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Abstract

This study reports the synthesis of porous hydrogels templated by self-assembled, percolating

graphene networks formed through the spontaneous exfoliation of graphite at oil-water interfaces.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

The resulting graphene-stabilized emulsions yield an open-cell hydrogel architecture that enables
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efficient stress-dependent modulation of electrical pathways. Compression testing and electrical
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characterization revealed a pronounced reduction in resistance under strain, producing a robust
and reliable piezoresistive response with a gauge factor of approximately 13 at 5% strain. Cyclic
compression-relaxation experiments confirmed the high reversibility and stability of both the
mechanical and piezoresistive responses. Crosslinking density strongly influenced sensitivity,
enabling tunable piezoresistive performance suited for real-time motion monitoring. When
mounted on a finger joint, the hydrogel exhibited smooth changes in resistance (35%-70%) as the
bend angle increased from 30° to 90°, with excellent signal stability under static deformation.

Additionally, the hydrogels demonstrated strong absorptive capabilities, enabling efficient
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removal of organic dyes and metal ions through repeated compress—release cycles. Collectively,
the combination of elasticity, electrical conductivity, and sorption functionality positions these
graphene-templated hydrogels as promising candidates for wearable sensing technologies and

environmental remediation applications.

Keywords: conductive hydrogel, graphene, piezoresistive, sensing, absorption

Introduction

Graphene, a single layer of carbon atoms arranged in a two-dimensional honeycomb lattice,
exhibits extraordinary properties such as high thermal conductivity, electron mobility, surface
area, mechanical strength, and piezoresistivity, which make it a promising material in fields
ranging from catalysis and transistors to energy storage and biomedical applications.®® These
properties also suggest it is an ideal candidate for enabling strain sensing in composite materials.’

Strain sensors, which detect changes in electrical resistance in response to mechanical
deformation, play a pivotal role in applications such as wearable health monitoring!? electronic
skin!!, soft robotics'?, and human-machine interfaces.!> Among the four primary types of strain
sensors are piezoelectric'416, piezoresistive!"1?, triboelectric?®2!, sensors stand out due to their
simplicity in design, low cost, and ease of signal interpretation.?> Hydrogels, with their soft
mechanical properties, high water content, and flexibility, are increasingly favored as substrates
for piezoresistive sensors, particularly for applications requiring skin-like adaptability.?3-2°

Hydrogels are three-dimensional, water-swollen polymer networks formed by hydrophilic
monomers that can respond dynamically to environmental stimuli, including strain.?’->° The
polymer network's structure consists of covalent and non-covalent bonds such as hydrogen
bonding, electrostatic, and hydrophobic interactions that enable both elasticity and responsiveness,

crucial for adaptable strain-sensing materials.’%3! By integrating conductive materials such as
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graphene, hydrogels form percolated conductive networks that translate mechanical strain into

electrical signals, thereby enabling piezoresistive sensing.3?-33

Previous investigations of graphene-based conductive hydrogels have used graphene oxide
(GO) or reduced graphene oxide (rGO) in their synthesis. However, GO's reduced conductivity
and rGO's hydrophobicity and tendency to aggregate result in challenges to achieving high
electrical conductivity and elasticity in the hydrogel matrix.3* The study presented here addresses
these challenges through a novel solvent interfacial trapping method (SITM), where pristine,
unoxidized graphene serves as a 2D surfactant, stabilizing a water-in-oil emulsion.

At ambient temperature (20 °C), the surface energy of graphene (~55 mN/m) lies between
the surface tensions of water (72.9 mN/m) and heptane (20.1 mN/m), resulting in a positive
spreading parameter (S = 6.6 mN/m).3>-*¢ This positive value indicates that graphene sheets are
spontaneously driven to spread at the liquid-liquid interface, thereby reducing the system's overall

free energy.?’-® Furthermore, mechanical agitation, such as shaking, increases the interfacial area,

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

thereby promoting further exfoliation of graphene. This agitation leads to the formation of

Open Access Article. Published on 09 April 2026. Downloaded on 4/10/2026 1:04:07 AM.

emulsified water droplets within the heptane phase, with graphene sheets coating their surfaces.?®
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In this process, if a specific monomer is used as the oil phase, subsequent polymerization of the
continuous phase results in the formation of water-filled spherical cavities lined with a layer of
overlapping graphene sheets and surrounded by polymer.4

Graphene forms water-in-oil emulsions as a result of graphene's intrinsic hydrophobicity,
following Bancroft's rule, where the phase in which the emulsifier (graphene) is more soluble
becomes the continuous phase.*! This limitation has traditionally led to the fabrication of open-
cell graphene-polymer foams where the oil phase contains monomers. However, recent

innovations have focused on modifying graphene's interfacial properties to broaden SITM's
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structural options. Specifically, the incorporation of polyphenolic compounds, such as tannic acid
(TA), has enabled a phase inversion from water-in-oil to oil-in-water emulsions.*?* Tannic acid,
which possesses multiple galloyl groups, interacts with the sp?-hybridized carbon atoms of
graphene through n—n stacking, significantly enhancing the hydrophilic character of the graphene
sheets.*344 This interaction reduces graphene's affinity for the oil phase, causing it to preferentially
stabilize oil droplets in an aqueous continuous phase, thereby inverting the emulsion structure.
By employing tannic acid in the aqueous phase, inverted-SITM enables the stabilization of
oil-in-water emulsions with graphene and the controlled polymerization of oil-phase monomers,
such as butyl acrylate. This has led to the fabrication of compressible, conductive microspheres,
in contrast to the open-cell structures produced via traditional SITM.*? The success of this
approach inspired the exploration of water-soluble monomers in the aqueous phase.
Polymerization of the aqueous phase of oil-in-water emulsions yields hydrogels, marking an
evolution from open-cell graphene-polymer foams to porous microspheres to soft functional
materials, featuring a network of graphene-coated microspheres embedded within a polymer
matrix that adapts under compressive stress, enhancing conductive pathways and enabling

piezoresistive sensitivity.

Conductive hydrogels have attracted considerable attention for use in flexible electronics and
wearable sensors. However, most systems still face challenges such as limited sensitivity and poor
long-term stability, which restrict practical applications.* Recent organo-hydrogel strategies
reduce internal friction and entanglements, yielding low-hysteresis and fast strain sensing.*®
Building on this progress, we employ percolated graphene networks to enable piezoresistive
readout and angle-stable responses. This study evaluates the material's mechanical and

piezoresistive responses under varying crosslinking densities, demonstrating its applicability as a
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wearable sensor, with Table SI comparing its properties to those previously reported in the
literature. Combining elasticity, electrical conductivity, and electrical stability, this hydrogel

design offers a solution for wearable sensing.

Results and Discussion

_—
Heptane ——— s 1
¢ § ; Polymerization
Emulsification

3
>

Graphite
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(tannic acid, monomer, initiator, cross-linker)

b

Figure 1. a) Schematic showing the preparation of hydrogel from water-in-oil emulsion. SEM
images of the hydrogel b) at low magnification showing open-cell foam with windows c) at high
magnification showing the overlapping graphene sheet lining to the cells.

Hydrogel synthesis and morphology

The solvent interfacial trapping method (SITM) employed here enables the spontaneous
exfoliation of graphite at oil-water interfaces, resulting in a graphene-stabilized emulsion. Using

tannic acid during graphene exfoliation enhances graphene hydrophilicity, thereby facilitating
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emulsion inversion to form stable oil-in-water emulsions conducive to hydrogel formation. This
inversion is essential for the subsequent formation of the poly(N-(hydroxymethyl) acrylamide)
(PHMA) hydrogel network, in which the water-soluble HMA monomer polymerizes to form a 3D
matrix with interconnected graphene-coated microspheres. Shown schematically in Figure 1a, the
polymerization of HMA monomer with the crosslinker ethylene glycol dimethacrylate and the
initiator ammonium persulfate results in an interstitial PHMA hydrogel encapsulating a 3D
network of graphene-coated spheres.

SEM analysis (Figures 1b and 1¢) reveals an open-cell foam structure, with individual hydrogel
cells bordered by graphene, which facilitates electrical conductivity through continuous graphitic
pathways. Each cell of the hydrogel foam is lined with an overlapping film of graphene sheets,
which are in contact with neighboring cells. This provides a percolating network of graphene,
leading to good electrical conductivity. Connecting these cells are windows, where only a thin
layer of graphene separates the contents of the spheres. Windows, or openings, between the cells
enabled the removal of the dispersed phase, forming an open-cell, electrically conductive hydrogel
foam.

Mechanical properties and elasticity of graphene-based hydrogel

Figure 2 shows the compressive stress-strain curves for 50% multi-compress-release cycles of
hydrogel samples with a 2.8% weight graphite loading and increasing monomer-to-crosslinker
ratios. The measurements were made using an Instron as shown in Figure S1. The loading curve
of the first compressive cycle differed from those of subsequent cycles in all cases. The first
compression cycle expelled residual water, while subsequent cycles demonstrated reproducible
elasticity with a consistent stress level at 50% compression. The polymer's interstitial network

resulted in resilience under stress. This elastic performance was attributed to the dynamic hydrogen

Page 6 of 24


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tb02688a

Page 7 of 24

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 09 April 2026. Downloaded on 4/10/2026 1:04:07 AM.

(cc)

Journal of Materials Chemistry B

View Article Online
DOI: 10.1039/D5TB02688A

bonding in poly(HMA), which allowed the hydrogel to dissipate energy without fracturing the
covalent network.>? Additionally, compressive stress remained at zero for each loading cycle until
approximately 10% compression was reached after the first loading, due to the hydrogel's volume
decrease following water removal during the initial compression. Additional compressions of 50%
maintained similar compressive stress across the rest of the cycles, with little to no hysteresis,
demonstrating the hydrogel sponge's reversible elastic behavior.’

Covalent crosslinking enhanced the mechanical properties of the hydrogels, thereby increasing
the graphene-lined spheres' ability to resist deformation and distribute the applied force throughout
the structure. The impact of crosslinking was studied by fabricating materials with decreasing
monomer-to-crosslinker molar ratios. Figures 2a-e show the stress-strain curves with molar ratios

of 60:1, 30:1, 20:1, 15:1, and 7.5:1, respectively. As the monomer: crosslinker ratio decreased or,
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Figure 2. Multi 50% compress-release cycles of hydrogels with monomer: crosslinker molar ratio, a) 60:1 b) 30:1
c) 20:1 d) 15:1 and e) 7.5:1 respectively. f) Stress required to reach 50% compression for hydrogel samples with
different monomer: cross linker molar ratios.

in other words, as the extent of covalent crosslinking increased, the compressive stress required to
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reach 50% compression increased, as summarized in Figure 2f. Below a monomer-to-crosslinker

ratio of 7.5:1, the hydrogels started to crumble and break upon compression.

Notably, a small, precisely reproduced hitch was observed during the compression cycles. We
attributed this hitch to a particle-jamming mechanism, as the graphene-lined cells of the foam
moved past one another during compression. Although we do not have direct evidence of particle
jamming, the hitch became apparent at a similar compression (35%) for hydrogels with less
extensive crosslinking and disappeared at higher crosslink densities. Jamming is indicated because,
at lower polymer stiffness (a large monomer-to-crosslinker ratio), the graphene-coated spheres
carry much of the load and are expected to slip past one another rather than compress. At higher
polymer stiffness (small monomer-to-crosslinker ratio), the polymer carries much of the load, and
the spheres could no longer move past one another; thus, the hitch in the stress/strain curve did not

appear as the sphere deformed.

16

12

Stress required
to reach 50% compression (kPa)
n

2.0 2.5 3.0 3.5
Graphite weight (%)

Figure 3. Stress required to reach 50% compression for hydrogel samples with different graphite weight
percentages.

In addition to investigating the effect of crosslink density, we examined the impact of

increasing the amount of graphite added. The samples were subjected to 50% multi-compress-

Page 8 of 24


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tb02688a

Page 9 of 24 Journal of Materials Chemistry B

View Article Online
DOI: 10.1039/D5TB02688A

release circles, as shown in Figure S2 and summarized in Figure 3, and the increased graphite
loading resulted in increased compressive strength. However, above a 3.5% graphite loading, the
hydrogel fractured during the initial compression cycle. The explanation for this phenomenon
stems from previous work that found increased graphite loading resulted in a closed-cell foam that
retained the dispersed phase.’® These incompressible cells could not deform under hydrogel

compression. Instead, the hydrogel tore under stress.

Smaller amounts of graphite also proved problematic, as we were unable to obtain hydrogel
samples for graphite weight percentages below 1.9%. This appeared to be due to the graphite-to-
tannic acid ratio. A previous study that used tannic acid to stabilize a graphene emulsion found
that an excess of tannic acid relative to graphite led to emulsion instability.*® Therefore, preparing
composites outside the investigated range would require adjusting the tannic acid concentration in
the aqueous phase as the graphite amount varied. To avoid changing two parameters

simultaneously, we limited ourselves to graphite weight percentages that formed stable emulsions

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

with the 1 mg/ml tannic acid solutions.
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Figure 4. a) The percentage decrease of resistance with compressive strain and b) variation of gauge factor with
compressive strain for samples with different monomer: crosslinker molar ratios, 60:1, 30:1, 15:1, and 7.5:1
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Piezoresistive response

To characterize the piezoresistive properties of the PHMA graphene hydrogel foam, the
foam was placed between two parallel copper electrodes, and copper wires were connected to
them. The experimental setup is shown in Figure S3. As shown in Figure 4a, the piezoresistive
response of hydrogels made with different crosslink densities was investigated as a function of

compression. The change in resistance was plotted as per the formula below:

AR R—R .
— (%) = u x 100 Equation (1)
Ro Ro
R, and R denote the resistance without and with applied stress, respectively. When the sponge
was compressed, the electrical resistance decreased. This relationship between the change in
resistance and the strain was found to depend on the material's crosslink density, with the materials

that displayed what we hypothesized to be particle jamming in Figure 2 showing a much greater

and more abrupt change in resistance under compression.

Compression appeared to lead to the jamming of the graphene-lined spheres in the hydrogel,
with the sudden release of jamming leading to a hitch in the stress/strain curve and a sharp decrease
in resistance as the number of contact points between the spheres increased with a change in the
packing state. The consistency of the hitch position at ~35 % compression across three crosslink
densities, combined with the abrupt drop in resistance at the same strain level in low-crosslink-
density samples, is consistent with a sudden increase in graphene-to-graphene contact area

expected if loosely packed spheres transitioned to a jammed state.

10
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Figure 4b plots the hydrogel's gauge factor (GF) as a function of compressive strain at four
different crosslink densities. The GF is defined as the ratio of the relative change in electrical

resistance (AR/Ry) to the mechanical strain ( € ), as shown in Equation 2.

GF = [AR/Ro]/€ Equation (2)

The GF was dramatically greater for the softer samples when the monomer: crosslinker ratio was
above 20:1. These GF results at low strain showed that the samples with lower degrees of
crosslinking were more sensitive to compression, with a gauge factor of 13 at 5% strain. The value
of the gauge factor is significantly higher than that reported for piezoresistive materials 474952
(Table S1), suggesting that our hydrogel exhibits superior sensitivity.

The cycling stability of our hydrogel was tested as shown in Figure S4. The reproducibility of

resistance variation over 100 loading/unloading cycles indicates the reliability of the hydrogel

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

sponges as pressure sensors. While the 100-cycle test confirms stable and reproducible

piezoresistive performance, extended durability testing under realistic wearable conditions,

Open Access Article. Published on 09 April 2026. Downloaded on 4/10/2026 1:04:07 AM.

including prolonged cycling, perspiration exposure, and temperature variation, will be an

(cc)

important consideration for translating these materials toward practical wearable devices and is a

direction for future work.

Hydrogels with increasing crosslink density were compressed and released in multiple ten-
second cycles. The change in resistance over time was plotted and compared with the change in
compression. Figures 5a-e demonstrate that the sensitivity of resistance to strain significantly
diminishes with increasing crosslink density. Further, the reversibility of the piezoresistive effect
shows no apparent hysteresis. Similar measurements at 40% strain are shown in Figure S5. Figure

5f summarizes the results and compares the 20% and 40% compression rates. Somewhat
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surprisingly, we found that at low crosslink density, there was very little difference in the change
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Figure 5. Change of electrical resistance for hydrogel sensors made with monomer: cross linker molar ratios, a) 60:1
b) 30:1 ¢) 20:1 d) 15:1 and ¢) 7.5:1undergoing 20% compressions and relaxations at regular time intervals. f) The
summary of the effect of 20% and 40% compressions on resistance change of hydrogels made with different molar

ratios.

in resistance when the strain was doubled. This suggests that the spheres adopt a denser packing

arrangement under strain, and that further strain does not alter it. Thus, fundamentally different

mechanisms underlie changes in resistance, depending on the hydrogel's stiffness.

To visually demonstrate this strain-sensitive conductivity, a 3V power supply and a blue LED

were connected in a circuit with the hydrogel. The hydrogel underwent a gradual compression

from 0% to 50%, followed by a gradual release at the same rate. As shown in Figure S6, the

intensity of blue light increased as the hydrogel was compressed, whereas the brightness gradually

diminished as the hydrogel was released.
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One application of piezoresistive materials is the detection of human motion. We demonstrated

the utility of our hydrogel for this application by attaching it to wrist, finger, and elbow joints using

adhesive tape. The chosen hydrogel had a graphite weight percentage of 2.8%, a monomer:

crosslinker ratio of 30:1, and was sandwiched between two copper electrodes. Both electrodes

were connected to a digital multimeter to measure the changes in resistance. The sensing response,

or the relative change in resistance, was calculated using Equation 1, where R, and R were the

sensor's original resistance and the resistance after bending, respectively.
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Figure 6. Relative resistance changes of sensors versus time for real time monitoring of various human motions:
bending and release of the a) wrist joint b) elbow joint and c) finger joint. d) Resistance change of the hydrogel

sensor in response to different bending angles of the finger.
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The real-time change of the resistance during the bending of the wrist, elbow, and finger is
shown in Figures 6a-c. When bent, the strain sensor is compressed, resulting in a decrease in
resistance. The hydrogel-based sensor exhibited rapid and repeatable responses to consecutive
bend-release cycles, indicating the durability and stability of the hydrogel sensors. As the wrist
joint bent and released slowly and quickly, the electrical response of the hydrogel varied
accordingly, as shown in Figure 6a. Moreover, the hydrogel's resistance remained stable during
the bending-holding and relaxation-holding processes at the wrist joint, indicating its electrical
stability. This stability is shown in Figure 6d. As the finger bent at increasing angles, ranging from
0° to 90°, the resistance of the hydrogel decreased with increasing compression and remained
stable as long as the compression was maintained, and this stability is necessary for many sensor

applications.

Our human motion monitoring study demonstrated several distinctive features compared to
previous reports. The resistance remains stable when the device is held at a specific bending angle.
Also, the material exhibits a rapid response across various motion speeds and maintains a strong
correlation with the bend angle. Finally, our material shows negative piezoresistive behavior.
Unlike many graphene-based sensors that exhibit increased resistance under strain, our sensors
display decreased resistance, offering advantages in signal-to-noise ratio and power efficiency,
making the material highly promising for practical wearable sensing applications.

This negative piezoresistive behavior contrasts with that of previously reported elastomer foams
templated by graphene-stabilized water-in-oil emulsions, in which polymerization occurred in the
oil phase. In those cases, resistance increased with compression and then returned to its original
level when the compression was released.” The explanation for this difference between the

previously reported elastomers and our hydrogel presented here stems from the different
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morphologies of the foams, where the oil phase of the water-in-oil emulsion was polymerized
(previous work) rather than the aqueous phase of the oil-in-water emulsion (current work). The
interfacial exfoliation of graphite to graphene results in graphene being present on the oil side of
the oil/water interface.>* This means the graphene is nearly entirely embedded in the polymer after
polymerization if the oil phase is polymerized. In the present system, the graphene ends up at the
surface of the elastomeric polymer synthesized in the aqueous phase. This permits more efficient
contact between the graphene shells during compression. This increased contact drives the
decrease in resistivity response during compression. In contrast, the increase in resistivity under
compression in the previous materials was driven almost entirely by sphere deformation, leading

to gaps in the conductive network.>3-%

Absorptive properties of elastic hydrogel
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Figure 7. a) Comparison of dye absorption capability of the hydrogel samples with time. b) Comparison of Cu?*
absorption capability of each sample after 30 minutes.

Finally, the hydrogel's elasticity was applied to effectively remove dye molecules from
aqueous solutions. As shown in Figure 7a, compressing and releasing the hydrogel at regular time

intervals while submerged in an aqueous dye solution significantly increased the amount of dye
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removed from the solution compared to simple diffusion. As expected, the hydrogel subjected to
periodic mechanical stimulation exhibited substantially faster dye absorption than the sample left
to equilibrate without external stimulation. This enhanced sorption performance arises from the
intrinsically high specific surface area of graphene and the strong n—m interactions between the dye
molecules and the graphene.>? In addition, the robust mechanical elasticity of the hydrogel enables
repeated compression—relaxation cycles without structural failure, thereby facilitating accelerated

mass transfer and continuous pollutant uptake.

The hydrogel's elasticity and electrical conductivity were subsequently utilized to facilitate
the removal of metal ions from aqueous solutions, using Cu?* as a model cation. A control sample
was immersed in the Cu?* solution for 30 minutes, while experimental samples underwent 15
compression-relaxation cycles at regular intervals over the same period. Here, four samples were
additionally subjected to external electrical potentials while undergoing mechanical stimulation.
As shown in Figure 7b, applying an electrical potential significantly enhanced Cu?* removal, with
higher voltages corresponding to greater uptake. We hypothesize that this enhanced removal
resulted from the reduction of Cu?* within the hydrogel matrix under the applied electrical
potential.

The absorptive properties of the hydrogel are presented to illustrate the multifunctional potential
of the graphene-based porous architecture. The dye and metal-ion absorption results demonstrated
proof-of-concept functionality enabled by the high surface area of graphene, the hydrogel's
electrical conductivity, and its mechanical elasticity, which allows accelerated mass transfer
through compression-relaxation cycling. Systematic studies of reusability, including desorption
kinetics and regeneration over multiple absorption-desorption cycles, are being explored in

ongoing work.
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Conclusion

In this work, we synthesized graphene-based hydrogels using the solvent interfacial trapping
method, producing a mechanically resilient and electrically responsive porous architecture. The
fabrication process is economical, scalable, and environmentally friendly, while the resulting
materials exhibit tunable piezoresistive properties. The compressive stress required to reach 50%
strain ranged from 4 kPa to 24 kPa, depending on crosslink density. A continuous network of
graphene-coated microspheres enables efficient stress-dependent modulation of conductive
pathways, and the piezoresistive sensitivity is strongly governed by crosslinker concentration. The
hydrogels maintain stable electrical resistance responses over repeated compression—release
cycles, confirming reliable and reproducible performance. Importantly, the materials achieve a
gauge factor of ~13 at 5% strain and demonstrate excellent capability for monitoring human joint
motions, including wrist, elbow, and finger bending. Additionally, the material exhibited strong

adsorptive capacity, enabling efficient removal of dye molecules and metal ions via cyclic

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

compression. Collectively, these results highlight graphene-based PHMA hydrogels as a versatile
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platform for next-generation wearable sensors and multifunctional environmental remediation

g

L systems.
Experimental
Materials

Natural graphite with a flake size of 3-5 um (micro 850) was obtained from Ashbury Graphite
Mills, Inc. N-(hydroxymethyl)acrylamide (TCI America, 98.0 %), ethylene glycol dimethacrylate

(TCI America, 97.0 %), tannic acid (Alfa Aesar), ammonium persulfate (Fisher, 98 %), and

n-heptane (Fisher, 99 %) were all used as received.
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Sample preparation

A glass jar (240 mL) was loaded with 30 mL of a 10% (by weight) N-
(hydroxymethyl)acrylamide aqueous solution, 0.196 mL ethylene glycol dimethacrylate
crosslinker (for a 30:1 monomer to crosslinker ratio), 30 mg tannic acid (1 mg tannic acid per ml
water), and 0.14g ammonium persulphate initiator. The components were mixed well. Next, 30 ml
of heptane was added, followed by 1.45 g of graphite. This procedure results in a 2.8 wt% graphite-
loaded hydrogel. The jar was then sealed and shaken for two minutes using a bubble tea shaker
(Happybuy Milk Tea shaker, 320 rpm). Finally, the jar was placed in a convection oven (Blue M,
Stabil-Therm) at 65 °C for two hours to polymerize. Then, the sample was removed from the jar,
the bulk poly(hydroxymethylacrylamide) was separated, thoroughly washed to remove residuals,
and subsequently used for characterization.

Characterization

The morphology of the dried hydrogel was observed under a scanning electron microscope (FEI
Nova SEM450). Compression testing was performed using an Instron Model 5869 with a 5 kN
load cell. Piezoresistivity was measured using a digital multimeter (Amprobe 38XR-A), and the
data were recorded using Amprobe software. The amount of dye absorbed was calculated by
measuring the remaining dye at each time interval using UV-visible spectroscopy (Lambda 1050,
PerkinElmer). The amount of Cu?* removed from the solution within 30 minutes was calculated
by determining the amount remaining at the end of 30 minutes using atomic absorption
spectroscopy (AAS) (PerkinElmer Analyst 200).

All mechanical and piezoresistive measurements were performed in triplicate (minimum) for

each composition. The compressive stress at 50% strain showed a coefficient of variation of less
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than 15% across samples of the same composition, and piezoresistive response curves were

qualitatively consistent.
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