
  

 

Abstract— This paper presents a soft actuator embedded with 

conductive liquid metal and shape memory epoxy (SME) which 

function together to enable self-sensing, tunable mechanical 

degrees of freedom (DoF), and variable stiffness. We embedded 

thermoplastic shape memory epoxy in the bottom portion of the 

actuator. Different sections of the SME could be selectively 

softened by an implanted conductive silver yarn located at 

different positions. When an electric current passes through the 

conductive silver yarn, it induces a phase transition that changes 

the epoxy from stiff state to compliant state. Each section of 

SME could be softened within 5 s by applying a current of 200 

mA to the silver yarn. To acquire the strain curvature, eGaIn 

was infused into a microchannel surrounding the chambers of 

the soft actuator. A spiral-shaped eGaIn sensor was also 

attached to the tip of the actuator to perceive the contact with 

reliable dynamic force response. Systematic experiments were 

performed to characterize the stiffness, tunable DoF, and sensing 

property. We show the ability of the soft composite actuator to 

support a weight of 200g at the tip (as a cantilever) while 

maintaining the shape and the ability to recover its original 

shape after large bending deformation. In particular, seven 

different motion patterns could be achieved under the same 

pneumatic pressure of the actuator due to selectively heating the 

SME sections. A gripper which was fabricated by assembling 

two actuators to a base was able to grasp the weight up to 56 

times of a single actuator through an appropriate motion 

pattern. For demonstration purposes, the gripper was used to 

grasp various objects by adjusting the DoF and stiffness with 

real-time feedback of the bending strain and the contact force.  

I. INTRODUCTION 

Compared to rigid robots, soft robots demonstrate several 
overwhelming advantages such as deforming in confined 
space [1], absorbing energy in collisions [2] and interacting 
safely with the surroundings [3] due to the intrinsically soft 
and adaptable properties. Soft robots can be actuated by 
various approaches: compressed fluids [4], chemical reaction 
[5] and smart materials such as SMA [6]. Among these 
actuators, pneumatic/fluidic elastomeric actuators showed 
remarkable flexibility and dexterity for gripping application 
even under very simple control [7]. However, the low stiffness 
of the elastomer impedes further load applications of the soft 
actuators. The monotonous motion configuration under 
pneumatic/hydraulic actuation also limits the capacity of 
executing effective and complex works by soft robots. To 
solve these issues, the research on the variable degrees of 
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freedom (DoF), stiffness tuning and soft deformable sensors is 
imperative.  

To achieve multiple degrees of freedom, some researchers 
mechanically increased the serial or parallel pneumatic/fluidic 
channels that can be separately pressurized [8]. Although 
some works integrate the elastomeric actuator with functional 
materials, such as fibers [9], paper [10], and fabric patches 
[11] to alter the monotonous motion pattern, these types of 
actuators were still limited to one motion configuration, i.e., 
the DoF remain unchanged. To alter or enrich the DoF of the 
actuator during operation, researchers incorporate the 
stiffness-tuning materials into soft actuators, which can alter 
their stiffness under the external stimulus. For example, by 
softening the shape memory polymers [12], low melting point 
alloys [13] or conductive elastomers [14] which are located in 
preset locations of the soft robots.  

Until now, several types of soft sensors have been 
developed that can be integrated into soft robots. For example, 
the tiny magnet was embedded in the body of soft actuators to 
acquire the curvature information [15]. The stretchable optical 
waveguides sensor was used for strain sensing of the 
prosthetic hand [16]. Some researchers also attempted to 
make soft sensors using flexible conductive materials such as 
the capacitive strain sensors made of the conductive fabric[17] 
and PDMS with carbon [18], etc. Besides, eGaIn, which is 
metal but in the liquid state under room temperature, can be 
easily injected into the body of soft robots and have infinite 
ductility as long as the body of soft robots is functional. 
Therefore researchers fabricated eGaIn based soft sensors to 
sense the strain [19], normal pressure [20], tactile [21] or 
multi-axis force [22]. Moreover, eGaIn sensors have been 
investigated extensively in soft robots [23]-[25]. Therefore, it 
would be promising to integrate the eGaIn sensor into a soft 
actuator that has multiple DoF and variable mechanical 
stiffness. 

In this paper, we present a soft actuator embedded 

with conductive liquid metal and shape memory epoxy 

(SME) which function together to enable self-sensing, 

tunable mechanical degrees of freedom (DoF), and 

variable stiffness. The shape memory epoxy was used to 

fabricate the DoF change layer at the bottom of the soft 

actuator. We can soften different sections of the SME by 

adding electric currents through the conductive silver yarn 

fabric. Upon heating, the stiffness of the sections was also 

changed, and the corresponding sections of the actuator can 

bend upon inflation (cannot bend while unheated). 

Furthermore, eGaIn sensors were embedded in the actuator to 

sense the position and force information. Systematic 

experiments were performed to characterize the stiffness, 
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tunable DoF, and sensing property. Finally, a two-fingered 

gripper was fabricated to demonstrate the variable DoFs and 

sensing ability of the actuator while grasping objects.  
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Fig.1. The design of the multi-functional soft actuator prototype. (a) The 
three-dimensional model shows that the actuator is composed of two 
functional layers: The upper layer for pneumatic actuation and the bottom 
layer for tuning the degree-of-freedom. To acquire the curvature information 
of the actuator during bending, the eGaIn channel is embedded into the upper 
layer. The bottom layer was fabricated with shape memory epoxy, with 
conductive silver yarn implanted into the different sections of the layer. A 
spiral-shaped eGaIn force sensor was attached to the tip of the actuator to 
perceive force when contacting with objects. Note that different colors 
represent different materials. (b) The snapshots of the actuator prototype. 
Scale bar is 10 mm. 

II. MATERIALS AND METHODS 

A. Design and Fabrication of the Soft Actuator 

The detailed structure of the soft actuator is illustrated in 
Fig.1. As Fig.1 shows, the soft actuator mainly contains the 
upper layer and the DoF change layer. The upper layer was a 
typical ribbed structure which is easy to fabricate. To get the 
position information, a microchannel with a cross-section of 
0.3 mm and 0.3 mm, which was filled with eGaIn 
(Sigma-Aldrich Inc., USA), was designed to surround the 
chambers of the top layer (shown in Fig.1(a)). After 
calibrating the relationship between the resistance and the 
curvature of the actuator under different pressures, the sensor 
could be used to feedback the position information. The DoF 
change layer was mainly made of the shape memory 
epoxy[26], which is a composite of EPON 828 and Jeffamine 
D400. Moreover, the stiffness of the composite could be 
changed when heated above the glass transition temperature 

44℃[26]. Thus a conductive silver yarn with a diameter of 0.3 

mm was embedded inside the DoF change layer to directly 
heating it. Furthermore, the silver yarn was embedded only in 
three sections of the DoF change layer. Thus the actuator will 
have various configurations by adding current to the different 
sections. Based on the combination theory, the actuator will 

have seven motion patterns (
1 2 3

3 3 3
c c c  ) by melting the 

different sections, with only one air channel is provided, 
which was well demonstrated in Fig.2. To demonstrate the 

tunable DoFs, in supplementary video part 1 we show all 
the seven motion patterns the actuator achieved. To 
acquire the force information, the eGaIn force sensor inspired 
by [20] was also put at the bottom of the DoF change layer. 
The dimension of the microchannel is 0.3 mm × 0.3mm. 

Pattern 1 Pattern 2 Pattern 3

Pattern 4 Pattern 5 Pattern 6 Pattern 7
 

Fig. 2. The seven motion patterns of the soft composite actuator when 
different sections of the DoF change layer were heated by applying a current 
to the conductive silver yarn. All the motion patterns were achieved under the 
same air pressure (45 kPa). These motions were also shown in 

supplementary video part 1. 

The fabrication of the actuator was a layered up method, 
with the individual parts fabricated first and glued together 
from bottom to top. The upper layer and the force sensor were 
fabricated using the multi-step molding process method [3], 
and eGaIn was injected into the microchannels via the syringe 
vacuum methods [20]. All the molds were 3D printed using 
epoxy, and the silicon rubber used was Dragon Skin 20 
(Smooth-on Inc., USA). To fabricate the DoF change layer, 
the two composites, i.e., EPON 828(Hexion Inc., USA) and 
Jeffamine D400 (Huntsman Polyurethanes  Ltd, China) were 
first mixed at a ratio of 10:4 by weight [27], then let sit for 
about 24 hours to release the bobbles and increase the 
viscosity. After that, the mixture was poured into the silicone 

rubber mold and cured for about six hours at 70℃. After 

twining the conductive silver yarn at the three sections, the 
uncured composite was poured above the yarn and cured at the 
room temperature for about 24 hours. Thus the heater was 
embedded into the inner of the DoF change layer to speed up 
the glass transition process. It should be noted that the DoF 
change layer must not be heated to cure after the conductive 
fabric was embedded. Because the unbalanced internal stress 
may cause the structure to deform under heating. After all the 
components were fabricated, they were glued together via 
QIS-3009(DongGuan JingDa Adhesive Co., Ltd, China). 

B. Experiments on the Position Sensor 

To evaluate the ability of the position sensor, two 
experiments were conducted. The first experiment was to test 
the performance of the sensor under different motion patterns 
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and air pressures. For this experiment, we first fixed the 
actuator to a base, then softened the corresponding sections to 
achieve the seven motion patterns. For each motion pattern, 
the actuator was inflated with increased pressures starting 
from 5 kPa to 40 kPa with an interval of 5 kPa to test the 
sensor responses. The pressure was controlled by the electric 
proportional valve (ITV0030, SMC, Japan).  The change of 
the resistance of the sensor was recorded via a precision 
multimeter (Fluke 8845A, Fluke Inc., USA). For each 
pressure, three trials were conducted, and the average 
variation of the resistance was obtained. The second 
experiment was to test the dynamic response and the 
robustness of the position sensor. For the aim, we inflated the 
actuator with a trapezoidal function of pressure in different 
periods. The peak of the function was set to 35 kPa. During the 
inflation, the change of the resistance and the pressure were 
simultaneously recorded via the NI data acquisition 
board(PCI-6284, National Instruments, USA).To measure the 
resistance of the sensor, a constant current of 100 mA was 
applied to the sensor, and the relative voltage increment was 
obtained to calculate the resistance. To measure the 
simultaneous value of the pressure, a pressure sensor 
(ISE30A-01-C, SMC, Japan) was connected to the air flow 
through the one-touch fitting (KQ2LU04-00A, SMC, Japan). 

Fluke 8845A

ATI Force Sensor

EGaIn Force Sensor

Robot Arm

 
Fig.3. The experimental setup for the EGaIn force sensor, an ATI force 
transducer was mounted on the robotic arm. The resistance of the eGaIn is 
acquired by Fluke 8845A. 

C. Experiments on the Force Sensor 

A setup was established to evaluate the ability of the force 
sensor. As Fig.3 shows, the force sensor was fixed to the desk 
by the adhesive tape to avoid slippage during the experiment. 
The sensor was wired to Fluke 8845A. A rigid round stamp 
with a diameter of 9 mm was used to press and exert a force on 
the sensor. The base of the stamp was fixed to the six-axis 
force transducer (Mini 40 F/T sensor, ATI, USA) which was 
fastened to a robot arm (MOTOMAN MH3F, YASKAWA 
Inc., Japan) moving vertically. On this setup, three 
experiments were conducted to test the performance of the 
force sensor. The first experiment was to calibrate the force 
and the electrical resistance. During the process, the robot arm 
was programmed to move downward in 0.03 mm step from 0 
to 0.3 mm (the height of the chamber) at a speed of 0.3 mm/s. 
Between two adjacent steps, there was a four seconds pause. 
The resistance’s change was recorded via Fluke 8845A, and 
the Ni board recorded the force data simultaneously. Because 
the force and the resistance were obtained under the same 
displacement, we finally obtained the relationship between the 

force and resistance. Three trials were conducted to get the 
average trend. The second experiment was to characterize the 
dynamic response of the sensor under different press speeds. 
The robot arm was programmed to indent the sensor from 0 to 
0.3 mm at the speeds of 0.5mm/s, 1 mm/s and 2 mm/s 
respectively. To get the instantaneous change of the 
resistance, the sensor was energized with a current of 100 mA 
and the voltage of the sensor was recorded via the NI board. 
The last experiment was to test the repeatability of the sensor. 
The robot arm was programmed to exert two square waves 
with amplitudes of 0.03 mm and 0.3 mm. The speed of the 
robot arm was 5 mm/s while the suspension of each movement 
was 4 seconds. 
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Fig. 4. The experiment resistance of the bending sensor under different 
motion patterns. (a) The resistance variation of the sensor under different 
pressures (0-40kPa) and the seven motion patterns of the soft actuator (see 
Fig.2 for notation). (b) The response of the sensor when the actuator (at the 
motion pattern 2) was inflated under different pneumatic actuation cycles. 
The pneumatic pressure was 35 kPa. 

D. Application Evaluation 

For application demonstration, we fabricated a 
two-fingered gripper by assembling two soft actuators to a 
base and evaluate the grasping performance of the gripper by 
grasping objects with different sizes and shapes. Furthermore, 
we also test the sensor response of the gripper while grasping 
objects. For the sensor feedback test, the gripper was fixed to a 
base with the fingers pointing up. An octagonal prism was 
fixed to the robot arm, collinear with the gripper in the 
perpendicular direction. During the grasping, the gripper was 
first heated to soften the DoF change layer and inflated to 
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enclose the object; then the robot arm moved upwards at a 
speed of 2 mm/s until the object was detached from the gripper. 
The outputs of the position sensor and the force sensor were 
recorded via the NI board during the overall process for 
further analysis. 
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Fig.5. The experiment results of the force sensor. (a) the resistance variation 
as a function of the force which measured by ATI force transducer. (b)The 
dynamic response of the force sensor under different speeds, with the same 
amplitude of 0.3 mm. (c) The periodic response of the sensor under the 
amplitude of 0.03 mm. (d) The periodic response of the sensor under the 
amplitude of 0.3 mm. 

III. RESULTS 

A.  Results of the Position Sensor 

The results of the position sensor are shown in Fig.4. As 
Fig.4 (a) shows, for each motion patterns, the resistance of the 
sensor increased with the air pressure. Because the actuator 
bent more under bigger pressures, causing the cross-section 
area of the microchannel of the sensor to decrease and the 
length to increase. Under the same pressure, it can be seen that 
the change of resistance can be divided into three groups 
based on the heated sections of the actuator. Pattern 1, 2 and 3 
were in the smallest group because only one section was 
heated. So the resistances of these patterns were similar. 
Pattern 4,5 and 6 were in the middle group. The resistances 
were much bigger than the previous group because two 
sections were heated. The resistance of pattern 7 was the 
biggest because all the sections were heated. In the middle 
group, it is obvious that the resistance of pattern 4 is smaller 
than the others. We hypothesize that the sensor in section 3 is 
sensitive than other sections, but more data should need to 
explain it. From Fig.4 (b), it can be seen that the resistance of 
the sensor kept pace with the change of the pressure for all the 
periods, which demonstrated that the sensor has good dynamic 
response and repeatability. Focusing on the step signal, we can 
see that there is a tiny increase in the resistance while the 
pressure was stable, which may be due to the hysteresis of the 
air during inflating. 

B. Results of the Force Sensor 

The dynamic stability and repeatability of the force sensor 
were presented in Fig.5. Fig.5 (a) shows the change of 
resistance as a function of force. It is obvious that the 
resistance presented an upward trend when the force 
increased. Besides, a minimum force of 0.089 N was detected 

when the resistance increased 1.37 mΩ (the robot arm moved 
0.03mm under this circumstance). We defined this value as 
the resolution of the sensor because the response of the sensor 
was chaotic if the robot arm moved in a smaller step. The 
stability of the sensor under this minimum value can be 
verified in Fig.5(c), which demonstrated that the sensor kept 
the same amplification under all the cycles. Fig.5(b) shows the 
response of the sensor under different press speeds. It can be 
seen that the resistance of the sensor increased faster when the 
robot arm moved faster. Furthermore, there is no big 
difference between the voltage changes of the sensor at all the 
speeds, which can demonstrate the stability of the sensor. 
From Fig.5(c) and (d), we can see that the voltage repeated the 
same trend for both the amplitudes (0.03mm and 0.3 mm), 
which can verify the repeatability and robustness of the 
sensor. 
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Fig.6.The demonstration of the shape-maintaining and shape-recovering 
properties of the soft actuator. (a) The stiffness comparison when the DoF 
change layer was in the rigid state and soft state when a load (200 g) is 
applied to the tip of the actuator. (b) The thermal response and shape memory 
property of the actuator. The SME could be softened in only 5 seconds with a 
small current of 200mA and cooling down in 80 seconds. With the shape 
memory property, the actuator can be heater to return to the initial state. The 

whole heating and cooling process were demonstrated in supplementary 

video part 2. 

C. Results of the Application Evaluation 

Fig.6 demonstrated the mechanical and thermal property 
of the actuator. As Fig.6(a) shows, when the shape memory 
epoxy was in the rigid state, the actuator could support a 
weight of 200g at the tip while maintaining the shape. 
Furthermore, if the material was in a soft state, it will not affect 
the flexibility of the actuator. It can be seen from Fig.6(b) that 
the actuator can be inflated to bend within 5 seconds by 
heating the DoF change layer with 200 mA current. When the 
layer was cooled down, which took about 85 seconds under 
the natural condition, the actuator can keep the inflated shape 
even when the pressure was released. Besides, by heating the 
layer, the actuator can return to the initial state under zero 
external force, which shows that the actuator also has the 
shape memory property. In supplementary video part 2, we 

demonstrated the thermal property and shape memory 
property of the actuator. 

    Fig.7 (a) presents the grasping ability of the gripper. By 
changing the motion patterns of the gripper, it can fully 
conform the objects, thus increasing the grasping stability. As 
the figure shows, the gripper can grasp objects with different 
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Fig.7. The grasping demonstration of the soft gripper and the feedback of the 
bending sensor and force sensor. (a) The gripper can fully enclose the objects 
with various sizes and shapes by using different motion patterns. (b)The 
feedback of the position sensor and force sensor when an object is pull-off 
from a two-fingered gripper, the bending sensor feedback was recorded 
throughout the whole process (grasp->slip->detach). While the inset panel 
shows the results of the force sensor during this process. The grasping 

process was also shown in the supplementary video part 3. 

shapes by selecting the motion patterns based on the contours 
of the objects (upper panels of Fig.7 (a)). It can also fully 
enclose objects with different sizes by selecting the grasping 
actuator lengths (lower panels of Fig.7 (a)).  Furthermore, by 
increasing the stiffness of the actuator, the gripper could easily 
grasp an object of 500g (The first panel in Fig.7(a)), which is 
about 56 times of the weight of an actuator (9g). This load 
capacity is impossible for a pure elastomer actuator. Fig.7(b) 
shows the real-time feedback of the position sensor and force 
sensor during the grasping process. It could be seen that the 
position sensor responded synchronously during the whole 
grasping procedure. When inflating the actuator to grasp the 
object, the voltage of the position sensor increased sharply, 
which could be used to feedback the position of the gripper. 
During the slip stage, the voltage also increased gradually, 
which may because the curvature of the actuator varied as the 
gripper contacted different areas of the object. When the 

object was detached from the gripper, the voltage decreased. 
This process demonstrated that the position sensor could 
reflect the whole grasping process and the curvature was 
different when the gripper was in no-load and load conditions 
(under the same pressure). Besides, the force sensor also 
increased when the sensor contacted the object, which could 
be verified by the subpanel. In supplementary video part 3, 

we recorded the response of the sensors during the whole 
grasping process. 

IV. CONCLUSION AND DISCUSSION 

In summary, we have demonstrated a multi-functional soft 
actuator embedded with conductive liquid metal and shape 
memory epoxy (SME) which function together to enable 
self-sensing, tunable mechanical degrees of freedom (DoF), 
and variable stiffness. We show the ability of the soft actuator 
composite to bear a 200g weight as a cantilever while 

maintaining the shape， and to recover its original shape within 

25 s via the shape memory effect. In particular, seven different 
motion patterns could be achieved under the same pneumatic 
pressure of the actuator due to selectively heating the SME 
sections. By using this technique, we also show that a 
two-fingered soft gripper can grasp various objects by 
adjusting the DoF and stiffness with real-time feedback of the 
bending strain and the contact force. Besides, by increasing 
the stiffness of the actuator, the gripper could grasp an object 
which has a weight  about 56 times of a single actuator. 

To achieve multiple degrees of freedom of the soft 
actuator through the conventional approach, separated 
chambers with individual pressure values are required for 
each DoF [7]. Reducing the size of the actuator to small-scale 
(while maintaining multiple DoFs) with multiple chambers is 
very challenging. Meanwhile, the additional pressure 
regulators and pneumatic air pumps can be bulky in scenarios 
that the overall size and weight of the soft robotic system are 
confined. Selectively heating the shape memory epoxy 
through the embedded flexible conductive fabric which 
induces a phase transition that changes the polymer from its 
rigid state to its soft state within 5 s, our soft actuator achieved 
seven different motion pattern under the same pneumatic 
pressure. Due to the low glass transition temperature of SME, 
the system only requires low power input for the entire system 
to modulate the stiffness. We also found that the cooling time 
of the shape memory epoxy (80 s) is significantly shorter than 
the low melting point alloy (300 s) [13]. To further reduce the 
cooling time, the hydraulic actuation method could be used 
because the cold water can quickly absorb more heat. 
Compared with the traditional multiple DoF mechanisms 
including rigid servo motors[28], multiple 
pneumatic/hydraulic sections [8], cable tendon driving[29], 
etc., we believe that the proposed selectively heating the shape 
memory epoxy (SME) approach is more compact, lightweight, 
cheaper and faster to fabricate. 

To improve the sensory ability of the soft actuator, two 
eGaIn sensors (position sensor and force sensor) were 
embedded in the actuator. Compared with the traditional 
flexible sensors [30], eGaIn sensors could be casually 
stretched or twisted as long as the structure of the actuator is 
durable. Thus it is more applicable for the large deformation 
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soft robots. In the paper, the stability, repeatability and 
dynamic response of the eGaIn sensors were well 
demonstrated. By combining the position sensor and force 
sensor, the gripper can also feedback the whole grasping 
process of enclosing, slipping and detaching, which 
demonstrated the practicability of eGaIn sensors and pave the 
way for the automatic operation of the soft gripper with 
feedback control. However, a drawback exists for the position 
sensor because it has similar increment when the same number 
of sections were heated, which means that the sensor can only 
be used under the condition that the motion pattern is known. 
For the reverse application, using the sensor to estimate the 
motion patterns, more position sensors should be added to the 
actuator. Moreover, the resistance of the eGaIn sensors also 
increased when the heater works, but the increment was tiny 

(about 0.025 of the initial value at the temperature of 45℃) 

and has a small influence on the precision. 

For the future work, we will focus on the conductive liquid 
metal and shape memory epoxy (SME) integrated soft robotic 
gripper with visual feedback and compact control hardware 
that can make decisions in real-time. 
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