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Dynamic surface deformation of silicone elastomers for management of marine biofouling:
laboratory and field studies using pneumatic actuation

Phanindhar Shivapoojaa, Qiming Wangb, Lizzy M. Szotta, Beatriz Orihuelac, Daniel Rittschof c, Xuanhe Zhaob,d,e and
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Beaufort, NC, USA; dResearch Triangle Material Research Science & Engineering Center, Duke University, Durham, NC, USA;
eDepartment of Mechanical Engineering, Massachusetts Institute of Technology, Cambridge, MA, USA

(Received 8 February 2015; accepted 24 March 2015)

Many strategies have been developed to improve the fouling release (FR) performance of silicone coatings. However,
biofilms inevitably build on these surfaces over time. Previous studies have shown that intentional deformation of
silicone elastomers can be employed to detach biofouling species. In this study, inspired by the methods used in
soft-robotic systems, controlled deformation of silicone elastomers via pneumatic actuation was employed to detach
adherent biofilms. Using programmed surface deformation, it was possible to release > 90% of biofilm from surfaces in
both laboratory and field environments. A higher substratum strain was required to remove biofilms accumulated in the
field environment as compared with laboratory-grown biofilms. Further, the study indicated that substratum modulus
influences the strain needed to de-bond biofilms. Surface deformation-based approaches have potential for use in the
management of biofouling in a number of technological areas, including in niche applications where pneumatic actuation
of surface deformation is feasible.
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Introduction

Biofouling occurs on synthetic surfaces exposed to natu-
ral aqueous environments and is a significant economic
problem in the marine industry (Aftring & Taylor 1979;
Characklis 1981; Callow & Callow 2002; Jain & Bhosle
2009; Mieszkin et al. 2013). Biofouling on ships’ hulls
results in increased hydrodynamic drag and fuel con-
sumption, as well as an increase in maintenance and
environmental compliance costs (Schultz 2007; Swain
et al. 2007; Schultz et al. 2011). The performance of
other kinds of marine equipment such as oceanographic
sensors, seawater piping, heat exchange systems and
ultrafiltration membranes is also negatively impacted by
biofouling, the management of which can cost over $15
billion each year (Casanueva et al. 2003; Nebot et al.
2010; Wang et al. 2013).

Current measures to control biofouling typically
involve expensive manual cleaning and the use of bio-
cides (Sonak et al. 2009; Thomas & Brooks 2010).
Increased ecological awareness and the high cost of
registration of antifouling (AF) paints containing toxic
ingredients (eg copper oxide and organic biocides) has
led to substantial interest in the development of non-
toxic coatings to reduce biofouling (Voulvoulis et al.
1999; Gittens et al. 2013). Silicone based, fouling release

(FR) coatings that offer an alternative approach to bio-
cide-containing paints are being investigated widely by
various researchers. FR coatings function by minimizing
the adhesion strength of attached fouling species, which
can be removed (ie ‘shed/released’) relatively easily due
to shear during cleaning procedures, such as application
of water pressure or light scrubbing. The lower adhesion
strength of fouling organisms to silicone surfaces has
been attributed to its critical surface energy (between 20
and 30 mN m−1), smoothness, and reduced opportunities
for hydrogen-bonding and polar interaction at the mate-
rial–liquid interface (Baire 1970; Callow & Fletcher
1994; Brady & Singer 2000; Callow & Callow 2011).
Further, it was previously shown through theoretical and
experimental studies that the modulus and thickness of
the silicones films are also important for their efficacy
and durability as FR coatings (Kendall 1971; Singer
et al. 2000; Chaudhury et al. 2005). Surface active sili-
cone compounds are also known to disrupt the curing
process of adhesive glues produced by macrofouling spe-
cies (eg barnacles), thereby reducing their adhesion
strength (Rittschof et al. 2011; Holm 2012).

FR silicone coatings, however, have some disadvan-
tages, and represent only a small proportion of the cur-
rent total marine coatings market. They are relatively
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less durable than other types of coatings (eg commercial
acrylate self-polishing coatings) and are known to fre-
quently foul with brown slimes (which are dominated by
diatoms) that attach strongly to hydrophobic surfaces
(Truby et al. 2000). The surface energy characteristics of
silicone polymers are also known to be altered upon pro-
longed exposure to seawater, thus affecting their ability
to control biofouling (Estarlich et al. 2000). Therefore,
efforts are being made to further improve the perfor-
mance of silicone coatings. For instance, several com-
mercial silicone coatings incorporate silicone oils to
further diminish the adhesion strength of different foul-
ing species without significantly affecting the critical sur-
face energy of the silicones (Stein et al. 2003; Meyer
et al. 2006). In addition, the AF and FR performance of
silicone coatings have been shown to be enhanced
through the use of bioinspired, textured surfaces (eg
Sharklet® surfaces) (Carman et al. 2006; Scardino & de
Nys 2011; Halder et al. 2014; Ling et al. 2014; Zargiel
& Swain 2014), incorporation of amphiphilic polymers
(eg Intersleek® 900) (Martinelli et al. 2008), and tether-
ing of AF moieties, such as quaternary ammonium salts
(Majumdar et al. 2011) and zwitterionic polymers
(Zhang et al. 2009; Bodkhe et al. 2015).

As an alternative and complementary method to the
above examples (ie existing surface modification
approaches), this work builds upon two recent reports
which demonstrated that dynamic deformation of silicone
elastomer surfaces can be highly effective in the release
of both soft (eg bacterial biofilms) and hard (eg barna-
cles) foulers (Shivapooja et al. 2013; Levering et al.
2014). The approach is based on the fundamental
hypothesis that biofouling on a soft, elastomeric
substratum (eg polydimethylsiloxane (PDMS)) can be
de-bonded if sufficient strain is applied to the substra-
tum. Using silicone elastomers that allow manual, elec-
tric or pneumatic actuation for controlled surface
deformation, it was demonstrated that a critical substra-
tum strain is needed to de-bond bacterial biofilms from a
silicone substratum. However, those studies were con-
ducted using model, single-species bacterial biofilms
grown in a laboratory environment over short time peri-
ods (eg 48 h). It is generally accepted that biofilms
formed in the marine environment can be of highly com-
plex composition and thus can exhibit robust adhesion
properties (Briand 2009).

This study includes two main objectives: (1) to test the
above hypothesis (ie that surface deformation can result in
biofilm detachment) in the laboratory and in the field envi-
ronment, and (2) to examine whether the shear modulus of
the substratum affects the strain needed for biofilm detach-
ment. Controlled, reversible surface deformation was
applied through a pneumatic actuation method that
has been developed for soft robotics applications

(Vogel 2012). Two similar silicones (Ecoflex-10 and
Ecoflex-50) that have a different shear modulus were used
in this study. The field studies were conducted at the Duke
University Marine Laboratory in Beaufort, NC, while the
laboratory studies were conducted using Cobetia marina
and Escherichia coli biofilms.

Materials and methods

Fabrication of elastomer pneumatic networks

Ecoflex® Supersoft 0010 and Ecoflex® Supersoft 0050,
platinum catalyst-based silicone formulations (Smooth-
On Inc., Macungie, PA, USA) (from here on, referred to
in the text as Ecoflex-10 and Ecoflex-50) were used to
fabricate elastomeric pneumatic networks by molding of
3D printed plastic (acrylonitrile butadiene polystyrene,
ABS) templates (Shivapooja et al. 2013). The plastic
template (Supplemental material Figure S1a) comprises
multiple long parallel stripes and shorter perpendicular
stripes, designed in such a way that the prepared elas-
tomer pneumatic network can be subjected to controlled
surface deformation. Thoroughly mixed Ecoflex silicone
precursors (part A:part B = 1:1 v/v) were poured into the
plastic mold and cured at room temperature for 12 h.
The cured Ecoflex was removed from the mold and care-
fully placed with the bottom side up (ie smooth side fac-
ing upwards) on a glass slide (75 × 50 mm) that was
spin-coated with a 2 mm thick layer of uncured Ecoflex.
The layer was allowed to cure overnight to form a sealed
pneumatic network comprising a 2 mm thick silicone
layer on top of the air channels (40 mm long) that were
interconnected (Figure S1b). One side of the enclosed
elastomeric pneumatic network was connected to a poly-
urethane tube (5 mm in diameter) using a 16 gauge syr-
inge needle. The other end of the tube was connected to
a pneumatic pump, which was used to vary the pressure
in the air channels. The pressure inside the air channel
was measured using a pressure gauge (Cole-Parmer,
USA).

Analysis of substratum shear modulus and strain

To measure the shear modulus of Ecoflex-10 and Eco-
flex-50, flat rectangular films 2 mm in thickness were
prepared and subjected to uniaxial tension tests (to collect
stress vs strain data) on a micro-strain analyzer (TA
Instruments, USA) at a loading rate of 1 × 10−4 s−1. A
thickness of 2 mm was chosen because the silicone layer
above the air channels of the pneumatic network samples
was also 2 mm in thickness. The stress–strain data of the
Ecoflex film were fitted to the Arruda–Boyce model
(Arruda & Boyce 1993) to evaluate the shear modulus.
The measured shear modulus for Ecoflex-10 and Ecoflex-
50 was 10.5 kPa and 50.2 kPa, respectively (Figure S2).
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The strain generated on the surface of the pneumatic
network was determined by measuring the contour length
of the deformed surface using digital photographs taken
before and after actuation. The measured surface strain
for various pressures applied was in agreement with a
theoretical 2D plane strain-model (see Supplemental
material).

Formation of model bacterial biofilms in the laboratory

A chamber was created by fabricating Ecoflex sidewalls
along the edges of the pneumatic network using 3D
printed plastic supports. The bacteria Cobetia marina
(basonym, Halomonas marina, ATTC 4741) and Escher-
ichia coli (ATTC 15333) were chosen for laboratory
studies, because their biofilms can be easily grown in
commonly used media and are very commonly found in
natural estuarine and seawater environments (Gerba &
McLeod 1976; Shea et al. 1995). Model bacterial bio-
films of C. marina and E. coli were grown on test sur-
faces in static media under laboratory conditions using a
procedure reported previously (Shivapooja et al. 2013).
In brief, C. marina in marine broth and E. coli in tryptic
soy broth (TSB) were cultured in separate 50 ml conical
flasks. The Ecoflex sample surface was sterilized by
multiple rinses with 70% ethanol and then rinsed using
sterilized deionized (DI) water. Next, 1 ml of bacterial
culture was added on the sterilized Ecoflex surface along
with 5 ml of sterilized artificial seawater (for C. marina)
or TSB broth (for E. coli). The samples were stored in
an incubator for 7 days at 26°C (for C. marina) or 37°C
(for E. coli). Sterilized artificial seawater or TSB med-
ium was added as needed to compensate for dehydration
of the media over time.

Analysis of C. marina and E. coli biofilm detachment

After biofilm growth for 7 days, the test surfaces were
stained with SYTO 13 (Life Technologies, Paisley, UK)
using a procedure reported previously (Shivapooja et al.
2013). The stained and washed biofilm surfaces were air
dried in the dark for 15 min and analyzed under a fluo-
rescent microscope (Zeiss Axio Observer, Göttingen,
Germany) using a 10× objective. At least five images at
different regions across the surface of each sample were
taken using the same exposure time. The percentage of
biofilm detached from the surface was calculated by
comparing the relative fluorescence intensities between
the actuated and control (non-actuated) samples.

Field studies

Multiple replicates of Ecoflex-10 and Ecoflex-50 pneu-
matic network samples were prepared using the proce-
dure mentioned above and attached to a plastic mesh

that was secured to a rectangular frame of dimension
1.5 m� 1.2 m. The rectangular frame with samples was
then attached to a wooden panel on the floating research
dock that was previously established for biofouling stud-
ies at Duke University Marine Laboratory (May 2013,
Beaufort, NC). The test samples attached to a rectangular
frame were immersed perpendicular to the water surface,
with the test surfaces oriented to the east (compass
direction). The samples were immersed to a depth of
1 m to enable biofilm formation and growth for a period
of 14 days. After this time, each of the test surfaces
was individually and repeatedly actuated in place to a
pre-determined pressure using a pneumatic pump (Cole
Parmer, Vernon Hills, IL, USA) fitted with 5 mm flexible
polyurethane tubing. One end of the tube was connected
to the side inlet of the elastomer pneumatic network. By
operating the pneumatic pump, the pressure in the air
channels of the pneumatic network was increased, which
causes a deformation of the Ecoflex surface. The
deformed surface was then reverted to its initial flat state
by reversing the direction of the airflow through the
pneumatic pump.

Analysis of marine biofilm released using crystal violet
assay

An aqueous stock solution of crystal violet (CV) (tris
(4-(dimethylamino)phenyl)methylium chloride) (Sigma-
Aldrich, St Louis, MO, USA) at a concentration of 0.1%
by volume was prepared and stored at room temperature.
The samples removed from the field were stained using
CV for 15 min and gently rinsed three times with DI
water. The samples were then allowed to dry in the dark
for 15 min at room temperature and at least 10 images
were taken across each sample at 4X magnification using
an optical microscope (Olympus SZX7, Tokyo, Japan).
Control studies indicated that CV effectively stained the
biofilms accumulated over the surfaces. The surface area
of biofilm coverage was measured by converting the
images to binary scale using ImageJ software and adjust-
ing the threshold to differentiate precisely between areas
with and without biofilm. The percentage of biofilm
released due to pneumatic actuation was calculated by
taking the ratio of the surface area of biofilm on actuated
vs control samples.

Results and discussion

On-demand controlled surface deformation using
pneumatic actuation

To remove adherent biofilms, this study employed pneu-
matic actuation for dynamic surface deformation,
inspired by the recent advances in the field of hybrid soft
robotic systems (Ilievski et al. 2011; Vogel 2012). Model
silicones (eg based on PDMS) commonly used in
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biofouling studies are also extensively used in the field
of soft robotics research. A typical soft robotic system
may be fabricated from easily deformable elastomers,
molded using 3D printed templates, and can be powered
by an external source, such as pneumatic air pumps
(Kim et al. 2013). For example, Shepherd et al. (2011)
reported that such ‘pneumatic networks’ can be used to
form a simple ‘starfish-like’ robotic structure comprising
three layers of silicones with varying moduli. Using a
similar approach, pneumatic networks prepared from
Ecoflex silicone elastomer were used in this study to
investigate the effect of controlled surface deformation
on biofilm release.

Pneumatic networks were made of Ecoflex-10 and
Ecoflex-50 using the procedure detailed above. A pneu-
matic pump was used to increase the pressure in the air
channels of the network to levels above atmospheric
pressures, exerting a stress on the thin (2 mm) Ecoflex
layer above the channels, causing it to stretch and gener-
ate strain along its surface (Figure 1A). The amount of
deformation is proportional to the pressure in the air-
channels and can be controlled. Since the air channels
are well connected, the air pressure distributes uniformly
inside the pneumatic network. The direction of airflow
through the pneumatic pump can be reversed such that
the elastomer surface can be controllably reverted to its
original flat state.

The surface strain generated by pneumatic actuation
was determined by measuring the contour length as
described above. The strains measured for varied applied
pressures (0–20 kPa) were compared with a theoretical
prediction of a 2D plane-strain model (described in
Figure S3). The theoretical predicted surface strain
matches well with the measured experimental data for
both Ecoflex-10 and Ecoflex-50, as shown in Figure 1B,
and provides the relationship between applied pressure
and generated strain.

Detachment of model bacterial biofilms

It was recently reported that deformation of a surface
caused by application of controlled dynamic stresses can
be used as an effective approach to control biofouling
(Shivapooja et al. 2013; Levering et al. 2014). The
objective of laboratory studies was to investigate the
effect of substratum strain and substratum modulus on
the detachment of model bacterial biofilms. The proce-
dure used for growing bacterial biofilms in the laboratory
is detailed above.

Biofilms were allowed to grow on the surface of
elastomer pneumatic networks for 7 days and then slowly
rinsed using ASW (for C. marina biofilm) or TSB (for
E. coli biofilm) to detach loosely adhered biofilm. The
surfaces were then actuated repeatedly to a prescribed
strain using pneumatic actuation. The actuation was

conducted for 20 cycles at a constant strain rate
(50 mm min−1). The actuated and control (non-actuated)
samples were gently rinsed with sterilized DI water and
stained with a fluorescent dye to analyze the surface
biofilm coverage. Representative optical microscope
images of a fluorescently stained C. marina biofilm on
Ecoflex-10 pneumatic before and after pneumatic
actuation at a strain of 45% are presented in Figure 2A.
The images clearly show that > 90% of the surface
adhered biofilm (green fluorescence) present on the
surface before actuation was detached after pneumatic
actuation followed by a gentle rinse with DI water.

The detachment of biofilm due to deformation of a
surface can be described as a de-bonding process. When
a deformable silicone surface with an adherent uniform
biofilm is stretched, the biofilm generates elastic energy
due to its viscoelastic nature. It is hypothesized that

Figure 1. Optical photographs of a pneumatic network
(Ecoflex-10) that shows the surface to be flat without actuation
and undergoes deformation when pneumatic pressure is applied
(A). The scale bar (red) represents 12 mm. Relationship of
applied internal pressure by pneumatic actuation on strain
generated on the surface of Ecoflex-10 and Ecoflex-50 (B); the
experimental data match with the theoretical predicted strain
using a 2D plane-strain model.
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when this generated elastic energy per unit area exceeds
the adhesion energy of the biofilm to the substratum, the
biofilm de-bonds from the substratum. The de-bonded
biofilm can then be easily removed by applying low sur-
face shear forces through, for example, gentle rinsing.
Biofilm detachment of > 90%, such as that illustrated in
Figure 2A, indicates that the applied strain (45%) was
greater than or equal to that needed to de-bond the bio-
film. For a given strain rate, considering the biofilm to
be linearly elastic, the critical strain needed to detach the
biofilm from the substratum is hypothesized to be given
by Shivapooja et al. (2013):

ec ¼
ffiffiffiffiffiffiffi
2C
YH

r
(1)

where Y, H and Γ represent the biofilm Young’s modu-
lus, biofilm thickness and biofilm-polymer adhesion
energy per unit area, respectively.

To validate this relationship, C. marina and E. coli
biofilms were grown separately on multiple replicates of
Ecoflex-10 and Ecoflex-50 pneumatic networks and sub-
jected to varying amounts of strains. Figure 2B shows
that ~ 50% of both types of biofilms (C. marina and
E. coli) were released from Ecoflex-10 at low surface
strain (25%), suggesting that only a small strain (< 20%)
was necessary for the biofilm to de-bond from the sur-
face. Upon applying higher strains (> 50%) > 90% of
the biofilm was released from the surface. Similar bio-
film detachment profiles were observed on Ecoflex-50
(Figure 2C). The experimental data were fitted using the
following equation:

P ¼ 1� 1

1þ ðe50e Þk
 !

(2)

where P represents the fraction of biofilm released from
the surface, ε50 represents the strain required to detach
50% of the biofilm and k is an empirical constant. Using
the fitted data, the average strain required to release 50%
of the C. marina biofilm (ie ε50) from Ecoflex-10 and Eco-
flex-50 was determined to be 21 ± 0.5 and 16 ± 0.5%,
respectively (the R2 value for all the fitted curves
was > 0.98). Similar trends were observed in the detach-
ment of the E. coli biofilms (Figure 2B and C). More than
90% of E. coli biofilms were released above the critical
strain and the ε50 values were different for Ecoflex-50
(ε50=15%) and Ecoflex-10 (ε50=20%) test surfaces.
Figure S4b summarizes the average strains necessary to
detach 20, 50 and 80% of each type of biofilm.

Ecoflex-10 and Ecoflex-50 have a similar chemical
formulation (ie they are platinum-cured silicone elas-
tomers), but different substratum moduli. This suggests
that substratum modulus might be responsible for the
observed difference in ε50 between Ecoflex-10 and Eco-
flex-50 elastomer pneumatic networks. The substratum

Figure 2. Detachment of model bacterial biofilms (C. marina
and E. coli) from Ecoflex elastomer surfaces upon pneumatic
actuation. Microscopic images of fluorescently stained C.
marina biofilm show evidence that surface adherent biofilm
(green fluorescence) present on the surface before actuation was
detached significantly (by > 90%) due to pneumatic actuation
followed by gentle rinsing (~ 5 ml min −1) with DI water (A).
Percentage of biofilm released from the surface of Ecoflex-10
(B) and Ecoflex-50 (C) elastomers for different amounts of
applied strain via pneumatic actuation. Error bars represent the
SD of the mean (n = 5). The curves were fitted using Equation
2 and the R2 values of all the individual curves were ≥ 0.98.
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modulus, which was measured to be different for Eco-
flex-10 (μ = 10.5 kPa) and Ecoflex-50 (μ = 50.2 kPa),
might influence each of the biofilm specific properties in
Equation 1 (ie, the thickness (H), Young’s modulus (Y)
and surface adhesion strength (Γ) of the biofilm), which
in turn affect the critical strain needed for biofilm detach-
ment (Equation 1). The relative contributions of these
variables were not investigated in the current study and
further studies are needed to systematically investigate
the role of surface modulus on the strain needed for bio-
film detachment. It was previously reported that the
modulus and thickness of PDMS coatings significantly
influenced the adhesion strength of certain foulers such
as the green alga Ulva (Chaudhury et al. 2005) and
pseudobarnacles (Kim et al. 2008). In summary, the lab-
oratory studies support the hypothesis that controlled
substratum deformation (eg via pneumatic actuation) can
effectively detach model bacterial biofilms. Also, the
effect of substratum modulus on the strain required to
detach biofilm (which has been not considered in the
previous analysis of Equation 1 (Shivapooja et al. 2013))
is reported for the first time.

Detachment of natural biofilms in the marine
environment

In contrast to most laboratory cultures, microorganisms
in nature exist in mixed populations and are under con-
stant environmental selection to adhere to surfaces and
form biofilms (Briand 2009). As a result, field experi-
mentation offers the most rigorous and realistic condi-
tions for the testing of materials that attract, repel or
release biofilms in marine applications (McLean &
Simpson 2008). It should also be noted, however, that
field studies generally require a longer immersion time,
which can negatively impact the rate at which new coat-
ings are developed. Hence, correlation and statistical
comparison between laboratory assays and field tests is
desirable to assess the performance of new biofouling
management approaches (Zhang et al. 2013).

As a first step towards addressing the suitability of
elastomer surface deformation for FR in relevant field
environments, experiments were conducted to investigate
the effect of substratum strain on detachment of surface
adhered biofilms that formed naturally in a marine
environment. The objective was to test the laboratory-
validated hypotheses in a marine environment, ie that
controlled surface deformation can be used to release
biofilms and that there exists a critical strain above
which biofilms de-bond from the surface easily. A
secondary objective was to compare the ε50 of the model
marine biofilm (C. marina) with that of biofilms formed
in a marine environment. The infrastructure used and
procedures followed in the field studies are detailed in
the Materials and methods section.

Multiple replicates of Ecoflex-10 and Ecoflex-50
elastomer pneumatic networks were assembled on a
panel and immersed in marine water at Pivers Island
near Beaufort, NC (Figure 3A and B) for a period of
14 days to allow for biofilm formation and growth.
Digital photographs (Figure 3C and D) of the elastomer
surface before and after immersion for 14 days clearly
show the accumulation of biofilm on the elastomer sur-
faces. To quantify the surface coverage of biofilm, a
standard CV staining assay was used (Ribeiro et al.
2008). CV stains cells and other biological materials
adherent on the surface, including biofilm matrix compo-
nents. Control experiments (Figure 3E) showed that the
CV staining protocol used here resulted in only minimal
staining of silicone surfaces not subjected to field
immersion. By contrast, retention of CV dye on the
experimental samples provides clear evidence of biofilm
accumulation on the entire surface (Figure 3F).

After biofilm accumulation for 14 days, the elastomer
pneumatic networks were individually actuated while
still submerged using a protocol similar to that of the
laboratory studies. Actuated and control (ie, non-actu-
ated) samples were carefully removed from the field site
and analyzed in the laboratory using the CV staining
assay explained above. Optical microscope images of the
stained surfaces were collected, and the surface biofilm
coverage was quantified using the procedure detailed
above. On the Ecoflex-10 surface (Figure 4A), it was
observed that only a low amount (< 15%) of adherent
biofilm was detached for substratum strains up to 50%.
However, when the strain was increased above 50%, a
substantial increase in the amount of biofilm release was
observed. These results suggest that, as for laboratory
grown biofilms, a critical substratum strain is needed to
detach natural biofilms formed in field environments. As
the substratum strain reaches a certain critical value,
adherent biofilm de-bonds from the surface and is subse-
quently released by the shear forces from water flow.
Similarly, a sudden increase in biofilm detachment from
Ecoflex-50 surfaces (Figure 4B) was observed when the
applied strain was > 30%. These results demonstrate that
controlled dynamic deformation of elastomeric substrata
in situ can effectively detach (> 90%) natural biofilms
formed in the marine field environment.

As with the FR experimental data on laboratory
grown biofilms, Equation 2 was used to determine the
strain needed to detach 50% of the biofilm grown in the
marine environment (ie the ε50) on each substratum. A
strain of 81% was needed to detach 50% of the biofilm
on Ecoflex-10, while a strain of 30% achieved the same
result on Ecoflex-50. The significant difference in ε50
between Ecoflex-10 and Ecoflex-50 in field studies may
be due to factors such as biofilm adhesion strength and
thickness as mentioned above. Furthermore, the ε50 val-
ues for Ecoflex-10 and Ecoflex-50 obtained in the field
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Figure 3. Field studies conducted at the research dock of Duke University Marine Laboratory (Beaufort, NC). Multiple replicates of
test surfaces (elastomeric pneumatic networks) made from Ecoflex-10 and Ecoflex-50 immobilized on a mesh panel were immersed
in the marine water to a depth of 1 m below water level, and subjected to biofilm formation for a period of 14 days (A–B).
Representative digital photographs of the Ecoflex-10 elastomer surface before (C) and after immersion for 14 days (D) show the
formation of a biofilm. Microscope images of sample surface stained using CV before (E) and after 14 days (F). Scale bars on (E)
and (F) represent 500 μm.
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studies were much higher than those obtained for model
bacterial biofilms (C. marina and E. coli) studied in the
laboratory. This difference could be due to the difference
in biofilm composition between laboratory and field
studies. For example, field accumulated biofilm might
include diatoms, which will increase the adhesion
strength of the biofilm (Holland et al. 2004; Zargiel &
Swain 2014). While the experimental conditions used in

the laboratory were not chosen in a deliberate attempt to
mimic those in the field, the above results illustrate both
the value of laboratory and field studies, and the limita-
tions of laboratory studies. While a similar dependence
of ε50 on substratum modulus was observed in both
types of experiments, different magnitudes of ε50 were
observed between laboratory and field experiments. The
results demonstrate that the type of biofilm that forms on
a surface, and the mechanical properties of the substra-
tum, both significantly affect the substratum strain
needed to release biofilm. In this present study a constant
rate of substratum strain was used in order to have con-
sistent experimental conditions between laboratory and
field studies. However, it should be noted that the rate of
substratum strain can also influence the detachment of
biofilms. A quantitative relationship between applied
strain rate, biofilm detachment, and de-bonded biofilm
segment length has been reported previously (Levering
et al. 2014).

It is important to emphasize that the methods to
achieve FR presented here are, in principle, complemen-
tary to other established methods. The FR performance
of pneumatically actuated silicones (ie the reduction in
the amount of critical strain needed to de-bond biofilms)
may be enhanced, for example, by modifying the sili-
cone polymer by known approaches. For example, as
mentioned earlier, addition of silicone oils (1–10% by
weight) increases the FR performance of silicone coat-
ings without significantly compromising their durability
(Stein et al. 2003; Meyer et al. 2006). The non-reactive
silicone oils are not covalently bound in the elastomeric
network and migrate to the surface forming a weak
boundary layer (at the aqueous interface) that decreases
the adhesion energy of the biofilm/fouling species. Such
phenomena may in turn reduce the substratum strain
needed to de-bond the biofilm (Equation 1). Also, AF
compounds such as triclosan and sparfloxacin (Cagni
et al. 1995; Rittschof et al. 2003; Jones et al. 2006) can
be impregnated in deformable silicone elastomers and
subjected to controlled and triggered release via dynamic
actuation methods to improve surface AF properties. In
summary, as on-demand controlled surface deformation
can be easily achieved using pneumatic methods, this
soft robotics-inspired approach can have potential
applications for biofouling management on certain suit-
able maritime equipment, such as seawater cooling pipes,
oceanographic sensors and power transmitters/receivers.

Conclusions

Silicone-based FR coatings are a potential alternative to
traditional biocidal coatings in biofouling management. It
was recently reported that silicone substratum deforma-
tion reduces barnacle adhesion strength and allows facile
removal of model biofilms. Inspired by the recent

Figure 4. Effect of applied maximum substratum strain on
biofilm release in a marine field environment. Multiple
replicates of test surfaces (elastomer pneumatic networks) made
of Ecoflex-10 (A) and Ecoflex-50 (B) were kept in the field for
14 days to allow biofilm formation. The test surfaces were then
pneumatically actuated for 20 cycles to substratum strains in the
range of 0–250% (for Ecoflex-10) and 0–50% (for Ecoflex-50).
Error bars represent the SD of the mean (n = 5). Representative
microscopy images of the amount of surface biofilm coverage
after actuation are included as insets; the scale bars represent
500 μm. The data were curve fitted using Equation 2 and the R2

values for the curves in (A) and (B) are 0.98 and 0.94,
respectively.
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development of silicone soft robotic devices, an approach
to achieve dynamic surface deformation via pneumatic
actuation was used in this study to investigate the effect
of substratum deformation on the detachment of model
microbial biofilms under laboratory conditions and natu-
rally grown biofilms in field studies. Both laboratory and
field studies showed that effective triggered detachment
of biofilms occurs above a critical substratum strain. It
was also found that the substratum modulus affected the
strain needed to detach biofilm with higher modulus sili-
cone substrata requiring less maximal strain for efficient
detachment. Since silicone coatings are widely used in
efforts to manage biofouling, it may be possible in
certain applications to enhance these efforts by imple-
menting the approach of dynamic silicone surface
deformation via pneumatic (or other) actuation to control
biofouling on maritime equipment. Though biofouling
control via pneumatic actuation may not be practically
feasible for ships’ hulls, it can have potential applica-
tions for underwater autonomous environment monitor-
ing devices such as acoustic sensors, optical sensors and
gliders. Further, pneumatic actuation can also be
employed in industrial water pipelines and biomedical
urinary catheter devices where clogging due to biofilms
is a major problem.
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Design and features of 3D printed plastic template 

3D printed plastic (acrylonitrile butadiene polystyrene, ABS) templates (Figure S1a), consisting 

of vertical and horizontal strips, were used for the fabrication of elastomer pneumatic network. 

Each of the long (40 mm) parallel stripes in the plastic mold forms an air channel in the prepared 

elastomer network (Figure S1b). The air channels are separated from one another by 5 mm and 

interconnected by the opening formed by smaller stripes (Figure 1Sb).  

 

Figure S1: Fabrication and calibration of elastomer pneumatic networks. Schematic and 

dimensions of the plastic 3-D-printed template used for making the prototype elastomer 



pneumatic networks (a), cross-section schematic of an Ecoflex elastomer pneumatic network 

connected to a pneumatic pump for actuation (b).  

 

Shear moduli of Ecoflex silicone elastomer 

Using the Arruda-Boyce model (Arruda and Boyce 1993), the nominal stress (s) for plane-strain 

uniaxial tension is given by, 

                       
  

  
 

    

     
    Equation (S.1) 

where,  is shear modulus of the Ecoflex film,   is the uniaxial strain, I1 = ( + 1)
2
 + ( +1)

-2
 + 1, 

and N is a parameter that accounts for the stiffening effect. This equation was fitted to the 

experimental data obtained from uniaxial tension tests (Figure S2) using parameters µ = 10.5 kPa 

and N = 7.28 for Ecoflex-10, and µ = 50.2 kPa and N = 7.17 for Ecoflex-50. 

 

Figure S2: Effect of applied nominal stress on generated surface strain (). 

 

 



2-D plane strain model for theoretical prediction of surface strain 

A 2D plane-strain model was used by considering the deformation of a long strip of thin Ecoflex 

membrane on the top of a pneumatic channel. Under an applied uniform pressure P (> 

atmospheric pressure), the Ecoflex film on top of the pneumatic network will deform outwards 

as an arc with radius R (Figure S3); the force balance is given by, 

           Equation (S.2) 

where is the membrane stress. By denoting the initial and inflated lengths as 2L and 2l, and 

the initial and deformed thicknesses of the film as H and h respectively, the two principal 

stretches in the film are given by, 

   
 

 
 

 

    
    

 

 
 

 

  
     Equation (S.3) 

where 2 is the angle of the arc (Figure 1e). The Ecoflex film obeys the Arruda-Boyce model ie,  

          
    

  

  
 

    
 

         Equation (S.4) 

          
    

  

  
 

    
 

         Equation (S.5) 

where p0 is the hydrostatic stress in the elastomer,  is the shear modulus of the Ecoflex film, 

and I1 = 
2
 + r

2
 + 1. Given that the radial stress r = 0, the membrane stress can be expressed as 

       
    

     
  

  
 

    
 

     
    Equation (S.6) 

Based on Equations (S.2) – (S.6), the relationship between the applied pressure and applied 

surface linear strain is calculated using the resulting equation  = (- 1). 



 

Figure S3: Schematic shows the 2D cross-section view of deformation of a thin elastomer 

membrane, caused by increase in air pressure (P > atmospheric pressure). 

 

Effect of applied substrate strain on C. marina and E. Coli biofilm  

The experimental data of biofilm released from Ecoflex-10 (b) and Ecoflex-50 (c) elastomer 

networks for different amounts of applied strain via pneumatic actuation (Figure 2) were fitted an 

empirical equation (Equation 2). Using the fitted data substrate strain needed to detach 20% (20), 

50% (50) and 80% (80) of biofilm was determined and plotted (Figure S4) for comparison. 

 

Figure S4: Effect of substrate strain on bacterial biofilm release. The percentage of substrate 

strain needed to detach 20% (20), 50% (50) and 80% (80) of C. marina and E. coli biofilms 

from Ecoflex-10 and Ecoflex-50 was measured by fitting the experimental data to Equation (2).  
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