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response. In this work, we report on our recent experimental observations and theoretical
modeling involving the change in the viscoelastic response of the polymeric material VHB
caused by equilibrium swelling in multiple solvents. To characterize this change, we have
developed an experimental procedure that includes mechanical testing when virgin, free
swelling, mechanical testing when swollen, and mechanical testing after drying. A model
is used to help interpret the experimental results. The key finding of this work is that
our results indicate that the viscoelastic behavior of initially dry VHB, reversibly, becomes
essentially hyperelastic when swollen to equilibrium in multiple solvents.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

When exposed to a suitable solvent, many polymeric materials will imbibe the solvent. During this process, the polymer
network expands, and the fluid molecules migrate into the polymer microstructure, forming a solid-fluid continuum known
as polymeric gel. And many polymeric gels are classified as active materials due to their ability to respond to various stimuli.

Polymeric gels are found in a wide range of technologically relevant applications. Their responsiveness to environmental
stimuli is utilized in soft robotics (Rus and Tolley, 2015), as well as in the oil industry where swellable elastomers are com-
monly employed as packers (Kleverlaan et al., 2005). Due to the similarity of gels with biological materials, polymeric gels
are extensively used in tissue engineering (cf, e.g. Lutolf and Hubbell, 2005; Ronaldson-Bouchard et al., 2018). In addition,
many polymeric gels are biocompatible and biodegradable, making them highly suitable for drug delivery applications (cf.,
e.g. Deligkaris et al., 2010; Zhang et al., 2015) and medical implants (Woerly et al., 2001).

The earliest research on the mixing behavior of gels and the seminal theories on polymer mixing are commonly consid-
ered to be the work of Flory (1942) and Huggins (1942). Shortly thereafter Flory and Rehner (1943a,b) extended that work
to include the elasticity of a polymer network. Following that early work, a more contemporary resurgence into research
on polymeric gels was initiated by Tanaka and Fillmore (1979). Recent years saw an extensive number of multiphysics
continuum-level gel theories for the coupled diffusion-deformation behavior being developed (cf., e.g. Chester and Anand,
2010; Cohen and McMeeking, 2019; Doi, 2009; Duda et al., 2010; Hong et al., 2008; Lucantonio et al., 2013). Alongside
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the theoretical research, various experimental procedures have been developed to capture the mechanical behavior of gels,
some of which include indentation (Hu et al., 2010), microscale tensile testing (Johnson et al., 2004) and compression
testing (Farshad and Le Roux, 2005; Kean et al., 2014). Most of the above mentioned experimental procedures involve a
small-scale deformation of the material. In addition, large deformation testing of gels is conducted by Rizzieri et al. (2003),
Webber et al. (2007), and Yohsuke et al. (2011). Although the incorporation of large deformations is common in many
modeling and computational studies, the insufficient amount of relevant experimental data is impeding research that would
push our knowledge further.

A vast number of polymeric materials exhibit a non-linear viscoelastic behavior. Viscoelasticity in polymeric materials
is commonly considered to arise due to the difference in time scale between rapid short-range motion and slower long-
range motion of polymeric chains, as well as the interaction between the chains (Ferry, 1980). Being such a well known
phenomena, the viscoelastic behavior of polymeric materials has been thoroughly researched over the past decades. Me-
chanical testing of viscoelastic polymers was performed by Smart and Williams (1972), Partom and Schanin (1983) and
Hossain et al. (2012). Moreover, there have been many notable attempts to model the time-dependent behavior of viscoelas-
tic polymers. Some of the initial work on modeling viscoelasticity in polymers was done by Green and Tobolsky (1946) and
Biot (1954), followed by the models developed by Valanis (1966) and Crochet and Naghdi (1969). More recent constitu-
tive models are the work of Drozdov (1997), Reese and Govindjee (1998), Bergstrom and Boyce (1998), Drozdov and Dorf-
mann (2002), Miehe and Goktepe (2005) and Linder et al. (2011).

The behavior of viscoelastic polymers is known to be affected by different environmental conditions, such as temperature,
voltage, and chemical potential. Experimental data on temperature dependent viscoelastic behavior was published as early
as mid 1950s (cf., e.g. Plazek, 1965; 1980; Williams et al., 1955) with some more recent observations by Khan and Lopez-
Pamies (2002) and Drozdov et al. (2008). The vast amount of experimental research is accompanied by constitutive models
to capture that behavior (Drozdov et al., 2008; Khan et al., 2006; Nguyen et al., 2008; Reese, 2003). In addition to studies on
the electro-elasticity (c.f, e.g. Cohen et al,, 2017; Dorfmann and Ogden, 2005), the coupled electro-mechanical behavior of
viscoelastic polymers has been shown and modeled in the literature (Hossain et al., 2015; Vinogradov and Holloway, 1999;
Wang et al., 2016; York et al., 2010). The coupled chemo-mechanical behavior of viscoelastic polymers has also been studied
in recent years. In the current literature on viscoelastic gels, one can find the experimental research by numerous groups
(Chan et al., 2012; Keshavarz et al., 2017; Nam et al., 2016; Zhao et al., 2010). Further, continuum-level constitutive models
for viscoelastic gels, which take into account the chemo-mechanical behavior have been developed (Chester, 2012; Hu and
Suo, 2012). Nonetheless, the current state of the literature lacks sufficient quantity of data and observations to corroborate
and calibrate the vast number of models.

It is also worth noting that recent years saw an extensive number of studies, both experimental and theoretical, involving
poroelasticity (c.f., e.g., Galli et al., 2009; Hu and Suo, 2012; Hu et al., 2010; Wang and Hong, 2012). While these studies have
provided an insight in the coupled diffusion-deformation behavior at smaller deformations, the response of polymeric gels
undergoing large deformations is yet to be fully characterized and modeled.

The goal of this paper is to characterize the viscoelastic response of both dry and fully swollen polymeric gels through
experimental observations and continuum level modeling. Towards our goal, we have developed an experimental procedure
intended to capture the major aspects of the non-linear mechanical behavior of polymeric gels, including the viscoelastic
response. To complement the experimental observations, we calibrate a constitutive model for viscoelastic polymeric gels.
In what follows, we restrict our attention to the specific cases where the material is either completely dry, or fully swollen.

For our experiments we have chosen the commercially available material VHB 4910, since it is well known to exhibit
viscoelastic behavior in the absence of fluid (Hossain et al., 2012; Wang et al., 2016). Also, we have observed that VHB
4910 swells when in contact with suitable solvents. Therefore, all of our experiments make use of n-Pentane, o-Xylene, and
Toluene, as solvents in conjunction with VHB 4910 to create our polymeric gels. The continuum-level constitutive model is
mechanically incompressible, includes viscoelasticity, and does not explicitly take diffusion into account. That is to say we
consider time dependence in the mechanical response, however not in the diffusive response of the solvent, which is taken
to be at a known and fixed degree of swelling.

The remainder of this paper is organized as follows, in Section 2 we overview some of the terminology and important
details involved with mechanical testing of swollen polymeric gels. In Section 3 we present our experimental procedures, as
well as analysis procedures for our measurements, and the corresponding results. In Section 4 we present the constitutive
model used to interpret the experimental results and the model is calibrated in Section 5. Lastly, Section 6 provides some
concluding remarks.

2. Preliminaries

It is worthwhile to make clear our assumptions used for mechanical testing of polymeric gels. First, for clarification, the
nomenclature that will be used throughout is:

- Virgin — A dry sample, without any previous history of solvent exposure, or mechanical loading, is considered virgin.
« Fully swollen — A virgin sample, exposed to ample solvent, free of mechanical constraints, and allowed to swell until
equilibrium, is considered fully swollen. This process is termed free swelling.
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Fig. 1. Schematic of the multiplicative decomposition of the total uniaxial stretch into swelling and mechanical contributions.

« Solvent cycled — A virgin sample, first fully swollen, and then completely dried (deswollen), is considered solvent cycled.
The process of swelling following by drying may be repeated numerous times. For example, a sample could be solvent
cycled five times, that indicates a virgin sample was fully swollen and then freely dried five times.

When mechanically testing unswollen samples (either virgin or solvent cycled), in a uniaxial setting the total deforma-
tion that polymer network undergoes is the mechanical stretch A™. On the other hand, exposing that polymer network to
an ample quantity of a suitable solvent for long enough time, in the absence of mechanical constraints or loading, will cause
it to freely swell to equilibrium. The process of free swelling yields an isotropic volumetric expansion, and on a continuum
level, a stress-free state — what we call fully swollen. The stretch caused by swelling is denoted by A5, assumed to be spher-
ical, and when freely swollen A’ is homogeneous inside a gel.! For our experiments on freely swollen gels, we consider the
initial configuration for mechanical testing the freely swollen state, with a prior homogeneous swelling stretch AS. Uniaxial
mechanical testing on the freely swollen polymer gels is achieved by displacement controlled deformation applied on the
initially freely swollen material. This is shown schematically in Fig. 1. Further, as is common in the literature on the me-
chanics of gels, we employ a multiplicative decomposition of the total uniaxial stretch, making the total deformation of the
swollen polymer gel

A= AMAS, (1)
Going further into the details, in reference with Fig. 1, the total uniaxial stretch is defined as

l
A=t (2)
lo
where [ is the deformed gauge length and [, is the virgin gauge length. The swelling stretch represents the ratio of the
swollen length to virgin length

ls
I (3)

where [s is the length of swollen material. Following Fig. 1 and (1), the mechanical stretch is the ratio of the mechanically
deformed length to the freely swollen length, which can be written in the form

}\S

I F+um um
m:F:T:]+l—S, (4)
where u™ is the axial displacement caused by mechanical deformation. In the case of dry material without any swelling, we
simply have AS = 1, and therefore A = A™.
Since we are interested in assessing the rate-dependent behavior of polymeric gels, the rate of deformation is essential.

To make the analysis as useful as possible, we use the mechanical stretch rate

. um
AT = T (5)
and the total stretch rate at a fixed amount of swelling

.ooum .

A= o = AmAS, (6)
lo

The standard nominal (1st Piola) stress in uniaxial tension for dry material is given by

F

P=— 7
i (7)

1 In general, in the presence of mechanical or chemical constraints, A* need not be homogeneous inside a polymeric gel.
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where F is the force signal obtained by the load cell, and A is the dry nominal cross sectional area. Care must be taken
in the choice of a stress measure used for fully swollen uniaxial tests. Prior to any mechanical loading, since the sample
is fully swollen, but mechanically undeformed we have A™ =1 and AS > 1, leading to an initial stretch A = AS > 1 prior to
the application of any prescribed mechanical deformation. Therefore, we will also report on the stress measured per freely
swollen cross sectional area, a mechanical Piola stress. Here the mechanical Piola stress is denoted by

F
P o (8)
where AS is the nominal cross sectional area of the fully swollen sample. Additionally, the Cauchy stress, or true stress, is
the force per unit current cross sectional area. However since we are unable to measure the current cross sectional area
during a test, and do not want to make unnecessary assumptions, we do not report it in this work.
Lastly, we will make frequent use of the stiffness in our analysis, which experimentally is taken simply as the slope of
the uniaxial tension stress - stretch curve, measured at a specific deformation since it is not constant. Since our experiments
are designed to obtain the material response at a fixed degree of swelling, we assume A’ is a constant, therefore,

d(e) d(e)dA™ d(e)

dr ~ dam dh T dam
Accordingly, we only report on stiffnesses measured relative to mechanical deformation in this work. Further, since the ef-
fective stiffness is what one would measure in the current deformed configuration, for dry and swollen samples the effective
stiffness is

dp dpm

—, and —, 10

dam dam (10)
respectively. To experimentally measure the stiffness based on experimental data, we determine the slope of the stretch-
stress curve at a specified stretch by fitting a line to five data points centered around the specified stretch.

o7 (9)

3. Experimental procedures and results

In this section we report our experimental procedures for capturing the non-linear viscoelastic behavior of virgin, fully
swollen, and solvent cycled polymeric materials, as well as the corresponding results. Our experiments are performed on
the popular and widely known commercially available acrylic polymer VHB 4910. This material is chosen since virgin VHB
is well known to exhibit highly viscoelastic non-linear behavior (Hossain et al., 2012; Wang et al., 2016).

The overall experimental scheme broadly consists of the following:

1. Uniaxial tension, stress relaxation, and creep testing on virgin samples;
2. Free swelling of virgin samples;

3. Uniaxial tension and stress relaxation on fully swollen samples;

4. Uniaxial tension and stress relaxation, on solvent cycled samples;

with more detail in what follows.

We commence the experimental procedure by determining the virgin baseline behavior of the polymer. To investigate
the time-independent behavior of the virgin polymer, we perform a set of large deformation tensile tests, including load and
unload, at a very slow mechanical stretch rate, accompanied by large deformation creep and stress relaxation testing. Next,
to probe the time-dependent behavior of the virgin polymer we perform a set of tensile tests consisting of loading followed
by unloading at various prescribed mechanical stretch rates. Further, to thoroughly probe the relaxation behavior of the
virgin polymer, we perform a set of stress relaxation tests at a moderate prescribed stretch. After the uniaxial baseline
data for the virgin polymer is obtained, we next move onto free swelling. To determine the swelling stretch caused by
free swelling, VHB 4910 was immersed in three different solvents, n-Pentane, o-Xylene and Toluene, until equilibrium was
reached, over 24 h. The next step involves repeating some of the uniaxial tests mentioned before, but now on fully swollen
samples. The procedure consists of a similar set of uniaxial tests as used for the dry virgin material, to investigate the time-
independent, time-dependent, and relaxation behavior of fully swollen VHB 4910. Lastly, virgin samples are freely swollen,
followed by free drying of those same samples — what we have termed solvent cycled. Then, another similar set of uniaxial
tests are performed again to determine if there is any measurable irreversible change to the mechanical behavior due to
solvent cycling.

3.1. Experimental setup

All tensile tests reported here are conducted on an MTS Criterion Model 43 uniaxial testing machine at a fixed room tem-
perature of 24 °C. We use dog-bone shaped specimens, and virgin samples are cut out from a roll of VHB 4910 tape using an
ASTM D638-V cutting die. The nominal length, width, and thickness of the virgin gauge section are 9.49 mm, 3.18 mm, and
1 mm respectively. Importantly, since there are minute variations in the material, both thickness and width are measured
prior to the start of all experiments. When dealing with very soft materials, the use of calipers or a micrometer can lead to
false measurements due to the deformation of the material under the caliper jaws or micrometer anvils. Therefore, we use
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Fig. 2. Experimental setup for mechanical testing of a sample inside a fluid bath. Here, 1 denotes the digital camera, 2 the (5 pound) load cell, 3 an
extended fully swollen gel sample, and 4 the water level.

a non-contact measurement based on photos of dry and swollen specimens, and use Image] (Rasband, 1997-2018) software
to measure the thickness and the width of gauge section. Our experience shows that this leads to the best dimensionally
repeatable data we were able to obtain. All the photos used for dimensional measurements reported here were taken with
a Nikon-D3200 camera mounted on a tripod for repeatability.

To measure the deformation in our tensile experiments, the non-contact Digital Image Correlation (DIC) software Vic2D
(Correlated Solutions) is employed and integrated with a digital camera (PointGrey GRAS-50S5M-C). Due to compliance of
the testing machine, slippage, or other factors, post-processing DIC measurements of the gauge section have been found
the most reliable method to obtain deformation data in these soft materials. Additionally, our DIC data acquisition system
allows for concurrent image capture and force signal measurement. Since VHB is transparent, for virgin and solvent cycled
samples, a number of black lines are applied to the gauge section with a permanent marker prior to testing to obtain color
contrast for DIC measurements. However, the permanent marker was unreliable when applied to the surface of the fully
swollen (wet) sample. Therefore, we applied fine black powder particles (silicon carbide grit, size 60) to the wet sample
surface and they provide contrast for DIC.

To measure the force, a combination of a 5 pound load cell (Transducer Techniques MDB-5) and 100 g load cell (Trans-
ducer Techniques GSO-100) are used depending on the expected load encountered. The choice is made to obtain the best
signal-to-noise ratio for each particular experiment. For example, a dry virgin material at very large stretch requires the 5 Ib
load cell, however a fully swollen load-unload tension test to moderate stretch will not exceed 100 g, and therefore the
smaller load cell is used.

When left in air for 10 minutes, samples fully swollen with solvent (n-Pentane, o-Xylene, or Toluene) on average lost
20.7% of their mass through evaporation, compared to just 7.1% when completely submerged in water. Therefore, to mitigate
the evaporation of solvent from the swollen gel, the tensile tests on fully swollen gels are performed inside a fluid bath filled
with water, that is mounted in the load train of the testing machine, as shown in Fig. 2. We have found that immersion of
the swollen gel in water significantly reduces the evaporation of the imbibed solvent, and is our best effort to ensure the
solvent concentration is homogeneous inside the material.

In addition, the typical order of magnitude for solvent diffusivity in a polymeric gel is approximately 10~ m?/s (c.f,, e.g.
Davis, 1974; Hayamizu et al., 1998), for a length scale of 1 mm, we estimate the characteristic diffusion time of about 2.75 h.
Since the majority of our experiments take place on a much shorter timescale, when analyzing the experimental data we
assume the solvent concentration is constant and uniform throughout for all of our mechanical tests.

It is important to note that, although the curvature of the fluid bath, along with the presence of water, somewhat distorts
the images used for DIC in the transverse direction, it is not significant in the loading direction. A verification procedure is
provided in the Appendix showing that the DIC measurements are acceptable with only minor error in this fluid bath setup.
Therefore, we freely use DIC to measure the axial extension in our uniaxial experiments on submerged specimens.

Further, when performing a mechanical test on a sample submerged in a fluid bath, as in Fig. 2, the data recorded by
the load cell is affected by buoyancy. To ensure the best quality force data, we include the buoyancy of the submerged grip,
load train, and sample, when processing the experimental results. To determine the affect of buoyancy, we hold a swollen
sample inside the top grip, and directly measure the change in force at different submerged depths. The recorded force per
depth (N/m) is used when analyzing the data, allowing for the inclusion of buoyancy in the analysis. Details of the buoyancy
calibration are provided in the Appendix.
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Fig. 3. Prescribed loading-unloading stretch profile to a maximum mechanical stretch of A™ = 2.

3.2. Virgin uniaxial testing procedure

First, the dimensions of the gauge section width and thickness of each sample are measured using Image]
(Rasband, 1997-2018) as described previously. The quasi-static large deformation tensile tests are performed at a constant
stretch rate of A = A™ = 10~4s~!, based on the virgin gauge section dimensions. The crosshead displacement is prescribed
to obtain a maximum stretch of A = A™ = 10 based on the virgin gauge length, followed by unloading to the initial stretch
of A =1 to probe the large deformation behavior and hysteresis in the material response. Later, DIC analysis is performed
as a post-processing step to obtain the actual deformation in the gauge section.

For load-unload tensile tests at moderate stretch rates, we prescribe the crosshead displacement to obtain a maximum
stretch of A =A™ =2, and the unloading displacement to return to the initial stretch of A =A™ =1 at a constant stretch
rate. To assess rate dependency, two different rates are used A = A™ = 10~2s~! and 10~'s~1, with the prescribed loading
profiles shown in Fig. 3.

Next, we perform a set of stress relaxation experiments. First, samples are loaded to a stretch A =A™ =2, at a stretch
rate of A = A =2 x 10~1s~1, the fastest our screw driven testing machine can reliably move. After reaching the prescribed
stretch, samples are then held at that fixed stretch for 1 h, while the force is being recorded to determine the stress re-
laxation. As usual, DIC analysis is performed as a post-processing step, used here to obtain the actual stretch in the gauge
section during the relaxation experiment.

Lastly, to complement the quasi-static large deformation testing and to ensure a time-independent response of the virgin
material, we additionally performed: (i) Stress relaxation testing at various stretch levels, until stress equilibrium has been
reached over 24 h; and (ii) creep testing at various constant stresses, until stretch equilibrium has been reached over 24 h.

3.3. Free swelling procedure

The free swelling procedure commences by taking the photos of virgin samples for dimensional measurements. Then,
the virgin samples are fully submerged in ample solvent inside sealed glass jars. The sealed jars are placed inside a fume
hood, and the samples are allowed to undergo free swelling for over 24 h. During that time, the swelling process reaches
equilibrium and samples are considered fully swollen. To ensure that equilibrium was reached, the mass of the samples is
measured periodically using a Sartorius Practum213-1S scale.

To obtain the swelling stretch of the fully swollen samples, photos of fully swollen samples were taken. Image]
(Rasband, 1997-2018) software is then used to measure the virgin and the fully swollen lengths, and the swelling stretch
is obtained using (3). Assuming spherical swelling, the fully swollen sample dimensions are obtained by scaling the virgin
dimensions by the swelling stretch. Therefore, the cross sectional area of the fully swollen gauge section is

A = (Mto) (W wo) = (37)*Ao. (1
3.4. Fully swollen uniaxial testing procedure

Other than the samples being submerged in the water bath, the uniaxial testing procedure for a fully swollen gel is
essentially the same as the dry procedure described in Section 3.2. The main differences lie in the care needed in analysis
to account for the prior swelling deformation, and the affects of the water bath such as buoyancy. As before, DIC is used in
all cases as a post processing step to assess the actual deformation in the gauge section. )

Large deformation quasi-static tensile tests are performed at a very slow mechanical stretch rate of A™ = 10~4s~1, based
on the swollen length of the gauge section. Fully swollen samples were subjected to a prescribed total stretch of either
A =10, or just prior to failure, followed by unloading to the initial stretch of A = A%, which is the freely swollen stretch.
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For moderate rate loading-unloading tensile tests, the sample is loaded to a mechanical stretch of A™ =2, which corre-
sponds to a total stretch A = A™A* =2A%, followed by unloading to A™ =1, which matches the initial freely swollen total
stretch of A = AS. To assess rate dependency, two different rates are used A™ = 10~2s~! and 10~'s~!, and Fig. 3 shows the
prescribed stretch profiles.

Finally, we perform a set of stress relaxation tests, in which the samples are first loaded to A™ =2 at a stretch rate
AM =2 x10-1s~!, and held at that fixed stretch for 1 h, while the force is being recorded to determine the stress relaxation
behavior.

3.5. Solvent cycling procedure

As mentioned earlier, solvent cycling is the process of swelling, followed by drying. Following the free swelling procedure,
some specimens were then allowed to freely dry. The free swelling procedure was already described in Section 3.3, and is
followed again for solvent cycling. The free drying procedure is very similar, however the swollen samples are set inside
a petri dish, free of constraint, in a fume hood for 48 h. Mass measurements are taken frequently along the process as
described previously. We consider the sample to be completely dry once its mass is nearly equal (i.e., the same value relative
to the instrument precision) to that of the dry virgin sample, implying all the solvent has evaporated from the polymer
network.

3.6. Uniaxial testing procedure after solvent cycling

The uniaxial testing procedure of samples that underwent solvent cycling consists of nearly the identical set of experi-
ments used to test virgin samples. First, the large deformation quasi-static response of the material is probed through uni-
axial tensile tests at a very slow mechanical stretch rate of Am = 10~4s—!, based on the solvent cycled gauge section length
(which coincides with the virgin length). For this purpose, the samples have been deformed to a prescribed mechanical
stretch A™ = 10. Next, to determine the hysteresis in the material response, along with the rate-dependence, we perform a
set of load-unload tensile tests to a mechanical stretch of A™ = 2, employing two different deformation rates A™ = 10~2s!
and 10~ 1s~1, Lastly, a set of stress relaxation tests at a fixed stretch of A™ =2 were performed with a relaxation time of
over 1 h.

3.7. Experimental results

3.7.1. Uniaxial results on virgin specimens

The results of our uniaxial tests on virgin specimens are shown in Fig. 4. Specifically, Fig. 4a very clearly shows the large
deformation response under very slow loading. Here, clear evidence of the chain-locking behavior of VHB 4910 is observed
at a uniaxial mechanical stretch of A™ ~ 9. Further, the dry virgin material exhibits pronounced rate-dependent behavior,
which is observed in Figs. 4a and 4b. The load-unload tensile tests at two moderate rates show clear rate-dependence as well
as significant hysteresis upon unloading due to viscoelastic effects. Fig. 4c shows the measured stress relaxation behavior
at an applied stretch of A = 2. From this figure one clearly observes relaxation, going from a nominal stress of just over
110 kPa and relaxing to just over 40 kPa over 1 h. In Fig. 4d the large deformation quasi-static tension test results at a rate
of 10~4s~1 are plotted along with the long term creep and relaxation data at equilibrium. Since the large deformation quasi-
static tensile response has some hysteresis, we interpolated the creep and relaxation data (utilizing the smooth function in
MATLAB) to obtain the time-independent response of the material.

To quantify the experimental observations and rate-dependent behavior of the material, we measure the stiffness and
hysteresis at different stretch rates. The initial stiffness d‘f\’,’n is measured for all three A™ employed in tensile testing. Addi-
tionally, from the data obtained using a large deformation quasi-static test, we also measure the stiffness near the maximum
measurable, and midway. The amount of hysteresis is determined by the area enclosed by the loading and unloading path
on the stress-stretch curve.

The measured effects of locking are clear, with an increase in stiffness L&—’fﬂ from 17.19 kPa at a stretch of 4.5 to 102.53 kPa
at a stretch of 8.36. Further, the experimental results showcase a noticeable increase in initial stiffness with an increase in
A™ ranging from 60.2 kPa for the A™ = 10~4s~1, 170.18 kPa for the A™ = 10~2s~!, to 333.31 kPa for the A™ = 10-1s~1. In
addition to the increase in stiffness, one can notice an increase in hysteresis from 15.82 kPa at A™ = 10~2 s~! to 31.41 kPa
at Am =101 s—1,

We note that the tabulated data and comparisons to the fully swollen material is provided later in Section 3.7.3 when
the fully swollen results are discussed.

3.7.2. Free swelling results

As mentioned previously, optical measurements of specimens before and after free swelling of VHB 4910 in various sol-
vents provide a reliable measurement of the swelling stretch at equilibrium without constraints. Fig. 5 shows the virgin dry
specimen, and the corresponding fully swollen specimen for the solvents: a) n-Pentane; b) o-Xylene; and c) Toluene. The
average mass of our virgin samples is 0.495 g prior to solvent exposure. Our measurements show that a VHB 4910 specimen
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Fig. 4. Uniaxial experimental results for dry virgin specimens. a) Large deformation quasi-static and moderate rate load-unload uniaxial tensile tests, with
nominal stress as a function of mechanical stretch A™, which in case of dry samples is the same as the total stretch A. b) The same load-unload data
at moderate rates in a smaller range of stretch for clarity. ¢) Stress relaxation for an applied mechanical stretch of 2. And d) comparison between the
quasi-static large deformation tensile test and the time-independent behavior obtained through combination of stress relaxation and creep testing.
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Fig. 5. VHB 4910 ASTM D638-V dog-bone specimens before and after free swelling to equilibrium, and also used for uniaxial testing. a) Dry and swollen
with n-Pentane, with equilibrium swelling stretch AS = 1.49. b) Dry and swollen with o-Xylene with equilibrium swelling stretch AS =1.95. ¢) Dry and
swollen with Toluene with equilibrium swelling stretch A% = 1.98. We note that the dotted lines are drawn along the edges of specimens to emphasize the
specimen boundary for this transparent material.

fully swollen in n-Pentane on average absorbs 0.66 g of solvent and has a swelling stretch of AS = 1.49. Similar measure-
ments for o-Xylene show that it absorbs 3.47 g of solvent and has a swelling stretch of A5 =1.95. And lastly for Toluene,
3.40 g are absorbed and the swelling stretch is AS = 1.98. To ensure the equilibrium, the mass is measured periodically over
48 h. Fig. 6 clearly shows the swelling process reaching equilibrium in about 24 h, for all three solvents.

3.7.3. Uniaxial results on fully swollen specimens

The results of our uniaxial tests of fully swollen specimens are shown in Fig. 7 for tension tests on VHB fully swollen
with n-Pentane, Fig. 8 for tension tests on VHB fully swollen with o-Xylene, Fig. 9 for tension tests on VHB fully swollen
with Toluene, and Fig. 10 for relaxation tests on specimens fully swollen with all three solvents.
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Fig. 6. Sample mass measured periodically over 48 h of free swelling indicating equilibrium is reached at 24 h.
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Fig. 7. Experimental results for samples swollen in n-Pentane. a) Large deformation quasi-static load-unload, along with load-unload moderate rate tests
to A™ = 2, with results presented as a function of total stretch A = 1.49A™. b) Load-unload tests to A™ = 2 at moderate stretch rates and presented as a
function of mechanical stretch.
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Fig. 8. Experimental results for samples swollen in 0-Xylene. a) Large deformation, along with load-unload testing to A™ = 2, with results as a function of
total stretch A = 1.95A™. b) Load-unload tests to A™ = 2 at different mechanical stretch rates and presented as a function of mechanical stretch. The red
x indicates failure of the sample. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 9. Experimental results for samples swollen in Toluene. a) Large deformation, along with load-unload testing to A™ = 2, with results as a function of
total stretch A = 1.98A™. b) Load-unload tests to A™ = 2 at different mechanical stretch rates and presented as a function of mechanical stretch. The red
x indicates failure of the sample. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 10. Virgin and fully swollen stress relaxation results. The virgin experiment is plotted using the stress measure P, while the swollen experiments are
plotted using the stress measure P™.

First considering the tensile behavior of VHB 4910 fully swollen in n-Pentane, Fig. 7 shows the large deformation quasi-
static load-unload response, as well as the load-unload response at a few fixed, but different, moderate stretch rates. Based
on the large deformation tensile test we can observe no hysteresis in the response of the material, along with a decrease in
the initial effective stiffness from 60.2 kPa to 27.53 kPa, as seen in Table 1. Also, we find that the material does not show
any clear locking behavior when compared to the virgin material, with the stiffness increasing from 14.41 kPa at a total
stretch of 4.5 to just 17.85 kPa at a stretch of 7.73, as shown in Table 2. Looking at the moderate rate load-unload data
to a stretch of 2, the measured initial effective stiffness (‘}’;—Z drops to 32.74 kPa at A = 102s~! and 34.29 kPa at A™ =
10-1s~1. The difference in stiffness at various stretch rates is negligible compared to the virgin material (see Table 1), and
the samples exhibit an almost complete absence of rate-dependency in the response. Along with the decrease in stiffness,

Table 1
Measured initial effective stiffness, d‘f; for virgin,
and 42 for fully swollen samples at different ap-

plied stretch rates.

Am (s 104 102 10!

Virgin (kPa) 60.20 170.18  333.31
n-Pentane (kPa) 27.53 32.74 34.29
o-Xylene (kPa) 24.73 23.94 26.59
Toluene (kPa) 21.58  22.01 2144
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Table 2
Chain-locking behavior observed through stiffness measurements on virgin ( d‘i”m ) and fully swollen
4’ ) samples with data taken at a stretch rate of A = 10~4s~". For samples swollen with o-Xylene

and Toluene, we take the maximum A to be at the failure.

Initial Stiffness (kPa)  Stiffness at A = 4.5 (kPa)  Stiffness near max. A (kPa)

Virgin 60.20 17.19 102.53 at (A = 8.36)

n-Pentane  27.53 14.41 17.85 at (A =7.73)

o-Xylene 24.73 19.36 24.75 at (A = 6.85)

Toluene 21.58 13.16 18.49 at (A =7.81)
Table 3

Measured hysteresis for a maximum
mechanical stretch of 2 for virgin and
fully swollen samples at different ap-
plied stretch rates.

am (s1) 10-2 10!

Virgin (kPa) 15.82 31.41
n-Pentane (kPa)  0.37 0.84
o-Xylene (kPa) 0.18 0.46
Toluene (kPa) 0.6 0.33

one can observe the lack of hysteresis, with the measured hysteresis area going from 15.82 kPa to 0.37 kPa at Am=10-2s"1,
and from 31.41 kPa to 0.84 kPa at A™ = 10~' s~1, as seen in Table 3. In summary, the load-unload tensile experiments at various
rates show no signs of rate-dependence or hysteresis.

Next, considering the tensile behavior of VHB 4910 fully swollen in o-Xylene, Fig. 8 shows the large deformation quasi-
static load-unload response, as well as the load-unload response at a few fixed, but different, moderate stretch rates. Based
on the large deformation tensile test we can observe the absence of hysteresis in the material response, followed by the
decrease in the initial effective stiffness from 60.2 kPa to 24.73 kPa, as seen in Table 1. Also, we find that the material
has failed at a total stretch of 6.85, whereas the virgin material was still intact. Further, the material does not show any
clear locking behavior compared to the virgin material, with an increase in stiffness from 19.36 kPa at a total stretch of
4.5, to 24.75 kPa at the failure stretch, as seen in Table 2. Measuring the initial effective stiffness l‘;’;—':, for moderate rate
load-unload results, we notice the drop to 23.94 kPa at A™ = 102s~! and 26.59 kPa at A™ = 10~!s~!. The difference in
stiffness at various stretch rates is negligible compared to the virgin material, displaying almost the complete absence of
rate-dependency in the response, as seen in Table 1. Along with the decrease in stiffness, we measure almost a complete
lack of hysteresis, with the measured hysteresis area going from 15.82 kPa to 0.18 kPa at A™ = 10~2s~!, and from 31.41 kPa
to 0.46 kPa at A™ = 10~!s~1, as seen in Table 3. Again, the load-unload tensile experiments at various rates show no apparent
signs of rate-dependence or hysteresis.

Further, considering the tensile behavior of VHB 4910 fully swollen in Toluene, Fig. 9 shows the large deformation quasi-
static load-unload response, as well as the load-unload response at a few fixed, but different, moderate stretch rates. Based
on the large deformation tensile test we can observe the lack of hysteresis in the material response, followed by the de-
creases in the initial effective stiffness from 60.2 kPa to 21.58 kPa, as seen in Table 1. Also, we find that the material
has failed at a total stretch of 7.81, whereas the virgin material was still intact. The material does not show any clear
locking behavior compared to the virgin material, with an increase in stiffness from 13.16 kPa at a total stretch of 4.5,
to 18.49 kPa at the failure stretch, as shown in Table 2. Measuring the initial effective stiffness % from moderate rate
load-unload data, we observe a drop to 22.01 kPa at A™ = 10-2s~! and 21.44 kPa at A™ = 10~!s~1. The difference in stiff-
ness at various stretch rates is negligible compared to the virgin material, displaying the absence of rate-dependency in
the response, as observed in Table 1. Along with the decrease in stiffness, we notice the lack of hysteresis, with a de-
crease in the measured hysteresis area from 15.82 kPa to 0.6 kPa at A™ = 102!, and from 31.41 kPa to 0.33 kPa at A™ =
10-1s-1, as seen in Table 3. Again, the load-unload tensile experiments at various rates show no signs of rate-dependence or
hysteresis.

Lastly, Fig. 10 shows the stress relaxation behavior of VHB 4910 fully swollen in all three solvents with the virgin data
superimposed. After a rapid crosshead displacement, the mechanical stretch is held fixed at A™ =2 for 1 h. What is most
notable about these results are that the behavior is nearly all elastic for all fully swollen gels. VHB 4910 swollen in o0-Xylene
and Toluene do not even have a measurable amount of stress relaxation, and the specimens fully swollen with n-Pentane
show a dramatically decreased amount of relaxation, over a much shorter time span compared to the virgin case.

3.7.4. Uniaxial results on dry, solvent cycled specimens

Thus far, it is clear that the uptake of solvent has an affect on the mechanical behavior of these materials. To assess if
swelling causes irreversible changes to the mechanical behavior, we solvent cycle — freely swell, then freely dry — and then
use those samples for uniaxial tests. Mass measurements shown in Fig. 11 show all three solvents completely evaporating
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Fig. 11. Mass of initially fully swollen samples, measured periodically during 48 h of free drying.

300 ‘ ‘ ‘ ‘
o Virgin
250+ * n-Pentane
S o O-Xylene
< 200+ & Toluene
n
7]
o
2150 1
g
[¢)
Z 50 L
0

2 4 6 8 10
Mechanical stretch

Fig. 12. Large deformation uniaxial tensile loading results after solvent cycling 5 times with n-Pentane, o-Xylene and Toluene, along with a virgin sample.
The results lie almost completely on top of each other.
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Fig. 13. Uniaxial load-unload tensile test results after solvent cycling 5 times with n-Pentane, o-Xylene and Toluene. For ease of comparison, we also show
the virgin results.

after about 24 h of free drying, ensuring fully dried samples for mechanical testing. For samples that have been solvent
cycled five times, Fig. 12 shows the reappearance of chain-locking behavior, and Fig. 13 shows the reappearance of the
viscoelastic response for uniaxial load-unload experiments. Additionally, Fig. 14 shows a reappearance of viscoelasticity for
the material subjected to a stress relaxation experiment. These combined results show that prior solvent cycling has no
significant residual effects on the overall response of the polymer, which we take as an indication of the reversibility of the
process.
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Fig. 14. Stress relaxation of virgin VHB, and after 5 cycles of swelling with n-Pentane, o-Xylene and Toluene. The results lie almost completely on top of
each other.
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Fig. 15. A subset of the experimental results showing the load-unload response for moderate rates displaying the clear affect of swelling on the behavior.
The virgin experiments are plotted using the stress measure P, while the swollen experiments are plotted using the stress measure P™.

3.8. Summary of the experimental results

Fig. 15 shows already presented data, but now with multiple stretch-stress curves all superimposed atop each other, and
immediately the change in behavior is visible. The behavior of virgin samples shows clear viscoelastic effects. However, the
fully swollen results show no signs of rate dependency, nor hysteresis, with load-unload stretch-stress curves obtained at
different rates being almost completely on top of each other. Measurements of the hysteresis, stiffness, and stress-stretch
behavior all lead toward the hypothesis that the fully swollen material has lost nearly all viscoelasticity, and the fully swollen
material behaves like a non-linear elastic material. Further, our solvent cycling results show that prior solvent cycling has
no significant residual effects on the overall response of the polymer, which we take as an indication of the reversibility of
the process.

Based on some discussions in the literature (e.g., Fetters et al., 1994; Urayama et al., 2001) one possible mechanism for
this change in behavior is that when the polymer network is expanded by introducing solvent molecules, the interaction
between polymer chains becomes very small because the distance of the individual chains becomes larger, resulting in the
absence of viscosity.

Additionally, the well known and prevalent Flory and Rehner (1943b) model predicts the effective modulus under uniaxial
tension to be E = E;J~1/3, where E, is the dry elastic modulus (Okumura et al., 2016). However, based on the quasi-static
results shown in Table 1 we find that the effective modulus is not a function of the swelling ratio alone and is affected by
other factors such as the specific solvent. Here o-Xylene has an equilibrium swelling stretch of A =1.95 and Toluene has
A5 =1.98, based on the Flory and Rehner (1943b) model we should expect the ratio of moduli to be

-1/3
Eo—Xylene _ -]o—Xylene _ )\:gl'oluene _ 1.98 —1.015
1/3 195

- - s
Eroluene J Toluene )\'O—Xylene

however the measured ratio is 1.146, over a 10% difference.
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4. Constitutive model

In this section we overview a continuum-level constitutive model for polymeric gels, which aims to give particular atten-
tion to the viscoelastic response. The large deformation time-independent response of the polymer is modeled employing
a non-Gaussian statistical mechanics model, which takes into account the limited extensibility of polymer chains (Anand,
1996; Arruda and Boyce, 1993), as well as a scaling exponent on the swelling ratio to account for the change in effective
stiffness (Okumura et al., 2016; Zamani and Pence, 2017). Viscous effects are modeled following the micromechanically moti-
vated approach by Green and Tobolsky (1946) and Linder et al. (2011). Lastly, the mixing between the polymer network and
solvent is accounted for by the Flory-Huggins model (Flory, 1942; Huggins, 1942). The model, in it’s current form, follows
from the previous work of our research group (Chester, 2012; Chester and Anand, 2010; 2011; Chester et al., 2015) and is
summarized in this section for clarity. However, in contrast to our previous models, we do not explicitly account for solvent
diffusion, and only consider equilibrium conditions. This assumption is made since our experiments are not intended to
probe the diffusive behavior of these polymeric gels. Lastly, while it is well known that more complete constitutive models
exist to capture the elastic modulus of swollen elastomers (cf. e.g., Okumura et al., 2016), we do not burden ourselves with
the extra complexity since the focus here is on the viscoelastic behavior.

4.1. Kinematics

The model is based on a multiplicative decomposition of the deformation gradient into mechanical and swelling parts
F=F"F with F=A1, A>1. (12)
In (12) FF(xg) represents the local distortion of the material due to swelling at an arbitrary material point xz of the un-
deformed body Bg, and A° is the swelling stretch. This local deformation accounts for the swelling of the material due to
absorbed solvent molecules. F™ (xg) represents the subsequent mechanical stretching and rotation of this coherent swollen

network structure.
With respect to (12), the right and left Cauchy-Green tensors are

C=FF= (F"F) (F"F) = F"F"()%)’ = C"(3%)®, and (13)

B = FF = (F"F)(F"F)’ = FF" (A%)* = B"(A%)%, (14)

respectively.
Next, we assume that the mechanical response of the solvent and polymeric material is purely incompressible, and there-
fore J™ = 1. Further, we assume that the only volume change is due to swelling caused by the solvent, which is given by

F=1+Qc, (15)

where €2 is the molar volume of the solvent and cg is solvent concentration measured in moles of fluid absorbed per unit
reference volume. In addition, since

F=detF = (A%)°, (16)
and with respect to (15), we may write
AM=1+Qck)"3. (17)

4.2. Free energy

The experimental observations clearly show the material to be viscoelastic when dry, and also capable of undergoing
swelling deformation in the presence of an ample solvent. To model the features of such a material, we consider the fol-
lowing three contributions to the free energy: (i) a time-independent contribution to account for the long time mechanical
behavior; (ii) a time-dependent contribution to account for viscous effects; and (iii) a chemical mixing contribution to ac-
count for mixing between the solvent and polymer network. Thus, our basic form of the free energy function which accounts
for the combined effects of mechanical stretching, swelling and mixing consists of three parts

Y=Y+ YR + e (18)
14

where wl{‘ models time-independent response, >y wgD(V) models time-dependent behavior employing y viscous mecha-

nisms, and wﬁhem is the chemical free energy of mixing between the polymer network and the solvent.

For the time-independent free energy we adopt the statistical mechanics based Arruda-Boyce model (Anand, 1996; Ar-
ruda and Boyce, 1993) which takes into account the limited extensibility of polymer chains, coupled with a scaling exponent
to account for stiffness changes (Okumura et al., 2016),

1= Gondfo[ (%) B +1n () — ()80 —In (i) = 37| + Goa2 [3P°] — Go (242) InJ (19)
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Here G, is the initial shear modulus, A; is the locking stretch, and A = ,/trC/3 is the effective stretch. Additionally, 8
and B are functions given by

B=r" (i) and By =r"" <%L> (20)

where £-1 is the inverse of the Langevin function, £(e) = coth(e) — 1/(e). The locking stretch, A;, is the effective stretch
where the polymer network is fully extended and cannot extend any further.

For the time-dependent contribution to the free energy, we follow the approach of Green and Tobolsky (1946) and
Linder et al. (2011) which takes the form

Y0 = GH(AP : €~ 3) ~In (detA®) (21)

where G%) are the shear moduli for each viscous mechanism y. The evolution equation of each tensorial internal variable
A) is given in the form
1

A(Y) —
A W)

(€™ -AY), Axp.t=0)=1, (22)

where 7(¥) is the relaxation time for each y.
We adopt a Flory-Huggins (Flory, 1941; Huggins, 1942) model for the chemical mixing free energy which takes into
account the mixing of polymer and solvent molecules

Q¢ 1
chem __ ,,0 R
Y =1 CR+R19CR<IH<]+QCR)—1—X<1+QCR>). (23)

Where 19 is the chemical potential of the solvent, R is the universal gas constant, § the absolute temperature, and x
polymer-solvent interaction parameter.

4.3. Cauchy stress

The Cauchy stress T is given by

_ 0 _ 2 «

T=] 1(2Fmafn‘jw - p‘l) =J! {cﬂ(m B™ + ZG%)F"’A(V)F”“ -p 1] (24)
Y

where the shear modulus G = GO(%)L—l (%) is a function of stretch, and p a scalar pressure field to satisfy the mechanical

incompressibility constraint. The term p* simply aggregates all of the spherical terms that arise.

4.4. Chemical potential

Based on the thermodynamic derivation found in the previous work from our group (c.f., e.g. Chester and Anand, 2010),
and using the free energy form (18), the chemical potential w is given by

_awR 1 ) QCR 1 1 Q
_TCR_§UTQ_M +RY( In TreTH +1+QCR+X(]+QCR)2 +(p—60)m~ (25)

Further, since we do not account for diffusion, the role of the chemical potential serves to obtain the conditions for chemical
equilibrium, which is obtained when p = u°. A few examples of when this may be put to use are to obtain the parameter
x in a free swelling experiment, or obtaining the swelling stretch for a given loading.

4.5. Specialized constitutive equations for uniaxial tension and free swelling/drying

When specialized for uniaxial tension, the constitutive model reduces to a one-dimensional set of equations, in which
case the Cauchy stress takes the form

o =GO [0m? - 1 |+ 26 [(A’“)ZAW) - W} (26)
Y

Time-dependent contribution

Time-independent contribution

where ¢ is the Cauchy stress in the loading direction. The evolution equation of each A) in case of uniaxial tension is
given in the form
1

(V) —
AT = W)

(M2 —A). (27)
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Further, with respect to (7) and (8) we obtain the uniaxial nominal stress per unit virgin cross sectional area

SN P ——— O syt aman - 1
P= G [A (xm)Z] +ZG (A%~ |:A ALY oy A(y)} (28)

Time-independent contribution . -
p Time-dependent contribution

and the mechanical nominal stress per unit freely swollen cross sectional area

m __ sy2| gm )] amay) _ 1
= oy [am - (mz] ZGTD [k AT = Gy Am], (29)

Time-independent contribution

Time-dependent contribution

respectively. For clarity, here we explicitly labeled the time-independent and time-dependent contributions to the materials
behavior.

For mechanical testing and shape change measurements of all of our samples, we assume chemical equilibrium, and
accordingly p = 0. Therefore, following (25), we obtain

RO(In(1— (A7) + 07+ x A %) + (p - Go)Q(AH) ™ =0. (30)

Which as mentioned before may be used to estimate y in free swelling, or more generally the amount of solvent that a gel
would uptake for a given loading condition.

5. Calibration

The constitutive model is calibrated in MATLAB for uniaxial conditions using the built-in least squares function
1sgnonlin. The model calibration consists of multiple distinct steps that build upon each other. First, we determine the
time-independent behavior of the virgin dry material in the absence of any solvent to obtain the time-independent ma-
terial parameters Gy and A;. Those time-independent material parameters are then held fixed for calibration of the time-
dependent behavior for the dry virgin material in the absence of any solvent to obtain the time-dependent material pa-
rameters G'°(¥) and t(¥), along with y. Next, using free swelling data, the constitutive model is calibrated to obtain the
polymer-solvent interaction parameter y, for all of the polymer-solvent combinations in use in this paper implementing the
previously calibrated equilibrium material parameters. Next, following the same procedure used for the virgin uniaxial tests,
we calibrate our model to the experimental data obtained in our experiments on fully swollen samples. Lastly, also worth
mentioning is that the calibration is performed separately for each of the solvents used.

5.1. Calibration of the time-independent behavior

5.1.1. Calibration of the virgin time-independent behavior

To determine the time-independent behavior of dry virgin VHB 4910, we calibrate our constitutive model against the
time-independent data obtained through the combination of stress relaxation and creep testing, seen in Fig. 4d. Fig. 16a
shows the calibrated constitutive model is in a good agreement with the experimental data on dry virgin material, and the
calibrated material parameters Gy and A, are provided in Table 4. We note that since the material is incompressible, and
dry, the terms related to g will not affect the response and therefore q is not yet considered.

5.1.2. Calibration of the fully swollen time-independent behavior

Figs. 16b, 16c and 16d show the calibrated model along with the experimental data for samples fully swollen in n-
Pentane, o-Xylene, and Toluene, respectively. For the samples swollen with o-Xylene and Toluene, we calibrated the model
against the experimental data from large deformation tensile testing until failure. The initial shear modulus Gy and locking
stretch A; obtained from virgin calibration are held fixed, and the corresponding material parameter g obtained when fully
swollen in each solvent is provided in Table 4.

Table 4
Calibrated time-independent material pa-
rameters.
Go (kPa) A q
Virgin 15.10 7.02 NJA
n-Pentane 15.10 7.02 -1.07
o-Xylene 15.10 7.02 —0.89

Toluene 15.10 7.02 -0.95
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Fig. 16. Calibration of the time-independent behavior for VHB 4910 when (a) virgin, and and fully swollen with (b) n-Pentane, (c) o-Xylene and (d) Toluene.
Here, Gy and A, is obtained from virgin calibration and it’s held constant throughout. The model is then calibrated for q against the fully swollen data.

5.2. Calibration of the time-dependent behavior

5.2.1. Calibration of the virgin time-dependent behavior

To calibrate the time-dependent portion of the constitutive model, we hold the virgin time-independent parameters fixed,
and perform a least squares fit to the experimental data from load-unload tensile tests and stress relaxation tests on virgin
samples. To keep the number of viscous mechanisms reasonably low, while still adequately modeling the behavior, we have
found that three viscous mechanisms (y = 3) are sufficient. Figs. 17a and 17b show the calibrated model along with the
experimental data. Values for the time-dependent material parameters G%) and (%) for virgin samples are presented in
Table 5.

5.2.2. Calibration of the fully swollen time-dependent behavior

The comparison between the calibrated model and the loading-unloading experimental data for fully swollen samples is
shown in Fig. 17c, e and g, and showcases the ability of our model to account for the lack of both energy dissipation and
rate dependent behavior of fully swollen material. Further, calibration of the constitutive model against the stress relaxation
data for fully swollen samples is in a good agreement with the experimental observation regarding the absence of stress

Table 5
Calibrated time-dependent material parameters.
GiPkpPa)  t(s) GP(kPa)  T®(s) GP(kPa)  TO)s)
Virgin 38.29 6.91 14.41 165.86 12.87 1.07 x 104
n-Pentane  0.33 0.26 0.08 1.57 x 103 1.31 9.99 x 103
o-Xylene 0.00 0.00 0.00 0.00 0.00 0.00
Toluene 0.47 0.00 0.00 0.00 0.00 0.00
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Table 6
Measured equilibrium free swelling stretch,
and the calibrated polymer-solvent interac-
tion parameter x for VHB 4910 in various
solvents.

n-Pentane  o-Xylene  Toluene

AS 1.49 1.95 1.98
X 0.631 0.550 0.548

relaxation behavior. This can be seen in Fig. 17d, f and h. However, there is a slight disagreement between the calibrated
model and the experimental data for samples fully swollen with o-Xylene, as seen in Fig. 17e and f. Although the vanishing
of viscoelastic behavior is accounted for, the stress predicted by the calibrated model is slightly higher than the experimen-
tally obtained values. The possible change in the locking stretch A; due to the solvent uptake could be a reason for this
discrepancy, however that is not significant enough for us to consider in this work.

The calibrated material parameters are provided in Table 5. Based on the calibrated time-dependent materials parameters,
for the samples fully swollen with n-Pentane, we observe a low utilization of viscous mechanisms with the G%) ~ G%) ~

0, and G%) an order of magnitude lower than the values obtained from calibration of virgin behavior. Further, for the
samples fully swollen with n-Pentane the relaxation time of the first viscous mechanism exhibits a very fast relaxation,
since T(¥) ~ 0s, while the second and third viscous mechanisms exhibit a very slow relaxation, with (2 ~ 103s and
73 ~ 10%s. For the samples fully swollen with o-Xylene and Toluene, one can observe the apparent absence of all viscous
mechanisms since G%) ~ 0 relative to the virgin material, along with the instantaneous relaxation observed as t(?) ~ 0
leading to a time-independent response.

5.3. Calibration of the free swelling behavior

To obtain the polymer-solvent interaction parameter x, we calibrate the constitutive model to the free swelling data.
Following (30), and using the experimentally determined swelling stretch found in Section 3.7.2, along with the material
parameters from Table 4, we obtain the x values for each polymer-solvent combination. The values obtained through cali-
bration are found in Table 6.

5.4. Model summary

The values obtained by calibrating the model for the time-independent behavior display the change in the scaling expo-
nent g with the solvent uptake, while keeping both the initial shear modulus Gy and locking stretch A; fixed. That allows
for the constitutive model to reduce back to the same material when dry, while the scaling exponent q originally proposed
by Okumura et al. (2016) accounts for the measured change in the effective stiffness due to solvent. Also, as expected, the
polymer-solvent interaction parameter x regulates the degree of swelling, such that as x decreases the degree of swelling
increases.

Calibration of the time-dependent behavior of virgin samples, show utilization of all viscous mechanisms. The calibrated
parameters for samples fully swollen with n-Pentane show a very low utilization of viscous mechanisms, since the G%) is at
least an order of magnitude lower than those obtained from virgin samples. Additionally, in contrast to the values obtained
from the time-dependent calibration of the virgin behavior, for samples fully swollen with o-Xylene and Toluene, we find
that G%) ~ 0, making all the viscous mechanism insignificant. Further, the relaxation times for all viscous mechanisms is
() ~ 0 when fully swollen in these two solvents, reflecting the apparent instantaneous relaxation of fully swollen VHB
4910. Thus, our constitutive model proved capable of accounting for the apparent vanishing of rate-dependence, hysteresis
and stress relaxation behavior of viscoelastic polymeric gels.

6. Conclusion

In this paper we have characterized the viscoelastic response of both dry and fully swollen gels through experimental
observations and continuum level modeling. Using VHB 4910 along with three different solvents, n-Pentane, o-Xylene and
Toluene, we have measured the mechanical response in (i) quasi-static uniaxial large deformation tension, (ii) uniaxial load-
unload at multiple rates, and (iii) stress relaxation; when virgin, fully swollen, and solvent cycled. The most notable result
of these experiments being the apparent loss of viscoelasticity in the response due to the uptake of solvent. Additionally,
through solvent cycling, our measurements show the reappearance of viscoelasticity, suggesting the process is reversible.

In addition, we have developed a continuum-level constitutive model for viscoelastic polymeric gels. Our model is suc-
cessfully calibrated against the obtained experimental data, thus proving capable to replicate the major features of vis-
coelastic gel behavior observed in our experiments. The calibration of our constitutive model showed (i) low utilization
of the time-dependent stress contribution for the samples fully swollen in n-Pentane; (ii) almost complete absence of the
time-dependent stress contribution for samples fully swollen with o-Xylene and Toluene.
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Although not the aim of this study, we have found the failure of the material fully swollen with o-Xylene and Toluene to
be occurring at the stretch at which the dry material (both virgin and solvent cycled) is still intact. That is a very interesting
result that indicates there is more to learn, however we leave it for future work. Lastly, while we characterized the behavior
of a viscoelastic gel when fully swollen, the mechanical response at intermediate degrees of swelling is yet to be determined
and is the focus of our future work.
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Appendix
Al. Verification of the DIC procedure

To verify the validity of the DIC procedure applied for the testing inside the cylindrical fluid bath, we perform a set
of mechanical tests both with and without the fluid bath. First, virgin samples without the fluid bath are tested using
the same setup described in Section 3.1. Another set of virgin samples (without swelling in solvent) are tested using the
fluid bath full of water using the same procedure. In all cases a prescribed displacement of u = 20.32 mm at a rate of il =
20.32 x 104 mm/s is prescribed to the testing machine, which corresponds to a mechanical stretch of A" = 2 at a stretch
rate of 10~4s~1. The results presented in Fig. A1 clearly show only a very small difference between the DIC measurements
obtained with and without the cylindrical fluid bath, with a maximum error in the measured mechanical stretch of 0.025,
which is 1.25%. Therefore we freely use DIC to measure the deformation of samples with the fluid bath.

2 ' ' ' !
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Fig. A1. Comparison of the DIC measured mechanical stretch A™ on unswollen samples as a function of the mechanical displacement prescribed to the
testing machine with and without the fluid bath.

A2. Buoyancy calibration

To account for the effect of buoyancy due to the submerged grip, load train, and sample, we perform a calibration test to
determine the change in force per unit depth (N/m) due to buoyancy. This calibration may then be applied to the measured
force signal to remove the effect of buoyancy so our reported stress is only what is due to the material response. To perform
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the calibration, we keep the sample attached only to the top grip, and do not attach the sample to the bottom grip. The
sample, along with the grip and load train is fully submerged inside the fluid bath, with the load cell recording the force
due to buoyancy at various depths.

Since the grips and the load train used for a 5 pound load cell are not the same as the one in use for the 100 g load
cell, the above mentioned procedure is applied for each of them separately. The measured calibration factor is 1.11 N/m for
the 5 pound load cell setup, and 0.64 N/m for the 100 g load cell setup.
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