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ARTICLE INFO ABSTRACT

Keywords: Biofilm heterogeneity and adaptability complicates efforts to link biofilm structural and mechanical properties to
Physico-mechanical frictional drag. As a result, rigid structures are typically used as the benchmark for studying biofilm-associated
Elasticity

drag. Elastomeric sandpaper replicas were generated to be used as model systems for investigating the effect of

ﬁ::ghness roughness and elasticity on drag, over the Reynolds number range of approximately 2.0 x 10* to 5.2 x 10* Re
Flov% cell using a marine biofilm flow cell. To control for roughness parameters and surface topography the replicas were

Biofilm model created for sandpaper grit numbers: P40, P80 and P240 with average measured roughness (S,) of 108, 49 and 16
pm, respectively. Profilometry confirmed that there was no significant difference between the roughness of the
rigid sandpaper sources and the material replicas. The marine biofilm flow cell was fitted with a clear lid, which
allowed real-time visualisation of the replicas’ surface topography using Optical Coherence Tomography. Pres-
sure drop measurements, expressed as a friction coefficient, revealed that the elastomeric sandpaper replicas had
a significantly higher associated drag, of up to 52%, when compared to the rigid counterparts. From statistical
analysis it was confirmed that material mechanical properties, such as elasticity, and surface roughness both
significantly affect drag. Elastic model systems can be used to enhance our understanding of biofilm physico-
mechanics and their role in marine drag.

a biofilm is a frequently cited figure in the current literature (Haslbeck
and Bohlander, 1992; Schultz et al., 2011; Yeginbayeva et al., 2020).
Due to the complexity of measuring drag at ship-scale, the majority of
marine biofilm drag studies are executed at a laboratory scale, for
example using flow cells on the order of 1 m; results can then be
extrapolated to predict ship-scale drag (Schultz et al., 2015; Yegin-
bayeva et al., 2020). Importantly, care must be taken when extrapo-
lating data to ship-scale as ship relevant Re are typically orders of
magnitude higher than the Re range covered using smaller flow cells
(Fabbri et al., 2019). Operating at a smaller scale is useful for screening
since more replicates can be ran providing greater rigor; further, envi-
ronmental conditions can be controlled, and physico-mechanical prop-
erties can be studied more closely (Fabbri et al., 2018). It is known that
biofilm morphological properties, such as surface roughness (Andre-
wartha et al., 2010; Li et al., 2019), and physico-mechanical (combined

1. Introduction

Biofilms are composed of a community of sessile microorganisms
embedded within a viscous exudate (the matrix). The matrix is domi-
nated by extracellular polymeric substances (EPS) (Di Martino, 2018;
Flemming and Wingender, 2010) and water (Berlanga and Guerrero,
2016), and offers protection to microbial cells from external stressors,
such as environmental, chemical or mechanical factors (Peterson et al.,
2013).

In the shipping industry, the presence of biofilms on ship hulls can
increase frictional drag which has significant economic and environ-
mental consequences, such as higher fuel consumption and corre-
spondingly greater greenhouse gas emissions (Townsin, 2003). An
increase in ship shaft power between 1% and 18% due to the presence of
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Abbreviations

EPS extracellular polymeric substances
DIC digital image correlation

OCA optical contact angle

OCT optical coherence tomography
PDMS  polydimethylsiloxane

PIV particle image velocimetry

PTFE polytetrafluoroethylene

PVC polyvinyl chloride

physical and mechanical) properties are significant in influencing drag
(Schultz et al., 2015; Watanabe, 1969); yet, the relative contribution of
these properties is poorly understood (Blauert et al., 2015; Hartenberger
etal., 2020; Picioreanu et al., 2018). In part, this is attributed to the high
level of heterogeneity and adaptability that biofilms exhibit, which leads
to wide variations in efforts to relate biofilm characteristics to drag
(Schultz and Swain, 2000).

To study biofilm-associated drag, experimental and computational
models have been adopted which use homogenous and rigid structures
to mimic biofilm behaviour (Hartenberger et al., 2020; Yusim and
Utama, 2017). A benefit of utilising a synthetic system as a biofilm
substitute is that the material has reproducible properties that can be
controlled, which is a challenge when using natural biofilms. Rigid and
homogenous structures, such as embedded sand grains or sandpaper,
can approximate average biofilm roughness profiles and have been re-
ported to cause similar, if not equivalent, drag to biofilms under speci-
fied experimental conditions (Hartenberger et al., 2020; Murphy et al.,
2018). However, in many other studies, drag associated with biofilms
greatly exceeds that which would be anticipated for a rigid equivalent
(Hartenberger et al., 2020; Picologlou et al., 1980).

Biofilms are viscoelastic materials, which typically exhibit a time-
dependent response when under applied stress, such as hydrodynamic
shear (Gloag et al., 2018; Shaw et al., 2004). The deformation behaviour
of viscoelastic materials, for example wide-ranging lab and environ-
mental biofilms, has been repeatedly captured using mechanical
methods, such as rheology, indentation (Peterson et al., 2013; Stoodley
et al.,, 1999) and imaging methods (Blauert et al., 2015; Depetris et al.,
2019; Picioreanu et al., 2018). Biofilm material properties have long
been hypothesised as a major reason for why biofilm fouling causes high
frictional drag (Picologlou et al., 1980; Schultz and Swain, 2000).
Therefore, whilst conventional methods used to physically model bio-
films involve implementing rigid materials of different roughness’, they
generally do not account for viscoelastic physico-mechanical properties,
which could alter fluid-structure interactions and possibly lead to the
mis-estimation of drag (Hartenberger et al., 2020; Picioreanu et al.,
2018; Picologlou et al., 1980).

To investigate differences in drag associated with a rigid and
deformable material, Lewkowicz and Das (1986) introduced a compliant
drag-production mechanism into a biofilm-associated drag model using
nylon tufts. They revealed a significant increase in drag when comparing
the drag induced by the compliant system to the rigid controls, which
was explained by fluid-structure interactions caused by the surface
protrusions. Andrewartha et al. (2010) adopted a similar approach using
woollen strands. The drawback of these models is that although artificial
protrusions are individual free moving structures the mechanical prop-
erties and the roughness patterns cannot be varied independently as they
could be with synthetic material models.

Alternatively, artificial biofilms which involve embedding bacterial
cells in a hydrogel (Korstgens et al., 2001; Strathmann et al., 2000), have
been implemented as models for studying biofilm mechanics and
deformation behaviour as they can mimic biofilm-like responses to shear
(Di Martino, 2018; Stewart et al., 2015). Yet, Kandemir et al. (2018)
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found that under specified conditions there was no difference observed
between a hydrogel with and without embedded bacteria. A benefit of a
model with no living component is that natural variability as well as
structural and biological complexity observed in biofilms is removed
(Macedo et al., 2014). Moreover, a synthetic material can be manipu-
lated to simulate an array of physico-mechanical characteristics.
El-Labbad (1987) utilised smooth panels of agar gels of different con-
centrations to mimic different levels of biofilm ‘slime’: 0.5% was used to
represent light to moderate slime and 1% was implemented for heavy
slime. The denser slime equivalent (1% agar) caused a greater increase
in drag (El-Labbad, 1987), which suggests that differences in drag be-
tween the agar gels were driven by material mechanical properties.

Due to the species and mechanical property diversity of biofilms
there is no doubt that some can be characterised as rigid and rough,
much like sandpaper structures, or even uniform with repeating units
(Wagner et al., 2010) - yet this is likely the exception as opposed to the
rule. The aim of this study is to build upon and extend rigid conventional
methods by introducing a tailored elastic component. The objective of
the present work is to determine the relative contribution of elasticity
and roughness to drag using elastomeric and rigid replicas of the surfaces
of sandpapers of various roughness grades. Although biofilms are
spatially heterogenous, a defined and repeatable surface profile was
incorporated into the replicas to simplify the system and to allow
physico-mechanical properties to be the focus of the study. Drag was
measured using pressure drop sensors installed into a flow cell and was
expressed as a Fanning friction factor (C¢) (Fabbri et al., 2019; Li et al.,
2019). It was hypothesised that the elastomeric structures would induce
a significantly greater drag than rigid structures of comparable rough-
ness. Topographical change in response to hydrodynamic shear was
simultaneously measured using Optical Coherence Tomography (OCT),
a non-invasive imaging technique that has been previously implemented
for studying biofilm mechanics at the meso-scale (Blauert et al., 2015;
Wagner et al., 2010; Wagner and Horn, 2017). By utilising a fully syn-
thetic tailored system, such as the one proposed in the present study, the
effects of surface geometry and mechanical properties on drag can be
studied in isolation. If we can determine under which conditions phys-
ical and/or mechanical properties are most influential to drag then
better insights into the efficiency of coating technologies for the pre-
vention and management of biofilms can be gained (Fabbri et al., 2018,
2019; Hartenberger, 2019). These findings will help advance the
development of a more accurate experimental marine biofilm models
and can be used to further study the contribution of physico-mechanical
properties on biofilm-associated drag.

2. Material and methods
2.1. Cast and replica preparation

The casting and moulding process involved three groups of mate-
rials, referred to as source, intermediate, and replica (Table S1). Two
sources (either sandpaper or smooth PVC) were used to create an
impression in the intermediate material to produce a negative mould
(Fig. 1c). Materials (elastomeric or rigid when set) were then poured
into the intermediate moulds to generate replicas of the source materials
(Fig. 1f). The replicas were generated to be compatible with the flow cell
and measured 85 cm x 5.5 cm. Between all steps (Fig. 1) polytetra-
fluoroethylene (PTFE) release spray was used to ensure easy removal
from surfaces.

2.1.1. Source materials

Replicas were generated from two source materials: sandpaper (3M,
Bracknell, UK) and polyvinyl chloride (PVC) panels (Chemical Process
Solutions, Seaham, UK). Sandpaper of three different grit numbers: P40,
P80 and P240, classified as per the Federation of European Producers of
Abrasives (FEPA), were used as uniform rough surfaces for modelling
biofouled surfaces. The listed roughness grades were selected as they
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a) Attach a PVC panel to a plywood board, followed by the *Source” and
add silicone edging.

A Sandpaper (‘Source’)
WPVC panel
W Plywood Board

b) Pour silicone moulding rubber or urethane putty over the ‘Source’ to create

the ‘Intermediate’ mould.

|

‘Intermediate” mould

C) Remove the ‘Intermediate’
mould from the *Sourcce’.
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d) Cut away the silicon cdging and pour a ‘Replica’ material into the

sic *Intermediate’ mould.
Silicone
edping
iy

C) Remove the ‘Replica’ from the ‘Intermediate’ mould.

f) Replica of the original sandpaper (the ‘Source’).

Diagram is not to scale

Fig. 1. Method for generating rough and smooth replicas of the sources. For illustrative purposes the example uses of sandpaper as a source, silicone moulding rubber
as the intermediate material and epoxy filler as the replica material. The key in step a) shows the colours used for the Sandpaper, PVC and Plywood board across all
necessary steps. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

have been previously used for drag experiments in the flow cell (Fabbri
et al., 2019) and to cover a roughness range comparable to biofilm
surface roughness values (Li et al., 2019). PVC panels were used as a
smooth control for modelling an ‘unfouled’ surface.

To create the smooth source surface, a PVC panel (85 cm x 5.5 cm)
was bonded to a plywood board, which formed a stable base when
casting. For the rough sandpaper sources an individual sandpaper sheet
(85 cm x 5.5 cm) was bonded to the PVC panel (Fig. 1a). For the
sandpaper source, the PVC panel was necessary so that the resultant
sandpaper replicas were flush with the channel walls when inserted into
the flow cell.

2.1.2. Intermediate materials

Intermediate materials were poured over source materials to create
negative moulds. There were two intermediate materials used. Silicone
rubber (10:1 wt mix ratio of part a:b, ACC silicones, Somerset, UK)
(Fig. 2) was used to cast the epoxy filler replicas (see Replica materials)
and urethane putty (2.52:1 wt mix ratio of part a:b, ITW Devcon, Mas-
sachusetts, US) was used for the elastomer replicas (Table S1). The
different intermediate materials were required as the elastomer replica
material adhered to the silicone rubber intermediate material. In total
seven intermediate moulds were generated: silicone-P40, silicone-P80,
silicone-P240, silicone-smooth, urethane-P40, urethane-P80 and
urethane-P240 (Table S1).

For the smooth elastomer replicas, the self-levelling material was
simply brushed onto a prepped PVC panel as opposed to using a
urethane-smooth intermediate mould.

Since the uncured silicone intermediate material was a liquid with a
48-h setting time, a silicone edging was built up 5 cm away from the
sandpaper panel in all directions (resultant size of the Intermediate ma-
terial mould = 95 cm x 15.5 cm) (Figs. 1 and 2). The white silicone
edging was removed from the silicone intermediate mould once it had set
to ensure flat surface for the epoxy filler replica material to set.

2.1.3. Replica materials

Two replica materials were investigated: a polydimethylsiloxane
(PDMS)-based elastomer and an epoxy filler with 25% extra curing agent
added. The extra curing agent was required as epoxy filler alone was too
brittle for moulding and casting. Also, the epoxy filler is a commercial
coating and was prepared according to manufacturer instructions for
Interfill 830 (AkzoNobel, Felling, UK). A palette knife was used to fill the
intermediate silicone mould with the epoxy filler and the elastomer was

Fig. 2. Intermediate silicone negative moulds of sandpaper-P80 and sandpaper-
P240 (sources).

prepared and poured into the intermediate urethane mould.

Upon setting in the moulds, the final replicas were removed with care
to avoid tearing (Fig. 1e and f). As mentioned previously, a urethane-
smooth intermediate mould was not required to generate the smooth
elastomeric replicas.

In total, eight replica types were produced: elastomer-P40, elastomer-
P80, elastomer-P240, elastomer-smooth, filler-P40, filler-P80, filler-
P240 and filler-smooth (n = 2 to 4) that were tested in the flow cell.
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The sources: sandpaper-P40, sandpaper-P80, sandpaper-P240 and
smooth PVC (n = 2 to 4) were also tested in the flow cell to allow
comparison with their material replicas.

2.1.4. Surface roughness measurements of sources and replicas

To confirm successful and accurate transfer of surface roughness
between the sources and the replicas a blue-light interferometer (Mik-
roCAD premium, LMI technologies, Burnaby, Canada) was used to
measure arithmetical mean surface roughness height (S,). Six area scans
were taken at random sections across every 85 cm x 5 cm replicate for
the replicas and sources (n = 2 to 4). A single area scan measured 10 cm
x 2 c¢m, had an x-z resolution of 50 pm x 5 pm and was quantitatively
analysed using ODSCAD software (GFMesstechnik GmbH, Berlin, Ger-
many) (Fig. S1). A cut-off wavelength of 10 mm was implemented
(Howell and Behrends, 2007; Medhurst, 1990). For the sources and
replicas, S, was measured both before and after exposure to a flow cell
cycle. This allowed detection of any changes in roughness consequent to
flow.

2.2. Preparation and mechanical characterisation of materials
Mechanical profiles were generated for both replica materials.

2.2.1. Tensile properties

An Instron 5969 material test instrument with a 1 kN load cell and an
87.5 mm gauge length was used for testing the mechanical properties of
each material (Zou et al., 2007). The loading speed applied during
testing was dependent on the material and ranged from 25 mm min~! to
50 mm min . Samples were prepared by pouring the replica materials
into a dumbbell-shaped silicone mould. Among other calculated prop-
erties, tensile strength (MPa), failure strain (%) and elastic modulus
(MPa) were of interest.

2.2.2. Wetting properties

A Data Physics optical contact angle (OCA) system was paired with
SCA20 contact angle measurement software (Data Physics, GmbH,
Berlin, Germany). A test material was applied to a clean 15 cm x 10 cm
glass plate using a 400 pm draw-down and was exposed to drying at
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ambient room temperature. The OCA for each material was calculated
using sessile drop testing: a 4 pL deionised water droplet was dropped
onto the coated glass plate, through air, from a syringe (n = 6). For each
droplet, two angle measurements were taken per second for a total of
120 s. As areference point, the measurements taken at 60 s for each drop
were used to give an average OCA for each test material.

2.2.3. Microhardness

A Fisherscope H100C hardness measurement system (Helmut
Fischer, GmbH, Berlin, Germany) was used in conjunction with a WIN-
HCU software. Test samples were prepared by coating PVC microslides
with a test material using a 400 pm draw-down. Indentation tests were
executed, and results of interest included modulus of indentation (EIT)
(kPa), Marten’s hardness (HM) and elastic deformation percentage of
indentation energy (nIT).

2.3. Marine biofouling flow cell

An enclosed meso-scale flow cell (Fig. 3), with a rectangular test
section of 0.85 m (L) x 0.01 m (H) x 0.05m (W) and a recirculating tank
of artificial seawater (ASW) was used for testing drag associated with
sandpaper replicas. The ASW had a pH of 8.1 and salinity of 35%o.
Although the flow cell implemented is smaller than others used in the
literature (Hartenberger et al., 2020; Schultz et al., 2015), it offers high
throughput experiments and enables a greater focus on understanding
physico-mechanical properties of a material by allowing methods such
as OCT to be used in conjunction with the flow cell, which operates at a
centimetre-scale working distance. The base of the flow cell was a rigid
PVC panel with acrylic side panels. A clear acrylic window panel was
installed as the top plate to allow real-time OCT imaging of the source
and replica surfaces in response to flow (Fabbri et al., 2018) (Fig. 3).
Pressure drop sensor ports were positioned in the clear top plate 0.03 m
and 0.83 m from the inlet, giving a pressure drop test length of 0.8 m. An
entry length of at least 30 x flow cell height has been referenced to
guarantee fully developed flow at the first pressure sensor (Hong et al.,
2011), which due to the design of the flow cell could not be adopted
here. The pressure sensors were located at the maximum pressure drop
length to facilitate the location of the OCT and to increase pressure drop

Fig. 3. Annotated diagram of the marine biofouling flow cell system (AkzoNobel, Felling, UK) used in conjunction with OCT. The OCT was set up above the flow cell
fitted with a transparent top-plate to allow aerial imaging of sources and replicas within the flow cell. The inlet and outlet of water is also labelled.
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sensitivity. To aid flow development a baffle was added at the flow cell
inlet. The hydrodynamic characteristics have previously been investi-
gated using sandpaper of different roughness grades (Fabbri et al.,
2019).

The source and replica materials were inserted into the flow cell and
exposed to a flow cycle for a duration of up to 22 min. The flow cycle
involved incrementally changing the flow velocity (controlled by pump
setting (centrifugal pump, 1.1 kW, Calpeda, Italy)) of ASW up to
approximately 3.5 m s ! (loading cycle) followed by stepwise decreases
in flow velocity back to 0 m s~* (unloading cycle) (Fig. S2). During the
flow cycle, temperature was measured at each step and ranged between
18 °C to 24 °C. Flow velocity was recorded using a flow meter (Perfect
Reef Systems Corrente+ 2” Digital flow sensor, between 0 and 150 L
h!) which allows Reynolds number, Re, to be calculated using (Fabbri
et al., 2018; Li et al., 2019; Stoodley et al., 2001):

MD;,

Re=— (€D}
125

where, vy is the kinematic viscosity of ASW (m? s~ 1) at each measured
temperature throughout the flow cell cycle (Fig. S2), u is average flow
velocity (m s™1 and Dy, is the hydraulic diameter of the flow cell,
calculated using the cross-sectional area and wetted perimeter of the
flow cell test section. Importantly, the thickness of sources and replicas
were measured using a ruler before being inserted into the flow cell; the
thickness was then used to calculate the flow cell height which is used to
calculate Dy. The maximum flow velocity of approximately 3.5 m s~}
corresponds to a maximum Re in these experiments of about 5.2 x 10*
Re.

2.3.1. Calculating drag from pressure drop measurements

Pressure drop (AP) was measured throughout the flow cycle using
differential pressure sensors (PL-692 Omni Instruments, between 0 and
400 mbar) that were attached to the top-plate. By measuring AP, the
Fanning Friction Factor (Cy) could be calculated (Fabbri et al., 2019). C¢
is a dimensionless number and was calculated for all flow cell runs to
allow for statistical comparison.

D, AP;

— a7t 2
2pu> L 2

f

where, L is the distance between pressure ports (0.8 m) and p is the water
density (kg m~3) at the relevant temperature. In a turbulent flow regime,
AP and u? can exhibit a linear dependence. Therefore, as well as
calculating C¢ for every stage in the flow cycle (Fig. S2), a single average
Cr was calculated across an entire flow regime by substituting the slope
of the line exhibited by AP and u? into Equation (2) as AP¢/ u? (Fabbri
et al., 2019).

It is important to note that since the calculated Cy is based on an
asymmetric flow cell set up (roughness is not equivalent on all walls)
and there is an insufficient entry length for fully developed flow, the
values reported are specific to the system used in this study. Hence, from
this point Cr will be referred to as Cr* to signify that care should be taken
when interpreting the C; data. To assess the relative influence of
asymmetry on C, flow cell experiments were also executed using a rigid
rough symmetric flow cell set up, where roughness was equivalent on
the top and bottom of the flow cell (please refer Supplementary
Information).

2.4. Surface visualisation using Optical Coherence Tomography (OCT)

An OCT (Ganymede, ThorLabs, Germany) was set up in conjunction
with the flow cell (Fig. 3) for non-invasive real-time imaging of the
sources and replicas under flow conditions. An OCT scanner measures a
point reflection signal from the test piece surface and produces a depth-
resolved intensity profile along the scan axis (z-direction, flow-cell
height). By acquiring several scans along-stream (x-direction, flow-cell
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length), a cross-sectional image is produced in the xz-plane (two-
dimensional scan, 2D). Consecutive cross-sections along the other lateral
axis (y, the flow-cell width) generates a full volumetric representation
(three-dimensional scan, 3D), as detailed previously (Haisch and
Niessner, 2007; Wagner et al., 2010; Xi et al., 2006). Importantly, the
OCT used a LK3- LSMO03(BB) objective lens which provided a central
wavelength of 930 nm and gave an axial resolution of 5.8 pm and a
lateral resolution of 8.0 pm, both in air (refractive index = 1). Three
2D-scans (duration 1.2 s each, OCT scan-rate = 30 kHz) were taken at
every incremental and decremental steps in the flow cycle for each
replicate. ThorLabs software, version 5.8.3, (Ganymede, ThorLabs,
Germany) was used to control the OCT and with respect to light, focus
and imaging the same settings were applied to all replicates. Milferstedt
et al. (2009) determined that 3.4 mm? was the minimum area required
for representative analysis of biofilm mesoscopic features, but also
stated that an increase in area image led to higher precision (Wagner
et al., 2010). Based on these recommendations, x-z cross-sections of 18
mm? (9211 x 1024 pixels) were acquired which corresponds to a res-
olution of 0.98 ym in the x-direction and 2.75 pm in the z-direction. As
images were taken in-situ the refractive index for water, 1.34, was used.
All OCT images were manually exported as.tiff files from ThorLabs for
analysis in Fiji, ImageJ (https://imagej.net/Fiji).

2.4.1. OCT image processing and analysis

OCT datasets were processed using the open-source image analysis
software, Fiji (Schindelin et al., 2012). Before processing, the 2D-scans
were cropped to the area of interest containing the topographical sur-
face features (Fig. 4). The ‘Shanbhag’ method was then used to threshold
and binarise the images (Shanbhag, 1994) and an implemented plugin
‘Find connected regions’ for the factor ‘Tubeness’ was used to identify
connected structures. The plugin ‘MorphoLibJ’ was used for morphology
segmentation and measurements (Legland et al., 2016). Particle geom-
etries in the 2D-images were characterised using perimeter and elon-
gation (where a value of 1 indicates roundness, and anything higher
indicates elongated structures). The same processing method was
applied to all images.

2.5. Statistical analysis

R Studio (R Core Team, 2019) was used for statistical analysis. For all
statistical outcomes a P-value of <0.05 was deemed statistically
significant.

To determine differences in the mechanical profiles of the filler and
elastomeric material ANOVA and post-hoc Tukey tests (95% confidence
interval) were executed on the individual data sets (contact angles,
tensile testing etc.). To confirm successful transfer of roughness from
sources to replicas, and to determine any changes in the surface topog-
raphy of sources and replicas under increasing flow, ANOVA and Post-hoc
Tukey tests (95% confidence interval) were performed. For the data that
did not meet the assumptions for these tests, such as non-normal dis-
tribution (Shapiro-Wilk) and unequal variance (Levene’s), the non-
parametric Kruskal Wallis test was used. To determine the contribu-
tion of roughness (smooth, P240, P80 and P40) and material (rigid,
elastomeric) on C¢* at different Re, two-way ANOVA and Post-hoc Tukey
tests were executed. The sum of squares of one variable was divided by
the total sum of squares of all variables (elasticity, roughness, and the
interaction effect) and this was multiplied by 100 to give percentage
contribution.

2.6. Uncertainty analysis

Uncertainty analysis was performed on C¢* values calculated for the
elastomer and filler replicas, sandpaper sources and smooth PVC. The
uncertainty around Cf* was calculated by combining the associated
uncertainty of the individual measured variables and taking the root of
the sum of the squares (Cimbala, 2013). It was expected that uncertainty
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would decrease with increasing Re (Hartenberger, 2019; Lorenzini et al.,
2009; Schultz et al., 2015) and therefore analysis was performed at 2.2
x 10% and 4.0 x 10* Re. The systemic and random uncertainties related
to instrumental error were also calculated and are summarised in
Table S2.

3. Results
3.1. Mechanical properties of synthetic materials

Two replica materials, a PDMS-based elastomer and epoxy filler,
were mechanically characterised using an array of methods. The elas-
tomeric material possessed a low elastic modulus and high strain to
failure when compared to the epoxy filler (P-value < 0.05) (Table 1).
The filler became torn and snapped when pulled lengthwise, as opposed
to stretching as the elastomer did. This reflects the hardness of the epoxy
filler which had a measured mean Marten’s hardness (HM) of 21.08 +
36.03 N mm 2 compared to the elastomer’s 1.52 + 0.28 N mm 2. Water
contact angles were used to determine material wettability. The contact
angle of the filler was in the range normally associated with hydrophilic
behaviour (OCA <90°) whereas the contact angle of the elastomer was
on the border of the ranges normally associated with hydrophilic and
hydrophobic behaviour (OCA ~ 90°) (Law, 2014) (Table 1). As ex-
pected, the mechanical properties determined for the two materials
were significantly different (P-value < 0.01) (Table 1). As a result, the
replica materials were classified as elastomeric or rigid, where the rigid
group comprised epoxy filler replicas and both sources (smooth PVC and
sandpapers) and the elastomeric group was composed of PDMS-based
elastomer replicas (Table 1).

Table 1

Elastomer P80
High flow (approx. 2.5 ms!)

l which allows for analysis of shape. The red circle

Ocean Engineering 266 (2022) 112739

Fig. 4. Raw and processed OCT 2D-scans taken at
different stages in the flow cycle. The scans for the
elastomer pgo replicas are shown as an example. The
processed images are post-application of the seg-
mentation, binarization and thresholding methods

shows an example of gaps in the processed images
which could skew shape data. (For interpretation of
the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

3.2. Successful transfer of surface roughness from source to replica

A homogenous surface roughness for the replicas was achieved using
sandpaper of varying roughness grades (Fig. 1). As desired, all sand-
paper roughness grades used as sources: P40, P80 and P240 and the PVC
panel, possessed significantly different S, values (Table 1 and Fig. 5).

Blue light interferometry was used to measure S, at all stages during
the casting and moulding process, see Fig. 5. There was some evidence of
a reduction in S, during casting and moulding for some of the rougher
replicas, for example filler-P40 and elastomer-P40 replicas displayed
lower S, than their source and intermediate counterparts (Fig. S1).
Nevertheless, there were no statistically significant differences in S, of
the filler-P40 and elastomer-P40 replicas (Table 1). S, was also measured
before and after the sources and replicas were exposed to flow in the flow
cell. Statistical analysis confirmed that for all test pieces (n = 2 to 4)
there were no significant differences in surface roughness before and
after flow had been applied (P-value > 0.05) (Fig. 5).

3.3. Changes to surface topography of material replicas in response to
applied flow

OCT 2D-scans were taken of the sources and replicas under increasing
flow in the flow cell. Raw images were then processed to quantify
topographical features at the mesoscale. Note that in some OCT images
the boundary surface was lost (Fig. 4 and S3) which influenced data
output, therefore images with missing sections were excluded from
statistical analysis. Also, although roughness was consistent across all
source and replica replicates (n = 2 to 4), shape data produced signifi-
cantly different numeric results between replicates. Therefore, to study
changes in shape parameters with increasing flow velocity, averages
could not be meaningfully taken, and individual structures in fields of
view for each replicate were analysed separately.

Summary of source and replica materials, including roughness measurements, mechanical properties, and classification of materials as elastomeric or rigid. The in-
termediate material is that which was used to create a replica of the source using a mould. A dash indicates that data was not collected, or it was not applicable.

Roughness Measured Elastic modulus Ultimate Tensile Contact Marten’s Classification  Intermediate
(FEPA roughness pre- (MPa) tensile strain  strength angle (°) Hardness (N material
standards) flow (S, pm) (%) (MPa) mm 2
Source
Polyvinyl Smooth 6.8 £ 0.9 ~3500 * - - - - Rigid -
chloride
(PVC)
Sandpaper P240 16.3 + 1.7 ~200,000-400,000 - - - - Rigid -
Sandpaper P80 48.9 +1.3 -
Sandpaper P40 107.7 £ 3.5
Replica
PDMS-based Smooth 6.3 +1.2 1.54 + 0.26 135.3 + 1.04 £ 87.8 + 1.52 +£0.28 Elastomer Urethane putty
elastomer P240 16.0 + 1.4 23.3 0.15 15.1
P80 449 +1.3
P40 93.7 £ 5.5
Epoxy filler + Smooth 49+17 63.23 + 11.06 14.14 + 2.2 291 + 78.1 + 21.07 + 6.03 Rigid Silicone
25% extra P240 14.8 £ 2.0 0.14 12.8 moulding
curing agent P80 42.7 +£2.3 rubber
P40 92.4 + 6.6

# Value taken from Titow (1984) for rigid PVC.
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Fig. 5. Surface roughness (S, ,m) measured using a blue-light interferometer
for a) elastomer replicas and b) filler replicas before and after a flow cycle on
the flow cell. The S, of their counterpart sources and intermediates is also
shown, for all roughness’ investigated: smooth, P240, P80 and P40.

Image analysis revealed that despite roughness profiles being sub-
stantially similar between elastomeric and filler replicas of the same
roughness category (Table 1), the surface shape was significantly
different (P-value < 0.05), especially at higher roughness grades (P40
and P80) (Fig. 6). The elastomer replicas appeared wave-like whereas the
filler replicas more closely resembled a sandpaper surface (Fig. 6).
Similarities between the sandpaper sources and filler replicas were
enhanced when assessing structural changes consequent to changing
flow velocity as both datasets exhibited a linear relationship between
elongation and flow velocity. In contrast, the elastomer replicas showed
fluctuations in elongation values with increasing flow velocity as the
surface appeared roughened and surface peaks moved (Fig. 7).

Interestingly, the elastomer-P40 replicas showed signs of permanent

Low flow (<1 ms)

Elastomer P80

Rigid PS0

Elastomer P240

Rigid P240
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deformation, as illustrated by 2D-scans taken of the elastomer-P40 after
cessation of flow (Fig. 7). A relaxation period was not included during
the experiments, yet it does not seem likely from the example depicted in
Fig. 7 that there would be full recovery of the initial structure. From the
elongation data collected during the loading and unloading cycle there
is evidence of some elastic rebound which is indicative of a viscoelastic
response to applied flow. However, further experimentation would be
required to confirm these observations.

3.4. Drag induced by sources and replicas in an asymmetric flow cell
system

3.4.1. Elasticity

Loading cycle data were obtained for all the elastomeric and rigid
test pieces (smooth, P240, P80 and P40, see Table 1 and Fig. 8). The AP
measurements were expressed as Cfand were plotted against Re (Fig. 8).

For most test pieces the general shape of the drag curves was broadly
similar; with increasing Re there was a slowing decrease in C¢* (Fig. 8).
However, under closer inspection of the data points in Fig. 8, filler-P40,
elastomer-P40, -P80 and -P240 data demonstrate longer Re dependence
where at approximately 3.0 x 10* Re, C¢ drops off. It is known from
profilometry (Fig. 5) and OCT-scans (Fig. 6) that S, was not affected by
flow (Fig. 5) and therefore this dependence was linked to a mechanical
response to increasing shear stress, which is not demonstrated by the
rigid test pieces.

More specifically, a single average C¢* was calculated for all replicas
and sources ran on the flow cell using the slope of the line when AP was
plotted against u? using Equation (2). This was possible as the rela-
tionship between AP and u? was linear for all flow cell runs. The
elastomer-P80 and -P240 led to a 52% and 48% increase in average C¢*
when compared to the rigid counterparts of substantially similar
roughness (Fig. 9). Despite a significant increase in roughness elastomer-
P40 displayed a drop in C¢* when compared to elastomer-P80 and was
only 2% higher than rigid-P40 (Fig. 9). Also, elastomer-smooth, and
rigid-smooth replicas demonstrated little to no Re dependence (Figs. 3
and 4) and possessed only a 6% difference in average C¢* (P-value > 0.5)
(Fig. 9).

3.4.2. Roughness

The C¢* of the elastomeric replicas was significantly higher than the
Cr* of the rigid counterparts up to a roughness of approximately 45 ym
(P80 data) (Fig. 8), and both data sets exhibited a positive relationship
between S, and C¢* (Fig. 9). The average C¢* calculated for the rigid-
P240, -P80 and -P40 test pieces were 14%, 59% and 100% higher
than the rigid-smooth replicas and for the elastomeric data set these
values were 60%, 127% and 93%, respectively. It is important to note
that although there was a strong linear relationship between average S,

High flow (approx. 2.5ms™)

o g Pt s T T e S

Fig. 6. Raw OCT 2D-scans taken at low and high flow during a flow cell cycle. The elastomer-P80, elastomer-P240, filler-P80 and filler-P240 have been used as

examples to show changes in the surface topography.
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and average C¢* for the rigid data set (R2 = 0.99), it was poor for the
elastomeric data set, due to the P40 replica drag data (R2=0.49) (Fig. 9).

The non-linearity between S, and average C¢* of the elastomer rep-
licas suggests that the elastic material properties enhanced the effects of
roughness (Fig. 9), as elastomer replicas showed comparable C¢* values
to filler replicas in the next roughness category: elastomer-P240 and -P80
displayed behaviour comparable to filler-P80 and -P40 (Figs. 8 and 9). It
was concluded that material properties and surface roughness influ-
enced drag, taken as a single C* value, both independently (P-value <
0.01) and combined (P-value < 0.01). This conclusion was supported
using interaction plots produced in R studio (P-value < 0.001). Impor-
tantly, the parameter of shape was not introduced into the ANOVA as it
showed co-linearity with the roughness values.

3.4.3. Contribution of elasticity and roughness to drag

To assess the contribution of material properties and roughness on
C¢* with increasing Re, C¢* was calculated for specified Re and two-way
ANOVAs were carried out. For all Re investigated (covering the range
from about to 2.0 x 10% to 5.2 x 10* Re), roughness, material-type, and
an interaction between the two factors was significant in effecting
average C¢* (P-value < 0.01). Table 2 shows how the effect of both
roughness and material evolves with increasing Re (measured as per-
centage contributions) at specified Re, for example the roughness
contribution appears to increase and plateau, and the material contri-
bution fluctuates. Interestingly, the combined effect of material and
roughness declined with increasing Re.

3.4.4. Uncertainty analysis of Cf*

Uncertainty analysis was performed on the average C¢* values taken
at 2.2 x 10* and 4.0 x 10* Re for all material replicas and sources. Un-
certainty bounds for the elastomeric replicas ranged from +22% at the
lower Re and +15% at the higher Re. For the filler replicas the

Ocean Engineering 266 (2022) 112739

Fig. 7. OCT 2D-scans taken at different flow veloc-
ities during a flow cell cycle. An elastomer-P40
replicate (n = 2) has been used to show a change in
surface topographical features at different stages. A
flow velocity of < 1m s~! indicates the start and end
of the flow cell cycle. Maximum elongation was
determined at ~1.9 m s~ and the maximum flow
velocity reached was 3.1 m s~ !. Changes of two
prominent features are circled (red and yellow rings)
at each flow stage. (For interpretation of the refer-
ences to colour in this figure legend, the reader is
referred to the Web version of this article.)

uncertainty values were +£28% and 25% and the source data (sandpaper
and smooth PVC) uncertainty was +33% and 28%. The uncertainty
bounds reported here are higher than those reported by Hartenberger
(2019) which could be a consequence of the asymmetric boundaries and
small aspect ratio of the channel. For further details on the uncertainty
error around Cr* taken at different Re please refer to Table S3.

4. Discussion

4.1. The mechanical characterisation and visualisation of the elastomer
and filler material

As intended, the PDMS-based elastomer and epoxy filler displayed
significantly different mechanical properties (Table 1) and from these
results it is suggested that the elastomer would be better suited to
modelling biofilm behaviour than rigid structures. For example, the
elastomer demonstrated a high tensile strain, within the range of be-
tween 150% and 320% recorded for natural biofilms (Ohashi et al.,
1999), and possessed a lower elastic modulus than the rigid counterparts
(Table 1). In addition, whilst the filler demonstrated hydrophilic
behaviour (OCA <90°) (Table 1), the contact angles for the elastomer sat
either side of the 90° threshold, which is comparable to the wetting
behaviour observed for natural biofilms (Werb et al., 2017).

Biofilms are known to exhibit different degrees of elasticity, ranging
from Pa to kPa (Table S4). To date, rheological data does not exist for
ship-relevant marine biofilms. Souza-Egipsy et al. (2021) however,
compared mechanical properties for eukaryotic and prokaryotic bio-
films obtained from an acidic stream, and found that the elastic modulus
for the eukaryotic biofilms was significantly lower than the prokaryotic
biofilms. Marine biofilms incorporate eukaryotic organisms and there-
fore it is possible that they would possess a different elastic modulus to
what has been reported in the literature for biofilms found in other



A. Snowdon et al.

a) 0.018
0.016
0.014
0.012

0.010

g

0.008 4 A A n

*
e

0.006

0.004

1.5E+04 2.5E+04 3.5E+04
Re

A Rigid P240

4.5E+04 5.5E+04

Rigid P40

0.018
b) .
0.016 »

m Rigid P80 # Rigid Smooth

0.014
0.012

0.010 A A

G ()

0.008 .
0.006

0.004

1.5E+04 2.5E+04 3.5E+04 4.5E+04 5.5E+04

Re
Elastomer P40 ®m Elastomer P80 4 Elastomer P240 & Elastomer Smooth
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Fig. 9. Average S, (pm) =+ SD plotted against average C¢ (—) + SD (n = 2 to 4)
for the elastomeric and rigid material categories, where rigid includes the filler
replica data and source data. Data for four roughness’ are shown: smooth, P240,
P80 and P40 (as per FEPA standards). Average C¢ was calculated by substituting
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Table 2

The contribution of material, roughness, and the interaction of the two on C¢
calculated at three different Re using power lines of best fit from Fig. 8. All
values are percentages (%).

2.2 x 10* Re 3.0 x 10* Re 4.0 x 10* Re
Material 18.5 12.6 18.6
Roughness 55.9 76.7 75.6
Interaction 25.6 10.7 5.8

environments, for example medical and wastewater treatment
(Table S4). It is of interest to mechanically characterise marine biofilms
to inform future design of materials that could be used in the proposed
synthetic replica system for modelling biofilm physico-mechanical re-
sponses to applied flow.

4.2. Drag induced by rough elastomeric sandpaper replicas

Typically, computational and experimental studies have utilised
rigid, rough surfaces such as sandpaper or sand-grains for studying drag,
namely biofilm-associated drag (Yusim and Utama, 2017). In part, this is
explicable by work that has shown parallels between drag induced by
rigid structures and biofilms (Flack et al., 2007; Hartenberger et al.,
2020).

Flow cells are widely used to study impacts of surface roughness on
skin friction and drag. A symmetric flow cell set up is often imple-
mented, where the top and base plate are of equivalent surface rough-
ness. However, in this study, C¢* was calculated in an asymmetric flow
cell, where the smooth top plate acted as a window into the flow cell and
the base plate was rough; this was necessary to allow real-time visual-
isation and in-situ measurements of surface deformation. The side walls
were also smooth since it was impractical to line these with source or
replica materials due to the narrow dimensions. The compromise of
having an optically clear window wall to allow observation has been
recognised in other studies (Blauert, 2017; Picioreanu et al., 2018) and
has been corrected for using techniques such as Particle Image Veloc-
imetry (PIV) (Hartenberger et al., 2020). The authors acknowledge that
the C¢* calculated in the present study for the rough surfaces will likely
be underestimations of the values obtained in a flow cell where rough-
ness is equivalent on all walls. Nevertheless, despite this limitation we
believe C¢* is a useful metric for comparing relative effect of drag by the
different materials, at least over the Re range of 2.0 x 10* to 5.2 x 10*
studied here.

It would be of interest to determine a relationship between C¢* for a
symmetric and asymmetric flow cell system using the elastic and rigid
materials (Fig. S4) with the purpose of calculating roughness-functions
and predicting drag at a ship-relevant scale.

4.2.1. Surface roughness and drag

It is well known that a surface with higher roughness will induce
greater drag due to increased friction; this has been observed at labo-
ratory and ship scale (McEntee, 1916; Moody, 1944; Oliveira et al.,
2018; Townsin, 2003). As expected, this trend was observed for the
elastomeric and rigid datasets collected here (Figs. 8 and 9). The
calculated drag for elastomer-smooth, rigid-smooth and the PVC-smooth
was broadly consistent (P-value > 0.5) (Figs. 8 and 9), showing little to
no impact from the different mechanical properties.

For the rigid and elastic data sets, once roughness was introduced
there was a jump in the C¢* values (Figs. 8 and 9). This increase was
different depending on the material. As is characteristic for a rigid
structure the rigid data set displayed a strong positive linear relationship
between S, and C¢* (Fig. 9) (Fabbri et al., 2019). The elastomer replica
C¢* data, however, demonstrated a non-linear relationship with
increasing S, which was partly explicable by the 15% drop in C¢* be-
tween elastomer-P80 and -P40 (Fig. 9). As roughness was controlled, the
deviation was attributed to mechanical properties, namely elasticity and
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the response of topographical features under flow (Fig. 7). This
conclusion is supported by ANOVA which indicated a significant rela-
tionship between static roughness (before and after flow) and material
type on Cs* at specified Re (P-value < 0.001). Hartenberger et al. (2020)
similarly interpreted their experimental comparisons between living
biofilms and their rigid replicas where they concluded that differences in
drag were driven by compliance, namely mat vibrations, and streamer
flutter.

The differences observed between the elastomeric and rigid data sets
highlight how rigid structures are limited for studying drag associated
with softer materials. For example, if the line of best fit for the rigid
dataset had been utilised to predict drag for the elastomeric system
(Fig. 9), then average C¢* would have been significantly underestimated.
Further, Fabbri et al. (2019) found a linear relationship between rigid
roughness and drag, yet if this had been used to extrapolate drag asso-
ciated with an elastomeric surface, the resultant drag values would have
also been underestimated. The results presented over our Re range of
2.0 x 10* to 5.2 x 10* Re demonstrate how not only roughness but
physico-mechanical properties must be considered when predicting drag
(Jafari et al., 2018; Picioreanu et al., 2018); and that
physico-mechanical properties could have a larger impact on C than
initially expected.

4.2.2. Elasticity and drag

Viscoelastic structures such as biofilms will induce a greater pressure
drop, and therefore drag, than rigid structures such as sandpaper or sand
grains, as a consequence of their physico-mechanical properties (Hansen
and Hunston, 1974; Peterson et al., 2015). An early study by Picologlou
et al. (1980) experimented with biofilms and turbulent pipes and
concluded that when the viscoelasticity of biofilms was considered, as
opposed to assuming rigidity (in the form of sand grains), the resultant
frictional resistance was higher. More recently, Hartenberger et al.
(2020) reached a similar conclusion when comparing natural biofilms to
3D-printed rigid replicas; biofilms displayed a significantly higher drag
than their rigid replicas and displayed a different trend in drag with
increasing Re. This implies the behaviour of a biofilm under increasing
flow velocity cannot be fully captured by rigid replicas even if equiva-
lent surface topography is achieved. Similarly, Yeginbayeva et al. (2020)
studied the combined effect of mimicked ‘hull’ roughness and biofilms
and found biofilm presence to be significant in affecting drag. The data
presented in the current study supports these conclusions as differences
in drag curves were observed between the elastomeric and rigid replicas
(Fig. 8).

Perkins et al. (2012) studied biofouled hydropower pipes and
determined that with increasing Re, Ct either increased or plateaued
until a critical Re was reached. After this critical point, Cf experienced a
sudden drop with increasing Re that eventually levelled out again
(Lambert et al., 2009; Perkins et al., 2012). The authors reasoning for
this behaviour was that the biofilm had been sheared, had detached
from the surface or was being flattened against the pipe wall. Interest-
ingly, a similar drag curve to those presented for biofouled pipes by
Perkins et al. (2012) was observed for the homogenous, rough elastomer
replicas, where up to a Re of 3.0 x 10* the elastomeric drag curves were
plateaued and past this Re the value of C¢* experienced a sudden decline.
This decline is assumed to be due to a physico-mechanical response,
such as streamlining or flattening out, as unlike real biofilms, detach-
ment was not possible, and roughness remained unchanged before and
after the surfaces were subject to flow (Fig. 5). This is supported by
results of a two-way ANOVA that showed distinct changes to the con-
tributions of roughness and material-type to C¢* at a Re of 3.0 x 10%,
Also, the elastomeric drag curves did not level out at higher Re (Fig. 8),
therefore future flow cell runs could be set up to operate at greater Re
which would perhaps identify a Re at which the elastomer replicas re-
sponses plateau and show no Re dependence.

It is worth noting that in Perkins et al. (2012) shearing and flattening
behaviour was not physically observed during flow and therefore it is
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important to consider that the trend between C¢* and Re observed for the
elastomeric data, which was attributed to compliance, could explain
what has been observed in the heterogeneous biofilm study.

The conclusion that differences in C¢* induced by the elastomeric and
filler replicas was consequence to different mechanical profiles and
therefore physico-mechanical responses to flow is supported by analysis
of the OCT-images. The filler and elastomeric replicas experienced
different responses to increasing flow velocity as shown by changes to
their surface topography (Fig. 6). When tested on the flow cell, the
elastomeric replicas did not deform to the same degree as natural bio-
films, which are generally softer and more elastic (Table S4), and
removal was not observed, yet there was evidence of a viscoelastic
response to increasing flow velocity (Fig. 7). It would be beneficial to use
an OCT to measure deformation quantitively using angles of deforma-
tion, as did Blauert (2017), or alternative image analysis methods, such
as Digital Image Correlation (DIC). DIC could provide information on 2D
and 3D-interactions between a compliant surface and surrounding fluid
which would inevitably alter Ct. Nevertheless, the results presented in
the current study demonstrate how fluid structure interactions vary
depending on material mechanical properties (Fig. 6) and can evolve
with increasing flow velocity (Fig. 7 and Table 2).

This study is the initial basis for addressing questions such as: what
happens to a biofilm surface under flow, and how do the physical and
mechanical properties respond? The authors detail a successful quick
and easy moulding and casting process for generating material replicas
and would be suited to experimental up-scaling. We acknowledge that
the synthetic model is in its primary stages, but by controlling roughness
and mechanical properties of different materials we believe it is easier to
separate out the relative contribution of these properties on drag than if
we had used a heterogeneous surface, or one that allowed sloughing and
detachment. We aim to add further structural and mechanical
complexity to better mimic real biofilms in future work. Also, future
studies should look to compare the data obtained from the meso-scale
flow cell to that collected for a larger flow cell (with a suitable entry
length to guarantee fully developed flow), to validate its use.

5. Conclusion

Surface roughness and physico-mechanical properties influence
drag. What is unknown is how they interact with each other, and how
this relationship influences drag. A method for generating a fully syn-
thetic model system for studying the effects of physico-mechanical
properties on drag has been presented. Sandpaper of varying rough-
ness grades was chosen as the template for moulding, as it is a readily
available rigid roughened surface with homogenous coverage and
controlled roughness characteristics.

Although biofilms have not been investigated here, the replica data
produced supports the hypothesis that elastomeric surfaces are better
substitutes than rigid structures for modelling elastic or viscoelastic
responses to drag. This was captured by a pressure drop system and OCT
2D-scans, where the movement of topographical features was detected
under flow. The combination of studying mesoscopic structural pa-
rameters (such as elongation) extracted from OCT 2D-scans, and the
mechanics of elastomeric materials allows us to represent natural bio-
film physico-mechanics more closely, within a dynamic environment (a
flow cell).

The rigid data showed significantly lower C¢* values than the elas-
tomeric counterparts (Fig. 9) and would have been ineffective in pre-
dicting C¢* associated with the elastomeric replicas. As the elastic
modulus of the materials was significantly different (P-value < 0.001)
(Table 1), while roughness (S,) was the same (Fig. 5 and Table 1), it was
concluded that the elasticity played a significant role in influencing the
drag (Figs. 8 and 9), as it may be expected to do in natural biofilms
(Hartenberger, 2019; Rupp et al., 2005). This was confirmed by statis-
tical analysis that deemed roughness and elasticity (independently and
combined) were both significant in affecting C¢*.
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Our results showed that elasticity is significant in influencing drag
and shares a significant interaction with surface roughness and thus
material properties should not be neglected in predicting drag caused by
viscoelastic biofilms or in model systems. This knowledge serves as a
basis for future study into the effect of physico-mechanical properties of
compliant materials on drag, it should be used to inform future models
and is relevant to the coating industry with respect to targeting specified
biofilm properties for reducing biofilm presence on ship hulls.
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