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ABSTRACT: Metamaterials show elaborate mechanical behavior
such as strain stiffening, which stems from their unit cell design.
However, the stiffening response is typically programmed in the
design step and cannot be adapted postmanufacturing. Here, we
show hydrogel metamaterials with highly programmable strain-
stiffening responses by exploiting the out-of-plane buckling of
integrated pH-switchable hydrogel actuators. The stiffening upon
reaching a certain extension stems from the initially buckled active
hydrogel beams. At low strain, the beams do not contribute to the
mechanical response under tension until they straighten with a
resulting step-function increase in stiffness. In the hydrogel
actuator design, the acrylic acid concentration hard-codes the
configuration of the metamaterial and range of possible stiffening
onsets, while the pH soft-codes the exact stiffening onset point after fabrication. The utilization of out-of-plane buckling to realize
subsequent stiffening without the need to deform the passive structure extends the application of hydrogel actuators in mechanical
metamaterials. Our concept of out-of-plane buckled active elements that stiffen only under tension enables strain-stiffening
metamaterials with high programmability before and after fabrication.
KEYWORDS: strain stiffening, out-of-plane buckling, highly entangled hydrogels, actuators, programmable metamaterials

1. INTRODUCTION
Biological tissues greatly stiffen under high external stress to
protect themselves from structural damage.1 Many polymer
networks possess a similar stiffening behavior, where polymer
chain coils initially uncoil under applied strain until reaching a
critical value. Thereafter, the initial compliant chain bending
transitions into chain stretching with a resulting stiffening.2,3

Generally, the network structure predefines the resulting J-
shaped stress−strain curves.4−9 Strain stiffening is an important
biological mechanism for self protection and gives inspiration
for synthetic materials to improve reliability and durability, and
avoid material failure.

Mechanical metamaterials are artificial materials with
unconventional mechanical behavior originating from their
internal architecture.10,11 Macroscopic responses to applied
forces such as negative Poisson’s ratio,12−14 shape matching,15

and shape morphing16 can be programmed by unit cell design.
Approaches for strain-stiffening metamaterials have focused on
harnessing self contact between metamaterial elements under
compression17 or the integration of structural elements that
show a transition from bending- to stretching-dominated under
tension.18 In these examples, the mechanical response is “hard-
coded” during metamaterial manufacturing. The initial design
defines the mechanical behavior without possibilities for an on-

demand change of shape and behavior after fabrication. To
overcome this limitation, metamaterials with active elements
allow “soft-coding”, that is, reprogramming of the architecture
and behavior after fabrication. The introduction of different
materials such as thermally programmable liquid crystal
polymers,19−22 shape memory polymers,23 stress-relaxing
polylactic acid filaments,24 and magnetic materials25−28 into
metamaterials has given rise to architectures capable of altering
their shape after fabrication.

Stimulus-responsive hydrogels represent an interesting
candidate for engineering the active components in meta-
material architectures due to their high programmability with
multiple stimulus responses. The active hydrogels act as
muscles triggering the deformation of the passive frame by
pushing, pulling,29 or bending.30−32 Simple swelling of
hydrogel metamaterials can influence the stress−strain
behavior due to global swelling or shrinkage of the entire
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architecture.33 However, swelling of hydrogel-based metama-
terials is almost inevitably accompanied by a change in size,
which does not allow their application when the total
dimensions have to be kept constant. Furthermore, simple
swelling and drying fall short of the advanced responsiveness
that can be coded chemically into responsive hydrogels.
Overall, stimulus-responsive hydrogels have rarely been
incorporated into metamaterial architectures due to the soft
and brittle nature of hydrogels. To improve mechanical

robustness, double network34−37 or highly entangled hydrogel
network38,39 approaches can be pursued. Furthermore,
stimulus-responsive double network hydrogels have been
developed40−42 yet not been introduced into soft-coded
metamaterials.

Here, we introduce a fully hydrogel-based metamaterial with
hard- and soft-coded strain-stiffening responses by implement-
ing pH-responsive active beams into a passive hydrogel frame.
Due to the different response for pH-gated swelling, the active

Figure 1. Schematic illustration of the hard- and soft-coded out-of-plane buckling of active struts in hydrogel metamaterials with resulting tunable
strain stiffening and the mold-templated sequential photopolymerization fabrication technique. (a) The active beams swell more than the passive
frame and buckle out of plane. Varying the acid amount hard-codes while the pH soft-codes the swelling of the active beam. (b) The out-of-plane
buckling of the active beams gives rise to strain-stiffening metamaterials, where the buckled active beams decrease their curvature with increasing
deformation. Upon reaching the onset of stiffening, the active beams fully straighten and contribute to the stiffness. (c) The hard- and soft-coded
buckling degrees define the onset of stiffening in the resulting force−displacement curves. (d) Metamaterial fabrication method of sequential
photopolymerization using PTFE molds.

Figure 2. Mechanical testing and actuation performance of the developed pH-responsive p(AA-co-AAm) and nonresponsive pAAm100 highly
entangled hydrogels. (a) The developed dual material hydrogel system consists of nonresponsive pAAm100 and responsive p(AA-co-AAm)
hydrogels. Polymerization at high monomer and low cross-linker concentration results in high concentration of entanglements that further stiffen
the hydrogels. (b) Tensile test of nonresponsive pAAm100 with varying [AAm] = 9 M − 5 M and [AAm]:[C] = 1000:1 after equilibration to α = 1.7
in 50 mM NaHCO3 buffer at pH 9. (c) Tensile tests of pH-responsive pAA100 with varying [AA] = 4 M − 11 M at [AA]:[C] = 1000:1 after
equilibration to α = 3 in 50 mM NaHCO3 buffer at pH 9. (d) Tensile tests of pH-responsive p(AA-co-AAm) hydrogels with varying [AA]:[AAm]
ratios at [AA + AAm] = 8 M and [AA]:[C] = 1000 after equilibration at pH 9 (50 mM NaHCO3) and pH 2 (50 mM citric acid). (e) Overview of
stiffness (obtained from indentation tests) versus actuation strain of varying p(AA-co-AAm) hydrogels with varying [AA]:[AAm] at [AA] = 4 M −
8 M. (f) For comparison, the stiffness versus actuation strain of varying pAA100 hydrogels with [AA] = 2 M − 4 M and [AA]:[C] = 25:1−300:1.
The data in (e,f) was derived from indentation tests (Figure S1).
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beams buckle out of plane while keeping the frame dimensions
unchanged. Upon metamaterial stretching, the buckled beams
initially do not contribute to the stiffness until the beams
straighten, which results in stepwise stiffening. The acid
content of the highly entangled hydrogel actuators hard-codes
the swelling range before fabrication, while the pH soft-codes
the swelling after fabrication. Since the swelling degree defines
the onset of the strain stiffening, the force−displacement
curves are hard- and soft-coded, as well.

2. RESULTS AND DISCUSSION
Our fully hydrogel-based strain-stiffening mechanical meta-
material consists of a rectangular, passive, non-pH-responsive,
and noncharged hydrogel frame (orange) with incorporated
active pH-responsive polyelectrolyte beams (yellow; colors
reflect the images below, Figure 1). Upon immersion of the as-
prepared metamaterials at high pH, the active beams buckle
out of plane almost immediately due to the higher swelling
compared with the frame. Varying the acid concentration in
the polyelectrolyte parts hard-codes the possible swelling
range, whereas adjustment of the pH soft-codes the swelling by
changing the charge density (Figure 1a). The active beams do
not contribute to the overall stiffness until they fully straighten
and gradually return to the metamaterial plane upon
metamaterial stretching (Figure 1b). The onset point, after
which the force−displacement curve stiffens stepwise, depends
on the swelling degree, allowing it to be hard-coded as well as
soft-coded (Figure 1c).

For the fabrication of the multimaterial metamaterials, we
desired a simple fabrication technique allowing for the
fabrication of each hydrogel material with a single component
and without tedious reinfiltration procedures as needed for
double network gels.34,36 To this end, we fabricated the
hydrogel metamaterials via sequential photopolymerization
using PTFE molds by first polymerizing the active beams,
followed by polymerizing the passive frame in a second step
(Figure 1d). The dual material hydrogel metamaterial consists
of two hydrogels, where the active beams are pH-responsive,
while the passive frame is nonresponsive. Before combining the
two materials into the metamaterial, the respective active and
passive hydrogels are optimized individually. To increase
mechanical robustness and crack resistance of the composite
hydrogel metamaterial, we used the concept of highly
entangled hydrogels, in which entanglements outnumber
covalent cross-links, allowing the realization of hydrogels
with high strength, toughness, and fatigue resistance.38,39 This
can be achieved by a polymerization at high monomer
concentration with a small amount of initiator and at a high
ratio of monomer to cross-linker (Figure 2a). For the passive
frame, we screened recipes for highly entangled polyacrylamide
(pAAm) as recently reported {[AAm] = 5 M − 9 M, initiator-
to-cross-linker ratio [I]:[C] = 0.4 (I = lithium phenyl-2,4,6,-
trimethylbenzoylphosphinate (LAP) initiator; C = N,N′-
methylenebisacrylamide)}.38,39 To maximize the hydrogel
stiffness, we opted for a cross-linking ratio of [AAm]:[C] =
1000:1. For the active beams, we developed completely new
poly(acrylic acid) (pAA) hydrogel actuators based on the same
concept ([AA] = 4 M − 11 M, [I]:[C] = 0.4:1, [AA]:[C] =
1000:1).

We first discuss the mechanical tensile properties of the
hydrogels (prepared in molds with 20 × 4 × 2 mm3) after
swelling to equilibrium at pH 9 and pH 2. A more than 1000-
fold volumetric excess of 50 mM NaHCO3 and 50 mM citric

acid buffers is used to ensure identical pH equilibration
independent of the employed acid concentration. The swelling
lengths at pH 9 and pH 2 allow calculation of the respective
1D swelling factors α = L/Lprepared and the pH-responsive
actuation strain εA = 1 − LpH2/LpH9. εA quantifies how much %
the hydrogel contracts from its fully swollen state during pH-
triggered actuation. To understand the mechanical property
space, we first synthesized pAAm100 (subscript indicates 100
mol % AAm) hydrogels at different total concentrations during
the synthesis, i.e., [AAm]. Equilibration of the as-prepared
hydrogels at pH 9 leads to a swelling factor α = 1.7. Tensile
tests reveal that the stiffness of the pAAm100 hydrogels
increases from 70 kPa to 318 kPa while the elongation at break
εB decreases from 119% to 43% when increasing [AAm] from
5 M to 9 M (Figure 2b). Like pAAm100, we synthesized
different pH-responsive pAA100 hydrogels. At pH 9, pAA100
equilibrates to a much higher swelling factor of α = 3. Tensile
tests of the swollen hydrogels show lower stiffnesses and lower
εB < 30% (Figure 2c) compared to pAAm100. The stiffness of
pAA100 increases from 14 kPa to 200 kPa, while the εB
decreases from 30% to 16% when increasing [AA] from 4 M
to 11 M. To reduce the swelling and further tune the hydrogel
properties, we partly substituted AA with AAm in hydrogels
prepared at 8 M to obtain p(AA-co-AAm) copolymer
hydrogels with [AA]:[AAm] varying from 10:90 to 40:60. At
pH 9, the stiffnesses reach around 125 kPa with the εB below
40% (Figure 2d, lower curves). At pH 2, the different p(AA-co-
AAm) hydrogels contract to swelling factors α between 1.3 and
1.5, which results in a doubling of the stiffness to 236 kPa and
εB up to 210% (Figure 2d, upper curves).

Furthermore, we calculated the pH-responsive actuation
strain εA = 1 − LpH2/LpH9 for different p(AA-co-AAm)
hydrogel compositions and conducted additional indentation
tests (Figure S1) to allow fair comparison between the highly
entangled hydrogels (Figure 2e) and brittle nonentangled gels
synthesized for comparison (Figure 2f). A comparison of the
stiffnesses in the swollen state with the pH-dependent
actuation strains εA allows for a comprehensive visualization
of the available property space (Figures 2e and S2). The
stiffness of pAA100 increases from 4 kPa to 33 kPa when
increasing the [AA] concentration during the synthesis from 4
M to 7 M, while the actuation strain εA remains constant
around 52% (red symbols in Figure 2e). The p(AA-co-AAm)
copolymer hydrogels with [AA]:[AAm] varying from 10:90 to
40:60 synthesized at a constant monomer concentration
(squares in Figure 2e) show a near constant stiffness of 70
kPa, but a reduction of the fraction of AA leads to a consistent
reduction in actuation strain εA from 54% to 32%. Like the
pAA100 hydrogel, when increasing the monomer concentration
during synthesis from 4 M to 7 M at constant AA content, e.g.,
p(AA20-co-AAm80), the stiffness increases from 10 kPa to 54
kPa, whereas the actuation strain εA remains constant around
43% (green symbols in Figure 2e). This means that the
stiffness can be engineered to different levels without affecting
the pH-responsive actuation behavior. This is useful in
applications where struts of different stiffness but same
actuation are required.

As a critical comparison, Figure 2f depicts data obtained for
the stiffness versus pH-responsive actuation strain in classical,
nonentangled hydrogels. In such tightly chemically cross-linked
hydrogels that recruit stiffness from chemical cross-links and
not from entanglements, pAA100 stiffness increases by
increasing the cross-linker concentration at low monomer
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concentrations. At high [AA]:[C] = 25:1 and [AA] = 4 M, the
stiffness reaches up to E = 1097 kPa with a low pH-responsive
actuation strain εA of 33% (Figure 2f). However, the obtained
hydrogel breaks into pieces during swelling due to its
brittleness. At a lower [AA]:[C] = 300:1, the stiffness
decreases 2 orders of magnitude and reaches 29 kPa and the
pH-responsive actuation strain εA increases to 62%. The same
coupling of stiffness and actuation appears for the pAA100
hydrogels at [AA] = 2 M, which reach similar actuation strain
εA values but lower stiffnesses.

From these data, it becomes clear that the actuation strain
and stiffness are strongly inversely correlated parameters in
classical gels and cannot be designed independently. In
contrast, for the highly entangled gels, the pH-responsive
actuation strain can be kept relatively constant, while the
stiffness can be increased by simply increasing the monomer
concentration. Additionally, the highly entangled gels reached
higher stiffness values without embrittlement.

Overall, highly entangled single network hydrogels prepared
from high monomer and low cross-linker concentration serve
as an ideal platform to overcome the stiffness−actuation trade-
off and allow independent variation of actuation strain and
stiffness of responsive p(AA-co-AAm) hydrogel networks. This
beneficial material property is of general relevance to
responsive hydrogel materials. For further metamaterial
studies, we selected the 5 M pAAm100 as frame material due
to the highest elongation at break and low stiffness and 8 M
p(AA-co-AAm) as active beam material due to higher stiffness
and elongation at break as compared to pAA100. Varying [AA]:
[AAm] from 10:90 to 40:60 allows hard coding of the active
beam swelling.

As a demonstration of how the developed p(AA-co-AAm)
gel system integrates into strain-stiffening hydrogel metama-
terials, we designed a metamaterial geometry with the tunable

out-of-plane buckling of active beams. The strain-stiffening
hydrogel metamaterial consists of three rectangular unit cells of
passive pAAm100 frame and active p(AA-co-AAm) beams
connected in series (Figure 3a). Varying the AA comonomer
ratio hard-codes the active beam length at a specific pH as a
function of the AA content, whereas the pH soft-codes this
length for each of them. The active beam expands more than
the surrounding frame due to its higher swelling factor, which
results in an immediate out-of-plane buckling.

As an example, we show the metamaterial soft coding at
varying pH values (Figure 3b). With increasing pH, the
buckled beam length increases. Note that the buckling
direction is defined by minuscule imperfections during
fabrication. However, the buckling direction does not affect
the hard-coding, soft-coding, or strain-stiffening behavior.
Qualitatively, the length of the buckled beam increases with
a higher pH or [AA]:[AAm] ratio (Movie S1). The swelling
mismatch can be quantitatively described with the swelling
difference β = αactive − αpassive, where αpassive is identical for all
pH levels (Figure 3c). Increasing the [AA]:[AAm] ratio from
10:90 to 40:60 tunes the swelling difference β from 0.4 to 1.0
at pH 9. The equilibration at decreasing pH decreases β. Below
pH 4.5, β is negative, meaning that the active beams become
smaller than the passive frame. This pulling on the frame is not
useful for the proposed strain-stiffening approach and is not
further pursued. The soft coding of the active beam length is
reversible and can be repeated with consistent intensity
through repeated pH fluctuations (Figure S3). In addition to
experiments, FE simulations predict and further verify the out-
of-plane buckling of the active beams, where experimentally
determined α and stiffness values serve as input (Figure 3d).
pH = 4.5 and high [AA]:[AAm] = 40:60 results in a buckled
beam length similar to that at pH 9 and low [AA]:[AAm] =
10:90.

Figure 3. Soft- and hard-coding the out-of-plane buckling of the active beams via variation of [AA]:[AAm] and pH. (a) The strain-stiffening
hydrogel metamaterial consists of three rectangular unit cells with 15 mm active beams. (b) Fabricated metamaterial with p(AA20-co-AAm80) (8 M;
[AA + AAm]:[C] = 1000:1) active beams and pAAm100 frame (5 M; [AAm]:[C] = 1000:1) at different pH. Scale bar 10 mm. (c) Experimental
data: β = αactive − αpassive quantifies the difference in swelling. At higher pH and higher [AA]:[AAm], the pAA100 hydrogels have a higher swelling
factor αactive, while αpassive is constant at 1.7. (d) Finite element (FE) simulation predicts the out-of-plane buckling from the swelling mismatch with
experimentally obtained α values. Changing the [AA]:[AAm] ratio from 40:60 to 10:90 hard-codes the extent of active beam swelling.
Furthermore, the equilibration at pH 4.5 to pH 9 soft-codes the buckling extent. Von Mises stress σmax

VM = 35 kPa. (e) Experimental data: The
hidden length Lhidden depends on β as Lhidden = L0 × β. At higher pH and higher [AA]:[AAm], Lhidden is greater due to the greater length of the
buckled active beam. (f) The Lhidden linearly depends on the β, independent of hard or soft coding. FE simulation verifies the relationship.
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The hidden length Lhidden = Lactive − Lpassive = L0 × β
describes the difference in length of the active and passive
beam in the metamaterial geometry and directly correlates with
the onset of stiffening. Changing the comonomer ratio or pH
tunes Lhidden from 0 mm to 15 mm, as summarized in Figure
3e. A comparison of the Lhidden to the β reveals its linear
dependence, irrespective of whether variation of pH or [AA]:
[AAm] ratio tunes the swelling (Figure 3f). The corresponding
FE simulations also capture this linear dependency.

After obtaining the means for programming by both hard-
and soft-coding the swelling behavior of the hydrogels
embedded into the passive frame, we experimentally assessed
the strain-stiffening behavior of the resulting metamaterials
under tensile deformation. Figure 4a exemplarily depicts the

tensile test of the metamaterial with [AA]:[AAm] = 20:80
active beams with β = 0.5 after equilibration at pH 6. (1)
Initially, the active beams buckle out-of-plane and possess a
hidden length corresponding to the current pH level and acid
comonomer ratio. (2) Under applied tensile deformation, the
passive frame stretches and the active beams gradually align
with the load direction without contributing to the stiffness.
(3) Upon reaching the onset of stiffening, the active beams
fully straighten and contribute to the stiffness. (4) Further
deformation stretches both the passive frame and active beams
together.

Figure 4b shows force−displacement curves for one
metamaterial specimen stretched three times in a row after
soft-coding under different pH. The metamaterial has an initial

Figure 4. Tensile tests of different hard- and soft-coded strain-stiffening metamaterials with the respective FE simulation and analytical description.
(a) Metamaterial from p(AA20-co-AAm80) (8 M; [AA + AAm]:[C] = 1000:1) active beams with pAAm100 frame (5 M; [AAm]:[C] = 1000:1)
under tensile deformation after equilibration at pH 6. The buckled active beams align under applied tensile deformation. At the onset of stiffening,
the beams align and contribute to stiffness. Scale bar 10 mm. (b) Force−displacement curves of one metamaterial geometry after three times
subsequently equilibrating and stretching to 40 mm displacement. (c) Hard-coding the [AA]:[AAm] ratio to 40:60 results in great variation in the
soft-coded onset of stiffening. (d) Hard-coding the [AA]:[AAm] ratio to 20:80 decreases the onset of stiffening. (e) Hard-coding the [AA]:[AAm]
ratio to 10:90 allows smaller soft-coded variation in the onset of stiffening. Numbers mark the different snapshots at the different displacements
from Figure 3a. (f) FE simulation using the experimental α from Figure 2d validates the experiments. σmax

VM = 35 kPa. (g) The resulting tensile curves
are similar to the experimentally observed curves. The proposed theoretical definition of the stepwise strain stiffening is in agreement with the FE
simulation.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.4c06610
ACS Appl. Mater. Interfaces 2024, 16, 38511−38519

38515

https://pubs.acs.org/doi/10.1021/acsami.4c06610?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c06610?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c06610?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c06610?fig=fig4&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c06610?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


length of L = L0 × αpassive = 87 mm after equilibration (Figure
S4). At pH 9, the central beam swells to β = 0.7 and buckles
out of plane, which means that initially, only the passive frame
contributes to the force response of the metamaterial. After 20
mm displacement, the active beam returns into the main plane,
which results in a stiffness increase by a factor of 4. After
unloading the specimen and equilibrating it at pH 6 (β = 0.5),
the subsequent loading demonstrates strain stiffening with the
onset shifted to 16 mm. Notably, the slopes of the force−
displacement curves remain almost identical with the first
loading. The third loading after equilibration at pH 4.5 (β =
0.1) shows a high initial stiffness with no further stiffening
since the length of both passive and active beams is almost the
same at this pH. Likewise, sequential equilibration of a
metamaterial at repeating high and low pH results in identical
force−displacement curves (Figure S5).

Furthermore, the acid amount hard-codes the range of
possible onset values. Figure 4c−e gives an overview of the
tensile tests of metamaterials with different hard-coded [AA]:
[AAm] ratios. For the metamaterial with [AA]:[AAm] = 40:60
active struts, the maximal achievable onset of the strain
stiffening is around 34 mm at pH 9 (Figure 4c). As seen for the
lower [AA]:[AAm] ratios 20:80 (Figure 4d) and 10:90 (Figure
4e), the maximal value of the observed onset decreases with a
decrease in [AA]:[AAm]. The tests on the stand-alone active
hydrogels proved the independent tunability of actuation strain
and Young’s modulus (see Figure 2b). In this example, the
slopes of the force−displacement curves are almost identical
because the employed active hydrogel beams with different
[AA]:[AAm] ratios possess similar stiffness values (see Figure
4c−e). The choice of hydrogel defines the system stiffnesses at
the initial (before stiffening) and final (after stiffening) stages
of tensile loading. Since the active beams do not contribute to
the mechanical response at the beginning stages of loading of
the metamaterial, the force−displacement curves stand in good
agreement with the passive frame metamaterial without active
beams. To summarize, the [AA]:[AAm] ratios define the range
of achievable onsets, while pH soft-codes the exact onset value.

Numerical and analytical models also capture the swelling
behavior of active beams and its effect on strain stiffening. For
FE simulations, we selected the active metamaterial with [AA]:
[AAm] = 20:80 and used the necessary swelling factor β versus
pH dependencies as well as Young’s moduli from experiments
on stand-alone active hydrogels in Figure 2. The simulations
consisted of two steps: swelling and stretching (Figure 4f).
Figure 4g shows the resulting force−displacement curves
obtained for different swelling factors β. The numerically
obtained curves show good agreement with the experimental
curves (Figure 4d,g). Like in experiments, the force−
displacement curves before stiffening match the force−
displacement curve obtained for the passive frame only, and
the poststiffening regimes have almost identical slopes. A
straightforward analytical model approximates the strain-
stiffening behavior observed in the experiments and FE
simulations. Since active and passive elements are placed in
parallel in the unit cells, the resulting stress can be expressed as
σtotal = 2σpassive + σactive × H[d − Lhidden (β)]. σpassive and σactive
correspond to stresses in the passive and active beams and H[d
− Lhidden (β)] is a Heaviside function that takes a value of 1
when the applied displacement is larger than Lhidden, which
depends on β. Assuming incompressible neo-Hookean models
for both passive and active materials with shear moduli of
μpassive and μactive correspondingly, the full expression for the

resulting stress is σtotal = 2μpassive [(1 + d/L) − (1 + d/L)−2]+
μactive {L−1 [L + d − Lhidden (β)] − L2 [L + d − Lhidden (β)]−2}
× H[d − Lhidden (β)]. The resulting dashed force−displace-
ment curves in Figure 4g show good agreement with the curves
obtained from FE simulations as well as with experimentally
observed curves (Figure 4d). Despite minor differences
between 3D numerical simulations and predictions of the
analytical model, the latter gives a good first estimate for
designing (hard-coding) metamaterials with tunable (soft-
coding) strain stiffening.

3. CONCLUSIONS
We have introduced a straightforward design of all-hydrogel
mechanical metamaterials with tunable strain stiffening
utilizing the out-of-plane buckling of beams made of active
hydrogels. The core concept relies on swollen, buckled beams
not contributing to the overall stiffness of the metamaterial
until the point when they fully return to the main plane of the
metamaterial. Following the idea of programmable metamate-
rials, we distinguish the hard coding and soft coding of the
resulting strain stiffening.

Furthermore, we showed that polymerizing networks with a
high number of entanglements from high monomer and low
cross-linker concentration serve as an ideal platform to obtain
single network hydrogels with independent tunability of
stiffness and actuation strain by variation of acid comonomer
ratio or monomer concentration. Implemented into active
beams, the swollen length depends on the hard-coded acid
comonomer ratio and the soft-coded pH variation. The length
of the active beams further defines the onset of strain stiffening
as they remain mechanically hidden in the buckled state. After
reaching the onset of stiffening, the beams aligned and
contributed to the overall stiffness. Experimentally and
numerically, we demonstrated the tunability of the stiffening
onset and determined that the stiffness before and after the
onset is almost identical for different comonomer ratios thanks
to disentanglement of the Young’s moduli and swelling state of
the developed hydrogels. The presented concept of hidden
active beams that are activated in tension-only mode is
expandable to more complex metamaterials as well as
tensegrity structures with the ability to change the mechanical
behavior on demand.

4. EXPERIMENTAL SECTION
4.1. Materials. N,N′-Methylenebisacrylamide 97% (Bis-AAm),

acrylamide (AAm), acrylic acid (AA), LAP ≥95%, citric acid ≥99.5%,
and sodium citrate dihydrate ≥99% were purchased from Sigma-
Aldrich. Sodium bicarbonate 99.5% was purchased from Fisher
Scientific. Acryloxyethyl thiocarbamoyl rhodamine B was purchased
from Polysciences, Inc. The AA monomer is passed through a short
column of acidic alumina prior to use to remove the present radical
inhibitor. All other chemicals are used as received without further
purification.
4.2. Hydrogel Photopolymerization. The hydrogel precursors

are prepared by dissolving AA and AAm monomer, Bis-AAm cross-
linker (C), and LAP photoinitiator in water. Acryloxyethyl
thiocarbamoyl rhodamine B is added to the hydrogel precursor
solutions to enhance the visual contrast. The hydrogels are
photopolymerized UV cross-linking (NailStar UV lamp 4 × 9 W
bulbs, λmax = 365 nm) for 60 s from precursors with varying [AA]:
[AAm]:[C] concentrations.

For the classical nonentangled pAA hydrogels, the monomer
concentration and monomer to cross-linker ratio [AA]:[C] are varied
while fixing the photoinitiator concentration at 0.1 wt %. The
hydrogel precursors for networks with high entanglement concen-
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trations are adapted from the reported synthesis of Nori. Here, the
monomer to cross-linker ratio [AA + AAm]:[C] is kept constant at
1000:1 (= 0.1 mol % cross-linker) and the photoinitiator
concentration is kept at [I]:[C] = 0.4:1.
4.3. Manufacturing of PTFE Molds. The hydrogel rods are

prepared in PTFE molds: 2D computer-aided design models are
milled into PTFE blocks (X × Y × Z = 60 × 30 × 10 mm3) using a
computer numerical control machine with a 1 mm diameter milling
tool.

Swelling and actuation studies: To determine the swelling sizes at
different pH, rectangular hydrogel rods (20 × 4 × 2 mm3) or hydrogel
disks (diameter = 15 mm, depth = 1.5 mm) are prepared from PTFE
molds. The swelling factor α = L/Lprepared is calculated from the
swollen and prepared size. The actuation strain εA = 1 − LpH2/LpH9 is
calculated from the swollen and contracted size. The swelling
difference β = αactive − αpassive is calculated from the swelling factors
of the active and passive hydrogels. The hidden length Lhidden = Lactive
− Lpassive = L0 × β is calculated from the initial length and swelling
difference. The initial length, L0 of the active strut, is 15 mm.
4.4. Sequential Photopolymerization of Hydrogels in

Geometries. The passive hydrogel precursor is prepared by
dissolving 5 M AAm monomer together with [AAm]:[C] = 1000:1
and [I]:[C] = 0.4:1 in water. The active hydrogel precursors are
prepared by dissolving AA and AAm at [AA + AAm] = 8 M together
with [AA + AAm]:[C] = 1000:1 and [I]:[C] = 0.4:1 in water. The
monomer concentration of 8 M is kept constant, while the molar
comonomer ratio [AA]:[AAm] is varied. We manufactured the strain-
stiffening metamaterial by sequential photopolymerization: First, the
active hydrogel precursor solution is filled into the mold then exposed
to 15 s of UV light. Afterward, the passive hydrogel precursor solution
is filled into the mold followed by UV cross-linking for 60 s. The
metamaterial of depth 1.5 mm has three unit cells with a length of 9
mm, active beams of 1.5 mm width, and passive beams of 1 mm
width. Figure S4 depicts all of the geometrical dimensions.

After photopolymerization, the geometry is immersed in 50 mM
buffer to equilibrate overnight. Buffers for different pH values were
prepared: 50 mM citric acid for pH 2; 23 mM sodium citrate
dihydrate and 27 mM citric acid for pH 4.5; 43.7 mM sodium citrate
dihydrate and 6.3 mM citric acid for pH 6.2; and 50 mM NaHCO3 for
pH 9.
4.5. Tensile Deformation Experiments. The force−displace-

ment curves of the individual hydrogels and metamaterials
equilibrated at different pH values are measured under tensile
deformation with a Shimadzu compact tabletop testing machine EZ
Test using a 5 N load cell and displacement rate of 1 mm s-1. The
hydrogels are always tensile tested after equilibration at different pH.
Tensile tests on single hydrogel rods are repeated 4 times, and the
standard error is calculated. The hydrogel rods and metamaterials are
superglued to a paper that is clamped to reduce preliminary
deformation of the hydrogel specimen.
4.6. Indentation Experiments. Because some nonentangled

hydrogels could not be tensile-tested due to their high brittleness and
breakage during swelling, additional indentation experiments are
conducted. To this end, an Anton Paar Modular Compact Rheometer
MCR 702 in compression mode with an 8 mm plate−plate geometry
(PP8) is used. Four hydrogel disks (prepared in PTFE mold with 15
mm diameter and 2 mm thickness) after equilibration are measured
for each composition. The hydrogels are compressed with a strain rate
of 1% per second. The gap size varied between 8.8 mm and 5.2 mm
depending on the equilibrated swelling size. The resulting force−
displacement curves are fitted with the structural mechanics module
of COMSOL Multiphysics 6.0 to extract Young’s moduli. To this end,
hydrogels of known stiffness values are compressed, and the resulting
force−displacement curve is correlated to obtain a fitting curve.
4.7. FE Simulation. To predict the out-of-plane buckling and

corresponding force−displacement curves, simulations are conducted
using the structural mechanics module of COMSOL Multiphysics 6.0.
The neo-Hookean material model with a hydrogel bulk Poisson’s ratio
of ν = 0.45 and the respective Young’s moduli after equilibration
(μactive = 540 kPa, μpassive = 54 kPa) is employed. Half of a single unit

cell is constructed and combined with a symmetry boundary
condition. A rigid body suppression is applied on all domains.

Experimentally determined swelling factors α are used as an input.
In the first step, the active beam swelling is predicted by thermal
expansion using experimental values as input while both sides on the
unit cell are constrained in the x-, y-, and z-direction. Because the
active beams swell more than their surrounding frame, an insignificant
gravity body force is applied in the z-axis to allow the active beams to
buckle out of plane. In the second step, displacement is applied in the
x-direction on one side of the unit cell while constraining the y- and z-
direction. To account for the change in the cross section of the active
beam after swelling, the Young’s modulus is normalized accordingly.
The x-component of the total reaction force required for displace-
ment is probed.
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