions (3D) and yet the 

mechanical measurements either integrate the responses of whole tissue volumes (regardless of 

structural differences) or map the mechanical stiffness in two dimensions (AFM of cryo-sections).  We 

have recently shown that phase contrast µCT using laboratory X-ray sources can successfully resolve 

key anatomical structures in chemically fixed, yet unstained tissues and organs (rat aorta and human 

skin) [44]. Recently we have also shown (unpublished data) that: i) synchrotron phase contrast µCT 

can rapidly (within 10 minutes) resolve µm-scale structures in whole native rat intervertebral disc (like 

the dermis, this tissue is rich in fibrillar collagens and other ECM proteins). The technique of digital 

volume correlation combined with sequential deformation of skin has the potential to map structure in 

response to strain in 3D at µm scale resolutions [45, 46].  

 

4. Conclusions  

Skin is our prime interface with the external world, and the medium through which we have many daily 

interactions be they social, neural, biological, mechanical, thermal, chemical or electromagnetic. As a 

consequence the skin is the subject of considerable research effort in cosmetics and pharmaceutics, 

personal care products, sports equipment and consumer electronics [25]. Developing improved 

strategies to characterise the mechanical properties of skin is an important step in the quest to 

maintain and restore optimal skin function.  These strategies will of necessity be multidisciplinary 

(Figure 3) and will draw on both well-established techniques (such as non-invasive mechanical testing 

and histology) alongside newly developed mathematical and imaging approaches. The ultimate goal 

will be to develop a high-resolution 3D finite element model of skin mechanical behaviour.  
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Figure legends 



Figure 1. Mechanical terminology and stress-strain curves. (A) The measurement of material 

stiffness is a key step in the characterisation of tissue mechanics. For a material with an initial length 

lo and cross sectional area A, the force F induces a change in dimension e (in this case an extension). 

From these parameters the stress and strain can be calculated and in turn (if stress is proportional to 

strain), the elastic modulus. High modulus values indicate a stiff material. (B) Idealised force-

displacement curve for a biological material stressed to failure. Commonly, biological materials will 

undergo an initial large extension (tow region), followed by a potentially reversible elastic extension (in 

which stress is proportional to strain), an irreversible plastic deformation and finally failure (post-yield 

and fracture) [47].   

Figure 2. Comparative macro-mechanical behaviour of forehead, cheek and volar forearm skin 

measured by Balisotmeter and Cutometer®.  (A and B) Balistometer measurements of coefficient 

of restitution (CoR) and area under the curve differed for the three anatomical sites. (C and D)  The 

Cutometer® parameter R2 (gross elasticity) clearly distinguished between the three sites but R7 

(firmness) was similar between forehead and cheek. The figure was adapted with permission from 

Woo et al. 2014 and the reader is referred to the orginal paper [15] for a full discussion of the data.  

 

Figure 3. A multi-disciplinary approach to characterising skin mechanics. In order to understand 

and model skin mechanical properties it will be necessary to draw on techniques from disparate 

disciplines which operate both in vivo and ex vivo and at macroscopic and microscopic length scales. 

Macroscopically skin structure (such as epidermal thickness) varies with anatomical site and can be 

assessed by in vivo imaging techniques (ultrasound [Illustrated], optical coherence tomography and 

confocal microscopy). The macro-mechanical behaviour of skin can be assessed in vivo by 

indentation (Ballistometer curve illustrated), suction or torsion but modelling approaches will be 

required to extract formal mechanical parameters. These in vivo approaches may be complemented 

by ex vivo tensile testing. The micro-structure and composition of skin can be assessed by 

conventional histology and immunohistochemistry in 2D and in 3D by microCT. Measurement of skin 

micro-mechanical properties currently requires the use of ex vivo techniques such as atomic force 

microscopy indentation. In the future it may be possible to apply digital volume correlation approaches 



in combination with microCT imaging to map 3D strain in skin biopsies.  The 3D microCT images of 

skin are reproduced with permission from the publishers of Newton et al. 2016  [48].       

 

Table 1. Estimating tissue stiffness.  

Study Tissue Technique Stiffness (MPa) 

Geerligs  

et al. [6] 

Human stratum corneum In vivo indentation (500µm 

spherical probe) 

1-2 

Wu et al. [7] Human stratum corneum Ex vivo fracture mechanics 

(varying hydration) 

5-1000 

Annaidh 

et al. [8] 

Human dermis Uniaxial tensile testing 83±34 

Ottenio  

et al. [9] 

Human 

dermis  

Uniaxial tensile testing 70-160 

McConnell  

et al. [10] 

Human breast AFM indentation  

(1µm radius probe) 

0.2-0.6 

McConnell  

et al. [10] 

Rat tendon AFM indentation  

(1µm radius probe) 

0.86±0.9 

Desai et al. [11] Murine liver AFM indentation  

(1µm diameter probe) 

0.0015-0.060 



The apparent stiffness of human skin compartments is dependent on the technique used and the 

length scale over which the measurements are made. Tissues such as the dermis, breast and fibrotic 

liver are all rich in fibrillar collagen and yet estimates of stiffness range from 0.06-0.86MPa (6-86kPa).    
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Study Tissue Technique Stiffness 
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Human stratum 
corneum 

In vivo indentation (500µm 
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Wu et al. 
[7] 

Human stratum 
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Ex vivo fracture mechanics 
(varying hydration) 

5-1000 

Annaidh 
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Human dermis Uniaxial tensile testing 83±34 
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Uniaxial tensile testing 
 

70-160 
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Human breast AFM indentation  
(1µm radius probe) 
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McConnell  
et al. [10] 

Rat tendon AFM indentation  
(1µm radius probe) 

0.86±0.9 

Desai et al. 
[11] 

Murine liver AFM indentation  
(1µm diameter probe) 

0.0015-
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