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Hydrogels offer tissue-like compliance, stretchability, fracture toughness, ionic conductivity and compatibility with biological
tissues. However, their electrical conductivity (<100 S cm™") is inadequate for digital circuits and applications in bioelectronics.
Furthermore, efforts to increase conductivity by using hydrogel composites with conductive fillers have led to compromises
in compliance and deformability. Here, we report a hydrogel composite that has a high electrical conductivity (>350Scm")
and is capable of delivering direct current while maintaining soft compliance (Young's modulus <10 kPa) and deformability.
Micrometre-sized silver flakes are suspended in a polyacrylamide-alginate hydrogel matrix and, after going through a partial
dehydration process, the flakes form percolating networks that are electrically conductive and robust to mechanical deforma-
tions. To illustrate the capabilities of our silver-hydrogel composite, we use the material in a stingray-inspired swimmer and a

neuromuscular electrical stimulation electrode.

match the compliance of biological tissue are important in
the development of wearable computing'?, soft sensors™* and
actuators’, energy storage/generation devices®” and stretchable dis-
plays®’. A variety of material architectures have been used to cre-
ate soft and stretchable electronics, including deterministic (such
as wavy or serpentine) structures'®", soft microfluidic channels'>"
and conductive composites or polymers'*~'°. However, these con-
ductive materials have intrinsic limitations, such as relatively high
Young’s modulus (3>1 MPa in some cases) or limited deformability,
and are not ideally suited for applications related to bioelectronic
systems (such as those that require interfacing with biological tis-
sues). Recently, researchers have demonstrated conductive elasto-
mers with enhanced stretchability and compliance by incorporating
microdroplets of liquid metal alloys such as eutectic gallium indium
(EGaln)'”*%. In particular, a highly stretchable and conductive poly-
mer composite has been developed using silver and EGaln parti-
cles embedded in an ethylene vinyl acetate copolymer'®. Although
EGaln-based polymer composites exhibit an encouraging combina-
tion of high conductivity, stretchability and compliance, they require
a large volume fraction of metallic filler and their Young’s modulus
(~0.1-1 MPa) is greater than the modulus of soft gels and biological
materials (roughly 1-10kPa), such as adipose (body fat) tissue®.
Hydrogels are a promising candidate for soft electronics since they
have similar mechanical properties to a range of biological materials
and soft tissues??!, including epidermal skin?, brain®, spinal cord*
and cardiac tissue”. Recent research has highlighted various aspects
of hydrogels, including high fracture toughness, tissue-like Young’s
modulus (<10*kPa), high water content (>75%), ionic conductiv-
ity, bioactivity and biocompatibility’*°. These properties enable
unique applications in bioelectronics®” and soft robotics®, including
soft-matter sensors”” and actuators®. However, hydrogels have an
intrinsic ionic conductivity (107° to 107! Scm™; refs. *'~*) that is six
to nine orders of magnitude lower than the conductivity of metals,
and is inadequate for digital and power electronics™.

Soft electronics that exhibit high electrical conductivity and

To improve their electrical properties, hydrogel matrices have
been filled with conductive materials such as metallic fillers (for
example, nanowires or micro/nanoparticles)”*~*, carbon-based
conductive materials (carbon nanotubes or graphene)**
and intrinsically conducting polymers (for example, poly(3,
4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) or
polyaniline)*****2. These composites demonstrate the potential for
engineering hydrogels that are both electrically conductive (~10~°-
10'Scm™) and have tissue-like mechanical compliance. However,
there is a trade-off between improved electrical conductivity and
lowered compliance and deformability in these conductive hydrogel
composites. For example, a pure PEDOT:PSS hydrogel** has been
developed with electrical conductivity of 40 Scm™ but high Young’s
modulus (~2MPa) and low maximum strain limit (<35% strain),
while a soft graphene hydrogel* has been synthesized with favour-
able mechanical properties (Young’s modulus of 50kPa) but low
electrical conductivity (~10™*Scm™).

In this Article, we report an electrically conductive hydrogel
composite that has high electrical conductivity (374Scm™), a low
Young’s modulus (<10kPa) matching that of soft biomaterials, such
as adipose tissue'’, and high stretchability (250% strain). We use a
polyacrylamide (PAAm)-alginate hydrogel that is embedded with
a low concentration of silver (Ag) flakes. Electrical conductivity
is created via a partial dehydration process™ in which a moder-
ate portion of water is removed to induce percolation and create
electrically conductive pathways (Fig. 1a,b). Because the composite
has a low concentration of metallic filler, it exhibits only modest
hysteresis between loading and unloading cycles. The Ag-hydrogel
composite’s high conductivity, low Young’s modulus, high electri-
cal stability and high stretchability make it a suitable material for
applications in soft robotics, bioelectronics and wearable electron-
ics (Fig. 1c, Supplementary Fig. 1 and Supplementary Table 1). We
demonstrate the potential applications of this soft conductor by
using it in a light-emitting diode circuit that shows high mechanical
compliance (Fig. 1d and Supplementary Fig. 2), a stingray-inspired
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Fig. 1| Soft, stretchable and electrically conductive hydrogel composite. a, Composition and synthesis of the conductive hydrogel composite composed
of micrometre-scale Ag flakes and PAAm-alginate hydrogel (Ag-hydrogel composite). b, Conductivity of the Ag-hydrogel composite and micrographs
of the composite before and after the controlled partial dehydration process. The error bars are the s.d. for N=3 samples. ¢, An Ashby-style plot
comparing conductivity and compliance of the Ag-hydrogel composite with those of other soft conductors (data points are from references mentioned
in Supplementary Fig. 1 and Supplementary Table 1). d, Undeformed, stretched and folded circuitry made of the stencil-printed Ag-hydrogel composite to
power a light-emitting diode (LED) lamp (Supplementary Fig. 2 and Supplementary Video 1).

soft swimmer where the shape-memory alloy (SMA) muscle is actu-
ated with power transmitted through the conductive hydrogel com-
posite, and a neuromuscular electrical stimulation electrode that
can deliver high-frequency electrical signals generated by a com-
mercial stimulator.

Ag-hydrogel composite

The highly conductive hydrogel composite was fabricated by con-
trolling the assembly and percolation of Ag flakes within a PAAm-
alginate hydrogel matrix. Ag flakes were utilized since silver has
high electrical conductivity and the high aspect ratio of the flakes
permits morphologies that allow for greater electrical conductivity
compared with networks of other conductive particles with simi-
lar volume concentration. The key step in achieving high electri-
cal conductivity is to perform a partial dehydration of the hydrogel
matrix, which enables the Ag flakes to form percolation pathways
that remain stable when the composite is stretched or rehydrated
(Fig. 1a). The composition and synthesis of the PAAm-alginate gel
matrix was adopted from previous work by Sun et al.**. However, for
our system, we did not replace the sodium ion (Na*) of the alginate
with other multivalent cations, such as the calcium ion (Ca*"), as
had been previously done. Although the material is not ionically
crosslinked by multivalent cations, it shows enhanced stretchability
and toughness through the formation of a double-network hydrogel

matrix enabled by mechanical and chemical interactions between
two hydrogel matrices**.

After stencil-printing (Supplementary Fig. 3) and before per-
forming the partial dehydration, the Ag-hydrogel composite is
ionically conductive with a low conductivity (~0.13Scm™). At this
stage of the fabrication process, the volume fraction of the Ag filler
(5vol%) is insufficient for percolation. The reason for using such
a low volume fraction of Ag flakes instead of adding enough Ag
fillers to exceed the percolation threshold is that the presence of
a large amount of Ag will suppress the double crosslinking pro-
cess of the hydrogel matrix. As observed in cross-section images
taken using scanning electron microscopy, adjacent Ag flakes
are separated by the surrounding hydrogel matrix and do not
form a connected network (Fig. 1b, left). Given that the hydrogel
matrix is composed of a hydrophilic polymer network with
~90vol% of water, partial dehydration reduces the water con-
tent and allows for the formation of a percolating network of Ag
flakes (Fig. 1b, right, and Supplementary Fig. 4). Concomitantly,
we observed that the electrical conductivity of the compos-
ite increased from 0.128Scm™ to 374Scm™ after dehydration
(Fig. 1b). The partial dehydration process enables the hydrogel
composite to achieve high electrical conductivity, while maintain-
ing tissue-like mechanical properties, that is, low Young’s modulus
and high stretchability (Fig. 1c).
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Fig. 2 | Material characterization. a, Absolute change in resistance as a function of time for the partial dehydration process and (inset) the volumetric
conductivity at O min and 90 min. The error bars are the s.d. for N=3 samples. This is for a composite with an initial Ag content of 5vol%,; plots for
composites with other initial volume fractions are presented in Supplementary Fig. 5. b, Normalized change in resistance as a function of time with different
initial currents and corresponding constant voltages; note that a y-axis offset is applied to each curve to assist in visualization of the data. Here, 4 is

defined as the change in R/R, compared to its initial value of 1. ¢, Stress versus strain of the conductive hydrogel composite under different uniaxial loading
conditions from 0% to 50%, 100%, 150%, 200% and 250% strain, and effective elastic moduli as a function of loading condition (inset). d, Normalized
change in resistance as a function of strain (gradient of red solid lines) along with the theoretical prediction using Pouillet's law for an incompressible
elastomer with constant volumetric resistivity (dashed blue line). e, Electromechanical response as a function of time under uniaxial cyclic loading to 100%
strain up to the first 10 cycles. For each cycle, the sample was stretched at 10 mm s, held for 20s, released at 10 mms~"and held for 20ss. f, Cycling stability
of the resistance under uniaxial cyclic loading to 100% strain up to 1,000 cycles. The sample was stretched and released at the speed of 10mm s

We measured electrical resistance changes of the Ag-hydrogel
composites with different amounts of Ag in situ during the partial
dehydration to better understand the effect of drying (Fig. 2a and
Supplementary Fig. 5). The Ag-hydrogel composite specimens
(40mmx3mm X 0.7mm) were stencil-printed on a PAAm-algi-
nate hydrogel substrate using a polydimethylsiloxane mask (Sylgard
184, Dow Corning) (Methods). Figure 2a shows the evolution in
resistance as a function of partial drying time and the volumetric
conductivity of the composites at 0min and 90min for the speci-
men with an Ag content of 5vol%. Initially, the resistance was
of the order of kiloohms, with a corresponding conductivity of
0.128 +0.0348 Scm ™' for N=3 samples, which indicates no electrical
conductivity but ionic conductivity, as the value of conductivity was
similar to that of an unfilled hydrogel®. The resistance of the Ag-
hydrogel composite decreased exponentially after 10-15 min of dry-
ing, as electrically conductive paths began to form (Supplementary
Fig. 4). As we described previously, Ag flakes do not initially form
conductive pathways due to the high initial water content. The evap-
oration of water in the hydrogel matrix may facilitate intimate con-
tact and adhesion between adjacent Ag flakes and flake aggregates,
thereby allowing for the formation of electrically conductive path-
ways. After exceeding the percolation threshold, the electrical con-
ductivity reaches a saturation plateau. At this stage, the resistance
is decreased to 1.14+0.359Q after 90 min, and the corresponding
volumetric conductivity reaches 374+30.8Scm™ for N=3 sam-
ples. Higher volumetric Ag content after partial dehydration was
observed as the cross-section area of the specimen decreased from
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1.76 mm? to 1.38 mm? after 90 min of drying (Supplementary Fig. 5b),
which corresponds to an increase in the effective Ag content from
5.00vol% to 6.07 vol% and a decrease in the effective water content
from 81.9vol% to 78.1vol%. Similar trends in resistance during the
partial dehydration step were observed for Ag-hydrogel compos-
ites with different Ag contents (Supplementary Fig. 5c-f). As the
initial Ag content increased, the exponential decrease in resistance
occurred more quickly, demonstrating the effect of drying on the
electrical conductivity.

Importantly, the percolation network appears to be permanently
formed as a result of the dehydration step. When the resistance
was recorded in an aqueous environment where it could rehydrate
(Supplementary Fig. 6), the Ag-hydrogel composite maintained
high electrical conductivity. The resistance was observed to increase
after three days in water due to swelling of the hydrogel matrix.
However, the percolating network remained largely intact and the
absolute resistance was of the same order of magnitude as before
rehydration. The absorbed water imposed a capillary force that dis-
rupted the weak conductive pathways of the Ag flakes. However,
the main percolating network remained due to the stronger adhe-
sion between contacting flakes (Supplementary Discussion 1 and
Supplementary Figs. 7 and 8). In this way, the material was still able
to show high electrical conductivity even after being submerged in
an aqueous environment for three days (Supplementary Figs. 6 and
9). The results could be compared with an Ag-hydrogel compos-
ite that was left in ambient air after partial dehydration, where the
resistance decreased slightly (Supplementary Fig. 6). These results
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highlight the importance of controlled assembly by dehydration to
fabricate the soft conductor.

High electrical conductivity enables the Ag-hydrogel composite
to deliver high direct current at low voltages. We first applied a con-
stant voltage and monitored direct current over time for a printed
Ag-hydrogel trace which became electrically conductive after the
partial dehydration process (Supplementary Fig. 10a). Voltages
were applied to give initial current values (I,) of 1,2,3and 4 A, and the
corresponding normalized resistance was also monitored over time
(Fig. 2b). For lower currents (I;=1 or 2A), the resistance profiles
are stable, which demonstrates the electrical stability of the Ag-
hydrogel composite. The resistance gradually decreased when sub-
jected to an initial current of 3 A. When initial direct current of 4 A
was applied, we observed a substantial decrease of resistance within
10 min. The decreased resistance saturated at the end of the test. We
attribute this resistance decrease to further evaporation of water
(beyond the intentional partial dehydration) between adjacent Ag
flakes as the composite was heated by Joule heating at high current.

Finite element analysis (FEA) of Joule heating at steady state and
the long-term response to high current were compared. The results
of simulation (Supplementary Fig. 10c-f) and long-term response
to high current (Supplementary Fig. 11) show that the maximum
temperature exceeds the boiling point of water (100°C) when the
composite is subjected to an electrical power with an initial cur-
rent of 3A or 4A. This localized high temperature causes bubbles
(Supplementary Fig. 12g-1) near the Ag-hydrogel trace and can
result in thermal degradation of the hydrogel at 4 A (that is, dis-
colouration of the hydrogel as shown in Supplementary Figs. 12j-1
and 13). In contrast, Ag-hydrogel traces subjected to lower electri-
cal currents (I,=1A and 2 A) retain their original appearance (for
example, minimal bubbles and no discolouration) due to the lower
localized temperature (<100°C, Supplementary Figs. 10c,d and
11c,d). We further investigated the long-term response of the Ag-
hydrogel composite to direct current while underwater. The results
in Supplementary Fig. 14 show that the Ag-hydrogel composite
can maintain high electrical conductivity in an aqueous environ-
ment during long-term usage (Supplementary Discussion 2). These
results demonstrate the potential of the Ag-hydrogel composite as
a power line for applications in digital electronics that require high
direct current and can retain functionality in various environments.

To be mechanically compatible with soft biological tissues, the
Ag-hydrogel composite must be highly compliant and deformable.
The stress—strain characteristics were evaluated using an Instron
5969 materials testing machine (Fig. 2c). We calculated the effec-
tive elastic modulus (Fig. 2c inset) by adopting the hyperelastic
constitutive model for a two-parameter Ogden solid* and perform-
ing a statistical fit (R*=0.95). The 5vol% Ag-hydrogel composite
has a modulus of 5-6kPa after performing partial dehydration
(Supplementary Fig. 15), while the unfilled PAAm-alginate hydro-
gel's modulus is about 3-4kPa. As observed with other conductive
composites'®"’, the introduction of metallic fillers into a soft matrix
typically results in a composite with a Young’s modulus higher than
that of an unfilled matrix. However, since the Ag content is kept low
by controlling assembly through the partial dehydration, the Ag-
hydrogel composite has tissue-like softness and minimal hysteresis
between mechanical loading and unloading.

Conductors that interface with biological tissues typically
undergo complex and repetitive deformations, and so it is crucial
to understand the electromechanical coupling of the soft conduc-
tor. Electromechanical coupling of the Ag-hydrogel composite was
measured by monitoring the change in resistance of a stencil-printed
composite trace as a function of uniaxial strain. The printed com-
posite was encapsulated with another layer of PAAm-alginate
hydrogel after the partial dehydration to prevent further dehydration
(Methods). We first examined changes in electrical resistance while
subsequently imposing different tensile strains (¢ =50, 100, 150, 200

and 250%; Fig. 2d). The Ag-hydrogel composite was first stretched by
50% strain and then relaxed to its original length, and the strain was
increased by 50% up to 250% for each successive cycle. The stretch-
ing and releasing curves overlapped, highlighting negligible hystere-
sis in resistance under different mechanical loading conditions. Since
the conductive hydrogel composite shows small mechanical hyster-
esis, the resistance of the composite also shows small changes under
cyclic loadings (Supplementary Fig. 16). In addition, the resistance
change at small strain (0-100%) agrees well with Pouillet’s law*’, that
is, AR/R,=(1+¢)*- 1, where R is resistance and R, is the initial resis-
tance at small strain (0-100%). Moreover, these tests demonstrate
that the Ag-hydrogel composite is highly stretchable while maintain-
ing electrical conductivity at strains up to 250%.

Importantly, the composite should be electromechanically robust
to multiple strain cycles. Through multiple strain cycles between
0% and 100% strain, the resistance of the Ag-hydrogel composite
remains low enough for practical purposes, such as digital circuit
functionality or bioelectronics (Fig. 2¢). Through 10 loading cycles,
the resistance remained relatively constant, with less than 1Q
change in the relaxed state. When stretched, the electromechani-
cal response was fast, changing according to the mechanical defor-
mation within 0.1s (Supplementary Fig. 16b,c). While being held
directly after stretching for 20s, the resistance exponentially drops
at first; the changes in resistance are about 1.2Q and are consistent
throughout the 10 cycles. These experiments illustrate the desirable
electromechanical features of the Ag-hydrogel composite, which
include fast electrical response (20-40 ms when stretched and 160-
250 ms when released) to external mechanical stimuli and a robust
percolating network for repeatable and consistent elastic response.

To validate long-term use, the Ag-hydrogel composite was also
characterized for 1,000 cycles of tensile loading between 0% and 100%
strain (Fig. 2f). The resistance at 0% and 100% strain was bounded
within stable boundaries for the first 100 cycles, then slightly increased
from 2.5Q to 4.2Q at 0% strain and from 10Q to 16 Q at 100% strain.
For subsequent loading cycles, the resistance of the conductive hydro-
gel composite at 100% strain was observed to increase and then fluc-
tuate when approaching 1,000 cycles. The reason for this fluctuation
was that the experiment was conducted in air with a relatively high
speed of 10mms™, which led the sample to become drier and stiffer
over the duration of the experiment (100 min). This could be avoided
by performing the experiment in a humid environment. Nonetheless,
the results of electromechanical characterization demonstrate the
composite’s high conductivity, low electromechanical hysteresis and
repeatable electrical response to mechanical deformation.

Stingray-inspired soft swimmer

The tissue-like compliance and deformability of the Ag-hydrogel
composite—along with its electrical conductivity—permit its use as
a soft conductive material in soft robotics. To demonstrate its poten-
tial in soft robotics, we fabricated a stingray-inspired soft swimmer
that was composed of a pair of hydrogel pectoral fins and a stream-
lined backbone made with a soft foam. Two sets of Ag-hydrogel
traces formed compatible interfaces with the hydrogel pectoral
fins. The soft and conductive traces served as power lines to deliver
high current (~3.3 A) from a benchtop power supply (KPS3010D,
Eventek) to a pair of SMA actuators without interfering with the
natural deformability and compliance of the hydrogel pectoral fin
(Fig. 3a). The soft actuators were composed of two SMA wires
sandwiched by three layers of Very High Bond (VHB) tape (4905,
3M), which enabled the actuators to bend upwards and downwards
alternately through direct Joule heating** (Methods). To induce a
forward swimming motion, the top pair of SMA wires was activated
for 0.6 s and then cooled for 1.9 s while the other pair was activated
and cooled for 0.3 and 2.2, respectively (Fig. 3b,c). Referring to
Fig. 3¢, the upward and downward actuation cycles were staggered
with a 0.9 s offset period. The stingray-inspired swimmer is capable
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Fig. 3 | Stingray-inspired soft swimmer. a, A soft stingray-inspired swimmer with the conductive hydrogel composite. The soft swimmer is propelled by
SMA wires, which require high current (3.3 A) to be actuated and are connected to the tethered power through the conductive hydrogel composite.

b, Schematic of high-current signal routing, connecting the SMA wires and the power. ¢, Actuation sequence and required current for the soft swimmer.
The trace in b is colour-coded with reference to ¢. d, Sequential images of the soft swimmer from the side view (Supplementary Video 2).

of swimming at an average speed of 0.2 body lengths per second
(40 mms™) (Fig. 3d and Supplementary Video 2). This demonstra-
tion highlights the electrical conductivity and stability of the Ag-
hydrogel composite by carrying high currents (3.3 A) to activate the
embedded SMA actuators.

Neuromuscular electrical stimulation electrode

The soft and highly conductive Ag-hydrogel composite also has
the potential to broaden the utilization of hydrogels as electrodes
in the field of epidermal electrical stimulation and recording, which
requires electrodes with adequate electrical conductivity**. Here,
we fabricated Ag-hydrogel electrodes to deliver high-frequency
electrical signals for neuromuscular electrical stimulation® to dem-
onstrate the enabling bioelectronic properties of the composite. As
shown in Fig. 4a, a pair of Ag-hydrogel electrodes is connected to
a commercial electrical muscle stimulator (PowerDot 2.0 Uno),
where the strength and frequency of the pulses are controllable
using a smartphone via Bluetooth. For comparison, we also made
unfilled hydrogel electrodes with ionic conductivity and performed
neuromuscular electrical stimulation under the same conditions
(Methods and Supplementary Fig. 17). First, the electrodes stim-
ulate the tibialis anterior muscle of the leg, which dorsiflexes the
foot when stimulated (Fig. 4b and Supplementary Video 3). With
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the same stimulation intensity, we measured the relative change in
dorsiflexion angle from the side view (Fig. 4c) and the frequency of
vibration (Fig. 4d). Figure 4d shows that the frequencies of muscle
stimulation in the two cases are almost identical because the signal
was generated by the same device and power. However, as shown
in Fig. 4c, the relative changes in dorsiflexion angle are different
in the two cases: the Ag-hydrogel electrodes were able to deliver
sufficient current to induce dorsiflexion in the foot, whereas the
electrodes made of ionic hydrogel appeared ineffective to conduct
enough current to contract the muscle. We also compared the per-
formance of the Ag-hydrogel electrodes and commercial electrodes
(made by PowerDot) along with the neuromuscular electrical
stimulation device, which shows that the Ag-hydrogel electrodes
have comparable performance to the commercially available neuro-
muscular electrical stimulation electrodes (Supplementary Fig. 18).
The next experiment was conducted on the muscles in the poste-
rior of the forearm, which results in tremors in the wrist and the
fingers curling in towards the palm (Fig. 4e, Supplementary Fig. 17
and Supplementary Video 4). The result shows that the stimula-
tion driven by Ag-hydrogel electrodes exhibits a more substantial
angle change between the proximal phalange and the metacarpus
of the ring and little fingers compared with the case of ionic hydro-
gel electrodes. This demonstration suggests that the Ag-hydrogel
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Fig. 4 | Neuromuscular electrical stimulation electrode. a, Neuromuscular electrical stimulation electrodes made of the Ag-hydrogel composite are
assembled with a commercial electrical muscle stimulator. b, The electrodes are placed on the tibialis anterior muscle of the participant’s leg to cause
dorsiflexion (Supplementary Video 3). The red lines are used to track the relative change of the angle (8). ¢, Relative change in dorsiflexion angle as a
function of stimulation time. d, Amplitude as a function of frequency, which is the result of fast Fourier transform. e, The electrodes are placed on the arm
and deliver electrical signals from the stimulator to the muscles in the posterior of the forearm (Supplementary Video 4).

composite has the potential to improve bioelectronic interfacing of
tissue—electrode contacts due to its high electrical conductivity and
soft conformability.

Conclusions

We have reported an Ag-hydrogel composite that is based on
two materials with disparate mechanical properties—Ag flakes
and hydrogel matrix—and exhibits high electrical conductivity
(>300Scm™), electrical stability under repeated mechanical load-
ing, low Young’s modulus (<10kPa) and high stretchability (up to
250% strain without electrical failure). To illustrate the capabilities
of the Ag-hydrogel composite, we fabricated a stingray-inspired
swimmer driven by SMAs that require high current, high com-
pliance and high stretchability for actuation. We also developed
skin-mounted electrodes made of the Ag-hydrogel composite for
neuromuscular electrical stimulation, which require conformal
contact and high conductivity to deliver electrical impulses with
high frequency.

This combination of high electrical conductivity and high com-
pliance is achieved by controlling the assembly of Ag inclusions
when dispersing the micrometre-sized Ag flakes in the PAAm and
alginate hydrogel. A key step in the fabrication process is the par-
tial dehydration step, which allows intimate contact between Ag
flakes and the formation of a percolating network that remains
intact and stable even as the gel is fully rehydrated. The conductive
hydrogel composites also have robust and reliable electromechani-
cal coupling. The combination of electrical and mechanical proper-
ties of the Ag-hydrogel composite occupies a unique place in the
design space of electrically conductive soft materials (Fig. 1c and
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Supplementary Fig. 1) and could be of use in the development of
soft robotics, bioelectronics and wearable electronics.

Methods

Materials. The chemicals used as components of the hydrogel were dissolved

in deionized water (McMaster-Carr). For PAAm gel, 40 wt% acrylamide (AAm,
A8887, Sigma-Aldrich) was used as the monomer for the PAAm hydrogel network.
N,N-methylenebisacrylamide (MBAA, 146072, Sigma-Aldrich, 1 wt%) was used as
the crosslinker. Ammonium persulfate (APS, A3678, Sigma-Aldrich, 5wt%) was used
for curing hydrogel substrates and 20 wt% APS was used for curing Ag-hydrogel
composites. In both cases, APS functions as a thermal or photo-initiator. N,N,N',N’-
tetramethylethylenediamine (TEMED, T9281, Sigma-Aldrich, 5wt%) was used as

an accelerator to make the curing process faster. For alginate gel, sodium alginate
(W201502, Sigma-Aldrich) was used as the monomer for the alginate hydrogel
network. For conductive fillers, micrometre-scale sized Ag flakes (2-5um, 47MR-10F,
Inframat Advanced Materials) were mixed with the PAAm-alginate hydrogel matrix.

Synthesis of PAAm-alginate hydrogel. We synthesized stretchable and tough
hydrogels by mixing linear copolymer alginate and covalently crosslinked PAAm
using a method adopted from previous works***'. Unless otherwise stated, the
water content of hydrogel was fixed at 86 wt% when the hydrogel was initially
cured. We mixed alginate with 40 wt% AAm in water solution with additional
deionized water and waited until the alginate was fully dissolved. The ratio of
alginate to AAm was 1:6 by weight. When the alginate became fully dissolved,

the mixture was mixed with 1 wt% MBAA (0.06% of the total weight of AAm)

and 5wt% TEMED (0.24% of the total weight of AAm). For the last step of the
synthesis process, 5wt% APS (0.75% of the total weight of AAm) was added to cure
the hydrogel pre-gel solution. The chemicals used in this process were mixed using
a planetary centrifugal mixer at 2,000 r.p.m. (AR-100, Thinky Corporation).

Synthesis of conductive Ag-hydrogel composite. We synthesized a conductive
hydrogel composite by mixing the above-mentioned PAAm-alginate hydrogel with
micrometre-sized Ag flakes. Ag flakes (5vol% of the volume of hydrogel) were mixed
with the mixture of alginate, deionized water and 40 wt% AAm. This was mixed
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once more after adding MBAA and TEMED. However, with the same amounts of
chemical components as in the case of PAAm-alginate hydrogel, the mixture was
not cured because of the dispersed Ag flakes within the hydrogel pre-gel solution.
By increasing the amount of 1 wt% MBAA by a factor of five (corresponding to 0.3%
of the total weight of AAm), the crosslinking network between polymer chains was
successfully formed in the presence of Ag flakes. Additionally, to increase the curing
rate, 20 wt% APS (3% of the total weight of AAm) was used.

Partial dehydration process. We used a digital multimeter (344014, Keysight
Technologies, or 2100, Keithley, Supplementary Fig. 19) with a four-point probe to
record the change in resistance of the printed Ag-hydrogel composite (40 mm length,
3mm width and 0.7mm thickness) on a 1.6-mm-thick PAAm-alginate hydrogel
substrate. EGaln (75wt% Ga and 25 wt% In; Solution Materials) was used at each
end of the printed trace to minimize contact resistance between the probes and the
conductive hydrogel composite. The partial dehydration process proceeded in an
acrylic box with holes, where the humidity and temperature of the environment

in the box were monitored by a digital sensor (B0O7ZHMV6GG?2, Linkstyle). The
resistance values were manually recorded. These tests were conducted in a laboratory
with an air conditioner that set the room temperature around 22°C.

Volumetric conductivity. The volumetric conductivity (c=1/RA) of the printed
Ag-hydrogel trace was calculated using an effective trace length (/=40 mm) and
effective cross-sectional area (A =1.76 um” for the case before the partial dehydration
process and A =1.38 mm? for the case after the partial dehydration process; see
Supplementary Fig. 5 for representative sample dimensions). The cross-sectional
area was measured using a digital microscope (1000X, MicroTroniX).

Electromechanical characterization. The Ag-hydrogel composite was
stencil-printed on a 1.6-mm-thick PAAm-alginate hydrogel. EGaln was located

at each end of the printed trace to minimize contact resistance between the
conductive hydrogel composite and the wires from a USB (Universal Serial Bus)
data acquisition device (USB-6002, NI), which collects external analogue data from
the materials testing machine (5969, Instron) at a rate of 1kHz. After the partial
dehydration process was completed, the printed Ag-hydrogel composite was sealed
using PAAm-alginate pre-gel when the resistance reached 2 Q. After 10 min, the
pre-gel solution started to be cured. The samples were cut around the trace using

a razor blade and assembled with three-dimensional (3D) printed grips. The data
were saved using software (MATLAB, 2016a) that can communicate with the USB
data acquisition device.

Electrical stability test. Samples were prepared in the same way as the samples
used in electromechanical tests: a printed Ag-hydrogel composite trace within
two layers of 1.6-mm-thick PAAm-alginate hydrogel. The samples were directly
connected to a benchtop power supply (KPS3010D, Eventek). The power supply
was set to supply fixed voltage to generate a pre-defined initial direct current (1, 2,
3 or 4A). The current values were manually recorded.

FEA simulation of Joule heating. Composites were simulated using
SOLIDWORKS (Dassault Systémes). The geometry of the Ag-hydrogel trace was
set as 40 mm X 3 mm X 0.7 mm. The trace was encapsulated between two layers of
PAAm-alginate hydrogel with a diameter of 83 mm and a thickness of 1.6 mm.
The FEA simulation was conducted using the ANSYS Thermal-Electric toolbox.
We set the thermal conductivity of the hydrogel layer and Ag-hydrogel trace at
1.045W (m°C)~" (ref. *?) and 25.62 W (m °C)~" (ref. ), respectively. Additionally,
we used 3.086 X 107 Q cm for the Ag-hydrogel composite’s resistivity and 20 Q cm
(ref. °*) for the PAAm-alginate hydrogel’s resistivity. Then, two conditions were
applied to the model: (1) voltage conditions and (2) convection conditions. For
voltage conditions, a fixed voltage difference was applied to the end of the Ag—
hydrogel trace. The value was varied in each case. For convection conditions, we
used ‘Stagnant Air—Simplified Case’ at 22 °C with a heat transfer coefficient of
5W (m?°C)~". This condition is applied to the top surface of the additional layer
of PAAm-alginate hydrogel and to the sides of the sample. We also set a constant
temperature of 22 °C on the bottom of the sample as a boundary condition.

Mechanical characterization. Samples were prepared in a dogbone shape

(Die A, ASTM D412) and tested on a materials testing machine (5969, Instron)
at a strain rate of 20 mm min~', unless otherwise stated. Each sample was cured in
a 5-mm-thick polyacrylate mould that was printed using a 3D printer (Objet24,
Stratasys). After fabrication (Synthesis of conductive Ag-hydrogel composite),
samples were clamped using self-tightening roller grips (2713-001, Instron).

Two different types of sample were tested: (1) PAAm-alginate hydrogel without
conductive fillers and (2) Ag-hydrogel composite.

Environmental stability test. Samples were prepared in the same way as the
samples used in electromechanical tests and electrical stability tests. The resistance
of the trace was measured using a digital multimeter (34420A, HP) with a
four-point probe. The data were collected using a script in MATLAB (2016a,
MathWorks). For the ambient air experiment, the samples were left unattended
without any additional treatment for three days. Otherwise, for the water

experiment, the samples were contained in glass beakers. After initial set-up to
measure the resistance, deionized water was added to submerge the trace using a
disposable plastic pipette. During the three-day test, deionized water was properly
resupplied to maintain the aqueous environment.

Stingray-inspired soft-swimmer fabrication. We started fabrication of the
stingray-inspired swimmer by laser-cutting the soft closed foam into a streamlined
shape. Then we cut a rectangular through-hole on the side of the streamlined body

so that the actuators could be inserted through it. The actuator was composed of four
nitinol wires (0.38 mm in diameter; Dynalloy) that were trained to curled shapes

by fixing them on aluminium cylinder moulds and baking in an oven for 25min

at 500 °C along with a quenching process. Each pair of trained nitinol wires was
connected with a small piece of ultraflexible wire (9564T1, McMaster-Carr) and
placed on top of a rectangular VHB tape (80 mm X 20 mm X 0.5 mm, 4905, 3M) with
the bending direction facing downwards. Next, the nitinol wires with the VHB tapes
were placed on both sides of a rectangular VHB tape with the same dimensions. After
the assembly, the actuator was capable of bending both upwards and downwards

by direct Joule heating. After this, we connected two actuators with the ultraflexible
wires and nitinol wires with the same bending direction were connected in series.
The actuators were inserted through the rectangular hole on the backbone with the
identical length and angle extruded (Supplementary Fig. 20a). Finally, the backbone
and the actuators were placed in a 3D printed mould that was lined with a cured thin
layer of PAAm-alginate hydrogel. The Ag-hydrogel composite was stencil-printed
into the shape of pectoral fins along the outline of the mould (Supplementary Fig. 20b).
At the end of each line of the conductive hydrogel, ultraflexible wire was embedded
and connected to the wire of the SMA actuators. The other end of the flexible wire
was soldered with another long wire to connect with an external control board. When
the Ag-hydrogel composite achieved a certain conductivity (Partial dehydration
process), additional pre-gel PAAm-alginate was poured on top of the assembled
components. After the additional hydrogel was cured, the swimmer was gently
detached from the mould in an aqueous environment.

Neuromuscular electrical stimulation electrode fabrication. We made two
versions of neuromuscular electrical stimulation electrodes: (1) electrodes made
of the electrically conductive Ag-hydrogel composite and (2) electrodes made of
ionically conductive PAAm-alginate hydrogel. First, we made a 1.6-mm-thick

PA Am-alginate hydrogel substrate. When the substrate was crosslinked, the
conductive tape was placed on the substrate as an electrical bridge between a
commercial neuromuscular electrical stimulator (PowerDot) and neuromuscular
electrical stimulation eletrodes. A thin layer of EGaln was deposited on the
conductive tape as a soft conductor to minimize the contact resistance. For the case
of Ag-hydrogel electrodes, the conductive hydrogel composite was stencil-printed
on top of the substrate and the conductive tape. After this, a pre-gel solution of
PA Am-alginate hydrogel was poured on the very top as the second layer of the
electrodes. In this step, for the conductive hydrogel composite version, a certain
amount of time was required to wait for the material to be electrically conductive.
The electrode can be cut into desirable form factors for specific muscles using a
razor blade (Supplementary Fig. 17a). To connect the electrodes to the stimulator,
each electrode was soldered with a wire that electrically connected with a magnet
at the end of it (Fig. 4a). The electrodes and the stimulator can be connected
though the magnet without compromising the electrical properties. The authors
obtained research participants’ consent beforehand.

Motion analysis of neuromuscular electrical stimulation. To quantify the muscle
stimulation response, videos were recorded using a Nikon D5600 camera at a frame
rate of 60 Hz. For the lower-limb stimulation videos, we developed a customized
tracking algorithm to locate the end points of the tibia and the toe in every frame by
template matching of skin features to calculate the dorsiflexion angle. The reference
line of the tibia is defined by its two end points, whereas the reference line of the
foot is defined by the lower end point of the tibia and the toe, assuming that flexion
of the latter is negligible. The reference lines were used to calculate the change in
dorsiflexion angle relative to its initial position, taken as the average from the first
second. The two videos with the Ag-hydrogel composite and ionic hydrogel are
synchronized using the starting point of the PowerDot stimulation program.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability
The data that support the plots within this paper and the other findings of this
study are available from the corresponding author upon reasonable request.

Code availability
The customized tracking algorithm used in this work is available at https://doi.
org/10.1184/R1/14039801.
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