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Abstract. The traditional underactuated grippers can only passively adapt to the contour of the object, and the
passive contact process may lead to the object slipping, affecting the stability of the grasping process. In this pa-
per, an anthropomorphic modular gripper finger actuated by antagonistic wire and shape-memory alloy (SMA)
springs, which can actively control the grasping morphology according to the characteristics of the objects to be
grasped, is proposed. The wire drive simulates the flexor muscle, and the SMA and reset springs simulate the
extensor muscles of the finger, which antagonistically control the grasping morphology of the finger. It is more
in line with the grasping characteristics of the human hand. According to the moment equilibrium principle of
the finger joints, the deformation model of the gripper is established, the influence of the wire tension and the
equivalent stiffness of the finger joints on the grasping morphology is analyzed, and the theoretical joint angle
results are verified by the Adams simulation; finally, the experimental system of the gripper is constructed, and
the verification of the deformation morphology of the single finger and the gripper’s enveloping–grasping exper-
iments is completed. The results show that according to the contour size of the object, by actively controlling
the wire force of the gripper and the equivalent stiffness of the interphalangeal joints, the enveloping–grasping
action of different objects can be completed and the stable grasping of objects of different shapes and sizes can
be realized.

1 Introduction

Robots need to complete many grasping tasks in human pro-
duction and life, and the gripper, which is the most direct
and basic interaction between robots and the external envi-
ronment, is one of the key execution parts, so the design and
control of grippers that meet a variety of functional require-
ments have always been one of the hotspots of research in the
field of robotics.

Fully actuated hands have the same number of motors as
the number of degrees of freedom. Deshpande et al. (2013)
constructed a 21-degree-of-freedom anatomically correct test
bed (ACT) hand with a human-like tendon structure, and Ya-
mano and Maeno (2005) designed a 20-degree-of-freedom
Keio hand actuated by ultrasonic motors with elastic ele-
ments. Grebenstein et al. (2011) designed a 19-degree-of-
freedom Deutsches Zentrum für Luft- und Raumfahrt (DLR)
hand actuated by tendons. These fully actuated grippers have

high grasping (the task where the gripper restricts the mo-
tion of an object; Hota and Kuma, 2019) and manipulation
(also known as dexterous manipulation, the task where mul-
tiple fingers work in concert to manipulate an object; Oka-
mura et al., 2000) capabilities, and more actuators are re-
quired to achieve these capabilities. Gripper grasping objects
with complex morphology require multiple sensors to work
in concert, thus increasing control cost and complexity.

To make the gripper better fit the object it is enveloping
and, at the same time, increase the flexibility of the gripper,
the soft gripper whose body is processed with soft or flexi-
ble materials has been further developed (Lee et al., 2017).
Soft grippers can be classified into three categories accord-
ing to the driving method: variable wire length drive, fluid
variable pressure drive, and smart material deformation drive
(Li et al., 2023). Dragusanu et al. (2022) proposed the Dress-
Gripper by which grasping is achieved through the synergy
between the tendon and magnetic actuation, where the ten-
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don transmits actuation force to the joints to control the flex-
ion and extension of the fingers and the magnetic actuation
is used to enhance the durability of the fingertip grip. Manti
et al. (2015) proposed a soft bionic adaptive grasping hand
whose main body is made of soft material and uses a wire
actuation to change the degree of bending. Lee et al. (2020)
designed the TWISTER Hand inspired by origami. The main
part of the gripper is made of a twisted origami tower. The
surface of the gripper is rigid, and the folded area is flexible,
which is flexed by the wire actuation to achieve grasping.
Sun et al. (2020) presented a TWISTER Hand inspired by
pangolin scales, in which the gripper is driven to bend by
changes in the air chamber through changes in air pressure
and the stiffness of the gripper is altered by the bite of the
teeth. Cui et al. (2021) proposed a pneumatic gripper with
a continuously adjustable initial grasping state, in which the
gripper consists of three actuators which control the distance
of the gripper, the initial angle of the grasping, and the de-
gree of bending, respectively. Ali et al. (2021) proposed a
bionic hand based on a curved shape-memory alloy (SMA)
similar to the human musculoskeletal system, with a three-
segment finger structure consisting of six SMA actuators,
and the joints between the knuckles are provided with actu-
ation force through the SMAs to achieve the bending of the
fingers and grasping of objects. Wang et al. (2020) proposed
a variable bending soft finger based on SMA, with an em-
bedded variable stiffness structure as the endoskeleton and
a shape-memory polymer (SMP) as the heating element of
the variable stiffness structure, and the bending of the grip-
per was realized by heating of the segmented SMP through
multiple welding tabs. Liu et al. (2020) proposed a variable
bending soft gripper based on SMA, where each finger of the
gripper consists of a rigid component with variable stiffness
joints. Soft grippers have the advantage of being able to gen-
erate deformations by the material’s own or structural com-
pliance, adapting to the contours of the shape of the grasping
object (Cianchetti et al., 2015), and have a natural advan-
tage in grasping unknown objects (Rus and Tolley, 2015),
and, due to their deformable and pliable body structure, there
is a high level of safety when interacting with the environ-
ment (Polygerinos et al., 2017; Laschi et al., 2016). How-
ever, soft grippers may suffer from weak load capacity, slow
response time, pneumatic–hydraulic actuation requiring ex-
ternal equipment for power, high equipment cost, manufac-
turing and assembly loads, and airtightness (Sut and Sethu-
ramalingam, 2023; Yin et al., 2020).

Underactuated grippers also have the characteristic of
adapting the contours of an object, and wire actuation has
been used in many underactuated grippers. Li et al. (2022)
developed the BRL/Pisa/IIT SoftHand. Boisclair et al. (2021)
proposed an underactuated hand structure based on rolling
contact joints, where joints between the knuckles are con-
nected by two sets of cords so that the joint surfaces are con-
strained to remain in contact and roll against each other with-
out sliding, and the driving wires are wired through pulleys

in the central layer of the phalanges to control finger flex-
ion. Link-driven grippers can provide higher output force,
reliable structure, and higher stiffness compared to wire-
driven ones. Yoon and Choi (2017) proposed an underac-
tuated hand consisting of a retractable slider-crank mecha-
nism and a stackable four-bar mechanism with 3 degrees of
freedom for each finger; the slider-crank mechanism is con-
nected to a four-link mechanism that forms the phalanx of
the finger bone with linear springs, and the through-slider-
crank mechanism is used to transfer the driving force to the
linkage part, which is capable of natural movement as well as
adaptive grasping. Zhao et al. (2022) proposed an underactu-
ated three-finger gripper for extreme environments capable
of grasping, pressing, and pinching, with linkage-driven fin-
gers and double-layer gearing in the palm section to shorten
the transmission chain and improve the spatial layout. Liu et
al. (2020) designed an underactuated gripper without para-
sitic rotation, where the underactuated fingers can use two
parallelograms connected in a series to ensure full horizon-
tal movement of the fingertips. Tamamoto et al. (2013) pro-
posed a 7-degree-of-freedom underactuated hand that con-
sists of a single motor controlling a series of gearing systems,
which can be used to grasp and pinch using an adaptive en-
velope to grasp objects and has a variable stiffness mecha-
nism (VSM) to adjust the joint stiffness. Compared with tra-
ditional universal grippers and fully actuated grippers, under-
actuated grippers have fewer driving parts, simpler structure,
easier control, better gripping performance, and certain oper-
ability. However, underactuated grippers can only passively
adapt to the shape profile of the object to complete the en-
veloping action when gripping the object, which may cause
the object to slide down during the passive contact process
and affect the stability of the gripping process. To solve the
problem of traditional underactuated grippers only being able
passively adapt to the shape of the grasping object, this pa-
per proposes a modular gripper finger based on a wire–SMA
spring differential drive based on the structural advantages of
underactuated fingers.

First, the structure of the gripper is described according to
the physiological structure of the human finger, and its defor-
mation principle is analyzed. Then, the deformation model
of the single finger is established, and its correctness is ver-
ified by an Adams simulation. Finally, the deformation mor-
phology of the single finger and the gripper’s enveloping–
grasping experiments are completed, demonstrating the mor-
phing and enveloping–grasping capabilities of the gripper.

2 Structure of the gripper finger

2.1 Physiological structure of human fingers

The human finger consists of three main parts: the bones,
the bony connections, and the skeletal muscles. The bones
mainly play a supporting role, the bony connections are the
pivot of finger movement, and the skeletal muscles provide
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Figure 1. Physiological structure of human fingers.

Figure 2. Finger grasping patterns.

the driving force for finger movement. The bones of the fin-
ger are the metacarpal bone, proximal phalanx, middle pha-
lanx, and distal phalanx. The finger bone and joint structure
of the human hand are the basis of movement, the interpha-
langeal joint consists of the distal interphalangeal (DIP) joint,
the proximal interphalangeal (PIP) joint, and the metacar-
pophalangeal (MCP) joint, as shown in Fig. 1.

In humans, when approaching and grasping an object with
the hand, the fingers are usually flexed into a geometric shape
that fits the contour of the object being grasped, improving
the stability of the grasp. Tendons enable contraction and ex-
tension movements of the fingers, and tendons attach to the
phalanges to transmit driving forces. The flexor tendon con-
nects to the inner side of each phalanx, and the contraction
of the flexor muscle drives the flexor tendon connecting to
each knuckle, causing the finger to bend and deform. When
the extensor muscle contracts, the extensor tendon, which is
attached to the dorsal surface of the phalanx, moves so that
the finger can be straightened. The force of finger flexion and
extension is controlled by the contraction strength of the ten-
don, and the interplay between the flexor and extensor mus-
cles enables the fingers to form a target posture so that the
fingers bend into a suitable hand shape according to the shape
and size of the object before grasping the object, as shown in
Fig. 2.

Figure 3. (a) Body structure of the single finger. (b) SMA spring
groups arrangement.

2.2 Structure of the anthropomorphic gripper

Concerning the physiological structure of human fingers, a
modular gripper finger based on a differential drive of a wire
and SMA springs is proposed. The finger is mainly composed
of a base, connection module, finger modules, driving wire,
SMA springs, silicone material, etc. The finger structure is
shown in Fig. 3a. A single finger consists of four modules,
which are connected into rotating joints by rotating shafts.
One end of the wire is connected to the motor to generate
driving force and control the morphology of the gripper, and
the other end of the wire passes through the guiding holes of
the connecting modules, module I and module II in turn, and
is connected to module III. The wire connects the modules,
transmits the driving force, and acts as a flexor tendon. The
surface of the finger contacting the object is installed with a
soft silicone material, which is used to ease the contact im-
pact, increase friction, and improve the safety and stability of
grasping.

The outer side of the finger module consists of a spring
group consisting of multiple SMA springs and reset springs
to simulate the extensor tendon, as shown in Fig. 3b. The
SMA springs are simple in structure, small in size, light in
mass, and high in energy density, and the equivalent stiff-
ness of the spring can be adjusted by varying the energiz-
ing current of the SMA springs (Ma et al., 2013; Lee et al.,
2019). The two ends of the spring are connected to the spring
mounting plate by fasteners, respectively, and the mounting
plate is embedded in the groove inside the module and fixed.
The function of the reset springs is to keep the finger in the
initial closed state when it is not grasping an object as well
as to reset the finger to the initial state after the end of grasp-
ing. The wire is used to control the bending and extension of
the fingers in concert with the spring group, thus achieving
the purpose of controlling the grasping morphology of the
fingers.

The design of modular joints should consider not only the
compactness of the structure but also the mounting space in-
side the module, which is used to embed the mounting spring
group. To ensure that the strength of the finger module is
not reduced due to the hollow interior design, ribs and other
plates are designed as supports inside the module. Three sets
of symmetrically arranged grooves are designed on the inner
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Figure 4. (a) Connection module. (b) Modules I and II. (c) Mod-
ule III.

Figure 5. Structure of the modular gripper.

wall of the module at equal intervals, and the initial stiffness
of the spring pack can be adjusted by changing the mounting
position of the spring retainer plate in the internal grooves or
selecting the appropriate position of the spring retainer plate
according to the spring dimensions and the initial length re-
quirements. The internal structure of the modular joint and
the dimensions of the module profile are shown in Fig. 4.

In this paper, the gripper adopts the symmetrical arrange-
ment of two fingers, and the knuckle is formed by three mod-
ules in a series and connected to the base through the con-
nection module. The silicone cushioning material inside the
fingers is designed to be a trapezoidal shape to avoid mu-
tual contact and collision of the silicone material during joint
movement. The overall structure of the gripper is shown in
Fig. 5. The advantage of structural modularity is that the en-
velope can be expanded by changing the number of modules
connected in a series, and the adjustment is simple. Adjust-
ing the angle between the base and the connecting modules
can also adjust the envelope of the gripper to adapt to the
gripping of objects of more sizes and shapes.

Figure 6. (a) Single SMA spring energized. (b) Two SMA springs
energized.

Figure 7. Simplified model of finger mechanics.

3 Analysis of grasping morphology

3.1 Deformation principles

The SMA spring works through the principle of electrother-
mal actuation, where the power supply connects to the SMA
spring and outputs a current, the temperature of the SMA
spring increases to induce a martensitic phase transition, and
the stiffness of the SMA spring starts to produce changes.
The stiffness of the SMA spring when it is completely in the
parent phase (austenite phase) is used as a parameter to es-
tablish the mechanical model, and, currently, the stiffness of
the SMA spring, KS, is constant.

The principle of inter-module angle variation is shown in
Fig. 6. When the power supply energizes one group of SMA
springs, the spring group length is stretched by 1X1 under
tension F , and the total spring force of the spring group is
FS1; when the power supply energizes two groups of SMA
springs, the spring group length is stretched by 1X′1 under
tension F , and the total spring force of the spring group
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Figure 8. Parametric modeling of finger links.

Table 1. Parameters of the modular finger.

Parameter Value (unit)

l1 45 (mm)
l2 45 (mm)
l3 43 (mm)
hCi 22.5 (mm)
hSi 13 (mm)
K 0.25 (N mm−1)
KS 0.5 (N mm−1)
l 3 (mm)
λ 2

is F ′S1. This different elongation of the spring group makes
the finger act as when the power supply energizes one group
of SMA springs, the torque produced by tension force F at
the joint is MF1, and the total torque produced by the spring
group at the joint is MS1, at which time the angular displace-
ment of the joint is θ1; the power supply energizes the two
groups of SMA springs, the torque produced by tension force
F at the joint is M ′F1, and the total torque produced by the
spring group at the joint is M ′S1, at which time the angular
displacement of the joint is θ ′1. The change in the rotation
angle of the joint can be achieved by changing the equiva-
lent stiffness of the spring group, while the tension force re-
mains unchanged. When multiple modules are connected in
a series, the grasping morphology of the fingers can be con-
trolled by changing the number of energized SMA springs in
each joint together with the driving force of the wire. The dif-
ferential drive between the wire and the SMA springs allows
the finger to choose from a variety of gripping morphologies
and to change its gripping morphology according to the con-
tours of the object to be gripped, increasing the stability of
the gripping.

Figure 9. (a) Morphology I (n1 = n2 = n3 = 1). (b) Morphology
II (n1 = 1.5 n2 = 1.5 n3 = 1). (c) Morphology III (n1 = 1.5 n2 = 1
n3 = 1.5). (d) Morphology IV (n1 = 1 n2 = 1.5 n3 = 1.5).

3.2 Deformation model of the finger

In this paper, a single finger is taken as the research object,
and the mechanical model of the finger is established, as
shown in Fig. 7. When the sum moment of the wire driving
force and the spring group tension at the joint is 0, the fin-
ger reaches a stable grasping state, which can be expressed
as follows:

MFi+MSi = 0, i = 1,2,3, (1)

whereMFi is the driving moment generated by the wire driv-
ing force on joint i,MSi is the resisting moment generated by
the whole spring group portion on joint i, and i is the joint
number.

The moment of the wire drive, MFi, can be expressed as
follows:

MFi = F × rCi, (2)

where F is the wire driving force and rCi is the force arm
of the wire force on the rotational axis of joint i. rCi can be
expressed as follows:

rCi =
l

cos θi2
+

(
hCi− l tan

θi

2

)
sin
θi

2
, (3)

where l is the distance from the point of action of the wire
force to the end face, hCi is the distance from the point of
action of the wire force to the rotational axis of joint i, and
θi is the rotation angle of the ith joint.

The resistance momentMSi of the spring group to the joint
can be expressed as follows:

MSi = FSi× rSi, (4)
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Table 2. Stiffness equivalence coefficients and joint equivalent stiffness parameters.

Finger grasping K1 K2 K3
morphologies ni (N mm−1) (N mm−1) (N mm−1)

Morphology I n1 = 1, n2 = 1, n3 = 1 1 1 1
Morphology II n1 = 2, n2 = 2, n3 = 1 1.5 1.5 1
Morphology III n1 = 2, n2 = 1, n3 = 2 1.5 1 1.5
Morphology IV n1 = 1, n2 = 2, n3 = 2 1 1.5 1.5

Figure 10. Adams simulation results. (a) Morphology I (n1 = n2 = n3 = 1). (b) Morphology II (n1 = 1.5 n2 = 1.5 n3 = 1). (c) Morphol-
ogy III (n1 = 1.5 n2 = 1 n3 = 1.5). (d) Morphology IV (n1 = 1 n2 = 1.5 n3 = 1.5).

where FSi is the total tension in the spring group of joint i
and rSi is the force arm of the spring group against the joint
rotational axis. FSi and rSi can be expressed as follows:

FSi = 2hSi (λK + niKS) sin
θi

2
, (5)

rSi = hSi cos
θi

2
, (6)

where hSi is the distance from the spring group force action
point to the rotational axis of joint i, λ is the number of reset
springs, K is the stiffness coefficient of the reset springs, KS
is the equivalent stiffness of a single SMA spring when it is
completely in the parent phase,KSi is the equivalent stiffness
of the SMA spring energized at joint i, and ni is the stiffness
equivalence coefficient of the SMA spring at joint i. ni can
be expressed as follows:

ni =
KSi

KS
. (7)

Substituting Eqs. (2)–(7) into Eq. (1) yields the relationship
between the wire driving force, the spring group stiffness

equivalence coefficient, and the joint angle of rotation, which
can be expressed as follows:

F =
h2

Si (λK + niKS) sinθi
l

cos θi2
+hCi−

(
l tan θi2

)
sin θi2

. (8)

The SMA spring is the main part to change the stiffness of the
gripper finger, and each SMA spring is controlled by a sep-
arate current channel. After the SMA spring is connected to
the power supply, according to Joule’s law (Q= I 2Rt), the
temperature of the spring increases with the increase in the
energization time, and when it reaches the temperature of the
phase transition, the internal structure of the SMA spring is
changed from martensite to austenite (Case et al., 2018), and
the SMA spring shrinks on its own to generate contraction
force. de Sousa et al. (2018) gave a relationship for the cal-
culation of the SMA spring stiffness, which can be expressed
as follows:

KS (ξ )=
F

y
=

r4

4R3N
G (ξ ) , (9)
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where ξ denotes stress-induced martensite fraction,G(ξ ) de-
notes the modulus of elasticity associated with martensite
fraction, F denotes the axial force of the spring, y denotes
the axial deflection of the spring, r denotes the wire diameter
of the spring, R denotes the average diameter of the spring,
and N denotes the effective number of turns of the spring.

G (ξ )=
D (ξ )

2
(
1+µp

) , (10)

where D(ξ ) denotes the shear modulus associated with the
martensite fraction and µp denotes Poisson’s ratio of the
spring.
ξ can be expressed as follows:

ξ =
ξ0

2
×

{
cos

[
π

Af−As
×

(
T −As−

σ

CA

)]
+ 1

}
, (11)

where ξ0 denotes the martensite fraction under complete
austenite, and the subscript indicates the reference state, Af
denotes austenite termination temperature, AS denotes the
initial austenite temperature, T denotes temperature, CA de-
notes the martensite–austenite transformation constant, and
σ denotes normal stress. The parametric modeling of finger
links is shown in Fig. 8, and the parameters of the fingers in
the paper are shown in Table 1.

The coordinate transformation matrix, nTn+1, between
two neighboring modules of the finger can be expressed as
follows:

nTn+1 =
cosθn+1 −sinθn+1 cosαn+1
sinθn+1 cosθn+1 cosαn+1

0 sinαn+1
0 0

sinθn+1 sinαn+1 an+1 cosθn+1
−cosθn+1 sinαn+1 an+1 sinθn+1

cosαn+1 dn+1
0 1

 , (12)

where θ represents the angle of rotation around the z axis, d
is the distance (or joint offset) between the fingertips of two
neighboring common pendants on the z axis, a represents
the length of each common plumb line (linkage length), and
α represents the angle (or torsion angle) between two neigh-
boring z-axis fingertips.

Since the finger moves only in the XY plane, both d and α
take the value of 0. The resulting position computation ma-
trix of the end of the finger concerning the base coordinate
system can be expressed as follows:

0T1 =


C1 −S1 0 l1C1
S1 C1 0 l1S1
0 0 1 0
0 0 0 1

 , (13)

1T2 =


C2 −S2 0 l2C2
S2 C2 0 l2S2
0 0 1 0
0 0 0 1

 , (14)

2T3 =


C3 −S3 0 l3C3
S3 C3 0 l3S3
0 0 1 0
0 0 0 1

 , (15)

0T3 =
0T1

1T2
2T3 =

C123 −S123 0 l3C123+ l2C12+ l1C1
S123 C123 0 l3S123+ l2S12+ l1S1

0 0 1 0
0 0 0 1

 . (16)

The coordinates of the fingertip O3 in the base coordinate
system, (Ox , Oy , Oz), can be expressed as follows: Ox = l3C123+ l2C12+ l1C1

Oy = l3S123+ l2S12+ l1S1
Oz = 0

, (17)

where S1 denotes sinθ1, C1 denotes cosθ1, S123 is an abbre-
viation for sin(θ1+ θ2+ θ3), and C123 is an abbreviation for
cos(θ1+ θ2+ θ3).

4 Simulation

The stiffness of the springs selected for the prototype is
experimentally measured, and the stiffness of the reset
spring and the SMA spring in the experiment is about 0.25
(N mm−1) and 0.5 (N mm−1), respectively. Therefore, the
equivalent stiffness of a single-reset spring is set toK = 0.25
(N mm−1), the stiffness of the SMA spring is set toKS = 0.5
(N mm−1) in the simulation, and the equivalent stiffness of
each joint spring group is Ki . Four groups of grasping mor-
phologies with different stiffness equivalence coefficients
are selected for simulation, and the corresponding stiffness
equivalence coefficients of the grasping morphologies with
the joint equivalent stiffness parameters are shown in Table 2.

The simulation process of a single-finger grasping mor-
phology is shown in Fig. 9, and the relationship between the
corresponding driving force and angle with time during the
change in single-finger grasping morphology is shown in Fig.
10. In the simulation, the finger is first in the initial closed
state, and the finger starts to bend and deform under the wire
drive. The equivalent stiffness of the joint spring group is dif-
ferent, and the size of the inter-module tension angle is also
different, forming different initial grasping postures. From
the initial closed state to the end of the movement, there is a
corresponding fingertip-end movement trajectory line. From
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Figure 11. Mechanical system of the gripper.

the movement trajectory in the figure, it can be seen that the
smaller the joint stiffness near the connection module, the
greater the degree of flexural deformation of the finger and
the greater the range of movement of the fingertip, which
is suitable for enveloping large-sized objects; the greater the
joint stiffness near the connection module, the smaller the de-
gree of flexural deformation of the finger as a whole, and the
form can transfer the driving force of the rope to the fingertip
with a higher transfer efficiency to make the fingertip pro-
duce a greater clamping force, which is suitable for clamping
smaller-sized objects.

The driving force and the angles are simulated, and the
simulation results are shown in Fig. 10. For morphology I
(n1 = n2 = n3 = 1), the angles θ1, θ2, and θ3 reach about 50°.
For the morphology II (n1 = 1.5, n2 = 1.5, n3 = 1), angle θ1
reaches about 94°, and angles θ2 and θ3 reach about 12°. For
morphology III (n1 = 1.5, n2 = 1, n3 = 1.5), angles θ1 and
θ3 reach about 12°, and angle θ2 reaches about 95°. For mor-
phology IV (n1 = 1, n2 = 1.5, n3 = 1.5), angles θ1 and θ2
reach about 12°, and angle θ3 reaches about 94°. The theoret-
ical deformation angles are also calculated based on Eq. (8).
The theoretical and the Adams simulation results of the joint
angles are presented in Table 3. The joint angles calculated
by the simulation are consistent with the theoretical calcu-
lation results, which verifies the correctness of the deforma-
tion model. The rotation angles of the joints with the same
equivalent stiffness of the spring group change almost in the
same way over time, indicating that the tensile deflection ef-
fect produced by the wire driving force on the joints with the
same equivalent stiffness is almost the same and so that the
change of the joint angle is also basically the same. From
the simulation results, it can also be obtained that the angle
of the joints with larger joint equivalent stiffness will change
from large to small after the driving force reaches a certain
value, while the joints with smaller joint equivalent stiffness
will increase all the time with the change in the driving force.

Figure 12. Control system of the gripper.

5 Experiment

5.1 Mechanical system construction

The overall frame of the mechanical system is built with
3030 European standard aluminum profiles, and the guid-
ing pulley installed on the profile frame is used to guide the
driving wire. The gripper module is 3D-printed using 9400
resin material; meanwhile, the internal spring fixing plate of
the module is 3D-printed and made with high-temperature-
resistant resin material, which has high resistance to ther-
mal deformation and can effectively avoid the higher tem-
perature of the SMA spring from damaging the spacer. The
gripper consists of a base, modular knuckles, ropes, cush-
ioning silicone, SMA springs, reset springs, and energized
cables. The built mechanical system is shown in Fig. 11. The
mounting distance of the two fingers is about 180 mm, and
the length of a single finger is about 190 mm. Therefore, the
gripper in the experiment can grasp objects with a width of
less than 180 mm.

5.2 Control system construction

The control system is used to achieve motor and SMA spring
control; the control system to make the robot complete the
grasping task is shown in Fig. 12. The control system is con-
structed based on the ESP8266 development board; ESP8266
can be achieved through not only the self-contained Wi-Fi
module to achieve communication but also the PC as a host
computer connected to achieve communication. ESP8266
development board through the L298N motor drive module
to control the motor to drive the wire by adjusting the pulse
width modulation (PWM) of the motor can change the rate of
change of the wire stroke to change the speed of the grasping
movement. The signal output from the relay can control the
on–off of the SMA spring power supply circuit to adjust the
stiffness of the spring group.
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Table 3. Joints angles of theoretical analysis and Adams simulation.

Morphology I Morphology II Morphology III Morphology IV

Theoretical Simulation Theoretical Simulation Theoretical Simulation Theoretical Simulation
data (°) data (°) data (°) data (°) data (°) data (°) data (°) data (°)

θ1 53 51 92 94 14 12 13 12
θ2 53 51 13 12 94 95 15 12
θ3 46 49 15 12 16 12 92 94

Figure 13. (a) Grabbing morphology (n1 = 2 n2 = 2 n3 = 1). (b) Grabbing morphology (n1 = 1 n2 = 2 n3 = 1). (c) Grabbing morphology
(n1 = 1 n2 = 2 n3 = 2). (d) Grabbing morphology (n1 = 2 n2 = 1 n3 = 2).

5.3 Deformation experiment of a single finger

The innovation in this paper lies in the controllable grasp-
ing morphology of the gripper finger, which can be adjusted
according to the shape and contour of the gripped object. Fig-
ure 13 shows the process of morphological changes in a sin-
gle finger under the action of four groups of spring parame-
ters. Because the equivalent stiffness of the spring groups is
different, the angles of joints are different. The experimen-
tal results illustrate that the deformation of a single finger is
actively controllable by controlling the equivalent stiffness
of the spring group to regulate the size of the joint angles,
which in turn controls the envelope morphology of the grip-
per finger.

5.4 Robotic grasping experiment

The grasping experiments are designed based on the above
research on the bending morphology of the gripper fingers.
The experimental steps are as follows: (1) place the selected
object on the support platform directly under the gripper.
(2) Determine the shape and size of the grasping object, ad-
just the height of the gripper so that it is at a suitable distance
from the grasping object, and determine the number of en-
ergized SMA spring groups. (3) Energize the SMA spring
through the power supply until the phase transition state of
the SMA spring reaches a stable state and then control the
force of the wire, which transmits the driving force to make
the finger bending. (4) The finger bends into a reasonable

form to contact the object and then envelops the object to
maintain a stationary state. (5) Withdraw the support plat-
form and keep the gripper grasping state unchanged and ob-
serve whether the object slips off. The grasping objects are
selected from more typical cylindrical structures, ellipsoidal
columns, rectangular bodies, and irregular objects. The ra-
dius of the cylindrical barrel in Fig. 14a is 56 mm, and the
height is 130 mm; the length, width, and height of the rectan-
gular body in Fig. 14b are 96, 65, and 137 mm, respectively.
The highest position of the fan in Fig. 14c is 165 mm, and the
longest length is 135 mm, the width of the fan disk position
is 150 mm, and the width of the base is 70 mm.

The enveloping–grasping experiments show that the grip-
per designed in this paper can be actively controlled accord-
ing to the shape and size of the object to produce different
degrees of deflection deformation and choose the appropri-
ate grasping morphology. In the face of larger and heavier
objects, the appropriate grasping form can be constructed to
envelop the object rather than grasp it using the underactu-
ated structure of the passive adaptive envelope object, which
can improve the flexibility and stability of the gripper grasp-
ing the object.

6 Conclusions

To better imitate the grasping function of human fingers,
based on retaining the structural advantages of underactuated
fingers, a wire–SMA spring differential drive gripper is pro-
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Figure 14. (a) Grasping cylindrical barrel. (b) Grasping rectangular
box. (c) Grasping irregular objects.

posed which can adjust the wire driving force and the equiva-
lent stiffness of the spring group according to the shape char-
acteristics of the grasping object, actively change the grasp-
ing morphology of the gripper, and improve the grasping sta-
bility. Using Adams to simulate the finger enveloping mor-
phology of four groups of different spring parameters, the
equivalent stiffness of the spring group between the mod-
ules directly affects the size of the module’s tensor angle; the
smaller the equivalent stiffness of the spring group close to
the root of the finger, the larger the range of motion between
them, which is suitable for enveloping large-sized objects,
and the larger the equivalent stiffness of the spring group
close to the root of the finger, the easier the wire driving force
is to be transferred to the end of the finger, which is suitable
for grasping objects with smaller enveloping sizes.

In the process of enveloping–grasping typical-shaped ob-
jects, the robot fingers can actively control the grasping mor-
phology and stably grasp objects of various shapes and sizes
with high adaptability and reliability. Therefore, the grasping
ability of the gripper to actively adjust the grasping morphol-
ogy according to the shape characteristics of the target object
is verified through the experiment. This is influenced by the
heat dissipation efficiency of the SMA spring, resulting in
the need to wait for the SMA spring to recover from cool-
ing before constructing another grasping morphology when
the gripper performs the grasping function, which affects the
grasping efficiency of the gripper, and the heat dissipation
efficiency of the SMA spring is to be improved in subse-
quent work.
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