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ABSTRACT: Sutures are ubiquitous medical devices for wound closures in
human and veterinary medicine, and suture techniques are frequently
evaluated by comparing tensile strengths in ex vivo studies. Direct and
nondestructive measurement of tensile force present in sutured biological
skin tissue is a key challenge in biomechanical fields because of the unique
and complex properties of each sutured skin specimen and the lack of
compliant sensors capable of monitoring large levels of strain. The authors
have recently proposed a soft elastomeric capacitor (SEC) sensor that
consists of a highly compliant and scalable strain gauge capable of transducing
geometric variations into a measurable change in capacitance. In this study,
corrugated SECs are used to experimentally characterize the inherent
biomechanical properties of canine skin specimens. In particular, an SEC corrugated with a re-entrant hexagonal honeycomb pattern
is studied to monitor strain and stresses for three specific suture patterns: simple interrupted, cruciate, and intradermal patterns.
Stress is estimated using constitutive models based on the Fractional Zener and the Kelvin-Voigt models, parametrized using a
particle swarm algorithm from experimental data and results from a validated finite element model. Results are benchmarked against
findings from the literature and show that SECs are valuable for clinical evaluation of tensile force in biological skins. It was found
that both the ranking of suture pattern performance and the sutured skin’s Young’s modulus using the proposed approach agreed
with data reported in the literature and that the estimated stress at the suture level closely matched that of an approximate finite
element model.
KEYWORDS: flexible sensor, texture, biomechanics, stress, Fractional Zener model, strain measurement, canine skin, suture

Cutaneous wound healing is a complex physiological
process, and incision closure plays a significant role in the

healing of a wound,1−3 most typically promoted through the
use of sutures.4,5 The types of materials, needles, knots, and
patterns used in suturing can affect the mechanical responses
of skin tissues under dynamic motion,6 which could
significantly affect the healing process. In the past decades,
various methods have been studied analytically and exper-
imentally to evaluate the mechanical properties of different
suture patterns. For example, the strength of various suture
patterns used for incision closure was characterized through
tensile tests,7 the performance of conventional and new suture
techniques used for the closure of the linea alba was evaluated
clinically through wound examination and ultrasonic probing,8

and the impact of the skin suture pattern on incision perfusion
was assessed by indocyanine green laser angiography imaging.9

However, detecting tensile stress through the measurement of
localized strain in sutured skins remains challenging because of
the unique and complex properties of each sutured skin
specimen and the lack of compliant sensors capable of
monitoring large levels of strain in vivo.

Recent advances in hyperelastic and self-sensing materials
have empowered the development of ultracompliant sensors
and other flexible electronics.10 Their design,11 fabrication,12

integration,13 and embedment14,15 have been facilitated by
innovations in manufacturing. Various thin-film devices
capable of mechanical assessment of soft biological tissues
and organs has been proposed and applied in practical.16,17

Examples of such technologies include gold-coated titanium
dioxide nanowires embedded in a soft silicone elastomer for
monitoring strain on tissues and organs,18 an ion-sensitive
field-effect transistor-based sensor used for measuring sweat
pH and temperature,19 a compliant modulus sensor fabricated
from ultrathin silicone substrates with nanoribbons of lead
zirconate titanate (PZT) used in measuring the viscoelasticity
in the near-surface regions of the epidermis,20 calcium alginate
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fibers incorporated in natural dye applied to wound healing
monitoring,21 a polyethylene terephthalate polytetrafluoro-
ethylene strip-based weaved self-powered pressure sensor used
for the continuous and noninvasive measurement of blood
pressure,22 a video-tactile pneumatic sensor equipped with soft
silicone shells used for estimating the elastic modulus of soft
biomedical tissues,23 and skin-mounted kinesiology tape (K-
Tape) meshes fabricated from graphene nanosheet thin films
used in human motion monitoring.24

The authors have also proposed a flexible, ductile, and highly
compliant strain sensor. It is termed soft elastomeric capacitor
(SEC) and transduces strain into a measurable change in
capacitance. The SEC sensor is fabricated from a styrene−
ethylene−butylene−styrene (SEBS) block copolymer matrix
responsible for the sensor’s ultracompliance, with linear
measurement capabilities demonstrated beyond 15% strain
levels.25 The SEC was originally developed to monitor strain
and cracks on civil infrastructure,26,27 but its high compliance
led to recent studies on biomedical applications. In particular,
the SEC was used to track stress levels in canine skin using
strain measurements combined with a modified Kelvin−Voigt
model.28 Recently, the design of the sensor was modified to
include corrugation, or surface texture, in order to improve
measurement sensitivity, linearity, resolution, and accuracy.
Numerical simulations of the corrugated SEC in ref 29 not
only demonstrated such a superior functionality but also
demonstrated that the sensor yielded significant redistribution
of stresses over the tissue located under the sensor depending
on the corrugation pattern, thus leading to the concept of a
smart bandage capable of monitoring strain and contributing
to the healing process by reducing stress around the wound.30

In this paper, we evaluate the performance of the SEC at
monitoring strain over sutured wounded skin tissue and
determine its promise at estimating levels of stress at the
wound level. To do so, the Fractional Zener (FZ) constitutive
model is utilized, which overcomes the key limitation of

Kelvin−Voigt models by accounting for creep-recovery and
stress relaxation31 in viscoelastic materials.32 A re-entrant
hexagonal honeycomb pattern is selected for the corrugated
SEC based on results from a prior investigation.29 The SEC is
experimented on wounded and intact canine skin specimens,
where the wounded specimens are sutured using different
patterns, including a simple interrupted, a cruciate, and an
intradermal pattern. Validation of the SEC measurements is
conducted by ranking the performance of the different suture
patterns with regard to tensile strength and comparing against
results reported in the literature from tensile tests.7

■ BACKGROUND

Sensor Fabrication. The fabrication process of a
corrugated SEC is described in detail in ref 29. Briefly, the
sensor is a parallel plate capacitor, with the dielectric
constituted from a mixture of SEBS and titania and its
conductive plates from a mixture of SEBS and carbon black.
The dielectric is corrugated on one side by drop-casting the
SEBS−titania solution into a steel mold and the conductive
plates painted onto both sides of the dried dielectric. Two
copper tapes are adhered on each side of the film to create
connections to hard wires for data acquisition. A conductive
carbon glue is used to coat the exposed sections of the copper
tapes to enhance mechanical durability and minimize electrical
noise. Figure 1a shows the picture of an SEC corrugated using
a re-entrant hexagonal honeycomb pattern, with its associated
schematic shown in Figure 1f where w, l, and h denote the
width, length, and thickness of the capacitor, respectively, and
ε is the strain along principal directions noted in the subscript
(εx = Δl/l, εy = Δw/w, and εz = Δh/h).

Electromechanical Model. The electromechanical model
of the corrugated SEC sensor under the composite effect has
been derived in ref 29 and expressed as

Figure 1. Selected corrugation pattern under study: (a) picture of a 50 mm × 32 mm corrugated SEC with a re-entrant hexagonal honeycomb
pattern; selected suture patterns under study: (b) simple interrupted; (c) cruciate; and (d) intradermal; (e) intact skin specimen; (f) schematic of
an SEC; and (g) experimental configuration showing a skin-SEC specimen.
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where C0 is the initial capacitance, ν = νxz = νyz is the Poisson’s
ratio in the x − y and x − z planes, νxy is the transverse
Poisson’s ratio of the sensor, νm is the Poisson’s ratio of the
substrate, 0 ≤ a ≤ 1 and 0 ≤ b ≤ 1 are the weight coefficients
representing the composite effect with a + b = 1, νxy,c denotes
the Poisson’s ratio under the composite effect, and λ is the
resulting gauge factor. Refer to the Supporting Information for
the derivation of the electromechanical model.
This electromechanical model (eq 1) can be used to

simulate the electrical response of the sensor in a finite element
model (FEM), where the capacitance is obtained by evaluating
the change in the area of each meshed element located under
the SEC, with33
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where A0 is the sensing area under the SEC and Aoi and Ali are
the initial and deformed areas of the ith mesh element,
respectively, extracted from the FEM.
Selected Corrugation and Suture Patterns. The re-

entrant hexagonal honeycomb pattern (Figure 1a) is an auxetic
pattern of geometry characterized with the angle θ = 60°,
inclined strip length l = 8.7 mm, cell strip ratio β = (l/m) =
1.55, and the width of the raised strips taken as 1.4 mm. The
top surface of each sensing film is corrugated, while the bottom
surface remains flat for ease of adhesion. The resulting film has
a corrugation height of 0.35 mm and a mean thickness of

approximately 0.30 mm over the noncorrugated area, giving an
overall film thickness varying between 0.30 and 0.65 mm. All
SECs used in this study were cut in rectangular shapes of
dimensions 50 mm × 32 mm, as shown in Figure 1a, and
yielded an initial capacitance (C0) in the range of 80 to 100 pF.
Three of the same suture patterns as those used in ref 7 for a

tensile strength investigation are selected in the study, with the
objective to enable validation of results. These consist of a
simple interrupted (Figure 1b), a cruciate (Figure 1c), and an
intradermal (Figure 1d) pattern. In results presented in ref 7,
the simple interrupted withstood the highest tension and
exhibited the best performance on maintaining skin apposition
during perpendicular biomechanical distraction, the cruciate
pattern was faster to apply, and the intradermal pattern had the
lowest percentage of skin apposition (wound apposition). The
primary difference between the external and the buried suture
patterns is that the external suture patterns needs to penetrate
through all of the skin layers, which leaves a large portion of
dermis between the suture line and the edge of the incision,
and the buried suture patterns only need to penetrate through
one skin layer with the suture material parallel to the edge of
the incision, thus limiting the amount of dermis between the
suture line and the incision. Intact skin specimens (Figure 1e)
without incision nor suture were also considered for
benchmarking purposes.

■ METHODOLOGY

Skin-SEC Specimens. Five canine skin specimens were
taken from the lateral aspect of the proximal portion of each
pelvic limb of a beagle using a 10 cm × 10 cm template for
demarcating and harvesting to ensure consistency and
uniformity of the skin specimen, consistent with the procedure

Figure 2. Numerical model: (a) FEM showing the overall geometry and boundary conditions; (b) experimentally obtained uniaxial stress vs strain
curve for free-standing canine skin; (c) experimentally obtained strain dependence of SEBS’s Poisson’s ratio where ε denotes axial strain;43 and (d)
FEM showing the configuration of the intradermal suture pattern. Constitutive model: (e) KV model; (f) FZ model where the triangle represents
the fractional element; (g) canine skin model without an SEC; and (h) skin-SEC model.
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used in ref 7, and the dogs were all mature female beagle
ranging in weight between 9 and 12 kg. The subcutaneous
tissue (hypodermis) was removed showing that the skin
specimens are two composite structures with the exterior layer
and inner layer being the epidermis and dermis. Note that the
animal was euthanized for reasons unrelated to this study and
none had any sign of dermatologic disease. Refer to the “skin
specimen” section of the Supporting Information for specimen
size and the preparation of skin specimens. Four SECs
measuring 52 × 32 mm2 were fabricated, one per suture
pattern, with the quality of each SEC being ensured through
the utilization of computer numerical control milled steel
molds and the measurement and evaluation across material
geometries and electrical properties sampled at various points.
The SEC was fully adhered onto the surface of the skin
specimens using off-the-shelf bicomponent epoxy (JB-Weld)
covering the entire bottom surface of the SEC, creating a
composite skin SEC.
Experimental Test. Figure 1g shows the experimental

setup of the skin-SEC specimen. The skin-SEC specimens were
individually mounted and tested on a TestResources 140 dual
column dynamic testing machine equipped with a 1000 N load
cell of 1% load measurement accuracy. Two ends of the canine
skin were gripped between two custom-made stainless-steel
clamping fixtures, each fixture consisting of two steel plates
with a corrugated inner surface used to squeeze the specimen
tightly and prevent relative sliding. Electrical wires linking to
the data acquisition system (DAQ) were fixed with the electric
tapes to insulate and minimize noise induced by cable
movement.
A quasi-static tensile and dynamic cyclic test was performed

on each skin-SEC specimen by first applying a 0.5% strain
prestretch with a constant loading rate of 0.01 mm/s to
eliminate any slack in the skin, yielding a specimen length of
approximately 68.1−76.8 mm measured between both clamps.
The quasi-static test was conducted by applying 8% uniaxial
tensile strain perpendicular to the wound with a loading rate of
0.1 mm/s. This level of strain is consistent with typical
dehiscence found in human skin.34,35 The dynamic test
followed the quasi-static test by releasing the SEC-skin
specimen to the prestretched position and subjecting it to a
10-cycle harmonic excitation of 0.1 Hz frequency and a strain
amplitude level of 8%. The first four cycles of measurements
were discarded to account for the Mullins’ effect that causes
the first few cycles to exhibit higher levels of strain due to the
softening behavior in filled rubbers.36,37 Displacement and axial
force data were recorded using the TestBuilder DAQ with a
206 Hz sampling frequency, and SEC capacitance data were
sampled at 10 samples/second using an LCR meter (Agilent
4263B) driven in LabVIEW. Refer to the Supporting
Information for the overall experimental setup.
Numerical Models. A 3D nonlinear FEM in ANSYS 2020

R1 was constructed to characterize the stress at the skin and
sensor levels for unwounded skin. To do so, the canine skin
was first modeled as a two-layer composite structure (shown in
Figure 2d) with the thickness of the exterior layer and inner
layer, respectively, assigned to 0.1 and 1.8 mm, corresponding
to the thickness of epidermis and dermis of skin tissue.38−40

The skin was defined to be a nonlinear hyperelastic material
with viscoelastic properties used in ref 41 and a Poisson’s ratio
of 0.43.42 The SEBS material was defined as an isotropic
polymer with a Young’s modulus E = 0.41 MPa. Canine skin
stress−strain relationship (Figure 2b) was obtained from the

tensile test, and SEC strain-dependent Poisson’s ratio ν
relationship (Figure 2c) was obtained through digital image
correlation (DIC) in the previous study.43 Data were imported
into ANSYS to refine the corresponding material properties
and characterize the nonlinear behaviors of the materials.
The numerical modeling of wounded skin is more difficult to

achieve because of uncertainties in the wound closure and
suture mechanics.44 Nevertheless, a simplified FEM of an
intradermal sutured skin specimen, arbitrarily selected, was
constructed to provide insights on expected stresses and assess
experimental results. This was done by modeling two
independent skin tissues separated by 0.5 mm, representing
the incision. A sinusoidal-shaped wire (2.23 Hz and 4 mm
amplitude) was placed in the gap between the dermis layers to
mimic a 22-gauge intradermal suture. The separated skin
tissues were sutured by merging the suture wire with the
dermis layers. The suture wire was assigned as poliglecaprone
of 0.3 mm diameter and 8.1 × 107 Pa stiffness based on the
literature.45 The FEM for the sutured skin specimen is shown
in Figure 2d.
For both models, the sensor was located at the center of the

soft tissue (Figure 2a) and modeled as perfectly bonded to the
surface of the canine skin to mimic full adhesion. The SEC-
skin model was constrained in translation along x and y (UX
and UY) at the bottom and in translation along y only (UY) at
the top. The canine skin specimen and SEC sensor were
meshed with tetrahedrons and multizone meshes, respectively,
generated with a mesh size of 0.2 mm that corresponded to the
maximum size, yielding mesh convergence in the simulations.
A 0.5% prestrain was applied on the SEC-skin specimen, and a
loading rate of 0.1 mm/s with a strain target of 8% was applied
for simulating quasi-static tests. Dynamic test tests were
simulated by assigning a 0.1 Hz harmonic excitation with a
constant strain level of 8%. Refer to the Supporting
Information for the two-stage validation of the numerical
model.

Constitutive Models. Constitutive models are used to
characterize materials’ behaviors consisting of a Kelvin−Voigt
(KV) model (Figure 2e) for the SEC and an FZ model (Figure
2f) for the canine skin. Three FZ models are arranged in series
(Figure 2g) to represent the A, B, and C zones explaining the
dynamics of wounded or sutured skin. When an SEC is
adhered onto the specimen (see location shown in the picture
of Figure 2), the wounded or sutured skin model is altered
with a KV element arranged in parallel with the FZ element
representing the dynamics of the wound or suture (Figure 2h,
with the KV model shown in red). For an SEC used on an
intact skin specimen, that same model can be used to
characterize the dynamics, whereas all of the FZ elements are
to be tuned with the same parameters. Mathematically, the
stress function derived from the KV model (Figure 2e) can be
expressed as:

σ ε η ε

ε ε

= +

= + · + + ·ε ε

t E t
t

t

a b t x y
t

t

( ) ( )
d ( )

d

( e ) ( ) ( e )
d ( )

d
c z

(3)

where σ is the stress, E is the Young’s or elastic modulus, η is
the viscosity modulus, and a, b, c, x, y, and z are constants used
to parameterize the model. The FZ model (Figure 2f) is
typically used to better explain stress relaxation and creep
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compliance, useful for some biomechanical materials such as
canine skin.46,47 Its stress function is written as
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where α, l, m, n, p, q, and r, are constants. For the constitutive
model characterizing the skin-SEC dynamics (Figure 2h), the
overall stiffness ESEC and viscosity ηSEC of the attached SEC
sensor are written as

η
η η η
η η

=
− · −

· −

=
− · −

· −

‐

‐

‐

‐

E
E E E
E E

(3 )
2
(3 )
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skin SEC FZ

SEC
skin SEC FZ FZ

skin SEC FZ (5)

with EFZ|A = EFZ|C = EFZ and ηFZ|A = ηFZ|C = ηFZ. Refer to the
Supporting Information for the derivation of the constitutive
model. The total stress in the skin-SEC specimen at the
location of the sensor (zone “B” in Figure 2) σskin−SEC is the
summation of the stress at the skin (σskin) and sensor (σSEC)
level.

σ σ σ= +‐skin SEC skin SEC (6)

These values are obtained by solving the parameterized
equations above noting that the SEC measures ε directly. Here,
all parameters defining the constitutive models are estimated
using a particle swarm algorithm48,49 in Matlab with the
objective to fit experimental data. The optimization process
stopped when the relative change in value g converged to the
tolerance threshold 0.01.

■ RESULTS AND DISCUSSION

Analysis of Strain Data. Figure 3a plots the time series
responses under dynamic loading under each suture pattern. It
can be observed that the peak amplitude (peak ΔC/C0) under
“intact” remains relatively constant over the last six cycles and
that readings under all patterns return to zero, showing the
repeatability of measurements. The decrease in peak amplitude
for the sutured skins can be explained by accumulated
deformations at the suture level after each pull cycle.
The gauge factors λ under various suture patterns are

experimentally obtained in order to extract strain data from
further tests (using eq 1 along with SEC measurements).
Figure 3b shows the values obtained for λ under quasi-static
tests and dynamic loads with the error bars indicating the
range of λ over the last six cycles. The average λ across each
suture pattern is 1.18 ± 0.01 under static load while 1.16 ±
0.03 under dynamic load. The lower value under dynamic load
along with the higher variance can be explained by an early-
stage plastic deformation that produces slack in the skin at
lower strains during testing.
Figure 3c reports the average peak relative capacitance ΔC/

C0 amplitude values along with the error bar representing the
minimum−maximum range over the last six cycles (“min−max
bar”). A key difference across suture patterns is the extent of
the min−max bars, whereas the SEC yields more constant
readings over the intact skin specimens and that higher
variations are observed with increasing peak ΔC/C0 under
sutured skins. This could be explained by variations in peak
strains that are caused by local plastic effects found in sutured
skin, in which plastic effects become more significant under
larger strain (larger peak ΔC/C0). The average peak under
dynamic loads is lower than that under static loads, consistent
with results reporting in Figure 3a.
The peak ΔC/C0 values shown in Figure 3b can be used to

rank the performance of the suture patterns on the basis that
under the same strain input (8% strain input at the peak ΔC/

Figure 3. Analysis of strain data: (a) time series responses under dynamic loading; (b) comparison of gauge factor λ under each suture pattern
under quasi-static and dynamic loads; and (c) comparison of peak relative capacitance ΔC/C0 amplitudes under each suture pattern with the error
bar representing the range.
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C0), a weaker suture pattern will result in larger deformations
and thus strain. This hypothesis is confirmed by the three
suture patterns yielding larger peak ΔC/C0 compared to the
intact specimens. From the results, the interrupted pattern
yields the best performance, followed by the cruciate and the
intradermal patterns. These results are consistent with findings
in ref 7 50, and 51 where the authors reported the same rank in
terms of strength.
Stress Estimation. Here, measured strain values from the

SEC are combined with the constitutive models to estimate the
stress at the skin level. First, Figure 4 compares the stress
distributions on a skin specimen without an SEC (“pure skin”),
where experimental stress values are directly obtained from the
loading machine’s applied force. Figure 4a shows the normal
stress distribution obtained numerically under 8% uniaxial
tensile strain. The inhomogeneous stress distribution can be
explained under the asymmetric boundary conditions. A 50 ×
32 mm2 area, indicated as the white rectangle, was assigned at
the center of the specimen and is termed the region of interest
(ROI) where the average stress is extracted, corresponding
with the location of an SEC if present. Equations 5 and 6 are
used with eq 4 to estimate the stress in the ROI using the

strain input from the loading machine using the optimized
parameters under both quasi-static and dynamic loads. Figure
4b,c shows plots comparing the experimental, numerical, and
analytical (FZ) stresses of a pure skin under quasi-static and
dynamic tests (fifth cycle), respectively. There is good
agreement between all models, demonstrating that stresses
obtained from the FEM can be used in the parameterizations
of the analytical models. This is particularly needed to
parameterize analytical models of specimens equipped with
SECs because the experimental stress is unavailable given the
inhomogeneity of the systems. Optimal parameters used for
the constitutive models under each suture pattern and intact
skin are listed in Table 2 of the Supporting Information.
Figure 4d shows the FEM results at the skin level (under the

SEC), with results at the SEC levels shown in the inset
(bottom-right). Figure 4e,f repeats the comparison, but for an
intact skin-SEC specimen, where the FZ model was para-
meterized using FEM data. Once again, there is a good
agreement between the numerical (“num”) and analytical (FZ)
stresses at the SEC (σSEC) and skin (σskin) levels at the ROI,
with the RMSE remaining in the range of 1−4%.

Figure 4. Stress on a pure skin specimen (no SEC): (a) FEM output under 8% strain showing the ROI in the white rectangle and comparison of
the experimental, numerical, and analytical (FZ model) stresses under (b) quasi-static and (c) dynamic loads. Stress on the intact skin specimen
with a honeycomb-patterned SEC: (d) FEM output under 8% strain at the skin level (main figure) and SEC (inset) and comparison of the
numerical and analytical (FZ model) stresses under (e) quasi-static and (f) dynamic loads.

Figure 5. Stress estimation: (a) stress time series obtained using the FZ model combined with SEC data, shown for the fifth dynamic cycle and (b)
comparison of the analytical (FZ model) and numerical stress on the intradermal sutured skin specimen under dynamic loads.
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The constitutive models parameterized on unwounded skin
specimens are adjusted using experimental data to establish the
models used for the sutured skin specimens using the
knowledge of the testing machine’s tensile force. As stated in
the Methodology section, the FEM of sutured skin specimens
may be too inaccurate to provide parametrization oppor-
tunities. Instead, the FEM will be used to assess experimental
results. Figure 5a presents stress values estimated using SEC
data over the fifth dynamic cycle. It can be observed that (1)
stresses at the SEC levels are consistently larger than at the
skin levels; (2) the dynamics of the pure skin is different than
that of the specimens equipped with SECs attributable to the
local composite effect (zone “B” in Figure 2); and (3) the
interrupted suture pattern yields higher stresses at the skin
level due to a higher overall Young’s modulus, consistent with
results mentioned above. Figure 5b compares stresses at 8%
strain computed from experimental results using the
constitutive models (FZ) against those obtained from the
FEM for the intradermal sutured skin-honeycomb SEC. The
estimated stress levels appear to be in good agreement, with
the FEM slightly overestimating stresses by an average of 5.6%
and a maximum of 9.2%, thus validating that the SEC can be
used to estimate stresses at the wound.
The constitutive models used in estimating stresses can be

further validated using rupture data reported in the
literature7,50,51 for each of the suture patterns. To do so, the
instantaneous Young’s modulus is extracted at rupture using
the reported rupture forces and strains and results were
compared against the Young’s modulus from the constitutive
models. Research in ref 7 reported Young’s modulus ranges of
4.72−6.69, 4.24−6.75, and 1.07−1.64 MPa under the
interrupted, cruciate, and intradermal pattern, respectively.
The constitutive models (FZ) for the interrupted and cruciate
suture patterns returned values within those ranges (6.28 and
4.32 MPa, respectively), while that for the intradermal suture
pattern is overestimating the Young modulus by 45% with a
value of 2.39 MPa. This discrepancy can be attributed to tissue
rupture of the dermis layer during stretch and to unmodeled
dynamic behavior at higher-order strains.

■ DISCUSSION
In vivo measurement of stresses in viscoelastic solids with
uncertain properties is challenging because of the lack of
available sensing solutions and accurate models. Results
presented in this section demonstrated that the SEC could
be used to estimate stresses at the wound level by combining
strain measurements with a parameterized constitutive model.
Nevertheless, there exist important challenges in applying the
sensing solution in vivo. First, the constitutive model will need
calibration to account for expected differences between human
and animal applications and for the inhomogeneity in skin
properties across patients. In particular, skin properties are
expected to differ with age and biological species and may have
important differences with the tested specimens due to the ex
vivo nature of the tests. Second, any wound in vivo is unlikely to
experience pure uniaxial stress; enhanced constitutive models
would need development if the stress perpendicular to the
wound is not dominant. Third, dedicated electronics would
need development to enable a portable or wireless solution.
However, the evaluation of stress could yield rich

information usable to determine the quality of the suture
and/or evaluate the healing process. While not the focus of this
study, Figure 5a shows that the SEC, attributable to a higher

stiffness, takes an important portion of the stress that would be
taken exclusively by the skin otherwise, whereas wounded skin
equipped with an SEC would see a decrease in the stress
demand resulting in faster healing. This concept of “smart
bandage” was introduced by the authors in ref 30. These
opportunities are from the basis of ongoing and future work.

■ CONCLUSIONS
This paper presented a study on the use of a corrugated soft
elastomeric capacitor (SEC) for monitoring strain and
estimating stress on sutured skin. The SEC is an ultracompliant
and stretchable polymer that transduces strain provoked by the
deforming monitored substrate into a measurable change in
capacitance.
An SEC corrugated with a re-entrant hexagonal honeycomb

pattern was tested on canine skin specimens sutured using
three different patterns, namely, a simple interrupted, a
cruciate, and an intradermal pattern. A finite element model
(FEM) was created and validated to parametrize constitutive
models yielding stress estimates from strain measurements.
Test results were benchmarked against the literature for the
ranking of the suture patterns and for the estimation of the
Young’s modulus at the suture level. An approximate FEM of a
sutured skin specimen was also created to evaluate the
accuracy of the stress estimates. A comparison with results
reported in the literature showed that the SEC ranked correctly
the performance of the suture patterns and that the overall
Young’s modulus of the constitute models fits the reported
results at rupture. Results also verified the accuracy of stress
estimation at the sutured skin level.
It follows that results presented in this paper demonstrated

the promise of using corrugated SEC sensors for the in vivo
characterization of skin biomechanical properties. It is
envisioned that the performance of such a sensor could be
optimized by leveraging advances in 3D printing to create an
optimized corrugation pattern that would be difficult to obtain
otherwise using traditional manufacturing processes. Further
research is required to empower full functionality of the
proposed sensor, including the development of robust
constitutive models and dedicated electronics enabling wireless
capabilities.
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