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Abstract: In recent years, there has been an increase in the development of medical robots to enhance
interventional MRI-guided therapies and operations. Magnetic resonance imaging (MRI) surgical
robots are particularly attractive due to their ability to provide excellent soft-tissue contrast during
these procedures. This paper describes a novel design for a tendon-driven gripper that utilizes four
shape memory alloy (SMA) spring actuators and variable stiffness joints controlled by SMA coils
for use in MRI surgical robot applications. The contact force of the gripper link is determined by
the mechanical properties of the SMA spring actuators (SSA) and the angle of each linkage, and the
joint stiffness can be adjusted by varying the electrical current applied to the SMA coil. To enhance
the efficiency of the SSAs, a new cooling system using water has been proposed and implemented.
To validate the effectiveness of our proposed gripper, we conducted three types of experiments,
namely, a single SSA experiment, a single SMA coil experiment, and a whole gripper experiment.
The experimental results demonstrate that the proposed water-cooling system can effectively solve
temperature issues of SMA, and the joint stiffness in the austenite state is higher than that in the
martensite state. Moreover, our experiments show that the presented gripper is capable of grasping
and holding objects of various shapes and weights.
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Variable Stiffness Joint and Medical imaging systems have been used in robotic surgery for a long time to enable
Water-Cooled SMA Springs. more precise procedures such as resections. Computed tomography (CT), magnetic res-
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particularly beneficial for tumor surgery as it offers several advantages, including excellent
soft-tissue contrast, high temporal and spatial resolution, multiplane scanning capability,
and real-time tissue and instrument tracking [1]. To date, for electrocautery and suction
tools, snake or needle-shaped MRI surgical robots have been developed, but grippers
have not been extensively explored [2-5]. Gripping and placing objects, including organs,
is a fundamental function of robotic manipulators. As the end effector, grippers play a
crucial role in the surgical robot system. They act as temporary mechanical interfaces
between the manipulators and the grasped objects, such as human organs and resected
target tissue. To successfully perform grasping tasks, grippers must hold objects stably to
prevent slipping and damaging the objects. Grippers need to be diverse in shapes, sizes,
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with surface contact have been developed for grasping objects [13,14]. Although vacuum-
based grippers have shown powerful performance in industrial applications, they also
have limitations, such as the potential to cause damage to delicate human organs. As an
alternative, soft robot grippers have recently gained attention from researchers due to their
adjustable gap between the target object and the gripper, allowing for a better fit with the
shape of the target. To address the issue of damaging grasped objects, various soft robotic
designs have been proposed, tailored to specific application requirements.

Selecting the appropriate soft actuator for a gripper is crucial as it affects the overall
grasping performance, including force and speed. Compact and lightweight robotic systems
necessitate the use of soft and intelligent actuators [15]. Extensive research has focused on
numerous functional materials to develop actuators that possess both flexibility and high
force capability [16,17]. The materials employed in the gripper also need to be compatible
with the electromagnetic field of the surgical robot system in an MRI environment. However,
most metals produce MRI noise, rendering them unsuitable for use as MRI surgical robot
materials. Several MRI-compatible materials have been proposed, including brass [18]
and shape memory alloys (SMAs) [2—4,19], silicone rubber [20], and plastics [3], all of
which have been utilized in MRI-guided surgical robots. Compared to the aforementioned
actuator alternatives, the distinctive mechanical properties of SMA actuators make them a
strongly recommended option for the proposed gripper.

SMAs have attracted scientists” attention due to their various applications to change
the stiffness of manipulators or actuators in soft robotics. These materials can recover their
original shape when subjected to a specific stimulation, such as heat or magnetism [21].
Currently, SMAs come in various shapes, namely spring [22], film [23], wire [24], and even
foam [25]. Research has been conducted on the use of SMA springs in gripper actuation.
According to [26], Roshan et al. designed a gripper that employs an SMA spring as the
primary actuator to drive the gripper links, making it suitable for minimally invasive
surgery. The SMA spring pulls a linear guide attached to a gripper finger to convert linear
into angular motion. The gripper jaws and the mechanism’s casing are fabricated using
3D printing technology, simplifying the process. However, the paper did not address
the cooling solution for the SMA spring, which is a critical aspect when using SMA as a
primary actuator. Water cooling for the SMA spring was developed by Cheng et al. [27] by
threading a silicone tube through it.

This paper proposes a two-jaw, tendon-actuated gripper utilizing SMA spring actu-
ators and an SMA coil that can change its stiffness. Our proposed robot has a relatively
simple structure that includes an SMA coil inserted into a joint composed of two links for
joint stiffness control. The SMA coil is used as an actuator that applies a strong tightening
force for friction generation between the links when a current is applied. To overcome
the temperature issues commonly associated with SMA materials, a novel cooling system
design is introduced. The SMA springs are enclosed within silicone tubes featuring a
saw-tooth profile. The proposed actuator is characterized by a compact design, lightweight
construction, and fast reaction time. The remainder of this paper is organized as follows:
Section 2 provides a detailed description of the gripper’s conceptual design, followed by an
overview of the silicone cover fabrication process. The gripper finger and its corresponding
features are also presented in this section. Section 3 outlines the mechanical properties of
the SMA spring, and the contact force generated by a single finger on an object. Section 4
offers insight into the experimental methods employed and the outcomes of single-actuator
testing. In addition, the experimental setup and results of the grasping test are presented in
this section. Finally, this paper concludes in Section 5.

2. Materials and Methods
2.1. Design of the Tendon-Driven Gripper
This section outlines the structure of the proposed end-effector for the robotic arm.

The primary constituents of the robot include four silicone SMA actuators (SSAs), two
fingers (jaws), a gripper frame, and four tendons, as can be seen in Figure 1. The gripper
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frame functions as the anchor point for all the components and serves as a crucial interface
between the robotic arm and the end-effector. Two fingers are attached to the gripper base,
and the surface gap between them is 38 mm in the rest state. The SSA act as the driving
force for the end-effector’s fingers, using the attached tendons based on the characteristics
of the SMA spring. When it is in a lower temperature (martensite state), it can easily stretch
out. When the SMA spring is heated to a high temperature (austenite state), it will recover
its original shape. Therefore, the SSAs 2 and 3 produce linear motion (axial motion) to
pull the tendons of the fingers and make them bend in a direction that can grasp and
hold objects when SSAs 2 and 3 are in the austenite state, and the SSAs 1 and 4 are in the
martensite state, as depicted in Figure 1c. Similarly, the SSAs 1 and 4 also generate motion
to pull the tendons of the fingers and make them bend in a direction that can drop objects
when SSAs 1 and 4 are in the austenite state, and the SSAs 2 and 3 are in the martensite
state, as shown in Figure 1d. Moreover, SSAs 1 and 4 make the parallel fingers extend the
gap of the silicone pads, which allows them to grasp targets with a large dimension. In
terms of controlling the four SSAs, each actuator has its independent controller system,
and it is described in detail in the experimental setup section. The SSAs are described in
Section 2.2.

SSA 1at SSA 2 at
martensite austenite SS/; 1 ,att SSA 2 at
state -~ \_ state % martensite
R A

; 8

(0 (d)

Figure 1. (a) 3D design schematic of the gripper (front view); (b) 3D isometric projection of the
gripper; (c) SSA 1 at martensite state and SSA 2 at austenite state; (d) SSA 1 at austenite state and SSA
2 at martensite state.
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Additionally, a silicone pad is attached to the end effector of each finger to increase
the gripping ability. The retention of objects by grippers is typically achieved through
contact with the object’s surface. The selection of contact methods depends on the object
and gripper contact surfaces. Geometric contact methods include points, lines, and surfaces.
Surface contact is frequently preferred since it offers the most extensive contact area, thereby
maximizing the grip pressure of the gripper. The finger jaws are designed with the SMA
coil to adjust the joint stiffness for stably holding an abject, as described in Section 2.3.

2.2. Conceptual Design of Silicone SSAs

The mechanical and electrical connections of the SSAs are illustrated in Figure 2. The
SMA spring is attached to two M3 screw hooks by wrapping copper wire around them
and soldering them with tin. As the SMA spring is a conductive material that changes
phase when heated, an electric current is utilized to induce heating. The electric wires are
connected to the SMA spring at the ends of the spring with soldering joints. To measure the
actual temperature of the spring, a thermistor sensor is placed on the first coil of the spring.
Additionally, in order to prevent direct contact with water during the cooling process, the
sensor is covered with a small block of silicone. The silicone chamber, as well as the cooling
channel of the SMA spring, is inspired by the expanding soft robotics [28-30] with a wall
thickness of 1 mm; it has one degree of freedom in space (axial movement). The material of
the air chamber is made of silicone called Dragon Skin [24] with a hardness of 10 Shore A.
The soft silicone cover is fabricated by silicone die casting, and the fabrication process is
essentially similar to [31]. According to [31], the prototype is divided into two parts which
are the products of the casting process. To reduce the fabrication process time, we design
one single mold for the casting without separating them into two casting products. The
mold is designed based on the 3D pre-designed prototype profile (inside and outside), and
it is then manufactured by using a 3D printer. The M3 screw hooks, which attach to the
ends of the spring, connect to the plastic caps by threads. One cap on the left of the SSA is
fixed on the gripper frame, and the other links to a tendon to actuate the gripper. Because
of water cooling, there are two silicone tubes (inlet and outlet) with an outer diameter of
3 mm connecting to the SSA.

Silicone chamber SMA spring Screw hook

Plastic cap 1

M3 screw

Temperature sensor

SMA wire (+) Temperature sensor wires ~ SMA wire (-)—

Plastic cap 2

Figure 2. Structure of the silicone SSAs with mechanical connections and electrical connections.

2.3. Design of the Gripper Jaw with Stiffness Control

The finger shown in Figure 3a was inspired by a surgical robot that can change its joint
stiffness [32]. The finger was 3D-printed using polylactic acid (PLA) and had revolute joints
linking the entire finger, with each finger actuated by two tendons. Figure 3a,b illustrate
the robot link’s structure with two linkages and a rotational joint. To increase the grasping
ability of the tendon-driven gripper, a silicone pad is attached to the end effector linkage.
Figure 3c illustrates the austenite state of the SMA coil. To vary the stiffness of the gripper
joint, an SMA spring with four coils wraps two shafts of two linkages together. In order to
prevent a short circuit between the conductive SMA spring and steel rod, a rubber tube is
placed between the SMA coil and shafts. Once the SMA spring reaches the austenite phase,
it transforms into its original shape. However, frictional forces (F) acting on the spring may
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impede the restoration process of the SMA spring. Moreover, as the inner diameter of the
spring is smaller than the diameter of the sum of two adjacent shafts at the austenite state,
the spring exerts a compressive force, resulting in a tightening effect (F;). Finally, the fixed
base of the finger has a groove on two sides for easy assembly with the gripper’s frame,
making it a modular design. The prototype of the gripper jaw is depicted in Figure 3d.

Tendon 1
Tendon 2
Linkage 1
Steel shaft 1
Steel shaft 2
Linkage 2
Silicone pad

SMA coil

Rubber tube

(c) (d)

Figure 3. (a) Front projection of the links of Finger 1; (b) section view of the robot jaw; (¢) SMA coil at
austenite state; (d) prototype of the gripper jaw.

3. Gripper Modeling
3.1. Mechanical Properties of the SMA Spring

The performance parameters of the SMA spring used in this paper are shown in
Table 1. SMA springs can transform from martensite to austenite by heating and cooling it.
SMA springs have various elastic moduli in the martensitic and austenitic states. When the
SMA is designed as a spring, its stiffness changes following the equation in [33]:

Ed*
k=— (Em < E < Ex 1
8D°n ( M ) @
where d is the wire diameter, D is the coil diameter, n is the number of coils, Ep; is the
martensite elastic modulus, and E4 is the austenite elastic modulus.
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Table 1. Parameters of the SMA spring.
Parameter Symbol Value
Material NiTi-45 Nitinol
Spring diameter D 6.5 mm
Wire diameter d 0.75 mm
Original length Linin 20 mm
Maximum length stretch Lmax 150 mm
Number of coils n 21
Elastic modulus at room temperature E 50 GPa
Austenite temperature 45-50 °C
The stretch of the spring under load F can be expressed as:
8FD°n
d*G(T)

where G(T) is the shear modulus of the SMA spring that is estimated from experiment
results in Section 4.1.2. Therefore, when Ty < T < Ty, the axial load at temperature T is
expressed as:

4
B = < S sm) ®

when the axial displacement of the SMA spring is restricted, the compressed length of the
SMA spring is kept as:

§(T) =& 4

when Ty < T < Ty, the output force at temperature T can be obtained from (3) and (4) as:

4
B(T) = dsgg)

31, @)

3.2. Contact Force of Single Gripper Finger

Assuming that the gripper is holding an object with a dimension of D, as shown in
Figure 4, and is actuated by a pair of SMA springs via tendons, the tendon forces of the
second linkage can be expressed as:

F, = F; X cos 0, (6)

F4 = F3 X cos 0 (7)

where F3 denotes the pulling force of Spring 2 at the austenite state, and F; represents
the pulling force of Spring 1 at the martensite state. F; and F3 can be calculated from
Equation (5). The equations denote that G™ represents the shear modulus of SMA spring
of SSAs 1, whereas 61 signifies the displacement of SSAs 1. Similarly, G(Ta) represents
the shear modulus of SMA Spring 2 of the SSAs 2, and &1, indicates the displacement of
the SSAs 2. The moment M, which induces rotation of the second linkage when the SMA
spring of the SSAs 1 is in the martensite state and the SMA spring of the SSAs 2 is in the
austenite state, can be expressed as:

M:Mz—Mlz(F4—F2)><a (8)

where a is the distance from the midpoint of the revolute joint to the point where the tendon
intersects it perpendicularly.
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friction D
—

Figure 4. Free body diagram of a gripper jaw.

The resulting moments, M; and My, are induced by the forces F, and Fjy, respectively.
Moreover, F; has a lower magnitude compared to F3. The difference in the values of F; and
F5 can be attributed to the fact that G(T ) is higher than G(Ty). Finally, the contact force Fg
at the red point can be obtained from Equations (5)—(10):

—

M 44
Fg = T = cos 01 X ( 3 ) X (G(Ta) % 812 — G(Tym) X 811) X )
8D°n

where 1 is the distance from the midpoint of the revolute joint to the contact point.

4. Experiment and Results
4.1. The Characteristics of the SSAs Experiment

The force measurement experiment aimed to measure the force generated by a single
SSA, and the experiment setup is shown in Figure 5a. A metal wire hangs one head of the
SSAs on an aluminum frame. Due to the low output voltage of the force sensor, this device
amplifies the load cell signal. In addition, a load cell sensor (Model 333ALB, Ktoyo Co., Ltd.,
Seoul, Republic of Korea) attaches to the other head of the SSA and converts the mechanical
stress into voltage. The thermoelectric Peltier cooler is utilized to decrease the cooling water
temperature in the water tank. The 4-channel MOSFET driver plays a role in controlling
the SSA and two water pump motors, and the power supply for it is 5 V. In order to clarify
how the system works, the schematic diagram shown in Figure 5b illustrates the entire
system’s hardware connections. The Arduino Uno measures the force of the single SSA
with the analog-digital converter (ADC) module through the amplifier. SMA springs have
low resistance and are conductive materials, so they need a controller to control the electric
current going through the springs. Therefore, a simple proportional-integral-derivative
(PID) controller is proposed to control the voltage and temperature of the SMA spring in
this study.

The temperature control algorithm (Figure 6) was implemented with an Arduino Uno
with a sample time of 500 milliseconds. A PID control algorithm was used to control the
temperature of the SMA spring based on the difference between the heat transfer from
the spring to the thermistor and the desired value. Unlike other process values such
as speed, angle, and force of a motor or brightness of a light, the temperature cannot
automatically decrease itself even after stopping applying current on the spring. Thus, the
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combination between the PID controller and the water cooling could be the solution for the
temperature issue.

SSA

Force sensor
Water tank

Amplifier

Arduino

(a)
Fixed base
Screw conection
ADC
input
T Silicone tube
SMA spring Thermistor
Pump motor 1
Valve 1p4
Arduino Uno .
Silicone cover
s PWM 4&
i*g output
2
3 —
g||| usB . -
81 [ Mosfet driver ump motor
% (Channel 1)
[a]
) Fabric wire Water tank
Lapto Mosfet driver
PP (Channel 2)
Amplifier N
l Mosfet driver = pl ‘/ s
orce sensor
Monitor (Channel 3) —‘
(b)

Figure 5. (a) Experimental setup of force measurement of single SSA; (b) schematic diagram of the
experiment setup.

Desired = PID Mosfet SMA Heat
temperature” driver spring | Transfer

A\ 4

T Process temperature Thetistar

Figure 6. The block diagram of the temperature control system with Kp =40, Ky =1, and Kp = 0.
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When the temperature is set at a desired value with a higher temperature, the PID con-
trol “wakes up”. When the temperature is set at a desired value with a lower temperature,
the PID control “goes to sleeping mode”. Therefore, Water Pump Motor 2 is activated by
the MOSFET driver (channel 2), and Valve 2 also opens; Valve 1 and Water Pump Motor 1
do not work. When the temperature reaches the desired value, Valve 2 and Water Pump
Motor 2 stop working. In the system, Pump 1 and Valve 1 work together to release all the
water inside the SSA after it has been cooled using water. Compressed air is used to pump
the water out. Arduino reads the voltage from the thermistor and the loadcell and converts
them into temperature and force, respectively.

In order to determine the SSA’s characteristics and verify the effectiveness of a single
SSA, three types of experiments were set up and executed:

1. The first experiment aims to verify the effectiveness of the water-cooling system, so
many experiments of the SSA with and without the water-cooling system are executed.

2. Inthe second experiment, the axial force of a single SSA is measured and the shear
module of the spring is then estimated.

3. The general force of a single gripper is measured and the experiment results are then
compared to the mathematical model in the final experiment.

These experiments provide valuable insights into the SSA’s characteristics and help to
confirm its effectiveness in the context of a soft robotic gripper.

4.1.1. The Response Time of the Cooling System

For this experiment, a single SSA actuator was employed, along with the experimental
setup shown in Figure 5, with the room temperature at 24 °C. Initially, we set the desired
temperature to 27 °C and waited to stabilize at that temperature before proceeding. Sub-
sequently, the desired temperature was set to 50 °C. As illustrated in Figure 7, the initial
stages of both elevated temperature processes were almost identical. However, at a set
temperature of 30 °C, the temperature of the SMA spring with water cooling experienced
a dramatic reduction, whereas the spring with natural cooling exhibited only a slight de-
crease. This indicates that the proposed water-cooling system is significantly more efficient
than the natural one. The PID controller was utilized to regulate the temperature of the
SSA. Under the reference temperature was 50 °C, the process temperature went up from
27 °C to 50 °C linearly in 15 s.

55

(9]
o

B
¢

- - - - Desired value
——— Water cooling

--------- Natural cooling

Temperature (°C)
w b
(¥, o

w
o

N
[0,

0 20 40 60 80 100
Time (s)
Figure 7. The temperature decreasing time between the natural cooling and the water cooling of the
SMA spring in experiments in Figure 5.

4.1.2. Shear Modulus Estimation

The experimental results of four separate trials for a single SSA are illustrated in
Figure 8. Besides, the mathematical model of the axial force exerted by the SSA, as derived
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in Equation (5), is also presented. One end of the SSA was mounted onto the fixed base, and
the other one was connected to the force sensor via a fabric wire with a spring displacement
of 90mm. The spring displacement must be fixed because it influences the spring force.
The result shows that the axial force-temperature curves are nearly similar in the ten
random tests. The relationship between force and temperature is supposed to be linear,
so it is derived from a linear equation. In terms of force output, the maximum axial force
achievable by the SMA spring actuator is 500 gf, with a corresponding temperature of 50 °C.
As mentioned early, this experiment aims to determine the shear modulus G(T) of the SMA
spring via F(T) in Equation (5). We measured the axial force ten times and obtained the
average force. Afterward, the relationship between temperature and the average axial force
can be expressed by an interpolated equation, given as:

F(T) = —0.4904 x T + 61.419 x T — 1382.7 (10)

600

500

28 33 38 43 48 53
Temperature (°C)

Figure 8. The relationship between force and temperature relation.
Therefore, the shear modulus can be expressed as a function of temperature:

—0.4904 x T2 +61.419 x T—1382.7) x 8 x D* x n
G(m) = ! > 13%27) (1)
L

where T is the temperature in the spring with the initial condition F(28 °C) = 0 N. After
estimating the shear modulus, the generated force of the gripper is calculated following
Equation (9).

4.1.3. Survey the Contact Force of a Gripper Finger

This experiment aims to assess the accuracy of the proposed mathematical model
described in Equation (9) for determining the contact force of the gripper link to objects.
The shear modulus can be determined via Equation (11). To attain the maximum gripping
force, the angle (0) of the gripper link was set to zero. Therefore, the position of the load
cell was adjusted to achieve a theta zero degree as shown in Figure 9a. Subsequently, the
temperature was gradually raised in steps of 1 °C and the highest test temperature was
55 °C. The experimental result shown in Figure 9b indicates that the proposed mathematical
model could predict the contact force of the gripper link. However, the experimental data
obtained some errors with the derived equation. These discrepancies may be attributed to
the delay in heat transfer to the thermistor, which made the experimental data higher than
the mathematical one.
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Figure 9. (a) Experimental setup for finger force measurement; (b) experimental result of the contact force.

4.2. The Characteristics of the Joint Stiffness

One of the purposes of the variable stiffness joints is to allow the gripper to maintain
a secure hold on an object without requiring significant pulling force from the SSAs. To
ensure the optimal functioning of robotic systems, it is crucial to adapt their stiffness to
various application scenarios. Consequently, it is essential to investigate the range and
maximum stiffness values to determine the optimal parameters for the system. This study
aimed to evaluate the variable stiffness mechanism and measure the force influenced
by a single gripper finger when the adjacent shafts are tightened by coil-twisting of the
SMA spring in both the martensite and austenite states. The joint stiffness is affected by
the tightening force of the SMA coil, and the spring temperature affects the coil-twisting
pressure. Thus, the stiffness of the joint depends on the SMA coil temperature. In the
experimental setup shown in Figure 8a, the finger was placed horizontally, and a fabric
wire for hanging the load was attached to the end edge of the jaw to hang the scale weights.
The angle denoted by Theta 1 represents the change in angle when a load is applied to the
wire, as compared to its original angle. Based on the proposed link, it has been determined
that the maximum angle measured is 13 degrees. We put the scale weights onto the fabric
wire until it bends to the maximum angle.

The experimental results presented in Figure 8b indicate that the joint stiffness is higher
in the austenite state than in the martensite state. During the experimental procedure, a
current of 1 A and a voltage of 2 V were applied to the SMA coil in the finger. The scale
weight was gradually increased by 10 g until the finger reached its maximum bending angle.
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The results showed that in the martensite state, the finger could withstand the heaviest
load of 50 g. In contrast, in the austenite state, the finger could support a maximum load
of 90 g. Therefore, the ratio between the heaviest loads the finger could withstand in the
austenite and the martensite state was approximately two times higher. This difference in
force behavior between the martensite and austenite states can be attributed to the change
in stiffness of the SMA spring caused by the phase transition from martensite to austenite.
The SMA coil in the martensite state is more flexible due to the formation of the martensite
phase, resulting in lower friction on the pair of shafts and obtaining a lower load (low
coil-twisting pressure). Conversely, the SMA spring is stiffer in the austenite state (high
coil-twisting pressure), resulting in higher friction on the rods, which resists the rotation of
the robot joint. Therefore, the austenite state of the SMA spring shows a higher load than
the martensite state. The experimental results presented in Figure 10.

Gripper jaw 14 Maximum angle
LI L ST ®unnnne L Teeee R d
12 e o
10 .
— .
s 8 s .
) ; a
5 6 s e
> : Ea --e--Non-heat
w 4 e e Heat
< g
2 E
0 e .eees *eees .
. . 0 20 40 60 80 100
Copper wire Scale weight
Load (gram)
(a) (b)

Figure 10. The finger when applying a load onto the edge: (a) Experimental setup; (b) experimental
result of the variable stiffness with the joint in martensite phase and austenite state.

4.3. Gripper Experiment
4.3.1. Experimental Setup

As one of the most significant components of a manipulator, the proposed gripper is
mainly designed to clamp objects of various shapes, sizes, and weights. Two fingers and
four silicone SSAs were integrated into the gripper frame, and the fingers were installed
on the gripper frame by grooves. Grasping tests on different shapes, sizes, and materials
were carried out using the two-finger grippers. Testing was performed to determine the
gripping ability of the proposed gripper, and Figure 11 shows the experiment setup. There
are four SSAs mounted onto the gripper frame to actuate the fingers, so there are also four
PID controllers for each actuator. The PID controller algorithm for the proposed gripper is
similar to Figure 6.

4.3.2. Experimental Results

Figure 12a—c illustrate the gripper in its rest, open, and closed states. When the gripper
expands, the maximum size it can grip is around 38 mm. The experimental process started
with the extending jaw. After an object had been placed between two links, Pump 2 and
Pump 4 were activated to remove all water from the SSA. The gripper then turned into the
grasping mode, gripped, and held a target for ten seconds. Finally, it turned into the rest
mode to drop the object down to the ground by pumping water to the actuators for cooling
them. Figure 13 presents the working diagram of the gripper, and the data are input directly
to the command window of the Arduino IDE. The grasping ability of the gripper depends
on the shape and weight of the targets; also, the temperature of the actuators affects the
robot’s working capacity. Therefore, depending on the object, the grasping temperature
will be different.
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Figure 11. The experiment setup for grasping tests: (a) real photo of the experiment; (b) schematic
diagram of the experiment.

The experiment evaluated the grasping performance of the proposed tendon-driven
gripper by conducting ten pick-and-drop tests for each object on an aluminum profile frame.
A lift lasting for 10 s without dropping was considered a successful grasp. The grasping
snapshots captured using the gripper are shown in Figure 12d—i, while the grasping targets,
their dimensions, weights, and corresponding successful grasping temperatures are listed
in Table 2. The results showed that the gripper could stably grasp, hold, and drop various
objects with different weights and shapes, including three scale weights, an egg, a battery,
and a charger. The investigation found that the grasping force of an actuator could increase
with the distance between the center of the finger and the tendon. However, this distance
also leads to an increase in the size of the finger proportionally.
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Figure 12. Overview of the gripper grasping objects: (a) The resting state of the gripper; (b) the open
state of the gripper; (c) the closed state of the gripper; (d) grasping of a scale weight 1; (e) grasping
of a scale weight 2; (f) grasping of a scale weight 1; (g) grasping of a battery; (h) grasping of an egg;
(i) grasping of a box.

The experimental results indicate that the performance of the proposed gripper is
significantly influenced by the temperature supplied to the SSAs, with a higher temperature
resulting in the gripper being able to grasp and hold objects with higher weights. The
grasping ability of the gripper is also affected by the surface roughness of the grasping
targets, as different materials exhibit varying degrees of roughness. Therefore, as a solution
for this issue, a silicone pad was used for each finger, effectively increasing the gripper’s
grasping capacity. The silicone pads, which are softer than the gripper’s hard links, resulted
in the gripper being called a “hybrid gripper”. Furthermore, the gripper’s ability to hold
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targets steadily without deforming them is attributed to its rigid links, which prevent
excessive deformation during grasping. These findings demonstrate the potential of the
proposed gripper design for applications that require stable and reliable grasping of objects
with various weights and surface characteristics.

False

Command = ON1 Command = ON2 Command = OFF

Open state Closed state Rest state

\ [ \

End

Figure 13. Control algorithm block diagram of the gripper.

Table 2. Target weights, sizes, and required temperature (T) for grasping tests. Symbol “x” indicates
failed to lift.

Target Weight [g] Size [mm] Temperature [°C]
A scale weight 50 $22 x 19 35
2 scale weights 100 $22 x 19 45
3 scale weights 150 $22 x 19 55
A battery 45 25 x 40 x 18 35
Anegg 45 Null 35
A charger 60 60 x 60 x 30 40

5. Conclusions

This study presents the two-jaw tendon-driven gripper equipped with four SMA
actuators and two SMA coils for enhancing the grasping ability of various objects. To
control the temperature of the four SMA actuators, a temperature controller and a water-
cooling system are implemented, resulting in shorter cooling times than natural cooling.
The SMA spring does not influence the force and displacement of the spring. The highest
axial force that an SSA can produce is 500 gf at 50 °C. The joint stiffness is observed to
be higher during the austenite state of the SMA coil compared to the martensite state. In
particular, the gripper finger could withstand a maximum load of 90 g in the austenite state
and 50 g in the martensite state, representing a 2 times higher load capacity in the austenite
state. Picking and holding the experiment items was conducted to test the grasping ability
of the gripper, and it successfully grasped all the tested objects. The proposed gripper’s
system is simple and utilizes only electricity to heat the spring without using any external
heating source. Our findings suggest that the proposed gripper design can be useful
for various surgical robot applications that require a high degree of grasping accuracy
and efficiency.
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