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ABSTRACT: Hydrogels mimicking elastomeric biopolymers such as resilin, responsible for
power amplified activities in biological species necessary for locomotion, feeding, and defense,
can have applications in soft-robotics and prosthetics. Here, we report a bioinspired hydrogel
synthesized through a free radical polymerization reaction. By maintaining a balance between the
hydrophilic and hydrophobic components, we obtain gels with elastic modulus as high as 100 kPa,
stretchability up to 800%, and resilience up to 98%. Such properties enable these gels to catapult
projectiles. Further, these gels achieve a retraction velocity of 16 m s™! with an acceleration of
4x10° m s? when released from a stretched state, and these values are comparable to those
observed in many biological species during the power amplification process. By utilizing and
tuning the simple synthetic strategy used here, these gels can be used in soft robotics, prosthetics,

and engineered devices where power amplification is desired.
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Introduction

Elastomeric biopolymers such as resilin play a vital role in dictating the power amplification
process.'™ Biological species perform some remarkable activities necessary for locomotion,
feeding, and defense.’> Many of these activities include a power amplification mechanism, in which
a particular biological system rapidly releases stored-energy by achieving a very high velocity over
a short period of time, resulting in high power output. Such power amplification allows insects
such as locust to jump and Mantis shrimp to kill prey by its appendage strike.>® These elastic
biopolymers display high and reversible stretchability with low energy dissipation —typically
characterized as high resilience— and rapidly retract to their original dimensions after the removal
of mechanical load."” Specifically, resilin displays up to 300% stretchability and high resilience,
as >90% of the applied energy stored during deformation is recovered.'** Such remarkable
properties of resilin have been attributed to a balanced combination of entropic and enthalpic
elasticity originated from the presence of hydrophilic (exon I) and hydrophobic (exon III) segments
in resilin.!*

A reasonably good understanding regarding the origin of elasticity in elastomeric biomaterials
allows us to engineer materials mimicking some characteristics of those biomaterials. There are
many potential applications, viz. in artificial muscles, prosthetic devices for assisting people with
restricted mobility, energy harvesting, and enabling soft-robots for power amplification.® Since
hydrogels are the natural choice of mimicking water containing biomaterials, there are numerous
efforts in developing highly stretchable and resilient hydrogels.”!® However, some of these
hydrogels are based on recombinant proteins, therefore, obtaining a significant amount of such
materials for practical applications is challenging."!! There also have been efforts to synthesize

polymeric hydrogels with high stretchability and resilience, but many of the synthesis schemes
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require complex reaction routes that limit their large-scale applicability.>!*!?>"!* Furthermore,
although many of these systems display high stretchability, a significant energy dissipation during
cyclic loading is observed.”!*!?"1* None of these hydrogels have been tested for the retraction
behavior from a stretched state, however, the dissipation of energy observed in these gels is
expected to cause a lower retraction velocity, which will defeat the very purpose of their
applications for power amplification.

Here, we report a highly stretchable and resilient hydrogel that displays a very high retraction
velocity gained over a short period of time, i.e. with high acceleration, after released from a
stretched state. The hydrogels are synthesized through a simple reaction scheme involving free-
radical copolymerization of acrylic acid (AAc), methacrylamide (MAM), and poly(propylene
glycol) diacrylate (PPGDA) using potassium persulfate (KPS) as an initiator. To the best of our
knowledge, a hydrogel capable of achieving such high retraction velocity and acceleration has not
been reported in the literature. Because of these attributes, these hydrogels have been demonstrated

to catapult projectiles over a long-distance.

Experimental Section

Materials. To synthesize the gels in this study, we have used poly(propylene glycol) diacrylate
(PPGDA) with a molecular weight of 800 g mol™!, sodium dodecyl sulfate (SDS, 98.5%), acrylic
acid (AAc, 99%), methacrylamide (MAM, 98%), and potassium persulfate (KPS, 99%). All these
chemicals were obtained from Sigma Aldrich and used as received. Sodium chloride (NaCl,
99.9%) was purchased from Fisher Scientific and was used as received. For all experiments,
deionized water of resistivity 18.2 m 2 was used.

Hydrogel Synthesis. The gel samples were synthesized with different concentrations of

monomers (AAc and MAM). The nomenclature used for the gels (17%-, 27%-, 37%-Gels)
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indicates the total concentration of the monomers (g mL™') used to synthesize the gels. First,
aqueous 0.8 M NaCl solution was prepared. 83 mL of saline solution was mixed with 7% (g ml™)
of SDS, considering 100 mL as the volume basis. The solution was stirred using a magnetic stirrer
at 220 rpm for approximately 30 min in a warm water bath maintained at 55 °C until a clear
solution was observed. The desired amount of monomer mixture was prepared separately by
adding MAM into AAc, maintaining a weight ratio of MAM to AAc as 1:4, and considering 100
mL as a basis for the calculation. The monomer mixture was mixed for approximately 15 min at
220 rpm using a magnetic stirrer at room temperature (22 °C). The clear solution of SDS in saline
water was taken out from the warm water bath and mixed with 1% (g g™') of PPGDA using the
monomer mixture weight as a reference. This solution was mixed for 5 min using a magnetic stirrer
at 220 rpm. After mixing, the monomer mixture was added dropwise to this solution and stirred
for an additional 5 minutes to obtain a mixture of reactants. 0.2% (g g!) of KPS was prepared,
considering the monomer mixture as a basis, added into 17 mL of saline solution, and stirred for 5
min. The KPS solution was added dropwise to the reactant mixture while stirring it at 220 rpm.
The final transparent solution was poured in an airtight glass container and placed in a water bath
at 75 °C for 2 h to obtain a translucent gel. The containers used to cast the gels were a 2 L bottle,
5 mL vials, and 5-mm-diameter glass tubes. Once the gels formed, the heat source was turned off,
and the water bath was allowed to cool down for the next 24 h before samples were used for further
testing.

Swelling Experiments. For the swelling tests, small cubic samples (10x10x10 mm?) were
weighed, dried in a vacuum oven (=226 torr) for 72 h at room temperature, and weighed again to
determine the water loss. The water content in the as-prepared gels was estimated as the change in

the gel weight after drying with respect to the initial sample weight. Next, the samples were
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immersed in 50 mL of DI water for 24 h to swell. The swelling ratio (g g') was obtained as a ratio
of sample weight after swelling to the dry weight.

Tensile testing. All mechanical tests were performed at room temperature (22 °C). A custom-
built setup was used for conducting the tensile experiments, and the details regarding the
experimental setup and data analysis protocol can be found in our previous publications.!>!® In
these experiments, a dogbone-shaped gel sample was prepared by cutting from the gel-sheet using
a 3D-printed punch. The dogbone sample had a gauge length of 4.2 mm, breadth of 4.2 mm, and
an approximate thickness of 9.5 mm. The dogbone sample was held by the four supporting pins
fixed to the top and bottom support blocks. A clamp was attached at the top and bottom blocks to
avoid the sample slippage. The sample was stretched by moving the top supporting block using a

moving stage (M414.3PD, Physik Instrumente). The sample was stretched with the stage velocity

of 1 mm s™! (strain-rate (£ ) of 0.048 s™) until the failure of gel occurred. The setup was controlled
by a custom-built program in NI LabVIEW framework. During the sample stretching, images were
taken by a monochrome camera (Grasshopper3, Point Grey Research Inc.) at =16 fps. Every
sample was marked with three lines (1,2,3) at the gauge region to calculate strain (€ ) and £ by
using a custom-built image-processing program in MATLAB. Here, £ represents the average of
the change in distance between lines 1-2, 2-3, and 1-3, normalized by their initial distances. The
corresponding stretch ratio, A, can be estimated as &+1. The force value corresponding to an
applied stretch is measured by the deflection of a cantilever with a known stiffness. Nominal stress
(0 ) was estimated by dividing the measured force with the initial cross-sectional area of the gauge
region of the sample.

Cyclic loading and determining resilience. Cyclic loading experiments were also performed

using the custom-built setup described above. In these experiments, samples were stretched with
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the same strain-rate (£ ) of 0.048 s™! until those experienced the prescribed nominal stress (o).
After the prescribed stress was attained, the samples were unloaded with the same strain-rate until
the stress became zero. The applied strain and strain-rates were determined from the images as
described above in the tensile testing section.

Retraction experiments. For the retraction experiments, a gel string sample with a diameter of
4 mm and a length of 45 mm was clamped at both ends on the tensile testing setup. The sample
was then stretched, and stretch ratios of A =3, 4, 5, and 6 were considered. The sample was then
marked with seven equidistant lines that were tracked during the retraction process, as described
below. The string was cut with scissors adjacent to the bottom clamp and was allowed to retract.
The retraction process was recorded by using a high-speed camera (Miro M310, Phantom) at
~5000 fps. The images were analyzed using a custom-developed image-processing program in
MATLAB. The data was used from the time at which the string was snapped. While retracting,
the string slacks as soon as it crosses its initial length. The data after slack-time was not used for
analysis.

To calculate the velocity of each marked line, a fifth-order of Fourier series was used to fit the
position (f) vs. time (f) data, which can be mathematically represented as,

5 5
f(t)=a,+ Za[ cos(a)t)+2bl. sin(wt) , where ao, a;s, bis, and @ are the fitting parameters. The
i=1 i=1

resultant function was then differentiated to obtain the velocity. The differentiation of the above

5 5
equation can be mathematically expressed as, @:a)(—z% sin(a)t)+2bi cos(a)t)]. The
! il i1

expression was further differentiated to estimate the acceleration, which can be mathematically

£

d’f(t) BN T
represented as, y =—(w) z a cos(mt) + Zbl. sin(awt) |.
i=1 i=1
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Results and discussion

Hydrogel synthesis. As displayed in Figure 1A, upon chemical reaction, AAc and MAM form
hydrophilic poly(acrylic acid) (PAAc) and poly(methacrylamide) (PMAM) chains. The
hydrophobic PPGDA chains connect the PAAc and PMAM chains forming crosslinks. Figure 1B
represents a schematic of the proposed network structure of the gel. Note that PPGDA chains can
also polymerize as a result of the free radical reaction, leading to a significant distribution in their
molecular weight. Because of hydrophobicity, the poly(propylene glycol) (PPG) blocks collapse,
and multiple of these blocks can associate forming hydrophobic aggregates. The surfactant SDS
in the NaCl reaction media promotes the formation of these hydrophobic aggregates.!” The gels
are opaque, indicating a phase-separated structure.

Previously, gels were synthesized by using free-radical polymerization of acrylic acid (AAc),
methacrylamide (MAM), and copolymerization of AAc and MAM, and in many cases N,N'-
methylenebisacrylamide was used as a crosslinker.'®?! These gels have displayed high water
swelling capabilities. In a limited number of studies, hydrophobic chains have also been
incorporated.”>* High stretchability has also been reported in a few studies, but that can be
associated with hysteresis.!*?> The PPG or poly(propylene oxide) present in the PPGDA becomes
hydrophobic with increasing temperature, and such property has been harnessed to obtain well-
known pluronic hydrogels.?* In our synthesis scheme, hydrophobic PPGDA has been introduced
in the gel network to maintain a balance with hydrophilic PAAc and PMAM. As a result, hydrogels
with high stretchability and resilience, capable of performing power amplified activities, were
obtained.

For the present study, we have considered 17%, 27%, and 37% (g mL™') total monomer (MAM

and AAc) concentration while keeping a constant MAM to AAc weight ratio of 1:4. A fixed
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proportion of KPS (0.2% (g g'!)) and PPGDA (1% (g g'!)) with respect to the total monomer weight
was used for each gel. The FTIR results of the synthesized gel capture the copolymerization of the
monomers (see Supporting Information, Figure S1). Based on the monomer concentration, these
gels are referred to as 17%-, 27%-, and 37%-Gels throughout this article. The water content of the
as-prepared 17%-, 27%-, and 37%-Gels has been determined as 80.9+0.9%, 67.6+£0.2%, and
64.9+0.1%, respectively, by drying the gel samples in a vacuum oven for 72 h at room temperature
(Figure S2A-B and Table S1). During gel formation, we have observed some level of syneresis for
the 17%- and 27%-Gels likely related to the presence of hydrophobic monomers, therefore, the
polymer concentrations in those gels have been found to be slightly higher than the monomer
concentration in the initial solution.

No significant additional swelling was observed when the as-prepared samples were stored in a
0.8 M aqueous NacCl solution. However, submerging the samples in water results in significant
swelling. Specifically, the dried 17%-, 27%-, and 37%-Gel samples immersed in water for 24 h
can absorb water =~87.9+14.9, 44.2+1.4, and 34.6+0.1 times of their dry weight, respectively
(Figure S2C and Table S1). The water absorbance capacity of our gel is higher than that of PAAc-
PMAM hydrogels,”® however, it is comparable to that of acrylamide-based polyampholyte
hydrogels.?® High water absorption capacity in our gels can be related to their synthesis conditions.
The presence of cations from NaCl screens the acid groups of AAc from ionization,? as a result,
the swelling of the synthesized gel is relatively lower. However, when the samples are submerged
in water, NaCl salts leach out, resulting in ionization of acid groups and the corresponding increase
of water uptake. We have found that the samples are stable in NaCl solution, even for months,
therefore, these gels can be used in a saline environment. In this study, we have considered the as-

prepared samples for further testing. As the gels display a significant swelling capacity when
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submerged in water, it can be hypothesized that the polymer chains are loosely crosslinked, with
high molecular weight strands between the crosslinks that can be extended significantly during the
mechanical stretching as discussed below.

The structure of our gels can be compared with resilin, a disorderly protein that consists of both
hydrophilic and hydrophobic segments.®> At low strain, the resilin elasticity is governed by the
entropic stretching of hydrophilic segments (exon I).!™* In contrast, the high-strain response is
primarily governed by the stretching of hydrophobic segments (exon III).!* The hydrophobic
content dictates the water content in the gel, therefore, affects the modulus of the material. The
power amplification mechanism in many biological systems can be attributed to the rapid
retraction response of resilin from a stretched state. Such a response is not only dictated by the
entropic spring-like response of hydrophilic chains but also by the behavior of hydrophobic
stretched chains in an aqueous environment. In the stretched state, the hydrophobic segments in
contact with water, an unfavorable solvent, rapidly return to their original collapsed condition once
the strain is removed. However, the enthalpic penalty is not significant, therefore, resilin is highly
resilient. For our gels, we expect to see similar mechanical responses of the hydrophilic and

hydrophobic segments mimicking the mechanical properties of resilin.

10
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Figure 1. Chemical structure and stretchability of hydrogel. (A) Reaction scheme for the hydrogel
formation. (B) The three-dimensional structure of hydrogel, where hydrophobic aggregates (pink
spheres) containing PPGDA molecules (blue chains) are connected by the hydrophilic PAAc and
PMAM chains (green chains). Here, the green diamonds represent covalent bonds. (C)
Compression of a 27%-Gel sample representing the undeformed state (C1), after compression
(C2), and after removing the stress (C3). (D) Complex deformation of a gel string (37%-Gel) in

an undeformed state (D1), forming a knot (D2), and supporting 100 g deadweight (D3).
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Mechanical properties

The synthesized gels are highly compressible and resilient. As displayed in Figure 1C, a
cylindrical sample with an initial height of 5 mm was compressed to 1 mm with a strain-rate of
0.2 s!, and the sample quickly recovered to the original height with a negligible residual strain
after the compressive strain was released. The sample has an ability to return to its original form
even after undergoing a complex deformation (Figure 1D1-2). The sample can also bear a
concentrated load without failing (Figure 1D3).

As the samples display excellent resilience behavior in compression mode, the stretchability and
gel modulus have been determined using tensile testing at room temperature (22 °C) utilizing a
custom-built instrument developed in our research group.'>!® Figure 2A shows nominal stress

(0) as a function of strain (&) for 17%-, 27%-, and 37%-Gels obtained from these tensile

experiments using a strain-rate ( € )~0.048 s!. The 0 was calculated considering the initial cross-
sectional area of the sample gauge region (see Figure S3). To determine the strain values

accurately, we have used an image analysis technique, where the distance between the lines drawn

on the sample as a function of time was used to estimate £ and £ (Figure 2B and Figure S3).!>16
This technique allows us to determine strain values more accurately in comparison to the
traditional methods, where the displacement of the sample clamp or a stage is tracked to determine
the strain values, possibly leading to an erroneous higher stretchability of the gel samples.?” Our

gel samples display a typical s-shaped response of elastomers!>2®

and a high stretchability before
failing, ¢, (Figure 2C). For example, the &, for the 17%-Gel is as high as =8.6. Images of the

stretched gels with three different polymer concentrations are displayed in Figure S4A-C for

comparison. In addition, the experiments were also performed at &~0.48 s, however, no

12
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noticeable change in the o -& behavior was observed by increasing & an order of magnitude
(Figure S4D), indicating low energy dissipation in these gels.
The o-¢ responses display higher initial slopes with increasing polymer concentration,

indicating an increase in modulus. To determine the small-strain tensile modulus (£), the neo-
Hookean model expressed as o =(E/3)((6+1)—(e+1)") for the uniaxial loading was fitted over

the range of 0< & <0.35 (Figure S5).2® The estimated E values are 15.1, 56.8, and 103.1 kPa for the
17%-, 27%-, and 37%-Gel, respectively (Figure 2D). These values are comparable to the other

29

crosslinked hydrogels like polyacrylamide,® hydrophobically modified acrylic gels,*?

alginate/polyacrylamide,* or gelatin hydrogels.>! With the increase in monomer concentration, a

higher modulus (do/dA ) can be noticed, however, the €, decreases with increasing monomer

concentration. The €, values of 27%-Gel and 37%-Gel are not significantly different, evaluated
using a t-test with 95% confidence interval. Note that these two gels display similar swelling
behavior. Also, the failure stress (0 ) values of 17%- and 27%-Gels are not statistically different.

Since we have maintained a constant monomer to crosslinker ratio, an increase in monomer
concentration increases the crosslinking density leading to a higher gel modulus.?® Strain-
stiffening behavior observed in all three gels at high & can be related to the finite-extensibility of

the chains®?>3

as most likely, the hydrophobic aggregates dissociate, and the PPG chains are
stretched. Strain-stiffening allows these gels to carry a concentrated load, as seen in Figure 1D3,
despite not having a very high E.

In determining the resilience behavior of these gels, cyclic loading tests were performed on three

gel samples considered here. Although it is preferred to stretch the samples to a prescribed strain,

real-time strain measurements from the images have been found to be difficult. Therefore, the

13
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samples were stretched to a prescribed stress value using £ ~0.048 s™! and then unloaded to zero

stress with the same &. After completion of one loading cycle, the stress was continuously
increased by 10 kPa for the next cycle until the sample failed, mostly at the &, values obtained

from the tensile tests (Figure 2C). Results for the 37%-Gel for particular stress values are shown
in Figure 2E-F. The loading and unloading cycles for all gels with 10 kPa step-increase are shown
in Figure S6, S7, and S8. The strain-recovery after unloading is almost complete, as the residual
strain has been found to be negligible, especially at the high-stretch values and for higher monomer
concentration. For example, the residual strain for all gel samples is =5.7% for the =30 kPa
cycle, however, it reduces to 2% for 37%-Gel for the o =130 kPa cycle. The actual strain-recovery
can be a little higher, particularly for the low applied stress, as we have a few percentages of
measurement error in capturing the position of marked lines (=0.2 mm error in measuring distances
between the lines on the samples). The resilience behavior of these gels can be quantified as the
ratio of energy recovered during the unloading cycle to the energy absorbed during the loading
cycle. A remarkable resilience of ®98% is captured for 37%-Gel (Table S2). With a decrease in
the monomer concentration, the resilience reduces to 90.3% for 27%-Gel and 88.6% for 17%-Gel.
Overall, we have obtained less than 10% energy loss during a cycle, which is not very significant.

The high resilience of our gels can mostly be attributed to the reversible stretching of hydrophilic
chains. As discussed above, because of the presence of NaCl, the acid groups are mostly screened,
enhancing the stretchability of the chains.>! When subjected to a load, the stretching of hydrophilic
chains between two crosslinks occurs, followed by the dissociation of hydrophobic aggregates and
subsequent stretching of hydrophobic blocks, as the entropic penalty in chain stretching is lower
than overcoming the hydrophobic association energy.!>!¢ Once the load is removed, in addition to

the hydrophilic chains, the hydrophobic chains also retract quickly from the unfavorable aqueous
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environment to form aggregates again, leading to high resilience and almost full strain recovery.
The low hysteresis loop also indicates that the enthalpic loss associated with dissociation and
reformation of hydrophobic aggregates is not significant, similar to that observed in the resilin.
Therefore, the low molecular weight of the hydrophobic PPG-chains is beneficial.!®** In addition
to the enthalpic contribution because of association and dissociation of hydrophobic blocks, the
hysteresis in our gels can also be attributed to the viscous dissipation caused by the inhomogeneity
and defects in the microstructure.

The resilience values of the present gels are comparable to those obtained for recombinant resilin
and elastin with the resilience of =97% and 90%, respectively.! The performance of our gels can
also be compared with other synthetic hydrogels displaying high stretchability with low hysteresis.

93336 or polymer-

A majority of these systems is either polyethylene glycol (PEG) based hydrogels
clay nanocomposite hydrogels.!®** The tetra-PEG systems display high stretchability and low
hysteresis, however, their synthesis requires a relatively complex reaction route.”* In comparison,
PEG-based systems incorporated with hydrophobic polydimethylsiloxane blocks display relatively
high modulus.’ These systems display very high resilience (<98%), but the stretchability can be
limited.” Polymer-clay nanocomposite hydrogels display high stretchability and low hysteresis
over a limited range of strain, however, these gels can have a longer recovery time from the highly

stretched state.!®** In contrast, our gels recover instantaneously, even at high strain. The

instantaneous recovery of our samples was further explored through the retraction experiments.

15



200K T T T T T] 200_1 T T T T )
® 37%-Gel ® 37%-Gel
v 27%-Gel v 27%-Gel
A 17%-Gel - A 17%-Gel
— 150F N & 1501 g
g %
= 57
© 100 1 @ 100} .
2 8
» . i g
50 5 50+ " J
‘©
[N
0 1 1 L 1 H Oh | I | 1 =
0 2 4 & 8 10 o} 2 4 6 8 10
Strain, € Failure strain, &
120 [ T ] T T T T T T T T T
Mo ‘ 7 140F 130 kPa -
,—.1 00 120 ‘ 120 -
< 53 =
e g S100 i @ 100 90 kPa .
= - &
g 60 o e 5o 1
[72] -
2 @ 60 . @ B0F 50 kPa 1
T 40 = 2
= w 40 E o 40k =
20 20 . 20(- 10kPa 1
1] A I 1 1 I 1 = (1] 3 ' & | [
o) e o 00 05 10 15 20 25 30
£l 4ol ol _ .
A A % Strain, € Strain, €

Figure 2. Tensile testing and cyclic loading experiments. (A) Nominal stress (o ) as a function of
strain (&) for 17%-, 27%-, and 37%-Gels. Results are an average of three runs with standard
deviation. (B) Images of the 17%-Gel sample during a tensile experiment: (B1) initial condition

(€=0), and (B2) before the failure of the gel, capturing high stretchability of the sample ( € =8.45).
(C) Failure stress (0,) and failure strain (€,) for the three gels. The error bars represent the

standard deviation. (D) Young's modulus of the three gels obtained by fitting the neo-Hookean
model to the experimental data up to & & 0.35. The error bars represent the standard deviation. (E-
F) Results from cyclic loading experiments for 37%-Gel plotted for the maximum stress values,
o =10, 30, 90, and 130 kPa. Each cycle is shifted by 0, 4, 8, and 12 units, respectively, along the

strain-axis for clarity.
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Retractability of hydrogels.

Figure 3 shows the results of retraction experiments performed on a 37%-Gel string using the
stretch ratio (A4 = € +1) of 6. Here, the stretched string was cut at the bottom clamp using a pair of
scissors, and then the string was allowed to retract freely. The sample was marked with seven
equidistant lines (Figure 3A1-A2) to track the position of lines with time as the sample retracted.
The line positions were tracked from the release of the string until the time it slacked. The results
presented here correspond to Line 1, which achieved the highest velocity and acceleration during
the retraction. The position of Line 1 for all three gels are plotted as a function of time in Figure
3B for A =6. The response of Line 1 can be divided into three regions. First, the initial plateau for
a few milliseconds (ms) indicating that the string is still in the static condition. Next, as time
progresses, the sample starts to retract. It accelerates from the static condition to the peak velocity
resulting in curvature in the position vs. time data.®*”*! A sharper curvature signifies a higher
acceleration value. Finally, the string reaches a constant velocity displayed by a straight line with
a constant slope.

The line position with time was fitted with a fifth-order Fourier series (Figure S9), and the
obtained function was then differentiated for estimating velocity and acceleration (see Supporting
Information). The estimated velocity values for the three gels are shown in Figure 3C, capturing
static condition, acceleration, and constant velocity. The estimated acceleration values are shown
in Figure 3D representing the peak values corresponding to the curvature in the position-time plot.
Note that other functions, such as cubic spline, can be used to fit the experimental data, but we
found that Fourier series with sufficient number of coefficients (5" order considered here) and
with an appropriate value of @, the data can be fitted reasonably well. Figure 3E and F summarize

the maximum velocity and acceleration for the A values of 3-6. With the increase in monomer

17



10

11

12

13

14

15

16

17

18

19

20

21

22

concentration, both velocity and acceleration increase suggesting that higher values can be
obtained by further increasing the monomer concentration or partially drying the samples. The
maximum velocity and acceleration for 37%-Gel and A =6 are <16 m s and =4x10° m s,
respectively.

The retraction velocity values are comparable to those of a frog jump (=4.5 m s!), froghopper
jump (=4.7 m s!), and Mantis shrimp appendage strike (=30 m s™!).> The acceleration is similar to
the jump of a froghopper (=5.4x10° m s72).° The retraction velocity in our gel is lower than dry,
vulcanized natural rubber (=125 m s7')*’ but somewhat similar to the polyurethane elastomers (<25
m s7).> To the best of our knowledge, this is the first demonstration of achieving such a high
velocity and acceleration in hydrogels.

The retraction mechanism in elastomers has been previously studied in detail using a very similar
experimental protocol described above.®¥ 0 A sudden release of the lower end of a sample from
a stretched state causes the propagation of a retraction pulse or stress wave with a velocity v in the

longitudinal direction.?”**** Note that the Line 1 velocity (u) is different and is lower than v, as u

originates from the momentum generated by the retraction pulse. It can be shown that

/ A-1
u= M and v=A1 (/16 D from momentum balance.’” Here, A is the stretch ratio from
Y pA—

which the sample is released, and o is the corresponding stress value, and p is the density of the

system. Note that for linear elastic material with amodulus £, u = (1 —1)\/E/p ,and v= A/ E/ p

, as reported in the literature.*®* These relationships corresponding to linear elastic materials are

not suitable for our case as the modulus of our system is changing with applied stretch (Figure
2A). Note that in isotropic media, the sound velocity can be estimated as /K / p , independent of

A, where K is the bulk modulus of the material.*’ In the retraction experiments, the retraction
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pulse is dictated by the E values, therefore, u and v values are typically a couple of orders of
magnitude lower than the sound velocity in elastomers.*’

The free retraction velocity of our sample was then compared with the theoretically estimated u

value, U =+/0(A-1)/ p 394137 We have used density, p~1.05, 1.10, and 1.14 g mL"' for 17%-,

27%-, and 37%-Gel, respectively. o corresponding to a particular A was estimated from Figure
2A. The density of each gel was determined by measuring the mass of the as-prepared cubic-
shaped sample and the volume occupied by that sample. Figure 3E compares u as a function of A
with the experimentally obtained values of Line 1 for each gel.

Here, the predicted u values are 1.1-1.7 times higher than the experimentally obtained retraction
velocity of Line 1 but are of the same order of magnitude. The equation used for estimating u
originates from the momentum balance, therefore, it does not account for any dissipation in the
system. The lower retraction velocity in our system than that predicted theoretically can be related
to the viscous dissipation that can arise because of the presence of defects in the gel microstructure.
For the higher polymer concentration, an increase in the number of defects can be anticipated,
resulting in a higher deviation from the theoretical prediction. The cyclic loading experiments
show a very small amount of hysteresis or dissipation, interestingly, that small dissipation may
have caused the reduction in retraction velocity from the theoretical prediction for a perfectly
elastic material. This dissipation is also likely to lower the acceleration values in our gels compared

to that observed in some biological systems =10° m s2.°
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Figure 3. Retraction of gel samples from a stretched-state. Image of a 37%-Gel string: (A1) at

the stretched condition, A =6 at =0 ms., marked with 7 lines (Line 1-7), and (A2) fully retracted

after t~19 ms. (B) Position, (C) velocity, and (D) acceleration of Line 1 as a function of time for

all gels with A4 =6. In (B) both the experimental data and the fitting of the Fourier series are shown.

(E) Retraction velocity as a function of different A for all three gels. A comparison of the

experimentally observed velocity of Line 1 with theoretically predicted retraction velocity (u) as a

function of A . (F) Maximum acceleration corresponding to Line 1 as a function of A for all three

gels. The error bars represent the standard deviation.
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Solid projectile launching by hydrogels. Since our gels have high stretchability and resilience,
we have shown their applications for catapulting solid projectiles. As shown in Figure 4, by using
a 37%-Gel string, we have been able to launch a solid projectile of 1.53 g to a distance (L) of
7.96+0.24 m. The achieved projectile velocity was 15.93+£0.63 m s!, and 93% of the energy stored
in the system during stretching was converted into kinetic energy. This was achieved for A =6,
and different L values can be obtained by considering the different A values. Also, the sample

can be reused multiple times. This further opens up novel applications of the gels reported here.

Figure 4. Application of gels for launching a projectile. Image and scheme of a projectile

launching by using a 37%-Gel for stretch, A =6.

Conclusions

In conclusion, we report a novel hydrogel synthesized through a simple free radical
copolymerization scheme. By selecting an appropriate ratio of hydrophilic PAAc and PMAM
chains and hydrophobic associations of PPGDA chains, highly stretchable ( A =8.6) and resilient

gels (=98%) with a negligible residual strain (=2%) have been obtained. After released from a
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stretched state, the gel samples achieve retraction velocity, as high as <16 m s™! and acceleration
~4x10° m s2. These properties resemble naturally occurring elastomeric biopolymers, like resilin.
High resilience and stretchability can be utilized in many activities, such as catapulting a projectile
or other power amplification systems. Because of a simple synthetic route, the hydrogel properties
can be further tuned, and new applications can be envisioned. Further, based on the results
presented here, we can hypothesize that the design of materials aimed for power amplified
activities requires (1) high modulus to density ratio, (2) high stretchability, and (3) minimal energy

dissipation or high energy recovery.
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Figure S1. FTIR spectrum of acrylic acid, methacrylamide, poly(propylene glycol) diacrylate, and

27%-Gel.

The spectrum of acrylic acid (AAc) displays a broad band at ~2988 cm™ attributed to the O-H
stretching, a peak at <1431 cm™! corresponding to O-H bending, and a peak at <1695 cm™! for C=0O
stretching, all related to the carboxyl groups.! Methacrylamide (MAM) spectrum displays peaks
for the amide group at 2195 cm™ and 3385 cm™! attributed to the N-H stretching along with a
peak at 1660 cm™' for the C=O stretching and at <1230 cm™' for the C-N stretching.” It also has
peaks at 1400 and 1450 cm™! attributed to the C-H bending. Poly(propylene glycol) diacrylate
(PPGDA) spectrum displays peaks at 2869 and 2971 cm™! attributed to the C-H stretching, at
~1374 and 1405 cm™ attributed to the C-H bending, at <1722 cm™ for C=O stretching, and at
~1096 cm! for the C-O stretching.® The crosslinking and polymerization of the compounds can be
understood from the spectrum!? of 27%-Gel, where (1) a broad band is shown at ~3375 cm’!
attributed to O-H stretching likely overlapped with N-H stretching, both related to the AAc, MAM,

and PPGDA interaction, (2) peaks at ~2849 and 2961 cm™ attributed to the C-H stretching related



to the presence of PPGDA in the structure, (3) a peak of low intensity at <1635 cm™ related to
C=0 stretching coming from the presence of all the compounds, (4) a peak with low intensity at
~1467 cm™! attributed to the C-H bending likely related to the crosslinking of the compounds, (5)
peaks at 1219 cm™ and 1258 cm™! for C-N stretching possibly related to the crosslinked MAM,

(6) and a peak at <1080 cm™! for the C-O stretching related to the presence of PPGDA.



Figure S2. Swelling behavior of gels. (A) As-prepared 17%-, 27%-, and 37%-Gels. (B) Dried gels

after 72 h of drying. (C) Gels after swelling for 24 h.



Line 1

Figure S3. Dimensions of dogbone samples with marked-lines. (A1) Schematic of the dogbone-
shape specimen for tensile experiments representing the dimensions. Images of tensile testing
indicating the marked lines on the sample (17%-Gel) that were used to measure the strain ( & ) and

strain-rate (¢). (A2) Unstretched sample, & =0, and (A3) stretched sample, & =8.45.



o
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Figure S4. Gel stretchability and strain-rate dependence. Images of a 17%-Gel at the unstretched
condition (& =0) (A1) and the maximum stretched condition ( & =8.45) (A2). Images of 27%-Gel
at the unstretched condition (& =0) (B1), and the maximum stretched condition ( & =6.54) (B2).
Images of 37%-Gel at the unstretched condition ( & =0) (C1), and the maximum stretched condition
(&£=4.46) (C2). (D) Nominal stress (o) as a function of strain ( &) for a 27%-Gel obtained from
tensile testing experiments at strain-rate (£) 0.048 s™! (dark green triangles) and 0.48 s™! (light green

open circles). The error bars represent the standard deviation.
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Figure S5. Tensile modulus of gels. Nominal stress (o) as a function of strain (0<¢& <0.35) for
17%-, 27%-, and 37%-Gels fitted with the neo-Hookean model for uniaxial loading. The
corresponding tensile modulus (£) values for 17%-, 27%-, and 37%-Gels have been estimated as

~15.1, 56.8, and 103.1 kPa, respectively. The error bars represent the standard deviation.
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Figure S6. Cyclic loading results of a 17%-Gel. (A) Nominal stress (o) as a function of strain
(&) obtained from cyclic loading of 10, 20, and 30 kPa. (B) Cycles are moved along the ¢ -axis

for clarity and visualization.
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Figure S7. Cyclic loading results of a 27%-Gel. (A) Nominal stress (o) as a function of strain

(&) obtained from cyclic loading of 10, 20, 30, 40, and 50 kPa. (B) Cycles are moved along the

& -axis for clarity and visualization.
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Figure S8. Cyclic loading results of a 37%-Gel. (A) Nominal stress (o) as a function of strain
(&) obtained from cyclic loading of 10-130 kPa with a step of 10 kPa. (B) Cycles are moved along

the ¢ -axis for clarity and visualization.
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Figure S9. Line positions as a function of time during retraction. The positions of seven marked
lines on the samples as a function of time from retraction experiments with A =6 for a 37%-Gel
sample. The symbols display the values obtained from image processing, and the lines indicate the

fifth-order Fourier fit.
The position (f) vs. time (t) data of all lines was fitted with the fifth-order Fourier series expressed

5 5
as, f(t)=a,+ Z a; cos(at) + Z b, sin(awt) . The obtained function was then differentiated to obtain

=) i1
velocity and acceleration. For example, the fitted parameters obtained for Line 1 for the 37%-Gel
(Figure S9) at A=6 are ap=-1.521e+08, a;=2.359¢+08, a,=-1.056e+08, a3=2.237¢+07,
a4=-1.064e+05, as=-5.319e+05, ,=9.706e+07, b,=-1.046e+08, b3=5.302e+07, b4=-1.338e+07,
bs=1.315e+06, and ®=40.32. The value of @ provides a time scale of 156 ms. The total time of
the retraction experiment was 18 ms, much lower than the experimental time scale, therefore, this

 value is appropriate for fitting the data.
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Table S1. Results of swelling behavior of gels. The results indicate the water content in as-

prepared gels and the swelling water capacity.

Sample Water content in as-  Swelling ratio after
prepared samples swell in water
[%, g 2] [gg']
17%-Gel 80.9+0.9 87.9+14.9
27%-Gel 67.6+0.2 44.2+1.4
37%-Gel 64.9+0.1 34.6+0.1

Table S2. Resilience of gels. Maximum stress, strain, and resilience (%) values for 17%-, 27%-,

and 37%-Gels corresponding to the highest stress cycle applied during cyclic-loading experiments.

Sample Maximum stress Maximum strain Resilience
[kPa] [“o]
17%-Gel 30 4.8 88.6
27%-Gel 50 3.9 90.3
37%-Gel 130 2.2 97.7
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