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A Minimalistic, Synthetic Cell-Inspired Metamaterial for

Enabling Reversible Strain-Stiffening

Mohammadreza Taale, Mdlin Schmidt, Fereydoon Taheri, Michael Timmermann,

and Christine Selhuber-Unkel*

Strain-stiffening, i.e. the nonlinear stiffening of a material in response to a
strain, is an intrinsic feature of many biological systems, including skin, blood
vessels, and single cells. To avoid a mismatch in mechanical properties,
synthetic materials in contact with such biological systems should also be
strain-stiffening. Conventional strain-stiffening materials are either highly
dependent on the applied strain-rate, or only available for a limited stiffness
regime. Both aspects limit the applicability of these materials. In contrast,
living cells employ a dynamic strain-stiffening mechanism that is based on the
cross-linking of cytoskeletal fibers in response to external stress. This
strain-stiffening of the cytoskeleton is mimicked in a mechanical metamaterial
by a minimalistic structure consisting of parallel slats connected to
backbones. Herein, it is demonstrated experimentally that the structures can
be adapted such that the strain required for stiffening, the final stiffness, as
well as the degree of stiffening can be tuned, particularly by combining several
strain-stiffening elements. These properties make the structure promising for
the development of devices that should resemble the mechanical properties
of human soft tissues, e.g., skin-integrated flexible electronics and blood

such strategy to protect biological sys-
tems from damage. Examples of biolog-
ical systems that are mechanically strain-
stiffening include blood vessels,!?! skin, !
and lung tissue,ll to name a few. In all
devices that are constantly in touch with
such tissues the strain-stiffening effect
should be considered to avoid mechani-
cal mismatch, which can have dramatic
consequences in implants. An important
example is intima hyperplasia, which can
lead to poor patency of small diameter
synthetic vascular grafts.’] The mechani-
cal matching of device and skin is also an
essential prerequisite for the functional-
ity of electronic skin applications.!®]
Whereas many soft materials demon-
strate stiffening in response to compres-
sion force, the study and development
of materials that demonstrate stiffening
in response to tensile force is much

vessel grafts.

1. Introduction

Biological systems have evolved smart strategies to cope with
physical forces.l!l Strain-stiffening, which describes the nonlin-
ear stiffening of a material in response to external stress, is one
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more limited. Most approaches directly
modify the material matrix, for exam-
ple by introducing nanocrystals into a
hydrogel matrix.”l Chemically-induced
strain-stiffening can also arise from strain-induced active cross-
linking in networks of synthetic polymers. For example, Yan
et al. presented gels where a Schiff base reaction between the
amino groups and aldehyde groups on poly(ethylene glycol)
and branched polyethylenimine reversibly cross-link upon elon-
gation of the gel, causing reversible strain-stiffening.l®/ Also,
supramolecular zwitterionic networks have proven valuable.l!
The stiffness of these gels is in the lower kPa region, mak-
ing it, similar to the materials described before, suitable for
tissue engineering and synthetic skin applications. Bioinspired
strain-stiffening approaches also include intertwisted nanofibrils
composed of short alkyl side chain-modified polymer chains, to
mimic the crimped structure of collagen,'”) DNA nanoswitches
to control the stiffness of hydrogels,""! and in chitosan-based
self-healing hydrogels!'?]. Furthermore, also microgel-based ap-
proaches have been reported to serve as biomimetic strain-
stiffening materials.['*) However, the abovementioned strategies
require chemically modified materials that are not easily available
for standard and macroscopic applications. In addition, fabric
materials can be structured such that they are strain-stiffening,
but reversibility often does not occur and hysteresis can be
observed.!'
Whereas many synthetic materials do not demonstrate strain-
stiffening behavior,'! we can take inspiration from biology.

© 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Simple biological systems, e.g., fibroblast cells from the connec-
tive tissue, have an intriguing way of strain-stiffening. Cytoskele-
tal components, mainly actin, which allows cells to react actively
to external force, play a main role as they structurally rearrange
the actin filament network to form strongly cross-linked actin
stress fibers during adhesion,['] which are in turn connected to
focal adhesion clusters. The formation of actin stress fibers can
be induced by an external stimulus, for example in endothelial
cells and fibroblasts as a response to the pulsatile stretching.['”] Tt
has been shown that this formation of stress fibers increases cell
stiffness!™ and that stress fibers are actively reinforced and re-
paired in response to external forces.['?! Stress fibers are made up
from bundles of ~10-30 actin filaments, where a-actinin serves
as a cross-linker of the filaments.[2!

Here, we present a minimalistic, purely synthetic approach to
mimic the principle of the cross-linking of actin filaments stress
fibers in a silicone-based metamaterial by slats that are “cross-
linked” through contact. Polydimethylsiloxane (PDMS) is an ex-
cellent silicone material for such studies as its stiffness can be
tuned and it can be easily shaped by molding.?!! Hence, we fab-
ricated slats in a defined structure. Our work demonstrates that
the strain-stiffening of our PDMS-metamaterial is independent
of the strain-rate and lubricants, and its mechanical properties
are highly tunable and directional. We also include a demonstra-
tion of its applicability for damping the free fall of weights.

2. Results and Discussion

To achieve a strain-stiffening minimalistic metamaterial, we
mimic the formation of actin stress fibers by cross-linking of
actin filaments. In Figure 1A, actin stress fiber formation in cells
in response to the application of strain is roughly sketched. In
our cell-inspired structure (Figure 1B), the actin filaments are re-
placed by elastic slats that are attached to bars at equal distances.
Upon strain application, the slats deform and touch each other
at a critical strain, thereby mimicking the cross-linking of fila-
ments in cells. Whereas energy is initially dissipated by the bend-
ing of the individual slats, the slats coming into contact leads to a
stretch of the material in a bulk-like configuration. Thus, the con-
tact between the slats mimics the cross-linking of actin filaments
in actin stress fibers and thus leads to an increase in overall stiff-
ness.

Figure 1C shows the strain-stiffening unit made up of two of
the simple structures shown in Figure 1B. This symmetric struc-
ture has been chosen to simplify tensile testing and applications.
A large number of different parameters can be defined and their
effect was systematically tested. Four slat elements, each contain-
ing ten parallel elastic slats, are located between two outer back-
bones and two middle backbones (Figure 1C). Variations of this
design can be made by parameter changes in the backbone height
h, the number of slats per set N, slat-length I, slat-width w, the
distance between slats d, sample depth D, protrusion length p/p’,
and the gap between sets of slats g. All parameters have distinctive
functions for the strain-stiffening behavior and by altering their
size, the strain-stiffening behavior can be finely tuned to achieve
the desired stiffness properties.

To investigate the mechanical properties of this strain-
stiffening unit (Table 1) experimentally, we carried out uniaxial
tensile testing of samples from highly elastic PDMS. The PDMS

Adv. Mater. Technol. 2023, 8, 2201441 2201441 (2 of 9)

www.advmattechnol.de

used (Elastosil RT625, Wacker, Germany) has a tear strength of
up to strains of 600%. We only elongated up to a strain of 60%
to ensure that all experiments were carried out in the Hookean
regime. Figure 2 shows the deformation of a strain-stiffening unit
during a tensile test and the resulting force curve in the tensile
test. After a certain deformation, the slats start to touch each other
(Supporting Movie S1). By further increasing the strain, greater
surface contact is acquired to a point where almost every slat has
established a maximum contact surface with the adjacent one.
Consequently, the stiffness of the structure increases. We call this
regime the transition regime. The transition regime denotes the
part of the force-strain curve that shows a non-linear behavior.
This can be explained by a formation of a quasi-bulk state at the
area they touch that increases with further deformation. At a cer-
tain point, the contribution of the backbone exceeds that of the
slats so that the mechanical behavior of the structure is governed
by the stiffness of the backbone. This marks off the end of the
transition state and the regime of final stiffness is reached. With
further deformation, the contact area between the slats increases
up to a point where more deformation mainly leads to an elonga-
tion of the backbones. This results again in a linear force-strain
behavior, which defines the final stiffness.

To further demonstrate that the mechanical features of the
metamaterial indeed are an intrinsic feature of its cell-inspired
structure, we investigated the properties of an unstructured sam-
ple, but otherwise identical parameters (Figure 2A). Clearly, the
reference curve does not exhibit strain-stiffening, whereas the
strain-stiffening unit led to a stiffness increase at a critical strain
of 30%. As in the strain-stiffening unit, energy is dissipated for
bending the individual slats, the initial stiffness of the strain-
stiffening unit is smaller than that of the unstructured unit.
The final stiffness of the strain-stiffening unit ((0.74772+ 0,0006)
N/mm) is similar to that of the unstructured sample ((0,80596 +
0.0003) N/mm). This final stiffness defines the maximum pos-
sible stiffness for this metamaterial. To prove the directional-
ity of strain-stiffening, we also changed the orientation of the
slats with respect to the pulling direction. No strain-stiffening
was observed for this other slat orientation (Figure S1, Support-
ing Information). To demonstrate the versatility of our purely
structural (not chemical) approach, we have also used a PDMS-
carbon-composite material instead of PDMS and demonstrated
the strain-stiffening effect in this sample (Figure S2, Supporting
Information).

To investigate the impact of different structural parame-
ters on the mechanical properties of the strain-stiffening unit
(Figure 1C), we carried out tensile tests on such units with dif-
ferent slat width, slat length, slat distance, and backbone height.
A detailed analysis of these results is shown in Figure 3, where
we relate the degree of stiffening to the different parameters. We
estimated the initial and final stiffnesses by fitting a simple linear
regression model to the curve at strain level of ~ 7% to 20% for
the initial stiffness and ~#30% to 47% for the final stiffness.

As shown in Figure 3A-D, the main results of these experi-
ments are: A variation of the backbone height h influences the
final stiffness of the unit. An increase in the backbone height
mainly leads to an increase in the final stiffness (Figure 3A). Ad-
ditionally, a slight increase in the initial stiffness can be observed.
Varying the backbone height influence neither the initial stiffness
nor the critical strain. This confirms that the initial stiffness is
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Figure 1. Sketch of the cell-inspired principle of our strain-stiffening structure. A cell is attached to a surface A). If the surface underneath the cell is
strained, actin filaments (red) interconnect by cross-linking proteins (blue). The resulting actin stress-fibers increase the overall stiffness of the cell in
a reversible way. In our cell-inspired strain-stiffening structure B) the principle of actin cross-linking is transferred into a minimalistic synthetic design,
where elastic slats mimic the actin fibers. Upon strain application, the slats deform and eventually touch each other. This contact causes a change in the
mechanical properties of the structure, which in turn leads to stiffening. The design consists of three main parts C): Two outer backbones, two middle
backbones, and four blocks of each 10 parallel slat elements. Variations within this design geometry can be made by parameter changes in the backbone
height h, the number of slats per set N, slat-length /, slat-width w, the distance between slats d, sample depth D, protrusion length p/p’, and the gap
between sets of slats g.

mainly governed by the bending of slats rather than the stretch-  ties, the slats deform into an S-shape curve Figure 2B. A sharper
ing of the backbone as the backbones have a greater spring con-  S-shape bend is required when using a short slat length than
stant. when using a longer slat length for devices stretched the same

JAn increase in the slat length I influences the stiffness of the  distance, and a greater proportion of the slat is deformed when
structure inversely, leading to a significant decrease in the initial  the slat length is short than when the slat length is long for de-
stiffness, and a slight increase in the final stiffness (Figure 3B).  vices stretched the same distance. As a result, an increase in the
Due to the connection to the backbone and the material proper-  slat length I influences the stiffness of the structure inversely.
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Table 1. Parameters used for the strain-stiffening unit.

Parameters Variables Values
Backbone height h 5 mm
Slat-length | 10 mm
Slat-width w 2.1 mm
Slats distance d 0.5 mm
Number of slats N 10
Sample-depth D 10 mm
Protrusion-length (tensile test) p 15 mm
Protrusion-length (FEM) p 2.75 mm
Gap between sets of slats g 2.5 mm

When using longer slats rather than shorter slats, there will be
a decreased initial stiffness and a lower force will be required
for bending the slats from their resting state. A special case is
shown when the slat length is decreased to 8mm. At this point,
the slat length is too short to properly form the S-curve required
for strain-stiffening behavior, and the stiffness of the slats is com-
parable to the stiffness of the backbone.

An increase in slat distance d causes more stretching to be re-
quired before the slats come into contact, resulting in a shift of
the critical strain toward higher strains (Figure 3C). The slight in-
crease of initial and final stiffness with decreasing slat distance is
caused by an increase in backbone stiffness, as its stiffness scales

A

www.advmattechnol.de

inversely with slat length and a decrease of slat distance causes
a decrease in backbone length (unless the number of slats is in-
creased). The moment the slats come into contact during defor-
mation determines the position of the transition regime, as ob-
served by the influence of varying slat width. The initial and fi-
nal stiffness both decrease drastically by a small reduction in slat
width. This occurs because the decrease in slat width results in
a lower bending moment, leading to lower stiffness (Figure 3D).
The critical stiffness stays unchanged though.

All these features can be tailored and enhanced to suit a spec-
ified need in a particular application by in-series and parallel ar-
rangements of strain-stiffening elements (Figure 4). The strain-
stiffening units in an in-series and a parallel arrangement are
connected end-to-end and side-by-side via the protrusions or
backbones, respectively. When two strain-stiffening units are in
series, any force applied to the ensemble gets applied to each unit
without a change of magnitude. The transition regime of the in-
series arrangement occurs at 30% strain, but on different total
elongation lengths (Figure 4C). The transition regime of the par-
allel arrangement occurs at almost the same strain (x30%) but
at ~6 N, which is double the force of a single unit. This agrees
with the in-series / parallel equivalent spring law. Therefore, the

o)

equivalent stiffness follows the equations E, = Y (Ei) for parallel

n=1 "
&)
arrangement and E, = Y (E,) for serial arrangement, where E,

n=1
is the equivalent stiffness and E,| is the stiffness of each unit. This

B
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Figure 2. Straining a PDMS strain-stiffening unit and respective force-strain-curve. A) Shape change of an unstructured unit. B) Shape change of the
strain-stiffening unit during a tensile test. C) Force-strain-curve of the unstructured element, lacking strain-stiffening. D) Force-strain-curve of the strain-
stiffening unit. In the stress-strain-curve three stiffness regimes can be identified: The initial stiffness (), dominated by the bending of individual slats.
The transition stiffness (Il), is not a constant and determines the transition between the initially soft material to the stiffened material. And the final
stiffness (I11), which represents the final, stiffened situation where the slats touch each other. The critical strain is defined as the intersection of the
linear stress-strain curve for the initial stiffness, and the one of the final stiffness. Two protrusions with T-shaped endings are added on both sides of the
structure which help as clamping spots in a tensile test setup. The standard deviation is illustrated as the margin for each graph. For each condition, 3
different samples were measured (3 force curves each).
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Figure 3. Tensile force (N) versus strain (%) (bold curve: average out of 3 curves; shaded area: standard deviation) curve related to PDMS-based samples
with different geometry parameters. A) The backbone height strongly influences strain-stiffening, i.e., a large backbone leads to enhanced stiffening. B)
Larger slat lengths lead to an increase in the stiffening. A slat length of 8 mm did not lead to a stiffening, as the slats did not touch each other during
stretching. C) Slat distance only has a minor effect on strain-stiffening. D) Variations of slat width mainly control the critical strain for strain-stiffening.
The plots in the center (A2, B2, C2, and D2) illustrate the average initial and final stiffness of the structures. The graphs to the right (A3, B3, C3, and
D3) show the difference between the initial and final stiffness of each unit. The margins of the tensile test curves (left side graphs) and the caps in point
plots and bar plots denote standard deviations. For each condition, 3 different samples were measured (3 force curves each).

leads to additional design options for enabling a desired strain-
stiffening effect.

In addition, the height of the connection between the two
strain-stiffening units in the parallel arrangement can be an addi-
tional parameter to adapt. Increasing backbone size between the
units in parallel arrangement results in a lower initial stiffness
but also a greater final stiffness. This increase in final stiffness
due to a thicker backbone is also shown in Figure 4 sample P2,
where an increased backbone height, led to no changes in initial
stiffness, but to an increase in final stiffness. When putting the
strain-stiffening units in series, the slope of the force-elongation
curve was decreased and the point of stiffening changed to a
higher elongation.

A highly important parameter in strain-stiffening materials is
reversibility, as most conventional materials show a strong hys-
teresis in cyclic tests. We performed cyclic tensile tests to explore
this feature as shown Figure 5. Hypothetically, the stiffening ef-

Adv. Mater. Technol. 2023, 8, 2201441 2201441 (5 of 9)

fect could be due to the friction between two neighboring slats
while being stretched. In order to knock out any possible friction,
we have used a lubricant (ZELEC®, Merck, Germany) in the gap
between the slats. Interestingly, we did not find a significant dif-
ference between the dry sample and the lubricated sample. The
cyclic test curves show hysteresis, which is a typical mechanical
behavior of silicone-based material.[?!

The strain-stiffening materials show a high degree of re-
versibility in the cyclic test with no evidence of plastic deforma-
tion. Due to an initial slip out of the sample of the clamps in
the testing machine, only a very slight shift between the first
and the other cycles is observed. In addition, there is no signifi-
cant difference between the lubricated slats and non-lubricated,
proving that the friction between the slats does not play a major
role in strain-stiffening. This reversibility of strain-stiffening is
a clear advantage compared to self-stiffening materials, which is
found in certain self-healing materials, where microcapsules of

© 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH

85UB017 SUOWILWIOD BA 11810 3 qedt [dde au Aq peusenob a.e sajole YO ‘SN JO Sa|nJ oy Akeid18U1IUQ AB[IM UO (SUONIPUOD-PUR-SLLLIBY WD A8 | 1M ARed| Ul Uo//ScY) SUOTIPUOD Pue swie | 8u) 89S *[1202/T0/2z] Uo Akeiqiauliuo A8]IMm ‘BIX YeUoljqicseISBAIUN A] TiT02202 WPe/Z00T 0T/I0p/W0D A8 | ARq 1 pul|uo//Sciy Wo.j pepeojumod ‘TT ‘S20Z ‘X60LS9EC



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOILOGIES

www.advancedsciencenews.com

A

7.
7

www.advmattechnol.de

thick connection backbone

SN
& slim connection backbone
Y N
N NN L [
g - N N
SN NN S N
N N N\ SN
SN X N A NN
K 3 Y N DN
> [ W T
NN NN N \§\\ NN
NS N N NN NN
N N D iy MY
single strain- S2 S3 P1 P2
stiffening unit (2 units in series) (3 units in series) (in parallel) (in parallel)
B %7 —— strain-stiffening unit C 101 — strain-stiffening unit
— 32 — 82
——53 —83
—P1
1k B
2 'y
3 Vi
4 o
50 60

Strain (%)

Elongation (mm)

Figure 4. Tensile experiments on serial and parallel arrangements of a strain-stiffening unit. A) Design of the arrangement. B) and C) Tensile test results
on the PDMS samples sketched in (A) in respect to the applied strain (B) and the elongation (C), demonstrating that a serial arrangement of the strain-
stiffening units leads to a decrease of the stiffening effect when elongated the same length, whereas both parallel arrangements lead to a stiffening. For
each condition, 3 different samples were measured (3 force curves each, bold curve: average out of 9 curves; shaded area: standard deviation).
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Figure 5. Cyclic tensile force (N) versus strain (%) curve. The force-strain-curve shows the reversibility of the strain-stiffening effect in short cycles. The
left figure shows the cyclic test up to ~#60% of strain, belonging to the demonstrator sample without using any lubricant between the slats, the right
figure includes a lubricant. For each condition, 3 technical repeats were performed.

monomers and catalysts are dispersed in a material.[?*! The com-
posite can be designed in a way that deformation breaks the em-
bedded capsules and starts the polymerization of the embedded
material. If the polymerized embedded material is stiffer than the
original material, the material stiffness is increased upon defor-
mation. The downsides are the non-reversibility, as the rupture
of the embedded particles and the following polymerization is

Adv. Mater. Technol. 2023, 8, 2201441 2201441 (6 0f9)

not reversible. As speed-independency is an important feature of
strain-stiffening and not matched in devices that rely on shear
stiffening(?*l, we also tested our material for three orders of mag-
nitude of stretching speed in tensile tests (Figure 6A). No sig-
nificant speed dependency is found for initial or final stiffness
(Figure 6B). Neither do we observe significant changes over 1000
cycles (Figure S3, Supporting Information).
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Figure 6. Strain-stiffening as a function of stretching speed and analysis of free fall damping. A) Only a tiny speed rate dependency is observed over
three orders of magnitude of speed (10 mm min~" to 1000 mm min~"). Each curve is the average out of 3 curves. B) A normalized histogram plot of
the material stiffness, stretched at 3 different speed magnitudes (10, 100, 1000 mm min~") up to 50% of strain, showing no significant difference of
initial and final stiffness. The error bars denote standard deviations. C) Curves obtained by fitting a linear regression function at each 5 points of the
force-strain curve. Each data point represents the slope of the linear fit at 3 different speed magnitudes (10, 100, and 1000 mm min~") up to 50% of
strain. D,F) Damping analysis of the strain-stiffening unit in comparison with other structures by releasing an 1150 g weight and tracking the elongation
of each unit from the start of elongation until reaching the maximum elongation. The elongation-time curve (D) shows the damping time for each unit. E)
Distribution and dispersion of displacement of the units between frames, i.e. at each time point. The strain-stiffening unit demonstrates a more or less
constant displacement whereas in the unstructured unit, the displacement variation is higher suggesting sudden displacement at different time points.
The statistical analysis of dispersion was performed by applying Brown-Forsythe test on each pair of units (****: p < = 1.00e-04). (F) The trajectory of
this process can be traced in the figure.
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Though Yan et al. had received strain-stiffening effects through
modifying the matrix material, speed dependency was not dis-
cussed and an additional downside is the high-temperature de-
pendency of the strain-stiffening effect of the gels.[®] Tran et al.
presented gels where the thiol-containing monomers within
a poly(ethylene glycol)-acrylate backbone reversibly cross-link
upon deformation, causing reversible strain-stiffening of the
gel.1] The material stiffens from 150 kPa to 600 kPa in cyclic ten-
sion and compression tests. A large downside of this approach
is that the stiffening takes several hours. This makes the gels
unsuitable for applications where a speed-independent strain-
stiffening is desired.

To further investigate the mechanical characteristics of the
strain-stiffening units compared to other structures in a real-
istic scenario, we recorded a series of slow-motion videos of
three differently structured units while getting deformed by an
1150 g weight connected to them. As a result, the structured
units stretched until they reach a maximum elongation. By track-
ing the trajectory of the elongation (Figure 6F) for each unit,
we could estimate the damping period. As shown in Figure 6D,
the strain-stiffening unit has the longest damping period fol-
lowed by the unstructured unit, and the elongation curve is simi-
lar to that of the silicon block unit. The distribution of the dis-
placement vector at each time point between two consecutive
frames is significantly less dispersed compared to the unstruc-
tured unit (Figure 6E). It indicates a more constrained displace-
ment of strain-stiffening while exerting force on the material that
can be damped. Hence, the strain-stiffening unit can also be used
to tailor the damping of a free fall.

3. Conclusion

Metamaterials provide excellent opportunities to enable mechan-
ical responsivity. This work demonstrates an unconventional,
cell-inspired design for such a strain-stiffening metamaterial.
Our design and prototypes were mechanically characterized and
show that the strain-stiffening effect is tunable, fully reversible,
and speed independent. Importantly, the design of the structure
can easily be transferred to other elastic materials, as the mate-
rial matrix is completely unchanged by our approaches. Speed
independency is highly important, as it is an important feature
in applications, but is typically not found in strain-stiffening
materials, which often rely on fibrous networks. Hence, our
strain-stiffening metamaterial has broad application potential in
the fields of flexible electronics, skin supports and everywhere,
where a non-linear, tunable, two-stage mechanical soft response
is aimed at.

4. Experimental Section

Sample Preparation: The samples for the tensile tests were produced
from the silicone Elastosil RT625 (Wacker, Germany). Its two components,
A and B, were mixed in a 9:1 (w/w) ratio according to the manufacturer’s
instructions.[268] After degassing in a desiccator, the mixture was poured
into PLA molds that contained a negative of the final shape. The PLA
molds were designed using Autolnventor and printed using Raise3D Pro2
(Raise3D, USA). For a better grip during the tensile tests, T-shaped end-
ings were added to the protrusions. The molds with the pre-polymer mix-
ture were placed in a desiccator to remove trapped air. Then, they were
transferred to an oven and cured at 60 °C for one hour. The same geome-
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try of strain-stiffening unit (Table 1) with a slat length of 16 mm was used
for the unstructured samples, the arrangement studies, the speed varia-
tions tests, and damping experiment. The carbon nanofiber (CNF)-PDMS
composite shown in the Supporting Information was prepared by mixing
5 wt.% CNF (Sigma-Aldrich, Germany) with component A for 1 h at 500
rpm with a mechanical stirrer. The rest of preparation was as described
above for non-composite PDMS samples.

Tensile Test: The tensile tests were conducted using 2.5kN universal
tensile test machine (ZwickRoell, Germany). The setup was equipped with
a pneumatic grip (ZwickRoell, Germany). A load cell (Xforce T00N, Zwick-
Roell, Germany) was used to measure the forces. The tensile tests were
conducted with a speed of 10 mm min~! and up to a strain of maximum
60% in respect to the sample length at the start of the experiment if not
stated otherwise. For each test, three samples of the same geometry were
measured for 4 cycles. The first cycle was discarded as an initial slipping of
the sample in the clamps occurred. To present the results, the 3 curves per
sample were combined into one curve by an averaging algorithm in Origin
9.1 (OriginLab, USA) and the average and standard deviation were plotted.
The cyclic characterization was measured using the same setup used for
the tensile test. In order to knock out possible friction between slats dur-
ing sample elongation, ~500 pl of lubricant (ZELEC®, Merck, Germany)
was used between each neighboring slats.

The initial and final stiffness of the structures were calculated based on
the tensile data. Briefly, the slope of the linear regressions over the initial
and final regime was obtained in Python. The initial and final stiffness were
plotted as median and standard error (3 technical repeats).

Damping Test: The samples were fixed to a clamp at one end and to a
rope at the other end. A 1150 g weight was used to deform the structures
by pulling on the rope. The weight was released from 20 cm height to
exert a momentum to sample once the rope underwent tension. In order
to measure the damping behavior, the deformation was recorded at the
frame rate of 30 fps with an Apple iPhone. The unfixed ending was tracked
using images | software frame by frame and the elongation versus time
was recorded.

Statistics: The data exported from Zwick tensile test machine was pre-
sented as mean + SD, n = 3 using Origin 9.1. The mean values were cal-
culated using the Origin 9.1 mathematic analysis tool “average multiple
curves” and plotting the average and standard deviation.

Statistical analysis of dispersion was carried out using Python. To find
the significant difference between the elongation variances of the units
Brown-Forsythe test was applied on each pair of units (****: p < = 1.00e-
04).

Supporting Information

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