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Abstract

Flexible materials are essential in bionic fields such as soft robots. However, the lack of stiffness limits the mechanical
performance of soft robots and makes them difficult to develop in many extreme working conditions, such as lifting and
excavation operations. To address this issue, we prepared a stiffness-tunable composite by dispersing low-melting-point
alloy into thermosetting epoxy resin. A dramatic and rapid change in stiffness was achieved by changing the state of matter
at lower temperatures, and accurate control of the composite modulus was achieved by controlling the temperature. When
the alloy content is at 30vol%, the tensile modulus changes 41.6 times, while the compressive modulus changes 58.9 times.
By applying the composite to a flexible actuator, the initial stiffness of the actuator was improved by 124 times, reaching
332 mN/mm. In addition, the use of stiffness-tunable materials in the wheel allowed for timely changes in the grounding
area to improve friction. These flexible materials with manageable mechanical properties have wide applicability in fields
including bionics, robotics, and sensing. Our findings provide a new approach to designing and developing flexible materials
with improved stiffness and controllability.

Keywords Stiffness-tunable composite - Manageable mechanical properties - Flexible actuator

1 Introduction

In nature, many organisms adapt to complex and changeable
environment by changing their own structural hardness. For
example, soft elephant trunks can grasp heavy objects [1],
octopuses create virtual joints in the process of movement
[2], and sea cucumbers increase the stiffness of the epider-
mis to protect themselves after being stimulated by the out-
side world [3]. Inspired by the versatility of these biological
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systems, researchers began to design robots with variable
stiffness, which can switch reversibly between rigid state
and soft state, and change their flexibility and load-bearing
capacity. Methods of achieving variable stiffness include
building particle-hardened and laminar structures [4-7]
(usually by applying vacuum), using shape memory materi-
als [8-12], modulating magnetic field strength to change the
stiffness of magnetorheological materials [13, 14], and using
gel materials [15-18]. Also, actuating materials are used to
induce morphic changes of the load-bearing member so as
to result in different stiffness.

Thermally responsive materials can also be used as foun-
dation for variable stiffness structures [19—23]. The soften-
ing of such materials is divided into two main cases: melting
and glass transition. If the material changes from solid to lig-
uid when heated, the stiffness will be significantly reduced,
but liquid leakage must be avoided [24]. Sealing structures
clad with low-melting-point metals [18, 25-27] or thermally
responsive polymers [16, 28] have been used in variable
stiffness systems. For example, Dario Floreano et al. embed-
ded low-melting-point metals in PDMS, which can achieve a
26-fold change in stiffness [24]. Ilse M. Van Meerbeek and
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his colleagues prepared silica sponges filled with molten
metal, using lost salt method and microfluidic degassing
technique to achieve an 18-fold change in tensile modulus
[26]. Buckner et al. presented a conductive epoxy resin com-
posite with a 37.2-fold modulus change ratio [20]. Although
the reported materials based on thermal response mecha-
nisms have explored the feasibility of stiffness adjustment,
they usually suffer from limitations such as small range of
stiffness variation, more complex preparation processes and
inability to maintain passive deformation. All of these limi-
tations give them a narrow scope of application that cannot
combine both versatility and applicability.

In this paper, we provide a simple method for preparation
of stiffness-tunable material based on biofunction. A stiff-
ness-tunable composite material with manageable mechan-
ics is prepared by dispersing a low-melting-point alloy into
a thermosetting epoxy resin, which is capable of dramatic
and rapid changes in stiffness by solid-liquid phase change
at lower temperatures. By combining a flexible actuator with
variable stiffness materials, we prepared a variable stiffness
actuator with the bionic drive concept that deforms under
appropriate air pressure. And the deformed state can be pas-
sively maintained to carry a maximum load of 800 g. Intro-
ducing materials into the design of wheel, the tires is able
to switch between soft and hard state at the right time and
change its grounding area. The demonstrations illustrate the
great potential of using stiffness-tunable materials for bionic
drives. The emergence of this variable stiffness material,
which can change the direction of deformation by chang-
ing the stiffness of the material on the opposite side of the
structure, provides more opportunities for the development
of traditional pneumatically regulated oscillating class of
flexible robots.

2 Material Preparation and Properties
2.1 Material Preparation

In this paper, a new stiffness-tunable composite material is
designed by dispersing low-melting-point alloy into ther-
mosetting epoxy resin. In order to prepare the composite,
we designed a three-step preparation route, which is sim-
ple and fast, as schematically illustrated in Fig. la. First,
weighing the epoxy resin monomer (EPON828) and cur-
ing agent (EPIKURE3164), respectively, in the ratio of 2:1
by mass. Mixing them thoroughly and placing them in a
vacuum drier at room temperature for 20 min to remove
the mixed air. Subsequently, spherical Bi-In-Sn alloy grains
with a diameter of 5 cm are heated at 100 °C to transform
them into a molten state. Pouring different masses of alloy
in molten state into epoxy resin. The specific proportions
between these materials are shown in Table S1 (Supporting

Information). The mixture is stirred evenly in the water bath
at 100 °C. Lastly, pouring the well-mixed material into the
silicone rubber mold and placing it on a heating platform
at 50 °C for at least 12 h. The material is completely cured
and demolded to obtain samples with the ability of stiffness
variation. The resin cured with EPIKURE3164 has good
flexibility and is not particularly stiff at room temperature,
which provides better applicability in actuators and wheels.

To investigate the mechanism of stiffness variation of this
composite material, we performed differential scanning cal-
orimetry and thermogravimetric analysis (DSC-TGA) tests
on epoxy resin, Bi-In-Sn alloy and composite, respectively.
The epoxy resin we selected is a thermosetting polymer
that forms a mesh structure after curing. DSC results show
that the glass transition temperature of the polymer is about
50 °C (T, = 50 °C), at which point it changes from a rigid
glassy state to a flexible rubbery state. At the same time, a
small amount of bisphenol A evaporates during the heat-
ing process, so there is a small change in the weight of the
resin. The low-melting-point alloy chosen for the experi-
ments, whose main components are Bi-In-Sn (the percent-
ages by weight is 33.5% Bi, 50% In, 16.5% Sn), has a melt-
ing point of about 64 °C (T, = 64 °C), as determined by
DSC experiments. The results demonstrate the effect of both
components on stiffness of composite (Figure S1, Support-
ing Information). As the temperature increases, the epoxy
resin gradually softens and the Bi-In-Sn alloy gradually
melts. The combined effect of the two changes the stiffness
of composite. Its variable stiffness behavior is influenced
by the combination of softening of epoxy resin and melting
of Bi-In-Sn alloy. The mechanism of stiffness variation is
shown in Fig. 1b.

2.2 Material Properties

To investigate the effect of alloy contents on the composites,
we observed the tensile sections of the composites with dif-
ferent alloy contents. The cross-sectional shape is shown in
Fig. 2a—e. The image results show that the metal particles
were well covered by resin matrix in the cross section, but
there were also cases of cavitation due to the obvious loss of
metal particles. The Bi-In-Sn alloys exist mainly as spheri-
cal particles. When the alloy content is small, the particles
have a good interface with the substrate (Fig. 2a, b). With
the increase in metal content, many particles are exposed
and the composite material exhibits brittle characteristic
(Fig. 2c). Continuing to increase the metal content, it can
be seen that the resin matrix is broken but still in continu-
ous phase (Fig. 2d, e). Although the metal content is large,
they are still present in granular form and are encapsulated
by resin, which does not form continuous phase. Despite the
different Bi-In-Sn alloy content in the composites, the trend
of the metal’s particle size distribution is similar (Fig. 2f).
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Fig. 1 Preparation of variable

stiffness materials. a The overall d
preparation process of the mate-
rial. b The variable stiffness
mechanism of the composite

As the metal content increases, the overall number of
metal particles further increases. The sizes of metal parti-
cles are mostly concentrated in the range of 0-10 pm, and a
certain number of metal particles exist in other ranges, but
the number is very small. Such small alloy particles can be
more uniformly distributed in the resin matrix, obtaining
better heat transfer and thermal conductivity, and achieving
rapid and uniform temperature changes. The particle size
distribution of Bi-In-Sn alloy in the resin matrix is obtained
by analytical processing of Fig. 2a, e using the color thresh-
old, and particle functions are analysed in the ImageJ soft-
ware as shown in Fig. 2f. At higher alloy content (40 vol%,
50 vol%), the metal tends to aggregate to produce larger
alloy grains, which negatively affects the material properties.
There is no necessary connection between the size and vol-
ume fraction of alloy particles. In terms of the preparation
of low-melting-point alloy particles alone, an aqueous solu-
tion containing sodium oleate or sodium dodecyl sulphate
and other surfactants can be added to the molten alloy, and
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then different stirring speeds are adopted to obtain a mixed
suspension of alloy particles and surfactant aqueous solu-
tion, followed by a series of processes such as extraction,
washing and negative pressure drying to obtain low-melting-
point alloy particles of different particle sizes. Moreover, the
alloy tends to separate out when the material is in a flexible
state (70 °C) and bear large loads. These can reduce the
reusability of the material. Compared to previously reported
stiffness-tunable materials, such as silica sponges filled with
molten metal [26] (18-fold change in stiffness) or embedded
low-melting-point metals in PDMS [24] (26-fold change in
stiffness), our material (when with 30 vol% alloy) allows
for a greater range of stiffness variation (tensile modulus
changes 41.6 times and compressive modulus changes 58.9
times). Due to the highly inhomogeneous morphology of
larger particle sizes, particles with a particle size of less than
400 pm are used in composite manufacturing. Based on the
current research work in this paper, for any certain amount
of alloy content, in the temperature range of 20-70 °C, alloy
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Fig. 2 Tensile cross-sectional micromorphology of composites (with different alloy contents) a 10vol% b 20vol% ¢ 30vol% d 40vol% e 50vol%.

f The size distribution of alloy particles

particles with particle size less than 10 um have less influ-
ence on stiffness because of their small volume, while alloy
particles with diameter in the range of 10—-140 um account
for most of the total volume and have a greater influence on
stiffness and can achieve a better range of stiffness variation.

Furthermore, we obtained the stress—strain curves of
composites at different temperatures by uniaxial tension and
compression experiments (Figure S2—-S3, Supporting Infor-
mation), and its elastic modulus was obtained by calculat-
ing. When the Bi-In-Sn alloy content in the composite is 10
vol%, the tensile and compressive modulus of the material
is 804.21 MPa and 497.2 MPa, respectively. The stiffness
of the composite was further increased with the addition of
low-melting alloy content. When the alloy content increases
to 30 vol%, the tensile modulus increases to 852.64 MPa and
the compressive modulus grows to 530 MPa. As the tem-
perature gradually increases, the resin materials gradually
change to rubber state, the stiffness of material decreases
significantly (Fig. 3a, b), and the surface hardness gradu-
ally reduces (Fig. 3c). Since the curing agent used in the
experiment is a polyamide-based epoxy curing agent, which
increases flexibility of the resin material, the cured resin
also softens before the temperature reaches its 7. As the

temperature rises to 70 °C, the alloy melts completely and
the stiffness decreases further. At 70 °C, tensile modulus
of the composite (alloy content of 10 vol%) is 38.44 MPa
and compressive modulus is 20.46 MPa. Compared with
the room temperature state, the tensile modulus ratio is
20.9 times and the compressive modulus ratio is 24.3 times.
When the alloy content becomes 30 vol%, the material has a
tensile modulus of 18.57 MPa and a compressive modulus of
12.47 MPa. The tensile modulus changes 45.9 times and the
compressive modulus changes 42.5 times when compared to
the room temperature condition. Figure 3d shows the rate of
change of tensile and compressive stiffness of composites,
respectively, where the cold state is 20 °C and the hot state
is 70 °C. In addition, the stiffness cycling characteristics
of the composites are tested, and the results show that the
composite exhibit stable mechanical properties with a good
magnitude of stiffness change within 100 thermal cycles, as
shown in Fig. 3e. Composites with different alloy contents
all exhibit lower stiffness, and the more metal content, the
lower stiffness. The results indicate that incorporation of
alloys increases the initial stiffness of composites at room
temperature while lowering the stiffness limitation after
alloy melting, thus extending the range of stiffness variation
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Fig.3 Properties of composites. a Tensile modulus of composites
(with different alloy content) at different temperatures, b compres-
sive modulus of composites (with different alloy content) at different
temperatures, ¢ surface hardness of composites (with different alloy
content) at different temperatures, d cold: hot tensile and compressive

of composites. When the alloy content is 30 vol%, the pro-
portion of alloy particles is lowest, more stable and durable
(Fig. 3f). Therefore, the composite system with alloy content
of 30 vol% is most suitable in the application.

3 Applications
3.1 Variable Stiffness Pneumatic Actuator

The adjustable stiffness characteristic of composites is simi-
lar to the stiffness variation of biological muscles [29]. Its
controllability and adaptability to complex environments
make it a huge attraction for soft machinery. Here, based on
the composites above, we designed and fabricated a variable
stiffness pneumatic actuator consisting of three parts: the
cavity part, the strain limiting layer and the variable stiffness
structure (Fig. 4a). The manufacturing process is shown in
Fig. 4b, and the geometric dimensions in Figure S4 (Sup-
porting Information). The cavity section and strain limiting
layer are cast with silicone (Dragon skin30). The composite
material with 30 vol% alloy is used to build the variable
stiffness structural part, which has a serpentine arrangement
of nichrome wires (d=0.3 mm) on its surface. The three

@ Springer

modulus of composites (with different alloy content). Cold condition
means 20 °C, hot condition means 70 °C. e Stiffness cycling charac-
teristic curve of composite (the alloy content is 30vol%). f ratio of
alloy particles and content (with different alloy content)

parts are bonded in sequence using uncured Dragon skin
30 silicone to produce a pneumatic actuator with variable
stiffness. It can be powered by air pressure and temperature,
which is in striking contrast to conventional air pressure
actuation. The resistance wire is evenly arranged inside the
composite, and the temperature change of the composite is
achieved by Joule heating, which enables accurate control of
the temperature change position and improves efficiency to
achieve the effect of gradient stiffness. In order to verify the
deformation mechanism of this variable stiffness pneumatic
actuator, a finite element analysis simulation was performed
as shown in Fig. 4c.

Meanwhile, we recorded pictures of the deformation of
actuators at specific operating conditions and derived the
bending angle and displacement values described in the
text by tool measurements and scale calculations. At a con-
stant pressure of 50 kPa, by energizing the resistive wire,
the temperature increases from room temperature to 70 °C,
resulting in the stiffness variation of composite, allowing the
actuator to achieve different degrees of bending. Figure 4e
illustrates the tip displacement of the actuator with tempera-
ture. When the temperature is in the range of 20-70 °C and
the actuator is applied to an air pressure of 50 kPa, the tip
displacement increases from 38.1 to 102 mm, expanding by
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Fig.4 Deformation effect of variable stiffness actuator. a The Struc-
ture of variable stiffness actuator. b The manufacturing process of
variable stiffness actuator. ¢ Bending deformation and finite element
analysis results of the actuator with temperature at 50 kPa. d Tip dis-
placement of the stiffness-tunable actuator with temperature. e Bend-
ing angle of three types of actuators with temperature (pure silicone

2.7 times. The bending angle increased from 19° to 153°, an
eightfold increase. And the tip displacement of the actuator
shows an exponential increase. The simulated results are
in good agreement with the experimental values (Fig. 4d).
The results of multiple iterations of the experiment show
that the actuator can be operated reversibly through a heat-
drive-cool process.

In order to quantitatively study the load capacity of vari-
able stiffness actuators, we constructed a drive force test
system (Figure S5, Supporting Information). The force

0 10 20 30 40 50
P (Kpa)

pneumatic actuator; pneumatic actuator with 30 vol% alloy content of
composites as variable stiffness layer, the variable stiffness layer is in
the rigid state; pneumatic actuator with 30 vol% alloy content of com-
posites as variable stiffness layer, the variable stiffness layer is in the
flexible state)

sensor was fixed on the linear stage, and the displacement
sensor was fixed on the horizontal surface. The end of the
actuator was fitted with a rigid end to prevent breakage of
the actuator due to pushing. During the whole test, the hori-
zontal linear stage moved forward at a speed of 0.5 mm/s,
prompting the force sensor to push the rigid end of the vari-
able stiffness actuator, causing the actuator to move [8]. A
constraining platform was placed near the cavity side of the
actuator to prevent buckling due to the structural instability
caused by the tip loading on a pressurized variable stiffness
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actuator [30]. We conducted end force tests on three types of
actuators: pneumatic actuators with pure silicone; pneumatic
actuator with composite materials (the content of alloy is 30
vol%) for the variable stiffness layer, and the variable stiff-
ness layer is in the rigid state (20 °C); pneumatic actuator
with composite materials (the content of alloy is 30 vol%)
for the variable stiffness layer, and the variable stiffness layer
is in the flexible state (70 °C). As air pressure increasing, the
initial force at zero displacement increases significantly for
all three types of actuators (Fig. Sa—c). At constant air pres-
sure, the force applied to the actuator increases significantly

as the displacement gradually increases from 0 to 5 mm.
The force—displacement curves of all three exhibit obvious
linear characteristic at air pressures of 25 kPa and 50 kPa.
We compared the end forces of the three types of actuators
at a displacement of 5 mm (Fig. 5d). When a hard composite
layer is used to replace a pure soft silicone layer, the driving
force is increased from 137 to 2931 mN at O kPa air pressure,
which is increased by about 21 times. When an air pressure
of 50 kPa is applied, the driving force is increased from 1776
to 4930 mN, which is about three times higher. Under the
same conditions, the bending angle of the actuator with the
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e a ——25kPa
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Fig.5 a—c Tip output force F plotted as a function of tip displace-
ment d on actuator with respect to no composites, stiff composites
(20 °C), and soft composites (70 °C) inflated with pneumatic pres-
sures of 0, 25, and 50 MPa, respectively. The measured data are plot-
ted as bands and the curves fitted with a second-order polynomial
method are plotted as solid lines. d Comparison of maximum output
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«Fig. 6 Friction test and characterization of deformation of stiffness-
tunable wheels. a Schematic and physical of wheel consisting of stift-
ness-tunable tread and rigid plastic hub. b Schematic diagram of the
friction test device. ¢ Radial deformation of the tire in the direction of
pressure. d Grounding area of tire under different conditions. e Maxi-
mum static friction of tires at different temperatures. f Rolling friction
of tires at different temperatures

variable stiffness layer in a flexible state is not comparable
to that of pure silicone actuator, but it is much larger than
the actuator with the variable stiffness layer in a rigid state
(Fig. 4e). The bending angle of variable stiffness actuator
can reach 153° at an air pressure of 50 kPa after the tem-
perature rises to 70 °C. This shows that variable stiffness
composites can significantly increase the output force of the
actuator without losing its flexibility.

Figure 5e compares the initial bending stiffness of three
types of actuators. When the soft silicone layer is replaced
by a rigid composite layer, the initial bending stiffness
increases by about 124 times at 0 kPa air pressure from 2.69
to 332.96 mN/mm. When 50 kPa air pressure is applied, the
initial bending stiffness increases from 152.6 to 653.63 mN/
mm, an improvement about 4.3 times. Compared to previ-
ously reported SMP-enabled stiffness-adjustable soft actua-
tors [31-34], our stiffness-adjustable actuator has advantage
in terms of initial stiffness (Fig. 5f).

In addition, we tested tip output force of variable stiffness
actuators with different alloy contents (Figure S6, Support-
ing Information). When the temperature is 20 °C, the com-
posites are in a rigid state. In this instance, tip output force
is increased from 1780 to 2931 mN at air pressure of 0 kPa
after replacing composites with alloy content of 10 vol%
by composites with alloy content of 30 vol%. When a pres-
sure of 50 kPa is applied, the tip output force is increased
from 3707 to 4930 mN. After the temperature reaches 70 °C,
composites with different alloy contents are in the flexible
state and the difference in stiffness between them is small.
Therefore, the output forces of the actuators do not differ
much at this temperature.

In order to further demonstrate the versatility of variable
stiffness actuator, we assembled three variable stiffness
actuators onto a 3D printed pedestal to develop a gripper
with adjustable stiffness. Characteristic of stiffness-tunable
makes the soft gripper not only carry heavy loads, but also
grasp objects of different shapes and various weights from
less than 10-800 g (Fig. 5g). The weight of the actuator is
about 100 g. The masses shown in Fig. 5 are 0.02 times, 0.5
times, 1 times, 2.2 times, 3 times, 4.5 times and 8 times the
weight of the actuator itself, from small to large.

3.2 Wheel Body with Variable Stiffness

For wheel body material of wheeled wall-climbing robot, tra-
ditional designs use homogeneous metals or high molecular
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polymer materials. These materials are difficult to change
stiffness properties after stable forming and usually do not
allow for timely adjustment of complex surfaces. Based on
these factors, we designed and manufactured a wheel that
consists of hub and tread. The tread has a symmetrically dis-
tributed pattern with a filling rate of 94.89%. The wheel hub
is made of hard plastic. The tread is made of variable stiff-
ness composites with alloy content of 30 vol% and contains
serpentine arrangement of nichrome wires inside. Adjusting
the temperature, the stiffness of tire's surface can be continu-
ously changed in multiple steps to accommodate complex
surfaces. In this application, the same uniform arrangement
of resistance wire inside the composite and Joule heating are
used to precisely control the location of temperature changes
and improve efficiency.

The wheel structure was prepared by 3D printing technol-
ogy, and the stiffness-tunable material was poured onto the
outer side of wheel to make a wheel with stiffness variation,
as shown in Fig. 6a. The prepared variable stiffness wheels
were mounted on a four-wheel trolley, and a friction test
setup was built. The trolley was placed horizontally on the
conveyor belt. A dynamometer was attached to the end of
trolley, and the dynamometer was fixed. The wheels were
electrically heated, and after the temperature reached the test
temperature, the conveyor belt was run at a speed of 1 m/s.
The traction force applied to trolley at different temperatures
were measured, and the maximum static and dynamic fric-
tion were derived from the traction force curve.

As shown in Fig. 6¢, d, when a single wheel bears a load
of 4 kg, the grounding area is 73.57 mm? and the deforma-
tion in the direction of pressure is 0.1 mm at the temperature
of 20 °C. With increasing temperature, radial deformation of
tire under constant load gradually increases, and contact area
between tire and ground increases significantly. When tem-
perature rises to 70 °C, grounding area increases to 190.02
mm?, which has been improved by nearly 2.6 times. And the
deformation in the direction of pressure is 6 mm, which is
60 times higher. We tested actual motion of the vehicle at
different temperatures and loads by installing wheels onto
a vehicle and making it move at a speed of 1 m/s (Fig. 6b).
We obtained the traction force of the trolley at different tem-
peratures and loads. The maximum static (Fig. 6e) and roll-
ing friction (Fig. 6f) of the vehicle at different temperatures
and loads are calculated from the traction force curve. As
the load increases, both maximum static and rolling friction
forces on the vehicle increase. After increasing the load from
0 to 10 kg, the maximum static friction of trolley changes
from 8.92 to 18.6 N and the rolling friction increases from
3.69 to 11.88 N at room temperature. At 70 °C, the maxi-
mum static friction changes from 6.9 to 18.55 N, and the
rolling friction increases from 4.84 to 15.28 N. The results
show that the change of wheel stiffness has an effect on the
friction of trolley.



A Stiffness-Tunable Composite with Wide Versatility and Applicability Based on...

2795

4 Conclusions

In summary, this article presents a temperature-controlled
stiffness-tunable composite through the concept of bionic
drive, which is successfully applied to the design of
pneumatic actuator and wheel. The combination of low-
melting-point metal with polymer increases the stiffness
of polymer material at room temperature. At the same
time, the stiffness of polymer material at high tempera-
tures is slightly reduces. The higher the Bi-In-Sn alloy
content, the greater the initial stiffness of the composite,
and the greater the range of stiffness variation. When the
alloy content is 30 vol%, the initial tensile and compres-
sive modulus of composite are 852.64 MPa and 530 MPa,
respectively. As the temperature increases to 70 °C, the
tensile modulus decreased by 45.9 times and the compres-
sive modulus decreased by 42.5 times. The initial stiffness
of pneumatic actuator is up to 332 mN/mm, an improve-
ment of 124 times. For the wheel, the application of com-
posite allows tires to change their ground area at the right
time to improve friction. When the load is 4 kg and the
temperature is regulated in the range of 20-70 °C, the
grounding area of tire can be achieved between 73.57 and
190.02 mm?. The rolling friction of trolley increases from
11.88 to 15.28 N when the load is 10 kg. The stiffness-
tunable composite based on the bionic drive principle are
used to great effect in the field of pneumatic actuators and
wheels. We believe that the versatility and applicability of
this composite will be proven in an increasing number of
application scenarios, which is also the focus of upcom-
ing research.
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