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ABSTRACT
Human bodily movements are primarily controlled by the contractions of skeletal muscles. Unlike joint or
skeletal movements that are generally performed in the large displacement range, the contractions of the
skeletal muscles that underpin these movements are subtle in intensity yet high in frequency.This subtlety
of movement makes it a formidable challenge to develop wearable and durable soft materials to electrically
monitor such motions with high fidelity for the purpose of, for example, muscle/neuromuscular disease
diagnosis. Here we report that an intrinsically fragile ultralow-density graphene-based cellular monolith
sandwiched between silicone rubbers can exhibit a highly effective stress and strain transfer mechanism at
its interface with the rubber, with a remarkable improvement in stretchability (>100%). In particular, this
hybrid also exhibits a highly sensitive, broadband-frequency electrical response (up to 180 Hz) for a wide
range of strains. By correlating the mechanical signal of muscle movements obtained from this hybrid
material with electromyography, we demonstrate that the strain sensor based on this hybrid material may
provide a new, soft and wearable mechanomyography approach for real-time monitoring of complex
neuromuscular–skeletal interactions in a broad range of healthcare and human–machine interface
applications.This work also provides a new architecture-enabled functional soft material platform for
wearable electronics.

Keywords: cellular graphene, strain sensors, high-frequency electromechanical property, surface
mechanomyography, skeletal muscle activity

INTRODUCTION
Our daily life involves a wide range of physical activ-
ities ranging from fine movements such as writing
to large, gross movements such as running [1,2]. A
variety of advanced sensor technologies have been
developed and utilized to assess different bodily
movements in disease diagnosis, sports training,
rehabilitation and human–machine interfaces, aim-
ing at enabling a healthy, mobile and high-quality
lifestyle [2–6]. Skeletal muscles underpin most of
these bodily movements. After receiving a minute
electric signal from the brain through the neurons,
skeletal muscles immediately contract via the simul-
taneous contractions of numerousmuscle fibres, and

thus drive joint and skeletal movements [1]. Many
diseases such as Parkinson’s disease andMyasthenia
Gravis canbe causedbyor lead to some impairments
of these neuromuscular–skeletal interactions [7–9].
Using sensors to track the complex physical move-
ments of human bodies andmonitor the pattern and
health status of skeletalmuscle contractions can pro-
vide valuable information to clinicians for disease
diagnosis. For example, electromyography (EMG,
using electrochemical sensors to record the electrical
activity of muscle tissues) and mechanomyography
(MMG, using accelerometers to detect themechan-
ical motions of skeletal muscles) are already used
clinically for neuromuscular/movement disorder
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diagnosis [8,10,11]. Real-time, accurate monitoring
of the activities of skeletal muscles, including
their contractions and the skeletal movements,
is also highly valuable for sport and professional
performance analysis, human–machine interfac-
ing and soft robotics development [2,12–14].
These emerging applications, together with the
increasing demand for remote and personalized
healthcare monitoring, require that the sensors be
compliant and wearable so that real-time and com-
prehensive information can be collected from the
body without sacrificing the wearers’ comfort and
independence.

Soft materials play a key role in wearable elec-
tronics. In addition to offering the necessary com-
fort to the wearers, intrinsically soft and stretchable
sensors with their mechanical properties are well
matched with soft human skin and are in an excel-
lent position to conform to the skin’s motions and
provide high-fidelity monitoring [14,15]. Thus sen-
sors based on soft and mechanically durable ma-
terials such as rubber have received increasing at-
tention in recent years. Among the variety of soft
wearable sensors, rubber-based resistive strain sen-
sors have been widely exploited for monitoring dif-
ferent types of human physical activities because of
their combination of softness, low-cost and easy sig-
nal reading and interpretation [5,6,14,16–18].How-
ever, human bodily activities are extremely dynamic
and complex and different bodily motions exhibit
distinct strain and frequency features. For example,
joint movements can induce large skin strain up
to 55% [6,19] but with a low frequency (<5 Hz);
in contrast, inner skeletal muscle fibre contractions
are more subtle, with strains as low as 0.5% of
the muscle length [20,21], but their frequency can
reach up to 40 Hz [22–24]. To our knowledge,
previous research on wearable resistive strain sen-
sors has been primarily centred on monitoring dif-
ferent gross skeletal movements such as gait, pos-
ture, locomotion or other voluntary movements
[3,5,16,17,19,25–33]; little success has been made
in the use of flexible soft materials to assess minute
neuromuscular–skeletal interactions and more sub-
tle andparticularly high-frequency skeletalmuscle fi-
bre contractions, likely limited by the viscoelasticity
of polymeric elastomers, which would inevitably re-
sult in a relatively slow response or delayed recovery.
Therefore, the development of soft, stretchable, me-
chanically durable yet highly sensitive electrocon-
ductive materials for detection of complex, subtle
and high-frequency dynamic neuromuscular activi-
ties represents a significant challenge.

Recent successful syntheses of ultralight, elec-
troactive cellular materials through hierarchical

assembly of nanomaterials have made it possible
to create ultrasoft electroactive materials with
extraordinary electromechanical properties that
are unattainable with traditional polymer-based
soft materials. By controlled assembly of rigid,
conductive nanoscale building blocks, such as
carbon nanotubes, gold nanofibers and graphene,
into an ultralight three-dimensional highly porous
cellular architecture, soft yet highly sensitive and
high-frequency responsive materials have been
obtained [34–37]. We have recently demonstrated
that ultrasoft, super-compressible graphene-based
cellular material (UGCM) can exhibit frequency-
independent electromechanical responses up to
2000 Hz and an extremely high piezoresistive
sensitivity that allows detection of pressures as low
as 0.082 Pa [35]. However, architecture-enabled,
polymer-free ultrasoft materials are generally too
fragile to be directly applied on the skin for skin
deformations detection. The deformability and me-
chanical durability of the ultralight cellular materials
can be drastically improved by infiltrating a polymer
into the UGCM to form intertwined networks
[28,38–43]; however, the intimate interfacing of the
conductive network with polymer leads to the elim-
ination of their unique electromechanical dynamic
response capability [41] and the ability for detection
of extremely low pressure limits [43,44]. To date,
it has remained unclear as to whether this issue can
be resolved to allow the design and production of
stretchable yet resilient sensors based on such a new
class of softmaterials, when being incorporated with
stretchable, durable rubbery materials, to provide
mechanical robustness, whilst also being able to
retain their frequency-independent, rapid-response
electromechanical properties.

In this work, using UGCM as an architecture-
enabled model soft electroactive material, we ex-
plore a new strategy to interface ultrasoft cellularma-
terials with a rubber using a lamination process.This
is found to be successful, with the density of UGCM
playing a critical role in its interfacing with poly-
dimethylsiloxane (PDMS). An extremely low den-
sity (≤1.0 mg/cm3) of UGCM allows for an effec-
tive uniform stress and strain transfer at its interface
with the rubber without delamination, providing the
UGCM with a remarkable stretchability and dura-
bility while retaining broadband-frequency respon-
siveness. This discovery allows us to use the resul-
tant UGCM-polymer laminate as a model sensing
material to explore the potential use of resistive-type
strain sensors for comprehensive detection of hu-
man physical activities at different anatomic scales,
and most importantly, for subtle, high-frequency
skeletal muscle activity.
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Figure 1. Fabrication of GP-laminate and its mechanical properties. (a) Top: The finite element analysis (FEA) model structure of isolated UGCM and
sandwiched UGCM, the loading tensile strain is shown as arrows. Bottom: The computed stress concentration factor (SCF) against the loading tensile
strain of isolated UGCM (black curve) and sandwiched UGCM (orange curve). The SCF is defined as the ratio of max principal stresses distributed at
the ends and the middle area. The density of the UGCM was 1.0 mg/cm3. (b) Schematic diagram of the key construction of the assembled GP-laminate
of UGCM with in-built grooves on PDMS layers. A UGCM panel was sandwiched into the groove formed by two PDMS layers. The two ends of the
UGCM were separately connected to two soft conductive wires via Ag-pastes. Scale bar: 20 μm. (c) Relative change in resistance of the GP-laminate
being stretched to varying levels of strain, indicating its good stretchability and sensing ability. �R refers to the resistance changes of the GP-laminate
under the specific strain and R0 refers to the base resistance of the GP-laminate before stretch. (d) The Young’s modulus and the FEA computed mean
interfacial shear stress (σ shear) required as a function of the UGCM density for conformably deforming the GP-laminate under tensile strain.

RESULTS AND DISCUSSION
Laminating UGCM with PDMS for
tear-tolerance and stretchability
Lightweight cellular materials are ubiquitous in or-
ganisms [45].Natural cellularmaterials are generally
surrounded by a soft yet denser outer layer to form a
hybrid structure able tomeet the needs of a dynamic
environment [1,45]. Inspired by the manner in
which cellular materials are integrated with soft tis-
sue sheaths in biology, the interfacing of the UGCM
with PDMS by lamination, rather than infiltration,
was designed to improve its stretchability while mit-
igating the mechanical and electromechanical inter-
ference from the polymer by minimizing their con-
tact areas.This strategy can be clearly demonstrated
by finite element analysis (FEA) on the deformabil-
ity of the UGCMs in contact with a PDMS outer
layer (see the detailed discussion in the Supple-
mentary Data). We find that when a free-standing
UGCM with two ends clamped is stretched, its in-
ternal stress is highly concentrated near the clamp-
ing area (Fig. 1a, and Figs S1 and S2). This uneven
load distribution, together with its highly porous
structure, further negatively impacts the fragility and
low stretch tolerance of the UGCM [37,46]. In con-
trast, when the UGCM is in contact with a PDMS

outer layer through lamination, its internal stress dis-
tribution can be much more uniformly distributed
along the UGCM under stretching (Fig. 1a). This
modelling suggests that a possible approach to im-
proving the deformability of UGCM involves encas-
ing it with a soft elastic polymer.

To experimentally examinewhether encasing the
UGCM with a polymer layer can lead to improved
deformability and mechanical durability, we lami-
nate a 1.0 mg/cm3 piece of UGCM into a groove
formed by two PDMS sheets (Fig. 1b), where the
UGCMand the PDMS sheets are physically bonded
after the PDMS surface is treated by an oxygen
plasma (see detailed discussion in Materials and
Methods). Interestingly, we find that bending, twist-
ing or stretching the resultant laminate (denoted as
GP-laminate in this work) does not cause visible
ruptures in the UGCM (Figs 1c and S3). In stark
contrast, slightly stretching a free-standing UGCM
(<5% strain) leads to catastrophic breakage. We
further monitor the stretchability and connectivity
of the UGCM network in the laminate under vari-
ous stretching conditions by simultaneously record-
ing its electrical resistance, which can increase or
decrease with the disconnection or reconnection
of the graphene network during the deformations
(Figs 1c andS4) [16,47].TheGP-laminate exhibits a
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nearly linearmonotonic and reversible relative resis-
tive change to the externally applied tensile strain up
to 100%with negligible hysteresis (Fig. 1c), suggest-
ing a reversible deformation of the UGCM network
in the laminate (Fig. S5).Note that a slight deviation
of the hysteresis curve of the strain sensor occurred,
which could be attributed to the crack generation
along the stretchingdirection andUGCMsqueezing
in the direction perpendicular to the applied strain.

However, UGCMs with a higher density (e.g.
≥2.5 mg/cm3) cannot be made stretchable us-
ing this method. When testing these GP-laminates,
we observed that the high-density UGCMs were
debonded from the PDMS layers and could not be
stretched conformably with the PDMS at a strain
exceeding∼5% (Fig. S6). An extremely low density
(ρ) ofUGCMis crucial to the formationof a stretch-
able laminate. We attribute this phenomenon to the
unique mechanical property of the extremely low-
density UGCM. Note that when the GP-laminate
is stretched, the deformation of the UGCM is
driven by the interfacial shear stress transferred
from the PDMS layers. A conformable deformation
of UGCM (without delamination) should only be
possible when the required interfacial stress (σ shear)
to deform the UGCM is lower than its interfacial
bonding strength (σ strength) to the PDMS layers.
The FEA analysis shows that the σ shear required
to deform a UGCM is proportional to its Young’s
modulus (E), which represents its resistance to the
elastic deformation (Fig. 1d). It has been previously
reported that the E of UGCM follows a scaling rela-
tionship with its density as E ∼ ρ2 [47].Therefore,
the σ shear should also follow a relationship of σ shear
∼ ρ2 with the UGCM’s density. On the other hand,
owing to the unique porous structure of the UGCM
(i.e. UGCM is only physically bonded to the PDMS
surface through the limited contact area (Fig.
S7)), the σ strength should be proportional to the wall-
PDMS contacting area and thus theUGCMdensity,
i.e. σ strength ∼ ρ (see detailed discussion in the Sup-
plementary Data). As a lower ρ leads to a greater
drop of σ shear than σ strength, the UGCMwith a lower
ρ should be more prone to achieving a conformable
stretch (σ shear < σ strength), which is consistent with
our experimental observations. Our laminate design
thus makes it possible to harness the unique scaling
relation of σ shear–ρ and σ strength–ρ of the UGCM to
enable their remarkable stretchability anddurability.

Resistive response of the GP-laminate to
broadband strains and frequencies
Wehave previously demonstrated that free-standing
UGCMs exhibit a frequency-independent piezore-
sistive pressure response owing to their combination

of high conductivity and rapid stress transmission
rate throughout the entire UGCM network, which
far surpasses that of the existing conductive soft
polymeric elastomers [35]. Given that the contact
between the UGCM and polymer in the GP-
laminate is restricted at their external interface
only, it is possible that there may be little effect on
the electromechanical properties of the laminate.
To study the dynamic electromechanical property
of the GP-laminate, the in-situ electrical charac-
terization is coupled to the periodic sinusoidal
tensile mechanical deformations. A monotonic,
almost linear change of the electrical response of
the laminate to the applied cyclic deformation from
subtle strains up to 100% was observed (Figs 2a
and S8). Besides, the GP-laminate was able to
maintain its reversible deformability by presenting a
stable electrical resistance change during the cyclic
deformations for at least 1000 cycles (Fig. S9).

The GP-laminate exhibits a nearly instantaneous
and linear response to the applied strains at all the
tested frequencies up to 180 Hz (the highest limit
of the testing equipment) (Fig. 2). The maximal
signal delay of the GP-laminate to the input strain
is measured to be <13 ms in the strain ranges
tested, and further reduced to ∼3 ms at higher fre-
quency (∼25Hz). Previous studies have shown that
rubber-infiltrated conductive composites in which
the graphene conductive network was entirely em-
bedded in the rubber matrix displayed a slow elec-
trical signal response during deformation [26,35],
even if they had demonstrated the resistive response
of a graphene-rubber composite at high frequencies
up to 160 Hz. Fully infiltrating the entire graphene
network with a viscoelastic polymer resulted in the
elimination of the intrinsic electromechanical prop-
erties of UGCM because the conductive networks
were entangled strongly with the polymer chains
and disturbed significantly by the rearrangement
of the polymeric chains during deformations. In
contrast, the interactions of graphene and PDMS
only occurred at their external surface in the GP-
laminate; a polymer-free conductive network path-
way of graphene is thus maintained in the hybrid.
Hence, their electrical disconnection–reconnection
is barely influenced by the rearrangement of the
internal polymer chains and their electromechani-
cal response is decoupled from the viscoelastic be-
haviour of the PDMS during the deformations.

GP-laminate for resistive detection
of skeletal muscle contraction
The unique electromechanical properties of GP-
laminate, together with its great flexibility, mechani-
cal durability and similar mechanical compliance to

Page 4 of 11

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/article/9/4/nw

ab184/6381734 by The H
ong Kong Polytechnic U

niversity user on 09 April 2024



Natl Sci Rev, 2022, Vol. 9, nwab184

0.4 0.45 0.5 0.55 0.6

0

0.15

0.3

0.45

0.6

0.75

Time (s)

25 Hz

0

5

10

15

20
Electrical output
Input strain

St
ra

in 
(%

)

Δ
R/

R 0

0 0.02 0.04 0.06 0.08 0.1

0

0.002

0.004

0.006

0.008

Time (s)

Electrical output180 Hz

Δ
R/

R 0

0 50 100 150 200

0

1.5

3

4.5

6

7.5

Δ
R/

R 0

Time (s)

0

25

50

75

100

125

St
ra

in 
(%

)

0.028 Hz Electrical output
Input strain

b

d

a

c

0 0.2 0.4 0.6 0.8

0

0.025

0.05

0.075

0.1

Time (s)

0

1

2

3
St

ra
in 

(%
)

25 Hz

Δ
R/

R 0

Electrical output
Input strain

Figure 2. Electromechanical response of GP-laminate to varied frequencies. (a) Rel-
ative changes in resistances of the hybrid (orange curve) in response to periodic ten-
sile loading cycles under strains (black curve) of 100%. The cyclic loading frequency
was set at 0.028 Hz. (b–d) Very close correspondence observed between the high-
frequency dynamic behaviours of the GP-laminate. Relative changes in resistance of
the GP-laminate are shown in response to different periodic tensile loading cycles un-
der varied strains with loading frequencies at 25 Hz (b and c) and 180 Hz (d). Note that
the cyclic deformation of the applied strain input at 180 Hz was not shown because
such a high-frequency strain input was beyond the limit of the laser detector we used.

human skin (Fig. S10),make it promising for use as a
skin-mountable sensor for human bodily activity de-
tection and tests in these areas were undertaken.We
first tested typical bodily physical movements with
relatively large strains whose frequency ranges are
generally <5 Hz. As with other existing strain sen-
sors [28,40,41,48–50], GP-laminates can monitor
hand and forearm movements from the skin at both
slow- and fast-moving tempos (Figs S11 and S12).
However, to the best of our knowledge, no reports
have demonstrated the use of resistive strain sen-
sors to monitor the more subtle and high-frequency
skeletal muscle activities that underpin those bod-
ily movements (Fig. 3a) [15,19,25,26,28,39,40,51–
54], hence we focus here on using the GP-laminates
as a model material to explore this aspect.

The contraction of skeletal muscles can be
evoked voluntarily or through an external electrical
stimulation. In this work, GP-laminates were used
to monitor bicep muscle contractions evoked by
a clinical electrical stimulator with well-controlled
stimulation frequencies and intensities (see detailed
discussion in the Supplementary Data). Instead
of attaching the GP-laminate to the skin near the
joint/wrist areas, we place it right onto the belly
area of the bicep muscle group and band around
the arm to record the relative resistance change of
the GP-laminate during muscle contractions (Fig.
S13, and Fig. 3b and c). For all the given stimulation

frequencies of 1, 3 and 5 Hz, the GP-laminate
respondswell to the sEMG in the corresponding fre-
quency ranges (Fig. 3b), and the response is nearly
linear to the evoked muscle contraction within the
stimulation intensity ranges examined (Fig. 3c and
d). We used the widely used surface electromyog-
raphy (sEMG) to simultaneously monitor the elec-
trical aspect of the skeletal muscle activities. The re-
sistive signal pulses recorded from the GP-laminate
were in good agreement with the sEMG recordings
from both the frequency and relative intensity as-
pects, with the exception that a slight signal latency
of around 1–7 ms between the GP-laminate and the
sEMG recordings was observed (Figs S14 and S15).
The GP-laminate was also found to be responsive
to the other skeletal muscle groups we examined,
such as the wrist flexor muscle, and the results also
resonated well with the sEMG signal (Fig. S16).

We further tested the capability of the GP-
laminates with regard to monitoring voluntary mus-
cle contractions. Voluntary muscle contractions can
be treated as the summation of single motor-unit
twitches or contractions that are artificially pro-
duced by recurrent nerve stimulations [23]. Here
we adopt a widely studied bicep muscle group as
an example in which the GP-laminate was used to
monitor voluntary bicep muscle contractions. We
found that during multiple relaxation and contrac-
tion cycles, both the GP-laminate and sEMG gener-
ate an instant response to the voluntary bicep mus-
cle contractionswith similar contracting periods and
ranges (Fig. 4a). During muscle relaxation, the GP-
laminates illustrate a nearly unchanged relative resis-
tance variation of ∼0.03. In contrast, when the bi-
cep muscle is contracted, overall relative resistance
changes of the GP-laminate increase to around 0.8
and fluctuate from 0.79 to 0.95 (Fig. 4b). These dis-
tinctive sub-peaks are located in the frequency range
at around 15 Hz. The output signal from the GP-
laminate at this relatively higher frequency rangewas
compared with the simultaneously recorded sEMG
signal.ThesEMGsignalwasprocessed via a standard
data processing technique (sEMG linear envelope)
to allow interpretation of the mechanical activity of
muscle fibres from the EMG signal [55]. It can be
observed that the GP-laminate demonstrates simi-
lar major waveform patterns to that of the processed
sEMG signal (Fig. 4c).

Using GP-laminate for muscle
mechanomyogram
Human skeletal movements are driven and con-
trolled by the contractions of skeletal muscles
connected to the joints. By monitoring the defor-
mation of skeletal muscle groups, different types of
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Figure 3. Monitoring of electrically evoked bicep muscle contractions by GP-laminate and sEMG. (a) An illustration of dif-
ferent skeletal-muscle-contraction-related bodily activities located at different strain and frequency ranges, including inner
skeletal muscle activities and their manipulated physical activities. Only several representative strain sensors reported in
monitoring human bodily activity are presented here for the clarity of this graph [15,19,25,26,28,39,40,51–54]. (b) A compar-
ison of the recorded relative resistance changes of the GP-laminate (orange curve) and voltage outputs of the sEMG (black
curve), referring to the muscle action potential, in response to the evoked bicep muscle contractions at different frequencies
of 1 Hz (top), 3 Hz (middle) and 5 Hz (bottom). (c) The relative resistance changes of the GP-laminate in response to the evoked
bicep muscle contractions when the stimulation intensity was adjusted at 50 mA (top), 20 mA (middle) and 10 mA (bottom).
The stimulation frequency was set at 3 Hz. (d) A comparison of peak-to-trough values of the relative resistance changes of the
GP-laminate (orange dots), denoted as the ‘absolute �R/R0 GP-laminate’, with the peak-to-peak range changes of the recorded
muscle action potential from the sEMG (black dots), denoted as the ‘absolute Voltage sEMG’, in response to the evoked bicep
muscle contractions at different stimulation intensities from 6 mA to 50 mA. The variation in these two signal outputs, in-
dicated as error bars, were calculated from nine test results. The GP-laminate signals were recorded by three GP-laminate
sensors with similar gauge factors.

skeletalmovements such as gait or handpostures can
be recognized, analysed and controlled by a num-
ber of flexible sleeve-based sensor systems [4,56–
59]. However, human bodily activities are complex
as these activities are not only the behaviours that
we can easily notice such as simple joint move-
ments or muscle shape changes but also involve
the neuromuscular-skeletal event that drives these
joint movements [1,2]. Specifically, a contraction
of the skeletal muscle occurs as a result of an elec-
tromechanical coupling induced by neuromuscular-
skeletal interactions: the electrical and chemical
signals generated by the brain pass along the neu-
ron and reach the presynaptic membrane and then

stimulate the release of acetyl choline at the synapse.
This then crosses the synaptic cleft to the recep-
tors and stimulates the muscle fibres’ action poten-
tial change, which causes their contraction [1]. Any
abnormality or interruption of the signal propaga-
tion through these events can cause muscle dys-
function and impaired movements. To quantita-
tively examine the complex neuromuscular-skeletal
interactions for muscle/neuromuscular disease di-
agnosis and real-time health monitoring, and for
prosthetic and soft robotic development, comple-
mentary sensing techniques are often required to
accurately collect all electrical and mechanical mus-
cle activities. So far, bothEMGandMMGhave been
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Figure 4.Monitoring of voluntary bicep muscle contractions
by the GP-laminates. (a) The recorded resistance changes of
the GP-laminate (orange curve) and the muscle action po-
tential extracted by the sEMG (black curve) in response to
the multiple recurring voluntary relaxing/contracting cycles
of the target bicep muscle group. (b) The recorded resistance
changes of the GP-laminate under muscle relaxation (top,
section 1) and muscle contraction (bottom, section 2) dur-
ing the cyclic voluntary muscle contraction detection. (c) A
comparison of the resistance changes recording of the GP-
laminate (orange curve) and the processed sEMG signal via
an in-built data process system of the sEMG (black curve),
EMG’s linear envelope, for detecting the recurrent muscle
contractions within a 1 s period of time.

developed to collect the electrical and mechanical
signals of skeletalmuscles, respectively [1,60].While
several types of EMG that can be integrated in epi-
dermal/implantable electronics have been adopted
clinically [12,61], the development ofMMGdevices
is much more challenging due to the great diversity
and complexity of mechanical activities associated
with the contraction of skeletal muscles. Although
a range of transducers based on condenser/contact

microphones [62,63], piezoelectric contact sensors
[64], accelerometers [65,66] and force-resistive sen-
sors [55,67,68] have been used for MMG, existing
MMG systems are generally bulky and rigid. The
design of fast responsive MMG sensors based on
wearable soft materials that can complement wear-
able EMG devices for comprehensive analysis of dy-
namicmuscle activity has been particularly challeng-
ing.This is beneficial to different medical conditions
ranging from neurological study to sports analysis
and rehabilitation.

Our correlation analysis on the resistive signals
obtained from the GP-laminate sensor with corre-
sponding innermechanical activities of skeletalmus-
cles suggest that ourmaterialmay provide a new soft,
wearable and stretchableMMG device able to mon-
itor the mechanical response of skeletal muscles. It
has previously been documented that the volume of
skeletalmuscles remains nearly constant during con-
tractions [69]. As a result, the shortening of muscle
fibres during contractions will cause transversal ex-
pansion of the muscle group and lead to a circum-
ferential increase of the skin over the muscle. We
have found thatwhenbandedaround the targetmus-
cle group during exercise, the GP-laminate exhibits
distinct resistance responses to muscle contractions
during the entire process (Fig. 3b and c, andFig. 4a):
at the onset of contraction (which can be timed by
EMG), the GP-laminate shows a rapid increase of
its resistance change corresponding to the circum-
ferential expansion of the arm; the resistance then
drops immediately back to its original value when
the muscle starts to relax. The resistance change of
the GP-laminate for muscle contraction measure-
ment showed an almost linear response to the ap-
pliedmuscle contraction intensity (Fig. 3d).We also
observed a few sharp resistance peaks in the GP-
laminate’s signal at the onsets and offsets of muscle
contractions, which can be attributed to the sudden
shape changes of the muscle group (Fig. 4a). This
is because muscle groups are not perfectly cylindri-
cally symmetric and contain both contractile tissues
and non-contractile elements (i.e. tendons, various
sheaths, etc.) that deform differently during muscle
contractions,whichwill cause the lateralmovements
and changes in shape of the muscle when a sud-
den contraction or relaxation occurs [1,10,70]. We
also observe a very small decrease in the resistance
of the GP-laminate just before its strong resistance
increase when muscle contractions are electrically
evoked (Fig. S14).This is in agreement with a previ-
ous finding that, when being electrically stimulated,
the skeletal muscle fibre tends to show a minute re-
laxation (muscle fibre lengthening) before the con-
traction starts [71–73]. Moreover, during muscle
contractions, the active muscle fibres can generate
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vibrations up to 40 Hz due to their cyclic twitches
and shortening depending on the contraction force
exertion [74,75]. The detected sub-peaks from the
resistive signal of the GP-laminate are found to fall
in the same frequency range (Fig. 4b and c). All
of these results confirm that the GP-laminate-based
strain sensor is indeed able to detect various minute
mechanical movements of the skeletal muscles.

It is worth noting that because neuron transition
and muscle contractions occur consecutively, there
is always a short time delay (generally several mil-
liseconds) between electrical muscle activation and
mechanical muscle contractions, the so-called ‘elec-
tromechanical latency’ (EML) [72,76,77]. Accurate
detection of the EML is crucial to understanding
dynamic neuromuscular-skeletal events, particularly
for the development of high-precision prosthetics.
In this regard, the GP-laminate based MMG sen-
sor seems to be particularly attractive owing to its
fast electromechanical response.Wehave found that
the EML detected by our sensor is between ∼1 to
7.6 ms (Fig. S15). This value surpasses that of most
reported MMG transducers for the detection of the
same bicep muscle group contraction (up to 37 ms)
[77]. To our knowledge, such fast dynamic mus-
cle fibre activities have been either non-detectable
or have not yet been demonstrated by traditional
stretchable conductive rubbers [57–59], likely due
to the frequency-dependent viscoelastic property of
the polymeric matrix. Such broadband sensing of
skeletal muscle activities by using the GP-laminate
holds great potential to extend the application scope
of soft wearable sensors and unveil new possible
opportunities for detecting more complicated and
practical neuromuscular events, such as muscle fa-
tigue detection, force exertion assessment or intel-
ligent muscle development, which in turn, can also
help to control precise prostheticmovement or drug
delivery in response to the feedback loop provided
by the soft wearable platforms.

CONCLUSION
In conclusion, we have demonstrated that ultra-
light graphene-based cellularmaterials exhibit anun-
usual interface stress and strain transfer mechanism
when they are laminated with PDMS due to their
extremely low density. This has made it possible
to make intrinsically non-stretchable and mechani-
cally fragile UGCMs stretchable and durable whilst
still retaining their fast electromechanical properties
through lamination.The discoveries have allowed us
to use the resultant laminate as a resistive strain sen-
sor to explore for the first time its applications in
subtle yet highly dynamic skeletal muscle contrac-

tion detection, and explore a new soft and wearable
mechanomyography solution for real-timemonitor-
ing of the mechanical response of skeletal muscles
during their contractions.

Wehave shown that the coupling of this wearable
mechanomyography with electromyography can
unveil rich real-time information about dynamic
neuromuscular-skeletal interactions. Given the
critical role of skeletal muscles in human bodily
movements, further developing this technique,
whilst engaging with advanced data analytics tech-
niques, could be useful for muscle/neuromuscular
disease diagnosis, personalized healthcare and
the development of prosthetics and soft robotics.
The concept revealed here could also inspire
the exploration of other architecture-based soft
functional materials with regard to making them
useable in a mechanically-robust fashion, as well
as boost wearable electronics development into
tackling more challenging sensor applications and
biomedical problems that traditional soft materials
are unable to address.

METHODS
Fabrication and structural
characterization of UGCMs
The UGCMs were fabricated via a modified pro-
cess of a previously-reported freeze-casting method
of partially reduced GO [47].The typical procedure
to synthesize UGCM with a density of 1.0 mg/cm3

is as follows: a GO dispersion (12 ml, 1.0 mg/ml)
was first mixed with ascorbic acid (AA) at a weight
ratio of 4:1 (GO:AA) in a cylindrical glass tube.The
mixture was then placed in a boiling water bath for
30min to obtain a partially reduced graphene hydro-
gel. The glass tube was subsequently placed in dry
ice bath for 45 min to fully freeze the mixture, fol-
lowedby a freeze-drying process of 2 days.The resul-
tant UGCMs were then annealed at 200◦C in air to
further reduce the graphene oxide.TheUGCMs ob-
tainedwere then laser cut into cuboidswith different
dimensions of 12×12×24mm3, 8×8×24mm3 and
6×6×24 mm3 for further use. The dimensions and
weights of UGCMs were determined with a Vernier
calliper (Stamvick)with an accuracy of 0.01mmand
a microbalance (AND, GH-252), with an accuracy
of 0.01mg.

Fabrication of GP-laminates and
GP-laminate-based strain sensors
A typical fabrication process is illustrated in
Fig. S17. 3D-printed moulds with a dog-bone shape
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were first fabricated to produce thin PDMS films
with in-depth thicknesses of 100 μm, 200 μm and
500μm, respectively.

To help maintain the 3D porous structure
of UGCMs within the assembling structure, the
moulds with an embossment (height, 200 μm) in
themiddle area of themouldwere also prepared. In a
typical fabrication process, a mixture containing the
silicone elastomer base (Sylgard 184) and the sili-
cone elastomer curing agent (Sylgard 184) (weight
ratio at 10:1)was first placed into a vacuumchamber
for degassing for 5min.ThedegassedPDMSmixture
was then put into themould for curing in air at 50◦C
for 12 h.Thedetailed parameters of the substrate de-
sign formechanical tensile tests and for strain sensor
assembling of GP-laminates are shown in Figs S18
and S19.

To assemble UGCMs into a GP-laminate, two
conductive wires were adhered to the two ends of
the PDMS layers with Ag pastes (DuPont Solamet,
PV412). The laser-cut UGCMs were then sand-
wiched into the grooves formed by two PDMS films
with the two ends separately connected to the Ag
electrode areas. The adhesion at the interfaces of
the PDMS and UGCMs was achieved via an oxy-
gen plasma treatment at the PDMS surfaces for
2min (HarrickPlasma,PDC-002, power200W)be-
fore assembling. Several critical design parameters,
including the thickness of thePDMS layer, the thick-
ness of the groove, the thickness of UGCMs, the
density ofUGCMs and the interfacial interactions of
the assembled GP-laminates were investigated with
a comprehensive focus on their resulting stretcha-
bility and electromechanical properties (Figs S6, S7,
S20 and S21).
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