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Module-Assembled Elastomer Showing Large Strain
Stiffening Capability and High Stretchability

Shintaro Nakagawa,* Daisuke Aoki, Yuki Asano, and Naoko Yoshie

Elastomers are indispensable materials due to their flexible, stretchable, and
elastic nature. However, the polymer network structure constituting an
elastomer is generally inhomogeneous, limiting the performance of the
material. Here, a highly stretchable elastomer with unprecedented
strain-stiffening capability is developed based on a highly homogeneous
network structure enabled by a module assembly strategy. The elastomer is
synthesized by efficient end-linking of a star-shaped aliphatic polyester
precursor with a narrow molecular-weight distribution. The resulting product
shows high strength (~26 MPa) and remarkable stretchability (stretch ratio at

polymer chains. Their mechanical prop-
erties largely depend on the network
structure and the chemical structure of
the constituting polymer chains. Conven-
tional elastomers are typically produced by
random bonding between linear polymer
chains that inevitably leads to a variety of
heterogeneities in the network structure
(Figure 1a). For example, dangling chains
do not contribute to the elasticity, and
nonuniformity of the chain length between

break ~1900%), as well as good fatigue resistance and notch insensitivity.
Moreover, it shows extraordinary strain-stiffening capability (>2000-fold
increase in the apparent stiffness) that exceeds the performance of any
existing soft material. These unique properties are due to strain-induced
ordering of the polymer chains in a uniformly stretched network, as revealed
by in situ X-ray scattering analyses. The utility of this great strain-stiffening
capability is demonstrated by realizing a simple variable stiffness actuator for

soft robotics.

1. Introduction

Since the serendipitous discovery of vulcanization of natural rub-
ber in the 19th century, elastomers have been an indispensable
class of material due to their flexible, stretchable, and elastic na-
ture. Elastomers consist of a 3D crosslinked network of flexible
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crosslinks causes stress concentration
upon deformation and leads to catas-
trophic failure. Various strategies have
been developed to enhance the perfor-
mance of elastomers. Addition of rigid
micro/nanoparticles such as carbon black
was the first breakthrough in the early
20th century, dramatically improving key
properties including elastic modulus, ten-
sile strength, and abrasion resistance.l’
More recently, weak reversible interactions
such as hydrogen bonds,??! coordination
bonds,!*] and ionic interactions!® have been introduced as phys-
ical crosslinks in elastomers to realize toughness and novel dy-
namic functions like self-healing ability. These strategies, how-
ever, do not resolve the fundamental problems caused by network
heterogeneities.

The past couple of decades have seen great advances in con-
trolling the network structure in crosslinked polymers. The
most promising technique to reduce heterogeneity is the mod-
ule assembly strategy®®! (Figure 1b). When the chain ends of
multi-arm polymers with a narrow molecular-weight distribution
(“modules”) are conjugated in solution, the resultant network ide-
ally has no dangling chains and the chain length between adja-
cent crosslinks is uniform. This simple yet powerful strategy has
now become a convenient tool to fabricate gel materials with pre-
dictable properties.[%] However, application of this module as-
sembly strategy to solvent-free elastomers has rarely been pur-
sued. Because polymer chains are much more densely packed in
elastomers than in gels, it is possible to unlock unprecedented
mechanical properties using solvent-free elastomers with homo-
geneous networks.

Herein, we developed a module-assembled elastomer synthe-
sized by end-linking of monodisperse multi-arm polymers. The
elastomer showed excellent stretchability, high strength, and un-
usually large and abrupt strain-stiffening behavior that have yet
to be demonstrated by any other existing soft materials. By in
situ structural analysis of the elastomer under tension, we found
that these properties were caused by strain-induced ordering of

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 1. Concept of this study. a) Conventional elastomer. An amorphous low-T, polymer is cross-linked randomly, resulting in a highly heterogeneous
polymer network. Upon stretching, stress becomes concentrated in a small number of chains, and some chains do not carry the stress. b) Homogeneous
elastomer developed in this work. End-linking of noncrystallizable low-T, multi-arm prepolymers yields a highly homogeneous gel, which is then dried
to obtain a solvent-free elastomer. A uniform stress distribution is expected upon stretching.

polymer chains in a uniformly stretched network. We demon-
strated the use of this elastomer in a variable stiffness actuator
that leveraged its significant strain-stiffening capability.

2. Preparation and Mechanical Performance of the
Elastomer

Our elastomers were fabricated by end-linking 3-arm or 4-arm
precursor polymers with narrow molecular-weight distributions
(Figure 2a). We chose poly(4-methyl-e-caprolactone) (PMCL) as
the main polymer component because of its noncrystallizable
nature and low glass-transition temperature (T}), both of which
are necessary to fabricate elastomers. In addition, PMCL is an
environmentally friendly polymer because it undergoes enzy-
matic degradation'” and its monomer, 4-methyl-e-caprolactone
(MCL), can potentially be produced from biomass.l'!] Multi-arm
PMCLs were synthesized by acid-catalyzed ring-opening poly-
merization of MCL from triol or tetraol. The hydroxy groups at
each chain end were then modified with a phenylmaleimide (Ph-
Mal) moiety.['>13] We synthesized three precursor polymers: 3-
arm with M, = 32 kDa, 4-arm with M, =24 kDa, and 4-arm with
M, = 44 kDa. We refer to these precursors as 3-arm 30k, 4-arm
20k, and 4-arm 40k, respectively. The synthesis and characteriza-
tion of these precursor polymers can be found in the Supporting
Information (Section S1 and Table S1, Supporting Information).

The precursor was mixed with a low-molar-mass dithiol linker
(3,6-dioxa-1,8-octanedithiol, DODT) in dimethylformamide
(DMF) solution. A highly efficient thiol-maleimide coupling
reaction/'* led to gelation of the mixture within ~30 min. After
curing at r.t. for 1 day, the gel was washed and dried to obtain a
solvent-free elastomer. The gel fraction of the synthesized elas-
tomer was gravimetrically determined to be ~96% for the case
of the 3-arm 30k precursor, indicating that most of the precursor
molecules were incorporated into a single giant network.

Figure 2b,c show qualitative mechanical testing of our elas-
tomer. The elastomer was highly stretchable and recoverable (Fig-
ure 2b). A metal needle did not make a hole in the film (Fig-
ure 2c¢), demonstrating its high toughness. The video data of
these experiments are available as Movie S1 (Supporting Infor-
mation). The mechanical properties were quantitatively charac-
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terized by uniaxial tensile testing of a ring-shaped test piece, as
shown in Figure 2d. We used a tensile fixture that was able to
uniformly stretch the ring because the bar supporting the ring
rotated during the test. Figure 2e shows the stress—strain curves
of the elastomer synthesized from the 3-arm 30k precursor. The
results of three test pieces are presented to demonstrate the good
reproducibility of the tests. The video data of the test is available
as Movie S2 (Supporting Information). The high stretchability
(stretch ratio at break A,,., = 18.7 + 0.4) and strength (stress at
break oy, = 25.5 + 1.7 MPa) are readily seen. The most unique
feature is the unusual contrast in stiffness at small and large
strains. The slope of the stress—strain curve abruptly increases
upon stretching beyond the stretch ratio 4 = 15.

To quantify this extraordinary strain-stiffening behavior, we
calculated the tangent modulus E, = do . /de,,. Where o, is
the true stress and €, is the true strain (Figure 2f). o, Was
estimated as 0, = A0, (0.ng: €NGineering stress) assuming in-
compressibility. E, is a measure of apparent stiffness at different
stretch ratios. E, grows from the initial value of E,,; ~ 1 MPa
to the maximum value of E . ~ 2000 MPa immediately be-
fore rupture, which is a #2000-fold difference. We also evaluated
the E, ./ E; i Of various artificial polymer materials!>*'- and
natural biological tissues!???] that show strain stiffening in the
literature (details are described in Section S2, Table S3, and Fig-
ures S11 and S12, Supporting Information). These reference ma-
terials include hydrogels!'®2*l and elastomers!>*!5-8] featuring
various toughening mechanisms as well as a commercial rubber
band and several biological tissues. Figure 2g shows an Ashby-
type plot for E, ../E min and Ay, Our elastomer is clearly in
an unprecedented region that has yet to be accessed by any other
soft materials known to date. Comprehensive comparison of the
key properties is provided in Table S4 (Supporting Information),
which highlights the excellent stretchability and toughness and
unmatched strain-stiffening capability of our elastomer.

The impact of the number and length of arms in the precursor
polymer was also investigated. The stress—strain curves and the
tensile properties of the elastomers synthesized from 3-arm 30k,
4-arm 20k, and 4-arm 40k precursors are compared in Figure S10
and Table S2 (Supporting Information). Interestingly, the curve
shape and properties, such as A, and o}, did not depend
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Figure 2. Preparation and mechanical properties of the module-assembled elastomer. a) Preparation scheme. PhMal-terminated multi-arm PMCL is
reacted with a dithiol linker (DODT) in solution. The solvent was removed from the resultant gel, yielding a PMCL elastomer. b) Photographs show-
ing the stretchability of the elastomer. The film was prepared from the 4-arm 20k precursor, and its dimensions were 19 mm x 7 mm x 0.25 mm.
c) Photographs showing the puncture resistance of the elastomer. The sample was the same as that in (b). d) Photographs showing the ring-shaped
test piece and the uniaxial tensile test. e) Stress—strain curves of the elastomer synthesized from the 3-arm 30k precursor. The stretching rate was dA/dt
= 0.05 s~". Data for three test pieces are shown to demonstrate reproducibility. f) Tangent modulus E, = do e /d€ye versus the stretch ratio for one
of the curve (piece 3) in (e). g) Ashby-type plot of maximum stretch ratio versus strain-stiffening degree (E .y/E; min) for a wide range of stretchable
polymeric materials exhibiting strain-stiffening.[241-2°] The sources of the data are described in the Supporting Information.
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Figure 3. Mechanical durability tests of the elastomer. All elastomers were prepared from 3-arm 30k precursor. a—d) 100-cycle tensile test of a ring-
shaped test piece. a) Photographs showing the deformation imposed on the test piece in a single cycle. b) Applied stretch ratio (top) and the observed
engineering stress (bottom) during the 100-cycle test. c) All stress—strain curves in the 100-cycle test. The curve colors are the same as in (b). d) Maximum
stress and work of loading of each cycle as a function of the cycle number. e-g) Cyclic tensile test on a notched ring test piece. A partial cut was made
on a test piece and the piece was subjected to 10 loading-unloading cycles. The nominal stretch ratio was increased from 1.5 to 11 and then decreased
to 1.5 in a single cycle. e,f) Photographs at different nominal stretch ratios in the first (e) and tenth (f) cycles. g) Applied nominal stretch ratio (top) and
the observed tensile force (bottom) during the cyclic test. The fluctuations of the force seen between cycles are due to manual adjustment of the test

piece position to keep the notch in the field of view of the microscope.

significantly on the precursor design. Even a twofold difference
in arm length did not have a notable impact. These observations
can be explained by the strain-stiffening mechanism of our elas-
tomer, as we will discuss later.

The mechanical durability of our elastomer was further evalu-
ated by two methods: cyclic loading—unloading tests and tests on
a notched test piece.

Adv. Mater. 2023, 2301124 2301124 (4 of 10)

Figure 3a—d shows the cyclic loading—unloading experiments
on our elastomer (3-arm 30k precursor). A ring test piece was
stretched from A = 1 to A = 11 and then released back to A =1
(Figure 3a). This cycle was repeated 100 times in succession with-
out an interval. Figure 3b shows the time course of the applied
4 and observed stress o.,,. The stress—strain curves are shown
in Figure 3c. The maximum stress and the work of loading (area
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under the stress—strain curve of the loading step) initially decline
but mostly remain constant over cycles (Figure 3d).

Durability against physical damage was examined using a
notched ring test piece. A straight cut was made on a ring by
a razor blade. The width of the cut was approximately half the
width of the ring. This notched test piece was subjected to cyclic
loading and unloading between the nominal stretch ratio of 1.5
and 11 over 10 cycles with a 30 s interval. Figure 3e,f shows pho-
tographs of the notched piece during the test (the video data is
also available as Movie S3 (Supporting Information). The applied
nominal stretch ratio and the observed tensile force are plotted as
a function of time in Figure 3g. The cut is temporarily widened
upon stretching of the test piece but does not lead to catastrophic
failure, indicating that crack propagation is highly suppressed.
The notched piece eventually survived 10 loading-unloading cy-
cles without rupture (Figure 3f). The excellent notch insensitivity
of our elastomer is due to its large strain-stiffening capability. The
region near the cut experiences larger strain than the rest of the
sample and eventually becomes much stiffer due to strain stiff-
ening. This local stiffening prevents further deformation of the
region near the cut, which effectively blocks crack propagation.
The notch insensitivity also contributes to the high stretchability
of our elastomer. Brittle materials break at relatively low strains
because even a tiny crack/defect quickly leads to a catastrophic
failure. Our elastomer has the ability to stop the crack propaga-
tion by itself. This, together with the uniform stress distribution
due to the homogeneous network structure, should have enabled
the large Ay ax-

3. Strain-Stiffening Mechanism

We sought to elucidate the mechanism underlying high strength
and extraordinary strain-stiffening capability in our elastomer. To
this end, we carried out a simultaneous uniaxial tensile test and
small-angle/wide-angle X-ray scattering (tensile-SWAXS) exper-
iment. A dumbell-shaped test piece of the elastomer (4-arm 20k
precursor) was stretched from 4 =1 to A = 13 and then unloaded
to 4 = 1, during which successive SWAXS measurements were
performed (Figure 4a). Representative WAXS and SAXS images
are shown in Figure 4b,c, respectively, and Figure 4d,e show en-
larged snapshots at each A. The full scattering images are avail-
able as video data in Movie S4 (Supporting Information).

The WAXS image strips in Figure 4d show only a diffuse amor-
phous halo at low stretch ratios below 4 =~ 9. However, a bright
spot appears on top of this halo at 4 > 10. The spot intensifies
with increasing 4 and diminishes upon a subsequent decrease
in A. Figure 4f shows the 1D WAXS profiles during the stretch-
ing process obtained via sector-averaging of the image in the az-
imuthal range of 86° < f < 94° (f: azimuthal angle, § = 0° and
180° correspond to the stretching direction). A major peak and a
minor shoulder appear at large strains. Figure 4g is the result of
the peak deconvolution analysis on the profile at A = 12.3 assum-
ing two pseudo-Voigt peaks on top of the amorphous halo, also
modeled by a pseudo-Voigt function. The emergence of multiple
scattering peaks suggests the formation of a crystal-like order by
stretching. We hereafter refer to this ordering phenomenon as
strain-induced ordering (SIO).

In the SAXS images in Figure 4e, a sharp streak appears along
the meridian upon stretching. The 1D SAXS profiles were ob-
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tained by sector-averaging over the region where the streak ap-
peared and plotted in Figure 4h. The profiles obey a simple power
law I(q) ~ g~ P with an exponent of ~3.2, suggesting the presence
of rough interfaces.[¢]

The structural evolution observed in SWAXS was quantified
to gain further insight into the SIO mechanism. For WAXS, the
intensity of the main peak in the 1D profiles (Figure 4f) was nor-
malized by the initial value at 4 = 1. This value is referred to as
Iwaxs- For SAXS, the intensity at g = 0.1 nm~! was normalized
by the initial value at A = 1 and referred to as ig,ys. These two
values and the macroscopic stress o.,, are plotted against 4 in
Figure 4i—k. The WAXS intensity iy,,ys starts to increase at A ~
7 (Figure 4i), which roughly coincides with the onset of an up-
turn in the macroscopic stress o, (Figure 4k). This observation
suggests that the stiff ordered phase formed by SIO is the main
cause of the extraordinary strain stiffening.

Figure 4j shows that the SAXS intensity i5, 4 starts to increase
with A from the very beginning of stretching, which is different
from the behavior of iy, ys. Even more interestingly, i,y g stops
increasing at A ~ 6. We hypothesize that the SAXS intensity arises
from a preordered phase formed prior to the SIO seen in WAXS.
In the region below A ~ 6 (assigned as regime I in Figure 4i-k),
a preordered phase with rough interfaces gradually grows due to
moderate elongation of the network strands (Figure 4m). Then,
the preordered phase turns into a more ordered phase at strains
beyond 4 = 7 (regime II, Figure 4n), resulting in the emergence
of the distinct WAXS peaks.

Another interesting observation here is the small but finite
hysteresis in both iy,ys and o.,,, i.e., lower values in the releas-
ing process than in the stretching process. We speculate that the
SIO is path-dependent, i.e., the ordered phase is slightly less sta-
ble in the releasing process (= negative strain rate) compared to
that in the stretching process (= positive strain rate). This would
have led to a lower macroscopic stress in the releasing process
and thus to the mechanical hysteresis, which we could also con-
firm in Figure 3c. Further investigation on the SIO including the
strain rate dependence is needed to fully understand this phe-
nomenon.

Earlier, we found that the strain-stiffening behavior did not
depend significantly on the precursor architecture (arm number
and molecular weight, Figure S10, Supporting Information). In
particular, both the onset A of strain stiffening and the A at break
were similar between the elastomer synthesized from 4-arm 20k
precursor and that from 4-arm 40k precursor, despite the ~2-fold
difference in the average chain length between crosslinks. If the
strain stiffening were caused by chains approaching to a fully ex-
tended conformation, its onset 4 would have depended signifi-
cantly on the chain length. A possible explanation is that the SIO
behavior is mainly governed by the strain field within the mate-
rial, rather than how close the chains are to their fully extended
state. The densely packed PMCL chains in our elastomers would
experience a similar homogeneous strain field at a given A due
to structural homogeneity, leading to similar strain-stiffening be-
havior regardless of the chain length between crosslinks.

There are some examples of strain-induced crystallization
(SIC) in crosslinked polymers. Natural rubber, which mainly
consists of all-cis 1,4-polyisoprene, undergoes SIC.I*”] Recently,
SIC has been observed in poly(ethylene glycol) (PEG) hydrogels
subjected to large strains.?>®] These polymers that show SIC
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(e.g., natural rubber and PEG) are crystallizable in the quiescent
melt state. In the present work, however, PMCL is totally non-
crystallizable in its quiscent state because of the isomeric irregu-
larity of the methyl side group. Here, we have shown that even a
non-crystallizable stereo-irregular polymer can form an ordered
phase when subjected to extreme strain in a highly homogeneous
network.

4. Application for a Mechanically Simple Variable
Stiffness Actuator

Our elastomer offers potential in various applications that re-
quire high mechanical strength, stretchability, and nonlinear re-
sponse, including fields such as robotics, flexible electronics, re-
placement for biological tissues, etc. Here, we demonstrate the
application of our elastomer as a component in a variable stiff-
ness actuator (VSA).[?31 Unlike conventional rigid actuators,
VSAs offer great flexibility that is crucial for use in human-
friendly, safe, and dexterous robots. However, VSAs generally re-
quire complicated and bulky mechanisms when ordinary linear
springs are used as the elastic component. The use of tough and
highly nonlinear elastic components can greatly simplify VSA de-
signs. To test this hypothesis, we built a simple antagonistic joint-
type VSA consisting of a linear stage and a rotatable joint coupled
through a pair of elastomer tendons (Figure 5a). The tension of
the elastomer tendons is adjusted through gap d, and the ten-
sion regulates the stiffness of the joint. The apparent stiffness
of the joint was evaluated by measuring the force f, needed to
push down the apparatus by distance z against the rigid floor
(Figure 5b,c and Movie S5, Supporting Information). Figure 5d
shows the f,—z curve obtained with various d values. The push-
ing force increases significantly with increasing d. We defined
the initial slope of the f, -z curve as the apparent stiffness k,. Fig-
ure 5e shows k, evaluated for various d values. The 16-fold varia-
tion in the stiffness is achieved simply by loosening or stretching
the elastomer tendons. Moreover, the observed stiffness agrees
well with a numerical simulation based on the tensile property
of the elastomer (solid curve in Figure 5e; details of the simula-
tion can be found in Section S5, Supporting Information). This
data sharply contrasts the case where linear springs were used as
the tendons: the simulation showed a stiffness variability of up to
3-fold with typical commercially available linear tension springs
(Figure S19, Supporting Information). We further demonstrated
the excellent stiffness variability of our VSA by investigating the
interaction with a soft and fragile object, a block of Japanese
silken tofu (Figure 5f). The video data of this experiment is avail-
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able as Movie S6 (Supporting Information). When the elastomer
tendons are loosened (Figure 5g), the finger is highly compliant
and thus can touch the tofu block softly without damage (Fig-
ure 5h). Once the elastomer is highly stretched (Figure 5i), the
finger is stiff and can break the tofu block (Figure 5j,k). The wide
variation of touching force is also shown in Figure 51 where f,
is plotted against z. The wide stiffness variability demonstrated
here is realized only by stretching and loosening of the elastomer
without complicated and bulky mechanisms. The unprecedented
strain-stiffening nature, together with the excellent mechanical
reliability, will lead to new possibilities not only in robotics but
also in flexible electronics, biomedical applications, etc.

5. Conclusion

We developed a tough elastomer with extraordinary strain-
stiffening capability by realizing a highly homogeneous network
structure via the module-assembly strategy. The elastomers were
synthesized by end-linking monodisperse star polymers with low
T,. In addition to high stretchability and strength, the elastomers
showed significant strain stiffening upon stretching beyond a
certain critical stretch ratio. This combination of high stretcha-
bility and strain-stiffening capability exhibited by our elastomer
exceeded the performance of any other soft materials known
to date. Its high resilience against repeated mechanical loading
and its notch-insensitive nature were also demonstrated. Tensile-
SWAXS analysis suggested strain-induced ordering of polymer
chains, which was determined to be the cause of the large strain
stiffening. We finally demonstrated the use of our elastomer as
a component in a variable stiffness actuator in which the highly
nonlinear mechanical response of the elastomer played a central
role. We propose that the unique mechanical function of the de-
veloped elastomer can open up new possibilities in a wide range
of engineering fields, such as soft robotics, flexible electronics,
and biomedical applications.

6. Experimental Section

Materials:  3,6-Dioxa-1,8-octanedithiol (DODT), diphenyl phosphate
(DPP), di(trimethylolpropane) (DTMP), and trimethylolpropane (TMP)
were purchased from Tokyo Chemical Industry Co. Ltd (Japan). Dibutyltin
dilaurate (DBTDL), dry toluene, dry dichloromethane (DCM), and
dry ethanol were purchased from FUJIFILM Wako Pure Chemical
Corp. (Japan). All reagents were used as received unless otherwise
noted. 4-Methyl-e-caprolactone (mixture of isomers) (MCL)3?1 and

Figure 4. Tensile-SWAXS analysis of the elastomer synthesized from the 4-arm 20k precursor. a) Layout of the experiment. The test piece was stretched
from A= 1to 13 at the rate of dA/dt = 0.1 s~ and immediately unloaded at the same rate. SWAXS measurements were performed successively during
this process. b) WAXS and c) SAXS images collected at 4 = 12.3. Blue dashed rectangles indicate the display range in (d) and (e). d) WAXS and e) SAXS
images at each 4 during stretching and releasing. The areas indicated by dotted rectangles in (d) and (e) are shown. f) 1D WAXS profiles obtained by
sector-averaging over the azimuthal angle range of 86° < # < 94°. A peak and a shoulder appearing at large strains are indicated by triangles. g) Results
of the peak deconvolution analysis for the 1D WAXS profile at A = 1and 12.3. The intensities were normalized by the integrated intensity in the g range of
21-26 nm~". First, the amorphous halo at A = 1 was fitted with a pseudo-Voigt function. This intensity of the amorphous halo was used as the baseline
for fitting at A = 12.3, where two more pseudo-Voigt functions were added to model the additional peak and shoulder. The widths of these two functions
were constrained to be equal during curve fitting. h) 1D SAXS profiles obtained by sector-averaging over the limited region on the 2D image where the
streak appears. The solid lines represent the linear fitting results according to the power-law model 1(q) = Ag~P. Symbol/line colors are the same as in
(g)- i) Normalized WAXS peak intensity (iyaxs), j) normalized SAXS intensity at g = 0.1 nm~" (isaxs), and k) macroscopic engineering stress Oeng Of the
elastomer during stretching and releasing. |-n) Schematic illustration of the proposed SIO mechanism. |) Before stretching. m) Regime I. Preordered
phases with rough interfaces are formed. n) Regime Il. Crystal-like ordered phases are formed.
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Figure 5. Design and evaluation of a model VSA. a) Photograph and schematic illustration of the core components of the VSA. b,c) Schematic illustration
and corresponding photograph of the experimental setup to measure the stiffness of the VSA. d) Normal force f,, plotted against tester head displacement
z during pushing and releasing cycles with different values of gap distance d. e) Observed apparent stiffness at each d value (filled circles). The simulation
resultis shown as a solid curve. f-I) Demonstration experiment of the VSA using a soft and fragile tofu block. f) Pristine tofu block prior to the experiment.
The size was #25 mm X 25 mm X 25 mm. g,h) Pushing down the VSA toward the tofu block with elastomer tendons loosened (d = 13.5 mm). i,j) Pushing
down the VSA with tendons strained (d = 33.5 mm). k) Damaged tofu block after the experiment. I) Normal force plotted against the vertical displacement

of the tester.

p-maleimidophenyl isocyanate (PMPI)['2] were synthesized according to
the literature.

Characterization: "H NMR spectra were recorded on an ECZ-600R
spectrometer (JEOL, Japan). Size exclusion chromatography (SEC) mea-
surements were performed using a Nexera SEC system (Shimadzu, Japan)
with a triple detector (OmniSEC Reveal, Malvern Panalytical, UK). The col-
umn and the eluent were a TSKgel GMHHR-M (Tosoh, Japan) and chloro-
form, respectively. The measurements were conducted at 40 °C.

Synthesis of OH-Terminated Multi-Arm PMCL: The synthesis of OH-
terminated 4-arm 40k is described as an example. A 200 mL Erlenmeyer
flask with a stirrer bar and a 50 mL screw vial were dried in a 100 °C
oven. DPP (4.999 g; 19.98 mmol) was weighed in the dried 50 mL vial.
DTMP (125.4 mg; 0.5009 mmol) was weighed in a 5 mL plastic tube.
The flask, the vial, and the plastic tube were brought into a nitrogen-filled
glove box. In the glove box, the Erlenmeyer flask was charged with MCL
(24.89 mL; ~25.6 g assuming the same density as e-caprolactone, 1.03 g
mL~T; %200 mmol) and DTMP. DPP in the vial was dissolved in dry toluene
(25 mL) and the solution was added to the Erlenmeyer flask to initiate the
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polymerization. The progress of the reaction was monitored by SEC. The
reaction was stopped by neutralizing DPP with excess triethylamine after
200 min. The crude mixture was poured into methanol, and the viscous
precipitate was separated by centrifugation. This was repeated 4 times in
total. A small amount of low-molecular-weight fraction was observed in
SEC, presumably due to initiation from water. Therefore, the desired high-
molecular-weight fraction was isolated by repeated fractional precipitation
using tetrahydrofuran as a good solvent and methanol as a poor solvent.
The product was finally collected in a glass vial and dried in vacuum at r.t.
to obtain a colorless viscous liquid, 11.7 g (46% based on the monomer
feed). The "H NMR spectrum is shown in Figure S3 (Supporting Informa-
tion). See Table ST (Supporting Information) for characterization results.
The other OH-terminated multiarm PMCLs were synthesized in a simi-
lar manner. The initiator feed was varied to obtain the desired molecular
weight. For 3-arm PMCL, TMP was used as the initiator.

Synthesis of PhMal-Terminated Mutli-Arm PMCL: Here, the synthesis
of PhMal-terminated 4-arm 40k is presented as an example. Hydroxy-
terminated 4-arm PMCL (M,, = 40 kDa; 2.00 g; 0.05 mmol; 0.20 mmol

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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hydroxy end groups), PMPI (267.8 mg; 1.39 mmol; 7.0 eq. against hy-
droxy), and DBTDL (78.7 mg; 0.125 mmol; ~#9% against isocyanate) were
separately taken in oven-dried screw vials and brought into a nitrogen-filled
glove box with an oven-dried 500 mL Erlenmeyer flask. In the glove box, the
polymer was dissolved in dry DCM (20 mL) in the vial. PMPI and DBTDL
were dissolved in dry DCM (60 mL) in the Erlenmeyer flask. The polymer
solution was added dropwise to the flask, with an additional 20 mL of dry
DCM to collect the remaining polymer in the vial. The pale yellow solu-
tion was stirred overnight in the glove box. Then, dry ethanol (1 mL) was
added to the flask to quench the excess isocyanate. After stirring the mix-
ture for several hours, the flask was removed from the glove box. The
mixture was concentrated on a rotavapor and precipitated in methanol

4 times. At this stage, the product contained insoluble solids, which may
be residual urea. To remove the insoluble part, the product was dissolved
in a minimal amount of toluene, and the solution was filtered through a
syringe filter. Drying out toluene by nitrogen stream and then in vacuum
at r.t. gave the product as a yellow viscous liquid, 2.06 g (~100%). The 'H
NMR spectrum is shown in Figure S7 (Supporting Information). See Ta-
ble ST (Supporting Information) for characterization results. The synthesis
of PhMal-terminated PMCLs with different arm numbers and molecular
weights was conducted in a similar manner.

Fabrication of Module-Assembled Elastomers: In a typical experiment,
the polymer (40 mg) was taken in a small glass tube. In a nitrogen-filled
glove box, dry DMF (180 uL) was added to the tube and the polymer
was dissolved. A DMF solution of DODT with a prescribed concentra-
tion (20 pL) was added, and the tube was vigorously shaken for several
tens of seconds to homogenize the solution. The solution was carefully
injected into a mold with a micropipette, sealed, and cured for 2 days at
r.t. in the glove box. The gel was then removed from the mold and dipped
in dry DMF for 1 day, in a 1:1 mixture of DMF and toluene for another
1 day, and then in toluene for more than 3 days. The gel fully swollen with
toluene was finally dried in air and in vacuum at r.t. for over a week, yield-
ing a pale brown transparent elastomer. Two types of molds were used
to produce ring-shaped test pieces with rectangular cross sections and
dumbbell-shaped test pieces. The ring test pieces typically had the thick-
ness of 0.55 mm, width of 1.1 mm, and inner diameter of 11 mm. The
shape of the dumbbell test pieces was 1/4-scale of ISO 37-1A (JIS K6251-3)
with a thickness of 0.1 mm.

Uniaxial Tensile Test: Uniaxial tensile tests were conducted using a
universal tester (EZ-L, Shimadzu, Japan) equipped with a fixture for ring-
shaped test pieces. The fixture consisted of two bars, one of which rotated
during the test to ensure uniform stretching of the ring test piece. The
stretch ratio was calculated as A = 2x/L;, e, Where x is the crosshead dis-
placementand L;, ., is the initial inner circumference of the ring test piece.
The engineering stress was calculated as ong = F/(25) where Fis the ten-
sile force and S is the cross-sectional area of the ring. For cyclic tensile
tests on a notched test piece (Figure 3e—g), the test piece position was
manually adjusted by tweezers during the 30 s interval between cycles, so
that the crack part was kept in the field of view of the microscope used to
capture the images during the tests.

Simultaneous Tensile Test and Small-Angle/Wide-Angle X-ray Scattering
Measurements (Tensile-SWAXS):  The tensile-SWAXS experiment was per-
formed on a small-angle instrument installed at beamline BL-15A2 in
Photon Factory, High Energy Accelerator Research Organization, Tsukuba,
Japan.33] A custom-made tensile tester was mounted on the sample stage.
Details of the tensile tester are described elsewhere.[3*] A dumbell-shaped
test piece was fixed to the clamps. The position of the test piece relative
to the incident X-ray beam was carefully adjusted so that the beam hit the
center of the straight section of the test piece. The test piece was uniaxially
stretched at the rate of dA/dt = 0.1s™" from A= 1to 1 = 13 and imme-
diately unloaded to 4 = 1 at the same rate. The force was recorded by a
load cell connected to one of the clamps. SWAXS measurements were per-
formed periodically during the test. The exposure time for each frame was
1s, and the interval between the start times of consecutive frames was
~10 s. The wavelength of the incident X-ray beam A was 0.1200 nm. The
incident and transmitted X-ray intensities were monitored by an ionization
chamber in front of the sample and a photodiode at the direct beam stop-
per, respectively. The scattered X-ray was collected by two 2D detectors
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(for WAXS: PILATUS3 300K-W, for SAXS: PILATUS3 2 ™, Dectris, Switzer-
land). The sample-to-detector distances for the WAXS and SAXS detectors
were 425 mm and 3210 mm, respectively. The WAXS detector was tilted
toward the sample by 23°. The direct beam position and the sample-to-
detector distance were calibrated by using silver behenate (for SAXS and
WAXS) and cerium oxide (for WAXS) standards. The collected data were
analyzed by using custom-made Python scripts. The scattering images
were corrected for incident beam flux, exposure time, absorption, solid
angle coverage of the detector pixels, and background scattering.

Evaluation of the Variable Stiffness Actuator (VSA): The custom-made
apparatus for the VSA experiments consisted of a motorized linear stage,
a ball-bearing joint, and a 3D-printed finger (see Figure 5a). Two elastomer
bands made from the 3-arm 30k precursor were used. The cross section of
the band was ~1 mm x 0.6 mm, and the inner diameter in the loosened
state was ~3.9 mm. Each band was wrapped twice around the two pins
on the stage and the joint. The linear stage was fixed to a universal tester
(EZ-L, Shimadzu, Japan) through a steel fixture (Figure 5c). To evaluate the
apparent stiffness of the joint, the tester head position zwas changed from
—10.0to 5.3 mm and then back to —10.0 mm at a speed of 150 mm min~",
during which the vertical force was recorded by the tester. The origin of z
was set to the point where the tip of the finger component just touched a
rigid steel block. Then, the linear stage gap d was incremented by 5 mm to
vary the tension on the elastomer tendons. These processes were repeated
for d values of 13.5, 18.5, 23.5, 28.5, 33.5, 38.5, and 43.5 mm. The detailed
setup is described in the Supporting Information (Section S4, Supporting
Information).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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