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Somatosensory actuator based on stretchable 
conductive photothermally responsive hydrogel
Yusen Zhao1†, Chiao-Yueh Lo1†, Lecheng Ruan2, Chen-Huan Pi2, Cheolgyu Kim1, Yousif Alsaid1, 
Imri Frenkel1, Rossana Rico2, Tsu-Chin Tsao2, Ximin He1,3*

Mimicking biological neuromuscular systems’ sensory motion requires the unification of sensing and actuation in 
a singular artificial muscle material, which must not only actuate but also sense their own motions. These 
functionalities would be of great value for soft robotics that seek to achieve multifunctionality and local sensing 
capabilities approaching natural organisms. Here, we report a soft somatosensitive actuating material using an 
electrically conductive and photothermally responsive hydrogel, which combines the functions of piezoresistive 
strain/pressure sensing and photo/thermal actuation into a single material. Synthesized through an unconven-
tional ice-templated ultraviolet–cryo-polymerization technique, the homogenous tough conductive hydrogel 
exhibited a densified conducting network and highly porous microstructure, achieving a unique combination of 
ultrahigh conductivity (36.8 milisiemens per centimeter, 103-fold enhancement) and mechanical robustness, fea-
turing high stretchability (170%), large volume shrinkage (49%), and 30-fold faster response than conventional 
hydrogels. With the unique compositional homogeneity of the monolithic material, our hydrogels overcame a 
limitation of conventional physically integrated sensory actuator systems with interface constraints and pre-
defined functions. The two-in-one functional hydrogel demonstrated both exteroception to perceive the environ-
ment and proprioception to kinesthetically sense its deformations in real time, while actuating with near-infinite 
degrees of freedom. We have demonstrated a variety of light-driven locomotion including contraction, bending, 
shape recognition, object grasping, and transporting with simultaneous self-monitoring. When connected to a 
control circuit, the muscle-like material achieved closed-loop feedback controlled, reversible step motion. This 
material design can also be applied to liquid crystal elastomers.

INTRODUCTION
One of the unique capabilities that sets living organisms apart from 
artificial materials is the ability of living organisms to perceive and 
manage their motion to adapt to their environment. This is enabled 
by locally sensing their movement (kinesthetic) and environment 
(tactile) by proprio-/exteroreceptors to provide somatosensory 
feedback for effectors through the reflex arch or neuromuscular 
systems (1). For example, octopi exhibit a highly localized and con-
tinuous neural system with nonsegmented arms that can accom-
plish various tasks, ranging from basic arm shortening/elongation 
to complex object grasping, shape morphing, and accessing restrict-
ed environment (Fig. 1A) (2). One of the ultimate goals for robotics 
is to demonstrate sensorimotor-like abilities, by mimicking the re-
ceptors and effectors in biological somatosensory systems to achieve 
simultaneous active motion and perception functions. This requires 
integrating sensors and actuators with non-interfering and matching 
sensitivity to the deformation range, without compromising the 
desirable high mechanical flexibility, fast actuation, and real-time 
sensation. Conventional rigid robots achieve actuation through 
motors and typically use motion encoders (3, 4), force load cells (5), 
or cameras for sensing and providing feedback on terrain condi-
tions and locomotive gaits; the use of complex and bulky multi-
electronics integration, however, often restricts the motility and 
miniaturization of these robots.

Soft robots, alternatively, use more processable and conformable 
soft materials (6, 7) and offer promising opportunities for sensing- 
actuation unification. Some somatosensory soft robots are capable 
of not only monitoring the roughness, softness, and temperature of 
objects but also grasping objects using control algorithms (8–10). 
Current state-of-the-art soft sensors are based on optical fibers 
(9, 11, 12), electroluminescent dyes (6), triboelectricity (13), and 
piezoresistivity (6–8, 10, 14–18), whereas soft actuators are based 
on the asymmetric expansion (16, 19), pneumatic inflation (20), 
and hydraulic actuation (21). Defined by their specific working 
mechanisms, these sensors and actuators are all single-function 
units, still unable to realize sensation and actuation simultaneously. 
Therefore, add-on functionalities to soft robots have been used to 
physically integrate the two individual components by welding (7), 
three-dimensional (3D) printing (8), embedding (9), or laminating 
sensors and actuators (22). Fabricating such heterogeneous multi-
material systems typically involve complex integrating processes 
with multiple molding and lamination steps and complicated con-
nection terminals (8, 16). These physically integrated systems with 
various material interfaces also have potential stress concentration 
and adhesion issues (1). In terms of robotic performance, the sens-
ing and actuation functionalities are predefined with constrained 
flexibility when handling complex dynamic environment.

It would be highly advantageous to develop a multifunctional 
monolithic material containing chemically integrated sensing and 
actuation components at the molecular level, rather than the system 
level (1). Such a somatosensory actuatable material can ideally 
present intrinsic sensing capability and nonpredefined actuation 
simultaneously, without potential delamination or sensing/
actuation range mismatching associated with physically integrated 
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multiplexed design. In addition, the bulk material with molecularly 
modular design can be chemically customized and physically tuned 
for optimized mechanical and electrical properties and further 
combined with other units for higher-level functionality. However, 
material designs that seek to accommodate such multifunctionality 
without a conflict between the signal transductions of the sensing 
and actuating processes remain limited (23). Designing complex 
energy transduction mechanisms in existing soft materials [e.g., 
conducting polymers (CPs)] may realize multifunctionality (sens-
ing and actuation); however, the resulting performance would be 
rather limited and unsatisfactory for the demanding soft robotics 
applications (e.g., large, fast, and forceful shape changing and high 
strain sensitivity simultaneously).

Among many active polymers, hydrogels are attractive artificial 
muscle materials for soft robotics, providing the potential for human- 
machine interfaces with their 3D hydrophilic polymer networks, 
mechanical properties similar to biological tissues, and biocompat-
ibility. This class of stimuli-responsive materials can undergo a no-
table volumetric change in response to a variety of environmental 

stimuli (24–30) and thus may serve as a good actuator. To manifest 
the hydrogel’s ability to sense, a piezoresistive mechanism is pre-
dominantly used, possibly based on ionic or electronic conduction. 
Whereas ionically conductive materials require low-voltage AC op-
eration due to ion migration, electronic conduction with DC oper-
ation (31) has advantages with direct readouts to feed the control 
program for electronic interfaces and for underwater operation 
without ion leakage issues. Although flexible conductive polymers/
hydrogels have been explored for soft electronics applications, these 
materials lack the stimuli-responsive actuation ability required for 
soft robotics applications (32). Therefore, to prove the concept, we 
propose that by molecularly combining a stimuli-responsive hydro-
gel with a CP (33–35) in a single material as a model system, both 
actuation and sensing can be realized simultaneously. The hier-
archical porous hydrogel network would allow for both continuous 
electronic conduction for sensation and efficient mass (water) 
transport for actuation (36). Although CP-percolated stimuli- 
responsive hydrogels have been reported (33), multiple obstacles 
still remain preventing them from serving as sensory actuators: 

Fig. 1. Design of the somatosensitive actuator based on CP hydrogel. (A) Schematic of the bioinspired self-sensing actuator: Resistance change arose from density 
change or chain elongation of CP network when exposed to thermal stimulated volumetric change or external stress. (B) Fabrication of ITUC gel using the ice-templating, 
UV polymerization, and cryo-polymerization process. (C) SEM image of the ITUC gel. (D) Images of ITUC gel during bending, twisting, and stretching. (E) Strain-stress curve 
of the ITUC gel and UT gel (control sample, without ice-templating) with different cross-linking densities. (F) Conductivities of the ITUC gels and UT gels.
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(i) CP percolation using conventional two-step methods results in 
high inhomogeneity, typically with CPs formed only on the hydro-
gel skin (fig. S2) (37, 38) and is, hence, unable to accurately reflect 
the actual material deformation. (ii) Creating materials that are 
both electrically conductive and capable of withstanding large me-
chanical deformation is a challenge (18, 39). Their conductivity and 
mechanical robustness are relatively low, due to the formation of 
nanoaggregation and discontinuities of the two polymer networks, 
leading to unstable sensing signals (34) and poor actuation and load 
bearing. (iii) The slow actuation due to the slow diffusion in hydro-
gels with noncontinuous channels has a response time of minutes 
or hours (40). (iv) Although the state-of-the-art conductive hydro-
gels can partially reach high conductivity, good mechanical proper-
ties, fast and substantial actuation, or sensing individually, realizing 
all the desired features simultaneously in a CP-percolated re-
sponsive hydrogel composite remains challenging.

Here, we present a soft somatosensitive actuator based on a 
molecularly innervated CP-percolated hydrogel-based material ca-
pable of performing a variety of feedback-controlled robotic tasks, 
including octopus arm–like shortening, elongation, and object per-
ceiving and grasping. This homogeneous bulk conductive hydrogel 
is composed of an interpenetrating polymer double-network of 
poly(N-isopropylacrylamide) (PNIPAAm) and polyaniline (PAni), 
which combines both photo/thermal actuation and piezoresistive 
sensing into a monolithic material of “two-in-one” functionality. 
To achieve the high conductivity and high mechanical robustness 
necessary for simultaneous optimum strain sensitivity and deform-
ability, we developed an unconventional one-pot synthesis method 
via the ice-templated, ultraviolet (UV) polymerization of PNIPAAm 
and cryo-polymerization of PAni (ITUC). It successfully solved the 
aforementioned three issues with (i) distributing the conductive 
(sensing) and the stimuli-responsive (actuating) components homo-
geneously distributed at a molecular level throughout the entire bulk 
material, (ii) maintaining a continuous pathway for electron conduc-
tion and so high sensitivity, while remaining strong and stretchable 
(a result of the suppressed CP-nanoaggregate overgrowth under sub-
zero reaction and the densified CP packing by ice templating), and (iii) 
having open pores for high water diffusion and thus fast actuation.

Our material exhibited conductivity enhancements of three 
orders of magnitude and mechanical modulus enhancement of up 
to 386%, compared with liquid-phase synthesized hydrogels. As an 
actuator, the hydrogel can rapidly change to any arbitrary shape 
and size in response to stimuli and does so with a substantially im-
proved response rate (30-fold faster than conventional PNIPAAm) 
and a high volume change ratio (shrinkable to 50% volumetrically). 
We have demonstrated tracking toward incident near-infrared 
(NIR) light precisely, presenting an autonomous signal-tracking 
ability with reflex-like, decentralized open-loop feedback and object 
lifting (20× of its weight) and grasping acting as a soft gripper. As a 
sensor, exhibiting unique pure ohmic electronic conduction under 
DC voltage, the hydrogel performed exteroception to detect the 
mechanical stretching [gauge factor (GF) = R/R0/ = 2.3 at 170% 
stretch], bending, and compression. Because this material has 
noninterfering sensing and actuation (referred as the e-output and 
photothermal-input), its actuation can be detected in real time to 
provide sensory feedback, undisturbed by the photothermal activity 
in actuation. Thus, the sensory actuator also had proprioception 
to monitor its responsive elongation/shortening and bending/
unbending under NIR light stimulation. As a proof of concept, it 

was demonstrated that the somatosensitive actuator had the poten-
tial to help recognize the shape of an unknown object based on the 
deformation time and resistance evolution. Furthermore, we devel-
oped a closed-loop algorithm for actively controlling the artificial 
arm elongation/shortening, which could be successfully maintained 
at targeted lengths precisely. The generality of the modular material 
design has been demonstrated by successfully realizing CP-perco-
lated liquid crystal elastomer (LCE) material with sensory actuating 
abilities. Overall, with customizable composition and tunable prop-
erties, this class of molecularly innervated somatosensitive active 
hydrogels successfully takes a step toward next-generation life-like 
soft robots with a self-diagnostic feedback-controlled autonomy 
a reality. Meanwhile, they may be applied to and augment current 
inflatable actuators, prosthetics, exoskeletons, wearable systems, 
smart textiles, and locomotive robots.

RESULTS
To build a material capable of somatosensitive actuation, we sought 
out the rational combination of PAni CP and PNIPAAm hydrogel. 
In this homogeneous interpenetrating polymer network, PNIPAAm 
provides both thermo-responsive actuating capability and mechan-
ical flexibility, whereas the black-colored conductive PAni simulta-
neously acts as both a photothermal transductor and a piezoresistive 
sensor. The resistance change upon material deformation results 
from the synergic deformation of the PAni network to alter the elec-
trical pathway (41). When temperature increases beyond the lower 
critical solution temperature (LCST) of PNIPAAm, the resistivity of 
the hydrogel is substantially reduced as the PAni network becomes 
more compacted through the marked, temperature-driven shrink-
age of PNIPAAm (Fig. 1A) (33, 38).

Fabrication and properties
Traditionally, to obtain a CP-hydrogel composite, a two-step syn-
thesis method has been used. Because of the incompatibility of the 
two syntheses (42), the hydrogel is formed and subsequently soaked 
in a CP prepolymer solution to in situ polymerize the CP around 
existing hydrogel chains (37, 38, 43, 44). However, the submicrometer- 
sized pores of hydrogels hardly allow for sufficient penetration of 
CP molecules into the entire hydrogel matrix, which results in a 
CP-rich shell and a nonconductive core, hindering its application in 
sensing and actuation (i.e., the ITU in situ gel in fig. S2). To solve 
the inhomogeneity issue, we designed a one-pot polymerization 
technique, whereby the PNIPAAm and PAni precursor mixture 
was first irradiated under UV light to polymerize PNIPAAm and 
then kept at room temperature overnight to polymerize PAni (fig. 
S1A). The UV- and thermally polymerized hydrogel, referred to as 
a UT gel, has uniformly distributed PAni throughout the PNIPAAm 
network (figs. S2 and S3). We measured the conductivity of the UT 
gels using the AC impedance method first, to minimize the poten-
tial electrical double-layer capacitance (35) due to possible domi-
nant ionic conduction. The conductivities ranged from 0.034 to 
0.06 mS/cm at 0.2 to 0.8 weight % (wt %) N,N′-methylenebis(acrylamide) 
(BIS) cross-linking densities (Fig. 1F). Under DC, however, the re-
sistance of the UT gel (1 cm by 2 cm by 0.1 cm) was still unstable 
over time and at the scale of 1 megohm, which was close to that of 
pure water and was therefore unable to accurately reflect the mate-
rial deformation if it were to serve as a strain sensor. Mechanically, 
the elastic moduli of the UT gels were 14 to 44 kPa from the tensile 
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stretching tests (Fig. 1E). Despite the high loading of CP (0.8 M PAni 
with 20  wt % of PNIPAAm), the resulting conductivity and me-
chanical properties were relatively low, compared with pure PAni 
hydrogels (conductivity, 110 mS/cm) (35). This necessitated modi-
fication to further boost the conductivity from 10 to 100 mS/cm 
and the modulus to 0.1 to 1 MPa, to deliver high-performance sens-
ing and powerful actuation. We speculate that the introduction of 
the nonconducting PNIPAAm and high water content in the poly-
mer matrix might have impeded the conductive pathway. Meanwhile, 
the liquid-phase polymerization gels suffered from uncontrollable 
reaction kinetics, leading to the formation of disconnected CP na-
noaggregates, and so lacked the desirable compact and intercon-
nected packing needed to ensure continuous electron transport and 
mechanical strength (42).

To produce dense CP chain packing at micro/nanoscale, we 
modified the UT synthesis by introducing ice-templating and 
cryo-polymerization for PAni (Fig. 1B). Specifically, the mixed 
solution was rapidly frozen under liquid nitrogen (−196°C) to form 
an ice template, followed by UV- and cryo-polymerization of 
PNIPAAm and PAni, respectively, in a subzero environment 
(−20°C). The as-prepared gel is referred to as ITUC gel. The modi-
fied ITUC gel was much more robust mechanically, capable of 
bending freely to 180°, being stretched, and twisted to 180° without 
causing any material damage (Fig. 1D). From the tensile tests, the 
ITUC gels with different cross-linking densities (BIS concentra-
tions) showed a tunable tensile strength up to 0.18 MPa and a 250 to 
386% modulus enhancement over the UT gels (Fig. 1E). Meanwhile, 
the ITUC gel with 0.2 wt % BIS presented decent deformability with 
up to 170% stretch at break, suggesting a broad strain sensing and 
actuation range. At the same time, the ITUC gels exhibited remark-
ably high conductivities of 24.6 to 36.8 mS/cm, which were > 
103 times higher than those of UT gels (Fig. 1Fand fig. S4). For more 
clearly identifying the key factors that enabled the high conductivi-
ty, we have also made another two control samples by, respectively, 
UV–cryo-polymerizing PNIPAAm followed by liquid-state polym-
erizing PAni from the PNIPAAm-PAni precursor mixture (denot-
ed as ITUL gel), and UV–cryo-polymerizing PNIPAAm followed 
by immersing in PAni precursor and in situ polymerizing PAni in 
liquid state as well (denoted as ITU in situ gel) (table S1 and fig. S2). 
It showed that both the mechanical property and conductivity of 
the ITUC gel were substantially improved, compared with proper-
ties of UT, ITUL, ITU in situ, and literatures using the two-step in 
situ polymerization methods (figs. S5 and S6). The tremendous en-
hancement of conductivity can be attributed to the ice densification 
effect (45) and low-temperature reaction (46, 47) of PAni that al-
lowed for substantially denser packing and effectively mitigated na-
noaggregation of PAni, facilitating a continuous electronic pathway 
(as experimentally compared with ITUL gel with liquid-state po-
lymerization of PAni). The scanning electron microscopy (SEM) 
images also showed a more compact microstructure with more uni-
form pore sizes of 0.5 to 2 m, in contrast with 5- to 10-m pores of 
UT gel (fig. S3). Besides, the stability of the ITUC gel constantly 
soaking in water over time was studied, showing ~46% conductivity 
drop after a week (fig. S7), which is presumably due to the loss of 
dopant (phytic acid here) under the long-term neutral pH condi-
tion (48). By incorporating polyvinyl alcohol (PVA) in the existing 
ITUC gel, an improved electronic stability has been achieved (~74% 
conductivity retention), presumably due to the strong hydrogen 
bonding of PVA to stabilize the dopant phytic acid (fig. S7).

Actuation performance
To examine the actuation capability of the ITUC hydrogels, we 
analyzed the hydrogel shrinkage at 40°C and recovery rate at room 
temperature. The ITUC gel (thickness, 0.1 cm) shrunk up to 49.7% 
within 1 min, with a diffusion time scale (duration of shrinkage to 
1/e of its initial volume) of 8 s (Fig. 2A and fig. S8). Although the 
hydrogel network was toughened by an ice-induced polymer densi-
fication effect, the responsive actuation performance was not nota-
bly compromised, compared with the UT gel (fig. S8). Promisingly, 
the shrinking of the ITUC gel was 10 to 100 times faster than that of 
the conventional hydrogels on a scale of min (fig. S9) to hours 
(33, 49). The significantly fast volume changes of our hydrogels 
arise from the bicontinuous microstructure with open pores, fea-
turing a unique low tortuosity that facilitates rapid water diffusion 
in and out of the polymeric network (50), and thus swift actuation 
shown as follows.

The composite hydrogels can be actuated not only by heat but 
also by light via the photothermal-mechanical mechanism due to 
the photothermal property of PAni. Under NIR light irradiation, 
the ITUC gel could effectively shrink and lift a weight of up to 
171.6 times of its dry polymer weight (Fig. 2B and movie S1). The hy-
drogel strip with dimensions of 3.41 mm by 1.36 mm by 7.36 mm 
can produce a force of 0.055 N and a strength of 10.7 kPa, which 
is 20 times higher compared with conventional PNIPAAm hydrogels 
(fig. S10) (51–55). Furthermore, because the composite hydrogels 
are chemically homogeneous without any composition gradient or 
interface similar to those in conventional physically integrated sys-
tems, they allow for actuation in almost all directions with nearly 
infinite degrees of freedom. When an NIR light shined on the 
hydrogel strip at an arbitrary angle, the hydrogel bent toward the 
incoming light and precisely maintained tracking the light source via 
real-time autonomous reorientation (Fig. 2C). The hydrogel could 
rapidly recover its original undeformed configuration when the 
light was off (Fig. 2D). As depicted in our simulated graphs with our 
multiphysics model that coupled the photothermal-stress fields in 
Fig. 2C and movie S2, such a directional, asymmetric motion was 
attributed to the temperature gradient across the hydrogel (27), 
where the temperature on the illuminated side increased to above 
the LCST, whereas the temperature on the shaded side still re-
mained below the LCST, resulting in the local shrinking on the illu-
minated side and the overall bending of the gel. Once the bending 
strip reached the light’s direction (in that it was parallel to the inci-
dent light), it steadily aimed at the incident light controlled by a 
built-in feedback loop arising from the dynamic light-material 
interaction. Such an autonomous signal-tracking behavior demon-
strated a decentralized, open-loop self-controlled actuation. Apart 
from the object tracking achieved by the temperature gradient, we 
also demonstrated that the ITUC gel can bend to a defined direction 
under elevated temperature through seamlessly adhering the gel 
with a passive layer in a bimorph assembly (fig. S11). By assembling 
four hydrogel arms, we successfully fabricated a cross-shape soft 
gripper, which could rapidly grasp an object in hot water (Fig. 2E and 
movie S3). This bimorph also showed that the materials can be 
easily combined with other materials to construct a system for com-
plex tasks.

Sensing performance
The ITUC hydrogel provides high conductivity with stretch-
ability, capable of serving as a piezoresistive strain sensor under 
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mechanical deformation. First, the ITUC gel showed a desirable 
0° phase angle at a broad AC frequency range, whereas the UT gel had 
a >40° phase angle at low frequency (fig. S12). The high phase angle 
in the UT gel indicated more ionic conduction, leading to the elec-
trochemical reaction at the electrode interface. Second, the ITUC 
gel showed a desirable <0.4% resistance change over 400 s at direct 
voltage, in high contrast to the >650,000% large change of the UT 
gel (Fig. 3B). Furthermore, the current-voltage (I-V) curve of the 
ITUC gel was an ideal symmetric straight line, whereas the UT gel 
showed a capacitive behavior with an enclosed area (Fig. 3C). All 
these together indicated that the conductivity of the ITUC hydrogel 
was dominated by ohmic electronic conduction with minor ion- 
derived conduction, which is highly desired for high sensing perform-
ance. This also showed the effectiveness of this new material 
synthesis method in solving the aforementioned issues of low 

electronic conductivity presented by UT gels and conventional con-
ductive gels.

The ITUC gels with high stretchability and responsiveness 
enabled not only the exteroception to sense passive deformations 
(Fig. 3D) but also the proprioception to monitor its own motion 
internally in response to stimulation. For exteroception, we first 
carried out the strain sensing under uniaxial stretching (Fig. 3D). 
The GF (GF = R/R0/, R = R − R0), which is the relative resistance 
change to strain ratio, reached 2.3 at 70% tensile strain (Fig. 3D). The 
sensitivity is comparably higher than PEDOT/PVA and graphene/
PAAm gel sensors at the corresponding tensile strain (34, 56). The 
improved sensitivity can be attributed to the uniform continuous 
CP network without agglomerates by ice-templated low-temperature 
polymerization. During the passive deformation, the less aggregated 
microstructure can conformably reflect the macroscopic stretching 

Fig. 2. Actuation performance under thermal or light stimulation. (A) Thermal-stimulated volume shrinkage (at 40°C) and recovery (at room temperature) in water. 
(B) Load lifting of ITUC gel under NIR illumination in air. (C) Phototropic behavior of ITUC gel that automatically track the light when exposed to a NIR light and the corre-
sponding computer simulation results based on multiphysics model that captured both the bending angle and kinetics. (D) The angular evolution of hydrogel tracking 
to different oblique angles. (E) Sequential snapshots of the object grasping using the ITUC gel with a PVA passive layer in 45°C hot water.
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of the gel, resulting in higher mechanical robustness and sensory 
capability (34, 56). Apart from the stretching mode, the hydrogel 
could also detect the bending and compression, which demon-
strates its potential as curvature sensors and haptic (tactile) sensors 
(Fig. 3, E and F, and figs. S13 and S14). Regarding the similar me-
chanical properties to biological tissues and compatibility of hydro-
gels, the ITUC gel can be used for human motion monitoring. The 
ITUC gel mounted on a human finger could precisely sense the mo-
tion of human finger during the bending and recovery at different 
angles reversibly (fig. S15).

Somatosensitive actuation
Proprioception was further demonstrated through real-time moni-
toring of its own active actuation behaviors, which mimicked the 
self-sensing of physical states and motions in living organisms, such 
as the self-monitored extension or curling of octopus arms. We first 
demonstrated the kinesthetic shortening/elongation of a hanging 
ITUC gel by placing a load at the bottom (Fig. 4A and movie S4). 
Upon illumination by NIR light, the gel strip shortened. The resist-
ance interestingly increased slightly within the first few seconds and 
then decreased continuously (Fig. 4B). We assume that the initial 
relative resistance change (△R/R0) spike was ascribed to the rapid 
microstructural change of PNIPAAm network into clusters that 
partially isolated the individual PAni chains (33). The disconnected 
clusters resulted in the instant resistance increase in the gel. 
However, the further shrinkage of the entire dynamic polymer 

network enabled well the reconnection of the clusters back to the 
continuous electron pathway, leading to a continuous resistance de-
crease. Conversely, as the light was switched off, the resistance was 
initially reduced over the lower limit, followed by a gradual recov-
ery to the initial state. In addition, we find the design principle to be 
sufficiently broad for other materials systems, such as liquid crystal-
line elastomers percolated by CPs. The composites performed sim-
ilar proprioceptive actuation but much higher generated force due 
to its nonwater nature (fig. S16).

Similarly, real-time monitoring of photo-responsive bending/
unbending actuation was also successfully demonstrated in the 
hanging gel under unloaded conditions (Fig. 4C and movie S5). 
Similar light-regulated motion as shown in Fig. 2C was successfully 
monitored in real time by the gel itself. We noticed slight overbend-
ing during its shape recovery upon light shutoff, presumably due to 
the overheating of the front surface without the restriction of the 
built-in feedback lock (26, 27). A similar spike in the resistance 
change was observed within the first few seconds of turning the 
light on and off caused by the rapid polymer network change 
(Fig. 4D).

To fully demonstrate the utility of the somatosensory feedback 
in a soft robotic system, we assembled the ITUC gel into an octopus 
as a soft proprioceptive arm (Fig. 4Eand movie S6). Starting with a 
straight inactive state, the octopus arm bent up upon NIR illumina-
tion and wrapped around a series of cylinders rods of different 
sizes. The recorded resistance profiles represent the processes of 

Fig. 3. Exteroceptive sensing of hydrogel. (A) Schematic of exteroceptive sensing. (B) The resistance of ITUC gel and UT gel over time. The inset shows the zoom-in 
resistance change for ITUC gel. (C) The current-voltage sweep of ITUC gel and UT gel from −50 to 50 mV. (D) The resistance change and gauge factor of ITUC gel during 
stretching. (E and F) The resistance change of ITUC gel under bending and compression.
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perceiving and grasping the three objects of different diameters re-
spectively (5, 10, and 15 mm; Fig. 4F). Specifically, a 7%-resistance 
drop occurred when the arm fully wrapped around the 5-mm cylin-
der, whereas a 0.8% resistance reduction occurred over a relatively 
shorter period of time when perceiving and grasping the 15-mm 
cylinder, reflecting the relatively smaller required bending defor-
mation (Fig. 4G). Therefore, both the magnitude and time of resist-
ance change during grasping provide the potential for the shape 
recognition of unknown objects by the proprioceptive grasping 
strategy.

Closed-loop actuation
As a key demonstration of the gel’s unification of sensory and actu-
ating functions, we developed a closed-loop control system to 
mimic a biological neuromuscular system, which involves a nerve 
impulse passing inward from a receptor to the spinal cord and then 
outward to an effector, much similar to a muscle or gland triggering 

an impulsive approach toward or retraction from an external object 
or environmental stimulus. Control algorithms were designed 
to precisely regulate the elongation/shortening deformation of a 
weight-loaded ITUC gel arm, by feeding the controller with the 
somatosensory feedback pertaining to the real-time length change 
and controlling the arm shrinking/relaxation motion accordingly 
(Fig. 5A and movie S7). Specifically, we mounted a gain scheduled 
bang-bang controller to collect the resistance feedback and corre-
spondingly manipulate the NIR intensity, which successfully held 
the arm length at three stepwise levels consistently with a 0.16-mm 
precision (L/L0 = 2.59 ± 0.66%, 5.00 ± 0.63%, and 6.75 ± 0.60%, 
L0 = 25.0 mm) by controlling relative resistance change (R/R0 = 
2.5%, 5.0%, and 7.5%) for two stable cycles (Fig. 5B). As shown in 
Fig. 5 (C and D), both the strip resistance and strain oscillated 
around the target values in response to the modulation of light 
intensity. A slight delay in deformation strain change was observed 
before reaching the equilibrium of the target length when the 

Fig. 4. Proprioceptive sensing of the ITUC gel. (A) Proprioceptive shortening and elongation under NIR light. (B) Resistance and length change over time. (C) Proprio-
ceptive bending and unbending under NIR light. (D) Resistance and bending angle over time. (E) Shape recognition of an artificial octopus by wrapping the objects and 
monitoring the resistance. (F) Resistance changes of the gel when wrapping different sized objects. (G) The correlation of resistance changes and curvatures of objects.
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relative resistance change ramped down (i.e., gel shrinkage going 
small, during the 870- to 1400-s period), whereas such a delay did 
not exist during target length ramp-up, attributed to the relatively 
faster gel shrinkage over its recovery.

The aforementioned abnormal resistance spikes upon strong 
illumination (Fig. 4B) were observed during the controlled arm 
elongation steps (fig. S17), but they could be eventually minimized 
by lowering the light intensity as shown in Fig. 5 (C and D). Mean-
while, the oscillation amplitude could also be suppressed with the 
effective fine tuning of light intensity when the rapid shrinkage of 
PNIPAAm network was controlled to occur mildly. It was found that 
a background nonzero weak illumination substantially increased the 
response rate and made the resistance responses to the gel shrinking 

and relaxation more symmetric, which 
could be attributed to the higher tempera-
ture baseline of the sample from contin-
uous illumination. Because the sample kept 
warm at a temperature close to its LCST, 
a smaller temperature change and short-
er time were required to trigger sample 
deformation. Consequently, such a small-
er light intensity difference upon switch-
ing also led to smaller oscillation along 
the target resistance and deformation.

We have demonstrated the potential 
of ITUC for closed-loop controlled, 
self-sensing underwater soft-robotics 
with stable and stepwise length control 
with a simple bang-bang controller. On 
the basis of this proof of concept, the 
remaining challenges in the calibration 
curve stability and oscillation amplitude 
will be addressed through further under-
standing and optimizing the ITUC 
hydrogel’s stimuli-responsive kinetics and 
material decay, evaluation of resistance- 
temperature dependence, and using more 
delicate control methods such as adapt-
ive control for better performance and 
more complex robotic tasks.

DISCUSSION
In this work, we successfully demon-
strated a proof of the concept for im-
plementing molecularly innervated 
somatosensitive robotic materials, based 
on conducting hydrogel composites 
composed of conductive and respon-
sive polymer networks produced by a 
one-pot synthesis. The integration of 
both sensing and actuation functions in 
a single monolithic material was enabled 
by the unconventional ice-templated 
cryo-polymerization strategy, which 
effectively resolved the long-lasting CP 
hydrogel challenges in inhomogeneity, 
aggregation formation, and the resulting 
low conductivity and poor sensory per-

formance under DC voltage. This material preparation method is 
universal, capable of coupling broad choices of sensing and actuat-
ing functional components into a variety of smart materials. This 
hybrid material design can not only retain the functionalities from 
each component but also synergistically achieve high mechanical 
and electrical properties required for sensory actuation. Compared 
with conventional multimaterial integrated systems, the somato-
sensitive actuating material allows for arbitrary sensing location, 
offers self-contained multiple sensing nodes, and can be custom- 
designed for broad applications, including the demonstrated basic 
robotic tasks of contraction, bending, object lifting, and object grasp-
ing with open-loop and closed-loop control algorithms. The method 
can also be used to fabricate miniature robot with multisensory 

Fig. 5. Closed-loop control setup and performance. (A) The schematic of hydrogel arm length shortening control. 
(B) Block diagram of the closed-loop control system. A gain-scheduled bang-bang controller is running on the target 
personal computer, taking resistance measurements and sending control command via a universal asynchronous receiver- 
transmitter (UART) to Arduino, which then generates pulse-width-modulation (PWM) signals to drive laser intensity. 
(C) The relative resistance change versus time during closed-loop regulation. (D) The corresponding hydrogel arm strain 
versus time during closed-loop regulation, to stepwise reach the targeted arm lengths at three steps (original length 
L0 = 25.0 mm, targeted lengths at, respectively, step 1 L1 = 24.35 mm, step 2 L2 = 23.75 mm, and step 3 L3 = 23.31 mm). 
The insets in (C) and (D) showed the magnified curves between 600 and 750 s and their oscillations at a ~20-s period.
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perception and mobility, which has proved to be a considerable 
challenge in most current soft robots (57).

Our hydrogel system still has several aspects that could be opti-
mized in future investigations: (i) The diffusion-governed response 
of hydrogel still limits the actuation rate, which can be further im-
proved by morphological or chemical modification, or utilization of 
other operation mechanism; (ii) in general, the deliverable force 
of hydrogels is relatively low due to the inherent porous network of 
high water content, which can be addressed possibly by adding 
toughening agents; and (iii) obtaining high electrical conduction 
without compromising high stretchability, achieving high reliability 
of conduction over time, and stability of piezoresistive sensing 
mechanism under cyclic operation need to be considered for broad-
er and practical soft robotics applications. Achieving these goals 
may lead to applications related to remote underwater tasks for 
marine environments, such as sensing of roughness of an object, 
controllable gripping soft animals such as mollusks, bypassing an 
obstacle, and going through a constrained channel. Furthermore, 
our customizable modular material design can also be extended to 
other material systems such as LCEs.

From the perspective of the correlation between complexity and 
functionality of materials systems, we believe that such materials 
with intrinsic somatosensitive actuating capabilities may open 
opportunities for intelligent materials with self-regulating functions 
and computing ability. With further development, this multifunc-
tional material may help advance efforts toward the next generation 
of soft robots with life-like appearance and performance.

MATERIALS AND METHODS
Materials preparation
Five hundred milligrams of N-isopropylacrylamide (NIPAAm); 5, 10, 
15, or 20 mg of BIS (0.2, 0.4, 0.6, or 0.8 wt %); 183 l of purified aniline; 
100 l of Darocur 1173, and a certain amount of dimethyl sulfoxide 
were mixed into a 2-ml solution, denoted as solution A. Then, 365 mg 
of ammonium persulfate (APS) was dissolved in 1 ml of water 
solution. The two solutions were rapidly mixed with the volume ratio 
of A:B = 4:1 and cast in a mold in contact with liquid nitrogen for 
freezing. Then, the frozen sample was illuminated under UV light while 
kept on a −20°C cooling stage. Subsequently, the sample was kept in 
a −20°C fridge overnight. Last, the sample was taken out to melt and 
immersed in deionized water to remove excess reactant and salt.

General characterizations
SEM micrographs were taken by Zeiss Supra 40VP SEM. The 
mechanical properties of hydrogels, including the stress-strain 
behaviors, were investigated by a dynamic mechanical analyzer 
(TA Instruments, Q800). The conductivity was measured by attach-
ing two parallel carbon cloth wires as electrodes on the hydrogel film. 
The AC impedance mode with the frequency sweep from 1 to 
100,000 Hz was conducted. The conductivity was calculated ac-
cording to the formula  = L/Rwt, where w and t were the width and 
thickness of the sample, L was the distance of two carbon cloth, 
and R was the resistance at 0° phase angle. More than three samples 
were tested for one experiment.

Actuation and sensing characterization
The swelling and deswelling tests were conducted by placing a 
round-shape hydrogel in the hot and cold water. The soft gripper 

was fabricated by growing a chemically cross-linked PVA film on 
the as-prepared ITUC gel as a passive layer. The exteroceptive sens-
ing tests were carried out by connecting the hydrogel into an 
electrochemical workstation CHI660E. Strain-sensing experiments 
were carried out by mounting the hydrogel on a stretching machine 
(UniVert, CellScale) while connecting the two ends into a circuit. 
For proprioceptive contraction, bending, and shape recognition, we 
attached the ITUC gel and electrodes with a clip or the as-mentioned  
PVA glue.

Closed-loop control of somatosensory actuation
The strain of the hydrogel strip–based artificial arm was measured 
by its resistance change during the light-triggered shortening and 
elongation, while being cross-monitored by a digital camera and 
analyzed with a tracker tool (Open Source Physics Java framework). 
The standard bang-bang controller algorism was written with Python. 
The arm length regulation logic is described as below: When the 
resistance was higher than the target resistance, a stronger light 
illumination was applied, resulting in arm shortening and thus a 
drop in resistance. When the resistance was lower than the target 
resistance, a weaker light illumination was applied, resulting in arm 
elongation and thus a rise in resistance. The regulation process 
includes three (A, B, and C) different resistance targets corresponding to 
the three targeted arm lengths, which are ordered in a stepwise ABCBA 
manner to demonstrate the ability of reversible arm shortening- 
elongation regulation.

SUPPLEMENTARY MATERIALS
robotics.sciencemag.org/cgi/content/full/6/53/eabd5483/DC1
Materials, synthesis, characterizations, and closed-loop control
Fig. S1. Schematic of fabrication process of UT gel and ITUC gel.
Fig. S2. Images of hydrogels made by different methods in the cross-sectional view.
Fig. S3. SEM images of UT gels and ITUC gels with different cross-linking densities.
Fig. S4. Phase angles of ITUC gels with different cross-linking densities.
Fig. S5. Mechanical properties and conductivities of the CP-percolated stimuli-responsive 
hydrogels made by different methods.
Fig. S6. Conductivities and mechanical properties of the CP-percolated stimuli-responsive 
hydrogels compared with literatures.
Fig. S7. The normalized conductivities of different conductive hydrogels.
Fig. S8. The deswelling rate of UT gels and ITUC gels with different cross-linking densities.
Fig. S9. The deswelling rate of a conventional PNIPAAm hydrogel synthesized in water solution 
on the scale of minutes.
Fig. S10. The contraction strength and modulus of ITUC gels in comparison with other 
hydrogels.
Fig. S11. The bending of PVA and ITUC bimorph gel.
Fig. S12. The comparisons of phase angles and real impedance between UT gel and ITUC gel.
Fig. S13. Photographs of exteroceptive bending test.
Fig. S14. Photographs of exteroceptive compression test.
Fig. S15. The application of the ITUC gel as a human motion sensor.
Fig. S16. The demonstration of somatosensitive actuating CP-percolated LCE material.
Fig. S17. Initial performance (before optimization) of the closed-loop controlled elongation/
shortening of artificial arm at targeted lengths.
Table S1. Comparison of CP-PNIPAAm hydrogels fabricated by different methods.
Movie S1. Object lifting under NIR light.
Movie S2. Phototropic behavior with computer simulation.
Movie S3. Object grasping in hot water.
Movie S4. Proprioceptive shortening and elongation.
Movie S5. Proprioceptive bending and unbending.
Movie S6. Object shape recognition by proprioceptive grasping.
Movie S7. Closed-loop deformation control demonstration.
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