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Programmable Auxeticity in Hydrogel Metamaterials via

Shape-Morphing Unit Cells

Oliver Skarsetz, Viacheslav Slesarenko,* and Andreas Walther*

Mechanical metamaterials recruit unique mechanical behavior that is
unavailable in bulk materials from a periodic unit cell structure with a specific
geometry. However, such metamaterials can typically not be reconfigured
once manufactured. Herein, the authors introduce shape morphing of a
hydrogel metamaterial via spatio-selective integration of responsive actuating
elements to reconfigure the mesoscale unit cell geometry to reach
programmable auxeticity on the macroscale. Via thermal control, the unit cell
angle of a honeycomb structure can be precisely programmed from 68° to
107°. This results in negative, zero, or positive Poisson’s ratio under applied
tensile strain. The geometrical reconfiguration with resulting programmable
auxeticity is predicted and verified by finite element (FE) simulation. This
concept of shape-morphing hydrogel metamaterials via the addition of
actuating struts into otherwise passive architectures offers a new strategy for
reconfigurable metamaterials and extends applications of hydrogels in
general. It can be readily extended to other architectures and may find
applications in mechanical computing as well as soft robotics.

1. Introduction

Mechanical metamaterials are artificial materials that obtain un-
precedent responses to mechanical forces due to their specifi-
cally designed, usually periodic, architectures. Properties such as
ultrahigh stiffness,? negative swelling,>-*! and negative Pois-
son’s ratiol*! have been shown to be achievable through rational
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structural design. Previous studies have
shown that the sign and magnitude of Pois-
son’s ratio can be programmed via geomet-
rical parameters (e.g., angle) of the unit
cell.1-12] Negative Poisson’s ratio is ob-
tained with a re-entrant unit cell structure
with an angle lower than 90°, where re-
entrant struts open up during tensile de-
formation. This behavior is inverted for an-
gles greater than 90°, resulting in a positive
Poisson’s ratio where the struts come to-
gether during tensile deformation. Most of
these carefully designed architectured ma-
terials consist of a single material which
however imprints the final mechanical be-
havior. Structural reprogramming of me-
chanical behavior post manufacturing has
been achieved through tensile or compres-
sive deformation above T, with subsequent
fixation of the internal architecture.!'3-15

Inspiration for reconfigurable metama-
terials can be drawn from the field of
soft robotics. Soft robotic systems typically
contain responsive elements that respond to external stimuli
such as heat, 111 pH,[20-22] 1ight,[23-%] or magnetic fields.[26-28]
To achieve reversible and nonisotropic actuation from isotropic
stimuli, responsive, and nonresponsive materials have to be as-
sembled with an asymmetry.?>3° For instance, bilayers com-
posed of responsive and nonresponsive components show bend-
ing or twisting motion and are often used in soft robotics.31=]
Encoding such layers into metamaterial architectures allowed to
realize tunable stress—strain curves,®! and self-folding kirigami
machines that are able to grip and crawl.*®] Besides, reconfigu-
ration of metamaterials was achieved by releasing stress stored in
filaments during metamaterial 3D printing.[*”! However, such a
shape reconfiguration with change in Poisson’s ratio is unidirec-
tional and nonreversible. Notably, switchable auxetic bulk mate-
rials have been fabricated through direct ink writing of function-
ally graded liquid crystal elastomers (LCE). Through distribution
of actuating with nonactuating LCE struts to form a continuous
unit cell lattice, the Poisson’s ratio of the printed structure under
tensile deformation could be switched from negative to positive
when the surrounding temperature was increased from room
temperature to 100 °C.3¥! However, general rules in the struc-
tural design of auxetic metamaterials to achieve an inversion in
Poisson’s ratio are not deduced and further insights on the angle-
dependence of Poisson’s ratio were not discussed, and remain to
be elucidated.

Here, we introduce a fully hydrogel-based approach for
shape-morphing mechanical metamaterials by combining

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Mold-Templated Sequential Photopolymerization
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Scheme 1. Schematic illustration of mold-templated sequential photopolymerization and the resulting shape-morphing and nonshape-morphing archi-
tecture at different thermal equilibria. The unit cell structure is actuated from conventional honeycomb to re-entrant auxetic structure with change in
unit cell angle resulting in an inversion of Poisson’s ratio. In contrast, the non-shape-morphing architecture consisting of a single active material keeps
its unit cell structure at different thermal equilibria. The unit cell angle and resulting Poisson’s ratio remain constant while the whole structure scales

isotropically.

thermoresponsive actuating hydrogel struts with an otherwise
passive re-entrant unit cell structure that forms a continuous
lattice of one material. The actuators exhibit forces onto their
elastic surrounding, and hence change the unit cell angle. The
use of passive and active hydrogels is critical as the sole use
of active materials in the whole geometry would just lead to
an isotropic shrinkage with a constant unit cell angle. We will
show how the honeycomb structure with angle larger than 90°
can be reconfigured into a re-entrant honeycomb structure with
angle smaller than 90°, and that intermediate angles can be
programmed through careful thermal control. Furthermore, this
architectural shape morphing results in different responses to
applied mechanical forces, that is, the resulting Poisson’s ratio
can be tuned from negative over zero to positive values through
postfabrication alteration of the structural angle.

2. Results and Discussion

In more detail, our soft shape-morphing architecture is
composed of two different hydrogels. A passive (i.e., non-
thermoresponsive) hydrogel that forms a continuous lattice is
combined with active (i.e., thermoresponsive) hydrogel connec-
tors that serve as actuating struts. The passive hydrogel main-
tains constant volume while the swelling of the active hydrogel
can be altered by temperature. These active hydrogel actuating
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struts are incorporated into a re-entrant honeycomb architecture
with a starting angle of 75° (Scheme 1).

The hydrogels were fabricated via sequential photopolymer-
ization using PTFE molds by first polymerizing the active struts,
followed by polymerization of the passive part. The connection
points of active struts with passive architecture are predefined in
the mold (Scheme 1). During the sequential photopolymeriza-
tion, the precursor solution for the passive hydrogels diffuses to
some extent into the already polymerized active struts, resulting
in good cohesion between the active and passive parts. These
tight connections allow the shape-morphing architecture to be
repeatedly actuated and repeatedly deformed without structural
rupture. To increase overall mechanical robustness and crack
resistance of the composite metamaterial hydrogels, we opted
for a double network structure with Ca%*-crosslinked alginate
(1.56 wt%) in both active struts and passive architecture. This
means that the photo-crosslinked structures were subsequently
crosslinked in a 0.2 M CaCl, solution. The nonresponsive, pas-
sive hydrogel is composed of nonresponsive acrylamide (AAm)
loosely crosslinked with 0.03 mol% N-N'-methylene bisacry-
lamide (Bis-AAm) (Figure 1a). AAm is selected as a monomer for
the passive hydrogel due to its nonresponsiveness, and because
it keeps its size after preparation without additional swelling.
The responsive, active hydrogel parts consist of a copolymer of
triethylene glycol methyl ether acrylate (mTEGA), diethylene

2201867 (2 O‘FS) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 1. Characterization of the dual material double network hydrogel system and the shape-morphing architecture. a) The active double network
hydrogel consists of thermoresponsive poly(mTEGAgy-.,-eDEGA,q) loosely crosslinked with 0.03 mol% Bis-AAm, together with 1.56 wt% of alginate
ionically crosslinked with 0.2 m CaCl,. The passive double network hydrogel consists of nonresponsive acrylamide loosely crosslinked with 0.03 mol%
Bis-AAm, together with 1.56 wt% of alginate ionically crosslinked with 0.2 m CaCl,. b) The SF of the reference rod-like active and passive hydrogel
specimens after equilibration in water at different temperatures. c) Actuation of the active and passive hydrogels: Hydrogels swollen to equilibrium at
room temperature are exposed to water at 60 °C while the length SF| = L/Ly,, is measured over time. After 5 h, the high temperature stimulus is removed.
The active hydrogel shows time-dependent contraction at high temperature and reswelling at low temperature. d) Scheme of the shape-morphing
hydrogel metamaterial geometry with the respective active and passive hydrogel with a synthesized angle of 75°. e) The respective shape-morphing
structure after equilibrating at different temperatures: The structural angle is 107°, 90°, and 68° at 25, 42, and 60 °C, respectively. f) The structural angle
is determined for the shape-morphing and passive non-shape-morphing geometry after equilibration at different temperatures. g) The structural unit

cell angle of the shape-morphing geometry against the SF, of the reference rod-like active specimen in comparison to the FE simulations.

glycol ethyl ether acrylate (eDEGA), and Bis-AAm crosslinker
with the following molar ratios (mMTEGA:eDEGA:Bis-AAm =
60:40:0.03). This copolymer composition was selected due to the
tunability of the solubility-to-insolubility transition; here with a
cloud point of 47 °C.13%) Beneficially, a higher SF, compared to
the commonly used poly(N-isopropylacrylamide) can be achieved
too (Figure S2a, Supporting Information). The double network
hydrogels possess Young’s moduli of E, . = 7.5 kPa and E,, .
=75 kPa after preparation, respectively (Figure S3a, Supporting
Information).

After fabrication, the composite hydrogels are placed into
water to allow for equilibrium swelling, which is material-
dependent and hence different for both active and passive gel
parts. During swelling at room temperature, the angle reconfig-
ures from 75° of the mold to 107° in water. This can be under-
stood by comparing to swelling tests conducted on individual
gel rods (not attached to any geometry) of both materials. The
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swelling factor of freely swollen versus fully dry, SF; = L/Ly,, (L
= length), of an active reference gel is SF| , ;. = 2.26, while that
of a passive one is SF; . = 1.52 at room temperature, respec-
tively. The initial swelling ratio for both after preparation in the
mold is SF; ,epaed = 1.48. Hence a material-selective swelling
takes place reconfiguring the angle of the molded structure to
the freely water swollen structure.

When slowly increasing the temperature in 4 °C increments
with subsequent two-hour equilibration, the freely swollen ref-
erence active hydrogel specimen decreases in size from SF, =
2.26 at room temperature to SF; = 1.04 at 60 °C (Figure 1b). This
very low SF, corresponds to an almost complete removal of water
from the hydrogel. The strongest decrease occurs around the vol-
ume phase transition temperature (VPTT) of & 47 °C. In contrast,
the freely swollen reference passive hydrogel specimen remains
at constant size of SF; = 1.5. Furthermore, when the active hy-
drogels are directly placed into a 60 °C water bath, a similar, total
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deswelling (i.e., collapse) to SF; = 1.09 with an actuation time of
~ 27 min takes place, while reswelling at room temperature takes
place over 18 h (Figure 1c).

These differences in the temperature-dependent volume
transitions of both hydrogels trigger shape morphing of the
composite hydrogel unit cell when changing the temperature
(Figure 1d). An increase of the temperature from room tem-
perature to 42 °C changes the initial angle of 105° to 90°, while
equilibration at 60 °C leads to an angle of 68° (Figure 1le,f).
A comparison of the change in structural angle of the shape-
morphing metamaterial hydrogel with the collapse of a small
rod-like reference specimen of pure active material (from Fig-
ure 1b,f) reveals a direct correlation of the hydrogel collapse
with the geometrical reconfiguration of the unit cell (Figure 1g).
Corresponding finite element (FE) simulations, which use the
experimentally determined Young’s moduli at 25 °C and SF;
of active and passive material as input (see FE simulations in
the Supporting Information), further confirm this linear trend:
An increase in active strut size leads to an increase in unit cell
angle. In contrast, the angle of a non-shape-morphing reference
specimen, which was fabricated using only the active or passive
hydrogel, remains constant at the synthesis angle of around 75°
after equilibration at 25-60 °C (Figure 1f; Figure S4, Supporting
Information). This data clearly shows that specific temperatures
can reconfigure the unit cell angle from significantly larger than
90° to significantly smaller than 90° in a programmable manner
after manufacturing of the metamaterials.

For the reconfiguration of the angle to work, it is important to
realize that the active hydrogel struts in fact work as small actu-
ating muscles on the passive gel lattice. Although this intuitively
requires balanced mechanical properties, details on the influence
of a mismatch of the mechanical properties are unknown. To ad-
dress this challenge, we next rationalize the extent of shape mor-
phing of the angle during simulated swelling and collapse using
FE simulations for different material stiffnesses (Young’s mod-
uli) of active and passive materials. To this end, we used experi-
mental swelling data of the active material at room temperature
and 60 °C as an input for the simulated swelling (Figure 2). The
starting angle and geometrical dimensions were set to match the
experiment. The Young’s moduli were varied from 100 to 1 MPa (
= 10° Pa) to cover a material range from extremely soft hydrogels
to rubber-like materials.

Figure 2a—c depicts three examples for extreme combinations
of moduli. The color scale corresponds to von Mises stress, which
represents the entire stress tensor as a single value at any point
in the geometry. Generally speaking, this can be treated as a mea-
sure of stress intensity. (a) For very soft active struts (100 Pa) and
a stiff passive architecture (1 MPa), the structural angle remains
constant at 75°, no matter whether the active part is collapsed
or swollen. This can be rationalized by simply considering that
the soft hydrogel cannot deform a much stiffer passive grid (Fig-
ure 2a). (b) For equal Young’s moduli of active struts and pas-
sive architecture, the resulting angle increases to 105° when fully
swollen and decreases to 57° when fully collapsed (Figure 2b).
Note that the active and passive hydrogels possess a Young’s mod-
uli ratio of E, e/ Epassive = 0-1 (Figure S3a, Supporting Informa-
tion). (c) For stiff active struts (1 MPa) and a very soft passive lat-
tice (100 Pa), the structural angle reaches 90° when fully swollen
and decreases to 62° when fully contracted (Figure 2c). Further-
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more, the resulting maximum von Mises stress is also greatest
with equal Young’s moduli (¢"M, ., = 40 kPa) compared to the
stiff (6"™,,.x = 0.12 kPa) or very soft active struts (¢¥™ .. = 1 kPa),
which further proves that greatest shape morphing is achieved
when active and passive materials align mechanically, and syner-
gistically allow the transfer of forces during swelling.

To further quantify the behavior, Figure 2d,e displays the con-
tour plots of the angle in swollen and collapsed state, respec-
tively. The largest angle in swelling conditions is found where
Eyctive ® Epassiver @5 seen by the red diagonal (Figure 2d). The re-
spective contour plot of the angle in collapsed state follows the
same trend. The minimum angle in collapsed state is also found
where E, . & Epqver a5 seen by the blue diagonal (Figure 2e).
To closer evaluate this feature, Figure 2f displays the magni-
tude of possible reconfiguration of the unit cell angle in swollen
and collapsed condition against the ratio of both Young’s mod-
uli E, e/ Epassive- Both angles in swollen and collapsed state are
constant at a Young’s moduli ratio E,./Epusive < 107°, which
corresponds to soft actuating struts in a stiff unit cell lattice. The
maximum changes are reached around E, . & Ej e A Max-
imum angle of 105° in swollen state and a minimum angle of
57° in collapsed state is found. A further increase in the Young’s
moduli ratio towards softer passive structures and stiffer active
materials results in a decrease in the maximum angle in swollen
conditions (90°), which then plateaus above E, ./ Epsssive > 10°.
The respective minimum angle in collapsed state also reaches a
plateau at 60° above E, ./ Epsgive > 10

Next, we capitalize on the reprogrammability of the unit cell
angle and measure the Poisson’s ratio of the shape-morphing
metamaterial hydrogel under tensile deformation at different
swelling equilibria as obtained from equilibrating at different
temperatures. We first focus on three representative experimen-
tal situations at an extension of e, = 10%, to which the shape-
morphing architecture can be stretched in all three swelling equi-
libria without structural rupture (Figure S5a, Supporting Infor-
mation). When equilibrated at room temperature (25 °C), the
metamaterial hydrogel features a unit cell angle of 107°, and
consequently shows a positive Poisson’s ratio of v = 0.5 during
stretching (Figure 3a). The material diminishes its width in the
nonstretched directions, as indicated by the dashed lines in Fig-
ure 3a. However, after equilibration at 42 °C, the unit cell angle
reconfigures to 90°, and accordingly a Poisson’s ratio around zero
is obtained (Figure 3b). Lastly, after equilibration at 60 °C an an-
gle of 68° is found, that now leads to a negative Poisson’s ratio of
v = —1 (Figure 3c). The lateral dimensions clearly expand during
stretching as again indicated by the dashed lines in Figure 3c.

Additional FE simulations confirm the reprogrammability
of Poisson’s ratio. A positive Poisson’s ratio of v = 0.5 at e, =
10% is found for SF; .. = 2.26 (low temperature; Figure 3d).
Furthermore, after collapsing to SF, .. = 1.67, a Poisson’s
ratio of v = 0 is obtained (intermediate temperature; Figure 3e).
Lastly, a further collapse to SF; ., = 1.04 results in a negative
Poisson’s ratio around v = —1 (high temperature; Figure 3f). To
further quantify the dependence of the Poisson’s ratio at differ-
ent temperature/swelling equilibria/angles, Figure 3g compares
the Poisson’s ratio at e, = 10% for both experiments and simu-
lations. Both show the same trend. The experimentally obtained
Poisson’s ratios show a transition from negative to positive and
a maximum of v = 0.7 is obtained at 105°, which subsequently
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Figure 2. FE simulations of the shape-morphing architecture. The active struts of the shape-morphing architecture are fully swollen (SF_ = L/Lg, =
2.26), partly swollen (SF, = 1.85) and contracted (SF, = 1.04) with experimentally obtained SF, . Resulting geometries after swelling to three equilibria
are depicted. Maximum von Mises stress 6¥M,, . = 40 kPa. a) The active hydrogel is very soft (100 Pa) while the passive architecture is stiff (1 MPa).
All structures have a unit cell angle of 75°. b) The active hydrogel has the same stiffness (75 kPa) as the passive architecture. The obtained structures
have a unit cell angle of 105°, 90°, and 57° in the swollen, partly swollen, and contracted state. c) The active hydrogel has a high stiffness (1 MPa) while
the passive is soft (100 Pa). The obtained structures have unit cell angles of 93°, 86°, and 62° in the swollen, partly swollen, and contracted state. d)
Contour plot of the angle in swelling equilibrium (SF, = 2.26) at different Young’s moduli of active struts and passive architecture. e) Contour plot of
the angle in contraction equilibrium (SF_ = 1.04) at different Young’s moduli of active struts and passive architecture. f) Maximum (SF_ = 2.26) and
minimum (SF_ = 1.04) swelling angle for different Young’s moduli ratio E, . /E, The window of experimentally employed Young’s moduli ratio is
highlighted in green.

passive*

decreases to v = 0.4 at 115°. The downturn at high unit cell an-
gles may possibly be due to appearance of a bending-dominated
deformation in the active struts after large swelling. The
experimentally determined and simulated angles for the Pois-
son’s ratios show a minor offset of ~10°, which we associate to

Adv. Sci. 2022, 9, 2201867

some unavoidable challenges in modeling the exact mechan-
ical behavior of the polymers that is a function of tempera-
ture. Further simulations with different Young’s moduli ratio
E, ctive/ Epassive ar€ shown in Figure S5b in the Supporting Informa-
tion. As a control experiment, the Poisson’s ratio of a non-shape-
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Shape-Morphing Architecture under Tensile Deformation
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Figure 3. Poisson’s ratio of the dual material geometry under room temperature tensile deformation at different swelling equilibria. The shape-morphing
architecture swollen to equilibrium a) at 25 °C shows positive, b) at 42 °C shows zero, and c) at 60 °C shows negative Poisson’s ratio at an extension of
€, = 10%. FE simulations of the actuation and subsequent deformation of the shape-morphing geometry at the swelling equilibria corresponding to 25,
42, and 60 °C. d) The swollen (SF ,e = 2.26) geometry shows positive, e) partly swollen (SF| e = 1.67) geometry shows zero, and f) contracted
(SFL, active = 1.04) geometry shows negative Poisson’s ratio at €, = 10 %. ¢"M =45 kPa. g) Experimental and simulated Poisson’s ratios at ¢, = 10%
versus angle at different equilibrated angles. Specimens depicted in (a)—(c) are indicated next to additional temperatures not shown in (a)—(c). 6¥M,,..
=45 kPa. h) Single material geometry with corresponding FE simulation swollen to equilibrium at 25 °Cis stretched. In both simulation and experiment,
the Poisson’s ratio is determined from the change in lateral dimension under tensile deformation in relation to the vertical dimension of the unit cell in

the center (see determination of the unit cell angle and Poisson’s ratio in the Supporting Information).

morphing geometry was determined under tensile deformation
at different temperatures (Figure S6a, Supporting Information).
The Poisson’s ratio remains constant around v = 0.5 after
equilibration at 25 °C (Figure 3h; SF; 4. = 1.52) as well
as at 60 °C (SF; ... = 1.44). FE simulations (Figure 3h;
SFi passive = 1.52) confirm that the positive Poisson’s ratio
remains unchanged.

3. Conclusion

In summary, we introduced the shape morphing of hydrogel
metamaterials, in which active actuating struts incorporated into
an otherwise passive re-entrant auxetic structure give structural
control over the unit cell angle after manufacturing and in re-
sponse to external stimulus. The re-entrant auxetic structure can

Adv. Sci. 2022, 9, 2201867

be thermally actuated from 68°-unit cell angle to 107° resulting in
a honeycomb like structure which also results in the inversion of
Poisson’s ratio (—/0/+) under applied tensile strains. The fabrica-
tion of a single shape-morphing specimen that can be reversibly
actuated to achieve switchable auxeticity from positive, zero, or
negative values removes the need to manufacture three individ-
ual geometries for each desired Poisson’s ratio, and opens path-
ways for adaptive mechanical metamaterials with a reversible be-
havior. Our shape-morphing geometry shows great system con-
trol since temperature defines actuation size which results in spe-
cific structural angles further determining the Poisson’s ratio. We
showed how FE simulations predict the shape morphing of the
re-entrant unit cell structure as well as the Poisson’s ratio under
tensile deformation. Importantly, we showed how the Young’s
moduli of active and passive material need to be balanced to allow

2201867 (6 of 8)  © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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for large reconfiguration. The shape morphing is greatest around
Eactive ~ Epassive’

Experimentally, we also introduced a new manufacturing strat-
egy for the preparation of shape-morphing composite hydro-
gel metamaterials with high structural resolution via mold-
templated sequential photopolymerization, and showed that me-
chanical properties can be critically enhanced using double net-
work strategies compatible with responsive polymers. Further-
more, our strategy of mold-assisted sequential photopolymeriza-
tion to fabricate shape-morphing hydrogel metamaterials is not
limited to two materials or temperature as stimulus. In princi-
ple, any number of active and passive hydrogel material can be
combined into one geometry with spatial control. Therefore, our
strategy can be readily extended to other architectures and hydro-
gels responding to multiple orthogonal environmental stimuli.
This opens up a considerable design space for shape-morphing
hydrogel metamaterials.

Looking at possible applications, stimuli-responsive hydrogels
have been proven to be important in various applications such
as soft robotics, tissue engineering and as soft implant materials
due to their high compliance and programmability. The use of
shape-morphing hydrogels expands the range of kinematic mo-
tions in which geometrical reconfiguration can be harnessed for
softimplant materials, whose size and mechanical properties can
be programmed after deployment.

Supporting Information

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