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Abstract: Actuators with variable stiffness have vast potential in the field of compliant robotics.
Morphological shape changes in the actuators are possible, while they retain their structural strength.
They can shift between a rigid load-carrying state and a soft flexible state in a short transition period.
This work presents a hydraulically actuated soft actuator fabricated by a fully 3D printing of shape
memory polymer (SMP). The actuator shows a stiffness of 519 mN/mm at 20 °C and 45 mN/mm
at 50 °C at the same pressure (0.2 MPa). This actuator demonstrates a high stiffness variation of
474 mN/mm (10 times the baseline stiffness) for a temperature change of 30 °C and a large variation
(~1150%) in average stiffness. A combined variation of both temperature (20-50 °C) and pressure
(0-0.2 MPa) displays a stiffness variation of 501 mN/mm. The pressure variation (0-0.2 MPa) in the
actuator also shows a large variation in the output force (1.46 N) at 50 °C compared to the output
force variation (0.16 N) at 20 °C. The pressure variation is further utilized for bending the actuator.
Varying the pressure (0-0.2 MPa) at 20 °C displayed no bending in the actuator. In contrast, the
same variation of pressure at 50 °C displayed a bending angle of 80°. A combined variation of both
temperature (20-50 °C) and pressure (0-0.2 MPa) shows the ability to bend 80°. At the same time, an
additional weight (300 g) suspended to the actuator could increase its bending capability to 160°. We
demonstrated a soft robotic gripper varying its stiffness to carry various objects.

Keywords: shape memory polymers; hydraulic actuators; valves; soft actuators; variable stiffness;
soft gripper

1. Introduction

Soft robots can achieve myriad functions impossible for by rigid robots, such as
the ability to adapt to unstructured environments, body compliance, safety in human-
robot interaction, and excellent bending performance. However, soft robots lack high
rigidity, high load capacity, and accuracy of movement compared to rigid robots [1]. Soft
robots with variable stiffness bridge the gap between conventional rigid robots and soft
robots [2]. Variable stiffness in soft flexible robots can be achieved by phase transition [3],
magnetorheological fluids [4], layer jamming [5,6], and flexible shaft transmission [7].
Actuation methods such as shape memory actuation [8,9], pneumatic actuation, and tendon-
driven actuation also aid in achieving variable stiffness in soft robots. Advanced model-
based methods were also utilized to develop a novel interlaced probe [10] for stiffness
control. Although the use of pneumatic actuation is widely used for stiffness control due
to its efficiency, the possibilities of air contamination and leakage problems could affect its
performance.
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Phase transition can achieve a wide range of stiffness depending on its temperature,
however, the joule heating fluctuation could be too large. Delivering variable stiffness by
the phase transition in low melting point alloys could be challenging due to the alloy’s
high-temperature sensitivity. Magnetorheological fluids require an energetic magnetic
field environment that is not friendly for human-robot interaction. The long response
time and low output force generated during the actuation of the shape memory alloy-
based actuator and the high-temperature output during actuation make it undesirable for
some applications. The limitations of long response time and small output force can be
overcome by the utilization of tendon-based actuation but might pose safety issues during
human-robot interaction when not operated properly [11,12]. Pneumatic and hydraulic
actuators (fluidic actuators) have better safety, flexibility towards harsh environments,
and high mechanical output to size ratio [13] compared to conventional actuators such as
electromagnetic motors.

We solve the structural complexity issues, narrow range of stiffness, long response
time during actuation, and small actuation force by developing a variable stiffness soft
robot actuated by a combination of phase transition and hydraulics. We fabricated the
actuator using shape memory polymer (SMP) [14], selected based on the phase transition
temperature [15,16] of the material. Building robots is a slow process due to the fabrica-
tion of multiple components, followed by sequential assembly. We overcome this by 3D
printing [13] the complex structure of the SMP actuator with high precision in a single step,
with hydraulic channels already employed due to its design. Although several 3D printing
methods [17-19] were developed for fabricating SMPs, most of them utilize a multi-step
fabrication process unlike our single-step fabrication process. Also, works demonstrating
3D printing of hydraulic systems [20,21] are expensive and require a longer fabrication
time, which can be reduced by using the single-step 3D printing process. We then admit
the actuating hydraulics (fluid) separately instead of using multi-material 3D printing
with hydraulics printed in a single step (printable hydraulics) [22]. The fluidic actuator
can also be in the proximity of magnetic resonance (MR) imaging equipment due to the
non-magnetic and non-conductive nature of the SMP material used in the 3D printing
process. We control the stiffness variation by allowing fluid of different temperatures to
flow through the actuator. We further vary the pressure of the flowing fluid to achieve
the bending of the actuator. We propose a novel method of stiffness and bending control
using hydraulic (water) pressure and temperature compared to the most commonly used
pneumatic control [14]. Due to the simple structure and ease of controlling the actuator
for stiffness variation and bending deflections, we utilize it to demonstrate the grasping of
objects (=100 g). Our contributions to this manuscript are as follows:

(1) We show a variable stiffness hydraulic actuator fully 3D printed using SMPs with
no machining or assembly at low cost and actuated under the influence of varying
temperature fluids (20-50 °C).

(2) We propose a novel method of stiffness and bending control using hydraulic (water)
pressure and temperature, replacing the pneumatic control to achieve large stiffness
variation and bending angles.

(3) We demonstrate an average stiffness variation of ~1150% in the actuator by varying
the temperature from 50 °C (33 mN/mm) to 20 °C (414 mN/mm).

(4) We demonstrate controllable deflection (bending) in the actuator, achieving angles
between —-80° and 80° by utilizing input fluid at a temperature of 20-50 °C and a
pressure of 0-0.2 MPa.

(5) We demonstrate the gripping of objects using the actuators based on varying tempera-
ture and pressure of input hydraulics.

2. Principle

The SMPs undergo phase transition at certain temperatures resulting in variation of the
stiffness of the polymers. This phenomenon can program a shape to the polymer, thereby
allowing the SMP to return to its present shape during the phase transition, displaying
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the shape memory effect. The SMP retains this shape even after its return to the initial
phase [23]. The SMP from KYORAKU CO.LTD (Japan) (SMP35, SMP45, SMP55, SMP65)
possess a phase transition temperature of 35 °C, 45 °C, 55 °C, and 65 °C. These temperature-
regulated characteristics of SMP can be utilized to tune the stiffness of the actuator.

The bending of a flexible tube actuator can be achieved by allowing the flow of gas
through the channels of the actuator [24,25]. An increase in the tube’s gas pressure increases
the actuator’s bending angle. A decrease in the tube’s gas pressure reduces the bending
angle of the actuator, thereby achieving a cycle of bending actuation by regulating the gas
pressure [24]. The pressure of the fluid in the tube can be controlled by the diaphragm
pump as desired. In this work, we demonstrate an actuator made of SMP to achieve
bending by controlling the pressure of the input fluid, and stiffness variation achieved by
controlling the input fluid’s temperature.

3. Materials and Methods
3.1. Structure of the System

The control system used for controlling the variable stiffness actuator is shown in
Figure 1a,b; consists of a variable stiffness soft actuator, a high-temperature fluid control
system, a low-temperature fluid control system, pipelines, and switching devices. The
high-temperature fluid control system and the low-temperature fluid control system are
connected in parallel so that only one type of fluid (hot or cold) can flow through the
actuator at any specific time. The high-temperature fluid control system consists of a high-
temperature fluid buffer tank, a diaphragm pump, a valve, and pipelines connecting the
three components. The high-temperature fluid buffer tank is connected to a heating device
that uses a resistance heating method to heat the high-temperature fluid buffer tank. A
temperature sensor is attached to monitor the temperature of the fluid. The heating device
and high-temperature fluid buffer tank are connected independently from the connection
between the high-temperature fluid buffer tank, the diaphragm pump, and the valve.

The low-temperature fluid control system consists of a low-temperature fluid buffer
tank, a diaphragm pump, and a valve connected by pipelines. The low-temperature fluid
buffer tank connected to a cooling device (thermoelectric cooler) cools the low-temperature
fluid buffer tank. The cooling device and low-temperature fluid buffer tank are connected
independently from the low-temperature fluid buffer tank, the diaphragm pump, and
the valve.

The pipelines and switching devices include switching for one input port and two
output ports, a flow valve, pipelines connecting the actuator, the high-temperature fluid
control system, and the low-temperature fluid control system. The diaphragm pumps drive
the high-temperature fluid, and the low-temperature fluid is of the same specifications.
The direction of the flow of the low-temperature fluid and high-temperature fluid is shown
with blue and red arrows, respectively, in Figure 1a,b. Since the drive system only operates
in one mode at a given time (either low-temperature or high-temperature mode), a switch
is used to alternate between the two modes. The pressure of the input fluid is controlled
using a flow valve (Figure 1a,b). The actuator, flow valve, and switches allow the flow of
both high and low-temperature fluids (red and blue lines overlap in Figure 1a,b).
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Figure 1. Control of the SMP-based variable stiffness actuator. (a) Schematic showing the setup used for controlling the
stiffness variation and bending of the actuator. The driver system consists of a high-temperature fluid buffer tank, a heating
device, a low-temperature fluid buffer tank, a cooling device, two diaphragm pumps, two valves, a flow valve, a switch.
The blue arrow represents the flow direction of the low-temperature fluid, and the red arrow represents the flow direction of
the high-temperature fluid. (b) An optical photo showing the setup of the driving system used for controlling the actuator.
The blue arrow represents the flow direction of the low-temperature fluid, and the red arrow represents the flow direction
of the high-temperature fluid. (c) Infrared thermographic images of the actuator during the heating (actuation) and cooling
(relaxation) process. (d) An optical photo showing the 3D printing process during the fabrication of the actuator. The layer
height is set as thin as 0.05 mm, and the print infill is 100%. The fabrication process (3D printing) of the actuator is shown in
Movie S1.

3.2. Structure of the Actuator

The SMP tubular actuator has two internal channels (interconnected) that are con-
nected to the driver system, with the two channels used for the inlet and outlet of the
input fluids (Figure 2a). The liquid (hot or cold) entering the inlet port is allowed to pass
throughout the actuator before reaching the outlet port, thereby improving the actuator’s
heating and cooling mechanisms. The inlet and outlet ports connected to the driver system
are sealed by RTV silicone sealant (Super X No. 8008, Cemedine, Shinagawa City, Tokyo,
Japan). A temperature sensor is attached to the actuator to measure the temperature of the
actuator during experiments. Due to the simple structure of the actuator, fully 3D printing
the entire structure without any machining or assembly is possible.
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Figure 2. The design and working of the actuator. (a) Cross-section of the actuator showing the

channel for the input fluid. (b) An optical photo of the 3D printed actuator showing its structure with
inlet and outlet channel. (c¢) The actuator’s schematic shows the channels’ design, the connection
between the two channels to facilitate fluid flow. (d) An optical photo showing the side view of
the 3D printed actuator. (e) The axial section of the actuator showing the detailed structure of the
channels and connectors. (f) An optical photo showing the top view of the 3D printed actuator.
(g) Schematic showing the bending of the actuator. (h) An optical photo showing the side view of
the bending actuator with arrows representing the input fluid flow.

3.3. Fabrication of the Actuator

The actuator is fabricated using SMP (3D Printing filament diameter = 1.75 mm)
via 3D printing, and the printing parameters are shown in Table 1 [26,27]. The printing
properties are selected to ensure proper sealing performance in the actuator under varying
temperature and pressure. The entire structure is entirely 3D printed with no machining or
assembly involved. We have selected SMP material for the fabrication process, which is
non-conductive and non-magnetic, rendering MRI/CT-compatible robotics possibilities.
The structure is parametrically designed and fabricated at low cost and disposable [22]. The
print infill of 100% and a layer height of 0.05 mm with a first layer height of 0.2 mm is used.
The print speed is maintained at 50 mm/s for excellent molding performance; the extruder
and plate temperature are set to be 220 °C and 0 °C, respectively; the support and cooling
are turned off during the 3D printing process [19]. The connections between the actuator
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ports and the pump are sealed using a silicone sealant to avoid leaking. The fabrication of
the actuator using the 3D printing process is shown in Figure 1d and Movie S1.

Table 1. Tabulation of printing parameters.

Printing Parameter Value
Layer Height (mm) 0.05
First Layer Height (mm) 0.2
Print Speed (mm/s) 50
Extruder Temperature (°C) 220

Plate Temperature (°C) 0

Print Infill 100%
Support No
Cooling No

4. Results
4.1. Testing of Stiffness Variation

Stiffness variation in the actuator can be achieved by regulating the temperature.
The experiment is conducted by fixing the actuator at one end while the other end is free,
resembling a cantilever beam. Initially, the actuator is at room temperature (20 °C) with no
pressure (0 MPa) and posses a straight conformation, as shown in Figures 3a and 4a. When
aload of 100 g is applied to the free end of the actuator (20 °C, 0 MPa), it displays a negligible
deflection (3°) (Figure 4b). Increasing the load to 200 g displayed the same deflection (3°).
In comparison, an application of 300 g increased the bending to 8° (Figure 4c), and an
application of 500 g further increased the bending of the actuator to 14° (Figure 4d). When
a 200 g load is applied on the actuator and the temperature is raised to 50 °C with no
change in the pressure (0 MPa), the actuator’s stiffness is reduced. A huge deflection (19°)
is observed due to the load applied to the actuator (Figure 3c). Increasing the exposure
time of this condition to the actuator will cause an increase in the bending angle (>44°)
(Figure 3d). Decreasing the weight to 100 g and carrying out the same experiment showed
a smaller bending angle (20°), while increasing the load to 300 g showed a higher bending
angle (80°) (Figure 5). The bending angle of the actuator at different loads (0-300 g),
pressures (0-0.2 MPa), and temperatures (20-50 °C) of the input fluid are shown in Figure 5.
Similarly, bending in the antagonistic direction can be achieved by varying the pressure
and temperature to enable the actuator to maintain a shape (Figure 6).

The stiffness of the actuator at different pressures (0-0.2 MPa) and temperatures
(20-50 °C) is measured using the setup shown in Figure 7h. One end of the actuator is
fixed, while the other free end is subjected to pressure in the downward direction to obtain
the displacement of the free end of the actuator. The stiffness values of the actuator at
different displacements are shown in Figure 7a. The highest stiffness in the actuator is
observed at a low temperatures (20 °C), with 279 mN/mm at 0 MPa, 444 mN/mm at
0.1 MPa, and 519 mN/mm at 0.2 MPa. Similarly, lower stiffness in the actuator is observed
at high temperatures (50 °C), with 18 mN/mm at 0 MPa, 36 mN/mm at 0.1 MPa, and
45 mN/mm at 0.2 MPa. The actuator had higher stiffness at low temperatures (20 °C), as
shown in Figure 7a,b. This actuator demonstrates the ability to achieve an ~1150% increase
in the average stiffness by reducing the temperature from 50 °C (33 mN/mm) to 20 °C
(414 mN/mm). The stiffness variation of the actuator at different temperatures (20-50 °C)
and pressure (0-0.2 MPa) at different loads (0-300 g) is shown in Movie S2.
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Figure 3. Demonstration of stiffness variation in the actuator at different conditions. (a) Initial state
(T =20 °C, P = 0 MPa) of the actuator with no load. The white line denotes reference. (b) Bending of
the actuator when a load of 200 g is suspended to the actuator at 20 °C and 0 MPa. The yellow line
represents the bending profile of the actuator. (c) Bending of the actuator when temperature increased
to 50 °C while maintaining its pressure (0 MPa) and load (200 g). (d) Bending of the actuator during
prolonged loading (200 g) at 50 °C and 0 MPa. The stiffness variation of the actuator at different
temperature and pressure is shown in the Movie S2.

Reference line

d

I=20°C P=0MPa T=20°C P=0MPa

Figure 4. Demonstration of the load-bearing capability of the actuator at 20 °C and 0 MPa. (a) The
actuator is in its initial state with no weight suspended. The white line denotes reference. (b) Bending
of the actuator when 100 g weight is suspended. The yellow line represents the bending profile of the
actuator. (c) Bending of the actuator when 300 g weight is suspended. (d) Bending of the actuator
when 500 g weight is suspended. The stiffness variation of the actuator at different temperatures and
pressures is shown in Movie S2.
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Figure 5. Bending performance of the actuator at different weights (0-300 g) at different temperature (20-50 °C) when the
pressure of input fluid is (a) 0 MPa, (b) 0.1 MPa, (c) 0.2 MPa..

4.2. Factors Affecting the Actuation Mechanism

Initially, the actuator is at room temperature (=25 °C) and in a high stiffness state.
Once the pressure of the flowing fluid and the actuator’s temperature is raised, the actuator
reaches the low stiffness state, causing the actuator to bend, as shown in Figure 6a—h. The
actuator can be restored to its initial unbent state by reducing the pressure of the fluid.
Different bending angles can be achieved by different pressure values, which are controlled
by the driver system. The actuator’s stiffness could be increased at any specific angle by
decreasing the actuator’s temperature to 20 °C, thereby achieving a high stiffness state at
desired angles. The actuation and the bending process of the actuator are demonstrated in
Movie S3.

a

W ressurize

/"—WL

Figure 6. The demonstration of actuation and bending of the actuator. (a) Initial state of the actuator (T = 20 °C, P = 0 MPa).
(b) The actuator’s pressure and temperature increased (T = 50 °C, P = 0.2 MPa) to achieve bending. The white line denotes
the reference, and the yellow line represents the bending profile of the actuator. (c) The actuation time is increased to achieve
a higher bending angle. (d) The actuator’s pressure is decreased while maintaining the temperature (T =50 °C, P = 0 MPa)
to revert the actuator to its initial position. (e¢) Demonstration of loading (200 g) in the actuator (T = 50 °C, P = 0 MPa).
(f) Demonstration of bending in the opposite direction due to the high load suspended in the actuator. (g) High-stiffness
state of the actuator is achieved by unloading the actuator and reducing its input temperature and pressure (T =20 °C,
P = 0.1 MPa) to achieve a high-stiffness state in the actuator. (h) Demonstration of the load-carrying capacity (200 g) of the
actuator when the pressure is reduced (T = 20 °C, P = 0 MPa). The thermography images of (a-h) is shown in the inset of
(a—h) respectively. The actuation and the bending process of the actuator is shown in Movie S3.
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The actuator’s stiffness is controlled by adjusting the temperature of the input fluid
from the buffer tank, while the pressure of the fluid controls the bending. The actuator
is tested at different pressures (0-0.2 MPa), and varying temperatures (50-80 °C), and
their corresponding bending angles are determined. The temperature of the actuator is
measured using a thermometer. When the input fluid is at 50 °C, the actuator reaches
40 °Cin 40 s at 0 MPa, 33 s at 0.1 MPa, and 29 s at 0.2 MPa (Figure 7c,d), demonstrating the
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influence of pressure in the heating rate of the actuator. Similarly, when the input fluid is at
65 °C, the actuator reaches 40 °C in 18 s at 0 MPa, 16 s at 0.1 MPa, and 16 s at 0.2 MPa, as
shown in Figure 7c,d.
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Figure 7. Testing the stiffness variations, temperature variations, and output force of the actuator.
(a) Output force of the actuator during displacement at different temperature (20-50 °C) and pressure
(0-0.2 MPa) of the input fluid. (b) Stiffness variation of the actuator at different temperature (20-50 °C)
and pressure (0-0.2 MPa) of the input fluid. (c) Dynamic change in the temperature of the actuator
at different temperature (50-80 °C) and pressure (0-0.2 MPa) of the input fluid. (d) Time required
by the actuator to reach 50 °C at different temperatures (50-80 °C) and pressures (0-0.2 MPa) of
the input fluid. (e) Dynamic change in the temperature of the actuator at different temperatures
(18-24 °C) and pressures (0-0.2 MPa) of the input fluid. (f) Time required by the actuator to reach
20 °C at different temperatures (18-24 °C) and pressures (0-0.2 MPa) of the input fluid. (g) Output
force of the actuator at different temperatures (20-50 °C) and pressures (0-0.2 MPa) of the input fluid.
(h) An optical photo showing the set-up utilized to perform the stiffness test of the actuator..
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Similarly, when the input fluid is at 65 °C, the actuator reaches 40 °C in 16 s at 0 MPa,
14 s at 0.1 MPa, and 12 s at 0.2 MPa (Figure 7c,d), demonstrating that increasing the
input fluid’s temperature reduces the time taken for the actuator to reach the desired
temperature. When the input fluid was allowed to circulate for a longer time, the actuator
reached a higher temperature with a high-temperature input fluid. Input fluid of different
temperatures (50-80 °C) is passed through the actuator for a specific time (39 s), and the
resultant temperature of the actuator is determined (Figure 7c). When the input fluid is
at 50 °C, the actuator reached 40 °C, 42 °C, and 43 °C at 0 MPa, 0.1 MPa, and 0.2 MPa
respectively (Figure 7c). Similarly, when the input fluid is at 65 °C, the actuator reached
50 °C, 51 °C, and 52 °C at 0 MPa, 0.1 MPa, and 0.2 MPa respectively (Figure 7c). Similarly,
when the input fluid is at 80 °C, the actuator reached 56 °C, 58 °C, and 65 °C at 0 MPa,
0.1 MPa, and 0.2 MPa, respectively (Figure 7c).

Input fluids with different temperatures (18-24 °C) and pressures (0-0.2 MPa) are
passed through the actuator at 52 °C for 47 s and the cooling process is observed (Figure 7e,f).
When input fluid was at 18 °C, the actuator reached 20 °C at all pressures (0-0.2 MPa), as
shown in Figure 7e f. Similarly, when the input fluid was at 24 °C, the actuator reached
26 °C at all pressures (0-0.2 MPa) (Figure 7e,f), demonstrating that, with a lower temper-
ature of the input fluid, the actuator reaches the high stiffness temperature faster. The
time for the actuator to reach 26 °C at different temperatures (18-24 °C) and pressures
(0-0.2 MPa) of the input fluid is tested. When the input fluid was at 18 °C, the actua-
tor reached 26 °C in 23 s, 22 s, and 21 s at 0 MPa, 0.1 MPa, and 0.2 MPa, respectively
(Figure 7e,f). Similarly, when the input fluid was at 24 °C, the actuator reached 26 °C in
355,34 s,and 28 s at 0 MPa, 0.1 MPa, and 0.2 MPa, respectively (Figure 7e,f), demonstrating
that increase in pressure of the input fluid plays a role in increasing the cooling rate of the
actuator.

4.3. Precision of the Actuator

The repeatability of the actuator is tested to determine the precision of the actuator. A
pin is attached to the end of the actuator, and the position of the pin’s position is tracked
over three actuation cycles. The background has a 1 mm x 1 mm grid. The initial position
of the pin is used as a reference when the actuator is at 20 °C and 0 MPa (Figure 8a). The
actuator’s bending is achieved by increasing the temperature and the pressure to 50 °C and
0.2 MPa. The pressure is reduced to 0 MPa to revert the actuator to its initial state, and the
corresponding pin location in the grid is measured. Figure 8b shows that the pin position
after one bending cycle is similar to the pin’s initial position in the grid, demonstrating
full recoverability. The actuation is carried out for two more cycles, and its corresponding
positions after the bending cycle are observed. Figure 8c,d displayed the pin’s position
in the grid after the second bending cycle and third bending cycle, respectively. Both the
positions displayed no variation in the pin’s position compared to the pin’s initial position,
demonstrating high precision in the actuator’s bending.
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Figure 8. Testing the precision positioning of the actuator. A pin attached to the end of the actuator to
indicate its position against the background of a 1 mm x 1 mm grid. (a) Initial position. (b) Position
after the first bending cycle. (c) Position after second bending. (d) Position after third bending cycle.

4.4. Output Force

Bending is observed in the actuator when the pressure increases, generating an output
force during the bending process. The method used to measure the output force is similar
to measuring the actuator’s stiffness. The setup used for force measurement of the actuator
is shown in Figure 7h. The pressure and temperature vary from 0 MPa to 0.2 MPa, and
20 °C to 50 °C, and the corresponding output force is measured shown in Figure 7g.

When there is no pressure (0 MPa), the actuator showed an output force of 0.17 N and
0.48 N at 20 °C and 50 °C, respectively (Figure 7g). An increase in pressure demonstrated
an increase in the output force of the actuator. When the pressure is increased to 0.2 MPa
while maintaining the temperature at 20 °C, the actuator displays an output force of 0.33 N,
as shown in Figure 7g. Maximum output force of 1.94 N (Table 2) is observed when the
pressure and temperature is at their maximum (P = 0.2 MPa, T = 50 °C).

4.5. Application

Two individual bending actuators are assembled to work antagonistically (in opposite
directions) to generate a grasping action. Different temperatures and pressures of the input
fluids are tested during the grasping of objects. The steps involved in the grasping of an
object are shown in Figure 9a—e and Movie S4. Initially, the gripper is inactive, and the input
fluid flowing through the gripper is at 20 °C with no pressure (P = 0 MPa) (Figure 9a). The
gripper is displaced manually towards the object (Figure 9b). The gripper is then actuated
by passing an input fluid of temperature 50 °C with a pressure of 0.2 MPa (Figure 9c).
Once the actuators in the gripper reach 50 °C, the stiffness is reduced. The actuators bend
towards the object resulting in the wrapping of the object (Figure 9d). Once the object is
observed to be wrapped by the gripper, the temperature and the pressure of the input fluid
is reduced (T = 20 °C, P = 0 MPa), followed by the lifting of the gripper with the object
(Figure 9e).

The gripper can then be moved to the desired location, and the temperature of the
input fluid is increased to 50 °C while maintaining the pressure (P = 0 MPa). This tuning
reduces the actuators’ stiffness, resulting in the gripper’s relaxation, causing the object
to drop. In Figure 9a,b,e, the actuator is in high stiffness for the initial unactuated state,
displacement towards the object, and during the lifting of the object. In Figure 9¢,d, the
actuator is in low stiffness for bending to wrap the object.
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Figure 9. The demonstration of object gripping. (a) The gripper comprised of two actuators at initial state (T =20 °C,P =0

MPa). (b) Gripper displaced to approach the object. (c) Pressure and temperature of the input fluid are increased (T = 50 °C,

P = 0.2 MPa) to facilitate the bending of the gripper. (d) The bending of the gripper is utilized for grasping the object firmly.
(e) The input fluid’s temperature and pressure are reduced to 20 °C, and 0 MPa and the object is lifted off the surface. The
grasping of the object (=100 g) using the gripper is shown in Movie S4.

Table 2. The table of average ratio.

Properties Average Ratio
Stiffness 13.1:1
(T=20°C:T=50°C)
Heating Ti
eating time 24:12:1

(T=50°C:T=65°C:T=80°C)
Cooling Time
(T=24°C:T=18°C)

The Maximum Output Force
(T=50°C:T=20°C)

1.5:1

5.9:1

5. Discussions

Although the proposed hydraulic actuator has several advantages compared to pneu-
matic actuation systems, the possibilities of hydraulic fluid leakage and the use of several
intricate components makes it high-maintenance, which could drive up the operation cost
for some applications. Further investigations will be carried out to reduce the number
of components to improve the usability of this device. Although the developed gripper
is able to demonstrate pick and place applications using the temperature and pressure
variations in the input fluid, the time required to complete the process is >20 s, which could
limit its use in carrying out complex high-speed tasks. This slow actuation is due to the
heat transfer between the input fluid and the polymer, which will be further investigated
in the future. In addition, most of the biomedical applications involving navigation or
surveillance can be achieved with less than 180° bending angles. Since we are fabricating
the device with a vision of using it in biomedical applications, the demonstrated values of
hydraulic pressure will be sufficient to achieve these applications. However, increasing the
pressure further could damage the channels especially when actuated for multiple cycles
at higher frequencies. Currently, the actuator will be able to perform 10-50 bending cycles
at the demonstrated pressure and temperature range with minor performance losses. We
envision further investigating and improving in the future.

6. Conclusions

In summary, we present a variable stiffness actuator fabricated using SMP via a one-
step 3D printing process without any machining or assembly. The actuator demonstrates
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its ability to vary stiffness and to bend based on the input fluid from the fluid-controlled
system. The actuator demonstrates a stiffness variation from 18 mN/mm to 519 mN/mm
by varying the input fluid’s temperature from 50 °C to 20 °C and varying the pressure of the
input fluid from 0 MPa to 0.2 MPa. We also demonstrate ~1150% increase in the average
stiffness by reducing the temperature from 50 °C (33 mN/mm) to 20 °C (414 mN/mm). The
actuator also demonstrates a 160° bending angle (-80° to 80°) by varying the temperature
(20-50 °C) and pressure (0-0.2 MPa) of the input fluid. The actuator was able to switch
from a low to high-stiffness state in 12 s (20 °C to 50 °C) when the input fluid is at 80 °C
and 0.2 MPa; it was also able to switch from a high to low-stiffness state in 21 s by varying
its input pressure and temperature. The actuator also displayed variation in the output
force from 0.17 N to 1.94 N by varying the temperature (20-50 °C) and pressure (0-0.2 MPa)
of the input fluid. We also demonstrate a grasping device using two individual actuators
operating antagonistically to grasp an object (=100 g). This integrated stiffness—actuation
control enables rapid switching between stiffness, suitable for applications such as soft
precision gripping and biomedical human-interactive manipulators. Due to the non-
magnetic and non-conductive nature of the actuator material (SMP), its use could extend
to MRI/CT compatible robots. The actuator’s low-cost fabrication and disposable nature
make endoscopic applications feasible after the high-temperature from the actuator and
biocompatible issues are solved.

Supplementary Materials: The following are available online at https:/ /drive.google.com/file/d/
1Tva76z9vvukKFICKupeTdnLKfG5vvfT]/view?usp=sharing, Movie S1: Demonstration of the 3D
printing process involved in the fabrication of the actuator, Movie 52: Demonstration of the stiffness
variation of the actuator, Movie 53: Demonstration of the shape setting of the actuator, Movie 54:
Demonstration of actuation and bending of the actuator, Movie S5: Demonstration of object gripping.
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