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Abstract: About 80% of stroke patients have hand motor dysfunction, and wearing finger rehabilitation machinery can enable patients
to carry out efficient passive rehabilitation training independently. At present, many typical finger rehabilitation machines have been
developed, and clinical experiments have confirmed the effectiveness of mechanically assisted finger rehabilitation. In this paper, the
finger rehabilitation machinery will be classified in the actuation mode, and the terminal traction drive/motor drive/spring drive/rope
drive/memory alloy drive/electroactive material drive/hydraulic drive/pneumatic drive technology and its typical applications are
analyzed. Study the structure, control methods, overlap between mechanical bending nodes and finger joints, training modes, response
speed, and driving force of various types of finger rehabilitation machinery. The advantages and disadvantages of various actuation
methods of finger rehabilitation machinery are summarized. Finally, the difficulties and opportunities faced by the future development
of finger rehabilitation machinery are prospected. In general, with the continuous improvement of quality of life, stroke patients need
flexible, segmented control, accurate bending, multi-training mode, fast response, and good driving force finger rehabilitation
machinery. This will also be a future hot research direction.

Keywords: fingers, machinery, rehabilitation, actuation

Introduction

Motor dysfunction occurs in 80% of stroke patients,'**> which places a burden on patients and their families. Scientific
studies have shown that continuous passive rehabilitation exercise therapy can effectively prevent muscle atrophy,
promote the remodeling of nervous system motor function,®® prevent tendon adhesion and joint stiffness, and improve
blood circulation and joint rehabilitation effects at the exercise site, to achieve the treatment of finger.'®!" Finger
rehabilitation machinery has become a key research direction of international rehabilitation engineering and robotics, and

patients can carry out efficient autonomous rehabilitation training by wearing manipulators.'* '

Research Status

There have been many typical research results in finger rehabilitation machinery, and clinical experiments have also
shown that mechanical-assisted hand rehabilitation is effective.'>?? According to the material and structural design,
finger rehabilitation machinery can be divided into rigid exoskeleton and flexible wearable.”* > In the early stage, finger
function rehabilitation robots mostly adopted rigid exoskeleton structures and used motor-driven connecting rods or gear
meshing to control the joints of the fingers for round-trip movement for rehabilitation. However, the rigid structure is

complex, the load weight is large, the pertinence is strong, and the adaptability is not high.>' ' At present, flexible finger

rehabilitation robots pay more attention to comfort and safety and have better research prospects.***®

If the finger rehabilitation machinery is classified by the actuation method, it can be divided into: end traction

49-53 60-63 64-70 71-76 77-79

drive, motor drive,>* > spring drive, rope drive, memory alloy drive, electroactive material drive,

80-82

hydraulic drive and pneumatic drive.* ™ Each actuation mode has its application characteristics, this paper will

analyze the above driving methods and their typical applications. Study the structure, control methods, overlap between
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mechanical bending nodes and finger joints, training modes, response speed, and driving force of various types of finger
rehabilitation machinery. Summarize the advantages and disadvantages of various actuation methods of finger rehabilita-
tion machinery, and discuss the future development direction of finger rehabilitation machinery.

Mechanical Classification of Finger Rehabilitation
End Traction Type

Researchers at the Medical University of Graz in Austria have designed an end traction-driven finger rehabilitation
machinery (AMADEO),* as shown in Figure 1. This is a full-fledged finger rehabilitation machinery. The robot is used
to complete the flexion and extension of the fingers in a plane and simplifies multi-degree-of-freedom motion to single-
degree-of-freedom linear motion, reducing the number of drive motors used. AMADEO is equipped with finger sleeves
with magnets that adhere to the fingertips for linear movement. The magnet suction is not strong, and when the patient
performs a large reaction force on the robot, the magnet will separate to protect the patient’s fingers. This finger
rehabilitation machinery uses a rigid structure. The control method of overall finger bending was used. The mechanical
bending nodes and the finger joints do not coincide. Can only achieve finger bending and stretching training. Fast
response speed, 0-second response. The driving force at the finger end is determined by the motor output power.

Motor Driven Type

Researchers at Hefei University of Technology in China designed a wearable rehabilitation exoskeleton manipulator
based on the biological characteristics of the human hand.”® As shown in Figure 2, the exoskeleton mechanism is placed
on the back of the operator’s hand by considering the palm grip characteristics, and the compact but very high torque
servo motor is selected as the drive, using a compact and tight RSSR four-link structure with accurate power transmission
to transmit motion. The finger training mechanism uses a linkage ABCD similar to the one in Figure 2 to form an RSSR
four-link structure, which is designed to effectively reduce mechanical weight.

This finger rehabilitation machinery, using a single motor drive and a double parallelogram mechanism to drive finger
movement, is simple to operate, and the fingers of the manipulator have only one degree of freedom. Through kinematics
analysis and simulation studies, the rotation relationship of the mechanism driving the finger is obtained (as shown in
Figure 3). Rehabilitation test studies have shown that the manipulator has a simple structure, good wearing adaptability,
and a finger movement angle with a repeatability error of less than 5%, which can ensure the space of the soft tissue of
the mechanism and finger joint, and avoid adjacent finger friction damage. Therefore, the rehabilitation machinery can
perform better rehabilitation training on fingers. This finger rehabilitation machinery uses a rigid structure. The control
method of overall finger bending was used. The mechanical bending nodes and the finger joints do not coincide. Can only

Figure | End traction-driven finger rehabilitation machinery.

Note: Copyright ©2013. Taylor & Francis Ltd. Pinter D, Pegritz S, Pargfrieder C, et al. Enzinger C.Exploratory study on the effects of a robotic hand rehabilitation device on
changes in grip strength and brain activity after stroke.Topics in Stroke Rehabilitation. 2013;20(4):308-316, reprinted by permission of the publisher (Taylor & Francis Ltd,
(http://www.tandfonIine.com)).s'9
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Figure 2 A wearable rehabilitation exoskeleton robotic arm.
Note: Reproduced from Ma W, Xiao FWang Y. Design and analysis of a wearable exoskeleton rehabilitation manipulator. Journal of Hefei University of Technology (Natural
Science Edition). 2022;45(03):307-314.7°

Figure 3 Mechanism motion trajectory.
Note: Reproduced from Ma W, Xiao FWang Y. Design and analysis of a wearable exoskeleton rehabilitation manipulator. Journal of Hefei University of Technology (Natural
Science Edition). 2022;45(03):307-314.7°

achieve finger bending and stretching training. Fast response speed, 0-second response. The driving force at the finger
end is determined by the motor output power.

Li Guotao et al of the Institute of Automation of the Chinese Academy of Sciences designed an untethered adaptive
thumb exoskeleton for delicate rehabilitation assistance.’’ The structure of this finger rehabilitation training machinery is
shown in Figure 4, consisting of three joint motors, two sliders, and multiple connecting rods. O represents the origin of
the coordinate system, X represents the positive X-axis direction of the coordinate system, Y represents the positive
Y-axis direction of the coordinate system, and Z represents the positive Z-axis direction of the coordinate system. Al and
A2 represent moving components. A3 represents rotating component. Motor 1 can rotate around the Z-axis along the red
arrow. Motor 2 can rotate around the Y-axis along the red arrow. Motor 3 can rotate around the Y-axis along the red
arrow. Al can move left and right along the red arrow. A2 can move back and forth along the red arrow. Among them, by
moving the slider A1, the rehabilitation training machinery and the finger can keep on the same horizontal line, and the
position of the rehabilitation training machinery and the finger can be calibrated to avoid mechanical damage to the
finger. Through the reciprocating rotation of Motor 1, finger swing rehabilitation training can be realized. Motor 2 and
motor 3 simulate the turning joint of the finger, which can independently drive any section of finger bending training
alone, and finally realize the rehabilitation training of segmented finger bending. During the rotation of Motor 2 and
Motor 3, the driving force is applied to the proximal phalanx of the finger by slider A2, and the driving force is applied to
the distal phalanx of the finger by A3, in this way, the problem of no overlap between the mechanical bending node and
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Motor3

Figure 4 An untethered adaptive thumb exoskeleton for delicate rehabilitation assistance.

Notes: Al and A2 represent moving components. A3 represents the rotating component. O represents the origin of the coordinate system, X represents the positive
X-axis direction of the coordinate system, Y represents the positive Y-axis direction of the coordinate system, and Z represents the positive Z-axis direction of the
coordinate system.

the finger joint can be effectively solved. This finger rehabilitation machinery uses a rigid structure. The control method
of finger segment bending was used. The mechanical bending nodes coincide with the finger joints. It can not only
achieve finger bending and stretching training but also achieve swing training. Fast response speed, 0-second response.
The driving force at the finger end reached 12N.

Spring Driven Type

Researchers at Beijing University of Posts and Telecommunications in China have designed a rehabilitated flexible hand
exoskeleton manipulator, whose fingers use a flexible spiral drive mechanism as the main drive mechanism.’> As shown
in Figure 5, the flexible finger can complete the unidirectional bending and straightening action by limiting the bending
direction of the flexible spiral mechanism. The red lines represent the range of bending angles. 6ycp represents the
bending angle of the metacarpophalangeal joint, Op;p represents the bending angle of the interphalangeal joint, and Opp
represents the bending angle of the fingertip joint.

Figure 6 shows the structure of a single flexible finger of a manipulator. As shown in Figure 6a, the flexible finger is
composed of five parts: flexible fingertips, spring, spring strip, screw, and motor interface. Among them, the spring is
fixed at the knuckle of the front end of the flexible finger sleeve, while the other end is connected with the screw, and the
lower part of the flexible finger sleeve is installed with a spring plate, which can provide a unidirectional bending
constraint for the entire flexible finger and form a flexible spiral drive. Figure 6b is a cross-sectional view of a flexible
finger, which consists of four parts: front end knuckles, middle knuckles, tail knuckles, and finger sleeve shell, using the
finger sleeve shell to keep each part fixed. Robotic fingers can be bent in both directions: when the motor rotates in
a positive direction, the spring extends relative to the screw towards the front end knuckle, but the spring is squeezed due
to the limitation of the flexible finger sleeve front knuckle. This results in the generation of an axial thrust at the anterior
knuckles, which drives the flexible finger to bend in a positive direction; conversely, when the motor rotates in the
opposite direction, the spring moves backward relative to the screw and slowly retreats into the screw. The spring is
connected to the front knuckle, and the front knuckle is pulled by the spring retreat, and the flexible finger will be bent

and deformed in the opposite direction.
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Figure 5 A finger rehabilitation machinery based on a flexible spiral drive.

Notes: The red lines represent the range of bending angles. Omcp represents the bending angle of the metacarpophalangeal joint, Opp represents the bending angle of the
interphalangeal joint, and Opjp represents the bending angle of the fingertip joint. Reproduced from Zhang Y, Song Z, Chu M. Design and realization of flexible hand for
rehabilitation. Journal of Huazhong University of Science and Technology (Natural Science Edition). 2023;5 1 (06):36—40. DOI:10.13245/j.hust.230606.”>

Flexible fingertips Spring Spring strip Screw Motor interface

V!

(a) Top view of flexible fingers

Front end knuckles Tail knuckles Finger sleeve shell
Middle knuckles

(b) Sectional view of flexible fingers

Figure 6 Schematic diagram of flexible finger mechanism.
Notes: (a) Top view of flexible fingers, which is composed of five parts: flexible fingertips, spring, spring strip, screw, and motor interface. (b) Sectional view of flexible
fingers, which consists of four parts: front end knuckles, middle knuckles, tail knuckles, and finger sleeve shell, using the finger sleeve shell to keep each part fixed.
Reproduced from Zhang Y, Song Z, Chu M. Design and realization of flexible hand for rehabilitation. Journal of Huazhong University of Science and Technology (Natural Science
Edition). 2023;51(06):36—40. DOI:10.13245/j.hust.230606.”

In this study, by simplifying the finger model, the research team established a flexible finger-bending mechanical
model and explored the kinematic relationship between the finger end bending angle and the number of spring rotation
turns. Finally, the flexible manipulator was developed and its bending and load capacity was verified by experiments.
This finger rehabilitation machinery uses a flexible structure. The control method of overall finger bending was used. The
mechanical bending nodes and the finger joints do not coincide. Only to achieve finger bending and stretching training.
Fast response speed, 0-second response. The driving force of the finger is determined by the number of motor turns.
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Researchers at Xi’an Jiaotong University in China have designed a new multisegment continuous structure exoske-
leton finger rehabilitation robot,”* as shown in Figure 7, which is composed of spring plates, linear motors, and multiple
continuous structures. The mechanism uses a single linear motor to apply driving force, bend the spring plate, and drive
the deformation of a multisegment continuous structure, enhancing the flexibility of muscles and joints through finger
bending/stretching training, thereby improving finger movement, Figure 8 shows the structure and working principle of
the mechanism in detail. h represents the height of the spring. 1;, 1,, 15, dy, d;, d; represent the length of each segment of
the structure. 0; represents the bending angle of the metacarpophalangeal joints, 8, represents the bending angle of the
proximal phalangeal joint, and 65 represents the bending angle of the distal phalangeal joint. Internally composed of
linear motor, leaf spring, and multi-segment continuum. To improve the compliance of the finger rehabilitation
machinery, the machinery adopts spring plates and a multistage continuous structure. The use of a spring plate and
multistage continuous structure makes the whole finger rehabilitation machinery have good compliance so that the
interaction between finger rehabilitation machinery and human fingers is safer, this device can convert the linear
movement of the motor into the rotation movement of finger joints, the rotation angle is large enough, can adapt to
different stages of rehabilitation training. However, the bending/stretching effect of the mechanical finger of the spring
rotation drive type is not too sensitive. This finger rehabilitation machinery uses a flexible structure. The control method
of overall finger bending was used. The mechanical bending nodes and the finger joints coincide. Only to achieve finger
bending and stretching training. Fast response speed, 0-second response. The driving force of the finger end is
determined by the extension of the linear motor, and the maximum leading driving force of the finger produced by the
motor using a 50 mm stroke is 17.49N.

Jiang Jingang and others from Harbin University of Science and Technology in China have designed finger rehabilitation
training machinery equipped with a new elastic torque sensor.”* As shown in Figure 9, the torque sensor was made according
to the requirements of finger rehabilitation training, and the researchers chose a torsion spring based on the Archimedes
spiral. The torque sensor was made from this torsion spring. The spring material uses 65-Mn material with good elasticity.
The torque sensor reduces the volume torque ratio by 54.25% and its weight by 57.7%. The servo motor connects to the input
of the torque sensor and provides rotational power. The input terminal transmits the rotating power directly to the output

terminal through the torsion spring. The output end is connected to the angle sensor, which can detect the rotation angle of the

 Linear motor leaf spring Multi segment continuous structure

Figure 7 Multi-segment continuous structure hand functional rehabilitation exoskeleton robot.
Note: Reproduced from Li M, Chen J, He B, et al. Motion Planning and Structure Optimization of a Multi-Segment Mechanism-Based Hand Rehabilitation Exoskeleton.
Journal of Xi'an Jiaotong University. 2019;53(10):1-9.7
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Figure 8 Schematic diagram of bending motion.

Notes: On the left side of the image, 0, represents the bending angle of the metacarpophalangeal joints, 0, represents the bending angle of the proximal phalangeal joint, and
03 represents the bending angle of the distal phalangeal joint. H represents the height of the spring. ||, I, I3, dj, d,, d3 represent the length of each segment of the structure.
On the left side of the image, the interior of the bending component is composed of linear motor, leaf spring, and multi segment continuum. Reproduced from Li M, Chen J,
He B, et al. Motion Planning and Structure Optimization of a Multi-Segment Mechanism-Based Hand Rehabilitation Exoskeleton. Journal of Xi’an Jiaotong University.
2019;53(10):1-9.7
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Figure 9 Miniature elastic torque sensor for index finger exoskeletons.

output end in real-time. At the same time, the output end is connected to the connecting rod, through the rotation of the output
end, drives the connecting rod to move together, the connecting rod can drive the finger to achieve bending training. This
finger rehabilitation machinery uses a flexible structure. The control method of overall finger bending was used. The
mechanical bending nodes and the finger joints do not coincide. Can only achieve finger bending and stretching training. Fast
response speed, 0-second response. The driving force at the finger end is determined by the motor output power.

Rope Driven Type
Researchers at Pusan National University in South Korea have designed and developed a wire-controlled exoskeleton
finger rehabilitation training robot,”> as shown in Figure 10, this robot uses a four-link structure to form an exoskeleton
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Figure 10 A wire-controlled exoskeleton finger rehabilitation training robot.
Note: Copyright ©2017. Springer Nature. Reproduced from Kim S, Lee J, Bae ]. Analysis of Finger Muscular Forces using a Wearable Hand Exoskeleton System. Journal of
Bionic Engineering. 2017;14(4):680-691.7

joint system, each finger is driven by a linear motor, and the motor transmits the force to the four-link through a flexible
cable. The flexible cable passes through the exoskeleton structure and is pulled by the motor, controlling the rotation of
each exoskeleton joint to achieve finger bending/stretching training. In addition, the finger rehabilitation robot is also
equipped with force sensors and angle sensors, which measure the strength of the fingers and the angle of the joints, and
provide real-time feedback to facilitate the assessment of the patient’s recovery. This finger rehabilitation machinery uses
a flexible structure. The control method of overall finger bending was used. The mechanical bending nodes coincide with
the finger joints. Only to achieve finger bending and stretching training. Slow response speed, with a 3-second response.
The driving force of the finger is determined by the number of motor turns.

Researchers at Seoul National University in South Korea have designed a rope-driven soft rehabilitation robot,”® Exo-
Glove, which uses soft silicone material so that it can better adapt to the shape of the patient’s hand. The robot has
a lightweight and flexible structure that can help patients regain the ability to capture objects. The rope is embedded in
the silicone glove and drives the movement of the glove by the motor driving the contraction of the rope, and the
patient’s hand can move widely. The main purpose of the rehabilitation robot is to help patients assist in training while
completing daily basic movements, but it can only carry out passive rehabilitation training. The disadvantage of this
manipulator is that there is less freedom and the training movement is more single. This finger rehabilitation machinery
uses a flexible structure. The control method of overall finger bending was used. The mechanical bending nodes and the
finger joints do not coincide. Only to achieve finger bending and stretching training. The response speed is average, with
0.8 seconds of response. The driving force of the finger end reached 10.3N.
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Memory Alloy Driven Type

The Hamburg laboratory in Germany has developed a flexible exoskeleton imitation muscle glove,”’

as shown in
Figure 11, the device simulates human tendon movement, using a shape memory alloy spring as an actuator, and driving
the traction rope through the contraction of the alloy wire, to complete the finger flexion and extension movement. As
shown in Figure 12, the front and back of the finger sleeve are connected to a shape memory alloy spring. As shown in
Figure 12a, in the initial state, the spring produces a certain stretch. The back of the finger is an extension SMA spring
actuator active. In front of the finger is the inactive SMA spring actuator. The blue arrow represents the direction of force.
The current finger is in an extension state; As shown in Figure 12b, when the current spring is heated, the spring will
contract and deform. The flexion SMA spring actuator active on the front of the finger. On the back of the finger is an
inactive SMA spring actuator. The red arrow represents the direction of force. Finally, the fingertips will undergo
directional bending deformation. The current finger is in a flexion state. The weight of the glove does not exceed 100g,
and the patient can use it lightly. Application experiments show that the device can achieve a similar range of motion as
normal human hands, and can perform a variety of grasping actions, the disadvantage is that the force output of the shape
memory alloy spring is small, and the response execution is a bit delayed. This finger rehabilitation machinery uses
a flexible structure. The control method of overall finger bending was used. The mechanical bending nodes and the finger
joints do not coincide. Can only achieve finger bending and stretching training. The response was slow, with a 2—
3 second response. The driving force of the finger end reached 11N.

Researchers at China’s Northeast Forestry University have designed a rehabilitative exoskeleton that drives fingers
with shape memory alloys.”* SMA (shape memory alloy) wire is used as an actuator. The finger rehabilitation machinery
consists of a hand actuator and an actuating device, wherein the actuating device includes a guide wire block, a fixed
plate, and an SMA wire, as shown in Figure 13. To increase the displacement output generated by the drive device,
a reciprocating wire structure is adopted to convert the strain of the SMA wire into the displacement of the wire rope. The
lightweight glove was designed as a hand exoskeleton structure, and Teflon guide tubes were installed in the middle of
each phalange, which reduced the resistance between the glove exoskeleton and the traction wire rope, ensuring a high fit
between the robotic hand and the patient’s finger when completing the bending and stretching movements. The SMA wire
is installed on the upper plate and lower plate of the drive unit, respectively, retaining a certain amount of telescopic
space. The SMA wire of the upper plate connects one end of the wire rope and then passes through the Teflon guide tube
on the back of the glove, and the other end of the wire rope is fixed to the fingertip of the glove. Similarly, the SMA wire
of the lower plate connects one end of the wire rope and then passes through the Teflon guide pipe on the front of the
glove, and the other end of the wire rope is also fixed on the fingertip of the glove. SMA wire is driven by electric heating

Flexible sleeve with Bands
fastening tapes B
¥ .\'\\:, ¥
2 X & .
: ‘ - L g |
v;’ N
SMA spring actuator  String Glove

Figure 11 Memory alloy driven finger rehabilitation machinery.
Note: Copyright ©2017. Springer Nature. Reproduced from Yao Z, Linnenberg C, Argubi-Wollesen A, Weidner R, Wulfsberg JP. Biomimetic design of an ultra-compact and
light-weight soft muscle glove. Production Engineering. 2017;11(6):73 1-743.77
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Figure 12 Flexion and extension mechanism of the muscle glove.

Notes: (a) In the initial state, the spring produces a certain stretch. The back of the finger is an extension SMA spring actuator active. In front of the finger is the inactive
SMA spring actuator. The blue arrow represents the direction of force. The current finger is in an extension state; (b) when the current spring is heated, the spring will
contract and deform. The flexion SMA spring actuator active on the front of the finger. On the back of the finger is an inactive SMA spring actuator. The red arrow
represents the direction of force. Copyright ©2017. Springer Nature. Reproduced from Yao Z, Linnenberg C, Argubi-Wollesen A, Weidner R, Wulfsberg JP. Biomimetic
design of an ultra-compact and light-weight soft muscle glove. Production Engineering. 2017;11(6):731-743.%7

mode, using electric heating SMA wire, deforming SMA wire, pulling the wire rope to produce displacement, heating the
SMA wire of the upper plate and the lower plate by alternating electricity, and the wire rope on both sides is pulled to
complete the rehabilitation exercise training of finger bending/stretching. This finger rehabilitation machinery uses
a flexible structure. The control method of overall finger bending was used. The mechanical bending nodes and the
finger joints do not coincide. Only to achieve finger bending and stretching training. The response was slow, 1 second
response. The driving force of the finger end reached 16N.

Electroactive Material Driven Type

Researchers at the Egypt-Japan University of Science and Technology in Japan have designed a new hand rehabilitation
system that uses electroactive materials as actuators,”® as shown in Figure 14. The device is suitable for the rehabilitation
of a single finger. The system uses a rope mechanism instead of a traditional rigid linkage, and the degree of freedom of
the entire device is one. The essence of an electroactive material actuator is a capacitor that contains two electrodes
sandwiched in a soft elastic film. When a voltage is applied between these two electrodes, an electrostatic force is
generated that pulls the polymer layer. This process is caused by the positive charge on one electrode attracting the
negative charge on the other. To pull the finger for a bending motion, which requires giving the cable pull, the researchers

designed an electroactive material actuator named a spring-coiled electroactive material actuator, as shown in Figure 15,
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Shape memory alloy wire

Lower fixing plate
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Fingertip fixing sleeve
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Connection between alloy wire and steel wire rope

Traction wire rope

Figure 13 A rehabilitative exoskeleton that drives fingers with shape memory alloys.
Note: Reproduced from Wang Y, Lv P, Zheng S, Wang B, Li ). Design of exoskeleton for functional rehabilitation of fingers driven by shape memory alloy. Journal of Zhejiang
University (Engineering Edition). 2022;56(12):2340-2348.7*

Figure 14 Electroactive material-driven finger rehabilitation machinery.
Note: Reproduced from Amin H, Assal SFM, Iwata H. A new hand rehabilitation system based on the cable-driven mechanism and dielectric elastomer actuator. Mechanical

Sciences. 2020;11(2):357-369.7

which can roll with a high voltage applied and then return to its original length after the voltage is released. Electroactive
material actuators can use voltage control to stretch and retract the cable to achieve finger-bending training. The most
obvious disadvantage of this device is its slow response speed and single movement. This finger rehabilitation machinery
uses a flexible structure. The control method of overall finger bending was used. The mechanical bending nodes coincide
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Figure 15 Electroactive material actuator.
Note: Reproduced from Amin H, Assal SFM, Iwata H. A new hand rehabilitation system based on the cable-driven mechanism and dielectric elastomer actuator. Mechanical
Sciences. 2020;11(2):357-369.%°

with the finger joints. Only to achieve finger bending and stretching training. Fast response speed, 0-second response.
The driving force of the finger end reached 4.35N.

Hydraulically Driven Type

Researchers at Harvard University in the United States have designed a soft robotic glove,”® mainly for patients to restore
the ability to grasp objects through training, as shown in Figure 16. This rehabilitation glove utilizes a soft actuator
consisting of an elastomer cavity and a fiber reinforcement to create specific flexion and stretching under liquid pressure.

A single software actuator is pasted and synthesized by an elastomer cavity and a limiting strain layer, and then
wound with 2 mechanical springs, as shown in Figure 17, which can enhance the axial extension effect of the software
actuator, reduce the diameter expansion, thereby enhancing the output of the soft actuator, by applying hydraulic pressure
to the elastomer cavity, because the elastomer cavity becomes longer, and the limiting strain layer remains unchanged,
the extension difference between the two can achieve the bending deformation of the finger module.

The hydraulic actuator is mounted on the back of the hand, the flexible robot can flex/extend the fingers, and the
flexible glove is better, lighter, and better fit than the traditional rigid robot. However, the robot cannot perform targeted
rehabilitation training on individual joints of the fingers, and each finger has only one active degree of freedom. This
finger rehabilitation machinery uses a flexible structure. The control method of overall finger bending was used. The
mechanical bending nodes and the finger joints do not coincide. Only to achieve finger bending and stretching training.
Fast response speed, 30ms seconds response. The driving force of the finger end reached 8N.

Pneumatically Driven Type

Researchers at Harvard University in the United States calculated a fabric-based pneumatic robotic glove that mainly
treats hand movement disorders after spinal cord injury,'® as shown in Figure 18. The glove is pneumatically actuated,
has semicircular sections at the joints, is covered with fiberglass cloth, and is wrapped with fiber threads. After inflation,
the glove can bend and drive finger movement, and its material and drive make it excellent flexibility without flexible

control, and can adapt to different finger rehabilitation training.
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Figure 16 Hydraulically driven finger rehabilitation machinery.
Note: Reprinted from Robotics and Autonomous Systems, 73, Polygerinos P, Wang Z, Galloway KC, Wood R], Walsh CJ, Soft robotic glove for combined assistance and at-
home rehabilitation, 135—143, Copyright ©2015, with permission from Elsevier.”
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Figure 17 Disassembly and assembly diagram of the actuator.
Note: Reprinted from Robotics and Autonomous Systems, 73, Polygerinos P, Wang Z, Galloway KC, Wood R}, Walsh CJ, Soft robotic glove for combined assistance and at-
home rehabilitation, 135-143, Copyright ©2015, with permission from Elsevier.”

The design of a single finger is a three-layer package design, as shown in Figure 19, with two spaces, the upper space
to mount the soft cavity and the lowest space to mount the strain-limiting material. Finally, the stretchability of the upper
layer is better, the stretchability of the lower layer is poor, and the different elongation rates of the upper and lower layers
of the structure are used to drive finger movement by using the different elongation rates of the upper and lower layers
when inflated, and the greater the air pressure, the greater the curvature, as shown in Figure 20. Because this manipulator
is too soft, its unterminated output force is usually very small, and the rigidity is poor, which is not suitable for treating
patients with too stiff fingers. This finger rehabilitation machinery uses a flexible structure. The control method of overall
finger bending was used. The mechanical bending nodes and the finger joints do not coincide. Only to achieve finger
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Figure 18 A fabric-based pneumatic robotic glove.

Note: Reproduced from Cappello L, Meyer |T, Galloway KC, et al. Assisting hand function after spinal cord injury with a fabric-based soft robotic glove. Journal of Neuro
100

Engineering and Rehabilitation. 2018;15(1):59 (https://creativecommons.org/licenses/by/4.0/).
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Figure 19 Structure of different fabric layers.
Note: Reproduced from Cappello L, Meyer JT, Galloway KC, et al. Assisting hand function after spinal cord injury with a fabric-based soft robotic glove. Journal of Neuro

Engineering and Rehabilitation. 2018;15(1):59 (https://creativecommons.org/licenses/by/4.0/).'*
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Figure 20 The relationship between hydraulic pressure and finger bending motion.
Note: Reproduced from Cappello L, Meyer JT, Galloway KC, et al. Assisting hand function after spinal cord injury with a fabric-based soft robotic glove. Journal of Neuro

Engineering and Rehabilitation. 2018;15(1):59 (https://creativecommons.org/licenses/by/4.0/).'*
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bending and stretching training. Fast response speed, and 0-second response. The driving force of the finger end
reached 6.6N.

Researchers at Beihua University in China have designed a wearable glove rehabilitation device based on
a barometric actuator.'®’ The rehabilitation machinery refers to bionics, modeled on the shape of the human hand,
using an air pressure actuator, the structure of which is shown in Figure 21, the rehabilitation machinery includes 5
fingers and 6 degrees of freedom. To ensure the grip and flexibility of the rehabilitation device, a dual-chamber air
pressure actuator is used for the thumb and a single-chamber air pressure actuator for the remaining fingers. The glove is
made of elastic fabric, the air pressure actuator is mounted on the back of the hand, the air intake end is fixed at the base
of the finger, and it is bound by a wrist strap.

Figure 22 shows the structure of the air pressure actuator, the interior is a network structure of multiple small air
cavities, each small air cavity is independent, the bottom of the small air cavity is connected to the same air passage, and
finally merged into one air cavity. When air pressure is injected into the airway, the air chamber expands. As shown in
Figure 22a, the single-chamber air pressure actuator contains one air cavity and one airway. The length is ly;, the width is
w1. Single cavity drive is composed of an air cavity, air flue, and confinement layer; As shown in Figure 22b, the dual-
chamber air pressure actuator consists of two airways and two airways, and the air chamber is divided into two
independent air chambers by a central spacer. The length is 1y,, the width is wy; Dual cavity drive is composed of air
cavity 1, air cavity 2, bulkhead, air flue, and confinement layer; After the air pressure is introduced, the small air cavity of
each grid expands and the inner wall thins, resulting in the overall axial expansion of the air cavity, due to the existence
of the strain limiting layer, the air cavity as a whole will be bent and deformed, helping the patient’s finger bending
movement for rehabilitation training. Air pressure actuators enable active bending and passive recovery of fingers. Due to
its simple control, flexible treatment, and fast response, it has attracted increasing researchers. This finger rehabilitation
machinery uses a flexible structure. The control method of overall finger bending was used. The mechanical bending

Finger . " Friction
B~

Software driver

Trachea

-

$, 7 >

~

Wrist buckle

Figure 21 Pneumatic soft rehabilitation device.
Note: Reproduced from Li K, Bi X, Li L, Zhao Y. A wearable hand-functional rehabilitation device based on pneumatic software drivers. Machine Tool and Hydraulic.
2022;50(23):30-34.'°"!
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Figure 22 Air cavity drive structure.

Notes: (a) The single-chamber air pressure actuator contains one air cavity and one airway. The length is ly;, the width is w). Single cavity drive is composed of an air cavity, air flue,
and confinement layer; (b) the dual-chamber air pressure actuator consists of two airways and two airways, and the air chamber is divided into two independent air chambers by
a central spacer. The length is ly,, the width is w,. Dual cavity drive is composed of air cavity |, air cavity 2, bulkhead, air flue, and confinement layer. Reproduced from Li K, Bi X, Li L,
Zhao Y. A wearable hand-functional rehabilitation device based on pneumatic software drivers. Machine Tool and Hydraulic. 2022;50(23):30-34.'°'

nodes and the finger joints do not coincide. Only to achieve finger bending and stretching training. Fast response speed,
and 0-second response. The driving force of the finger end reached 15N.

Comparative Analysis

The most important task of finger rehabilitation machinery is to drive the fingers for bending, stretching, and swinging
training. Scientific studies have shown that continuous passive rehabilitation exercise therapy can effectively prevent
muscle atrophy, promote the remodeling of nervous system motor function,”” prevent tendon adhesion and joint
stiffness, and improve blood circulation and joint rehabilitation effects at the exercise site, to achieve the treatment of
finger of stroke patients.'®!'" Finger rehabilitation machinery of different types has its characteristics. This paper studies
and analyzes various finger rehabilitation machinery in references 89—102. The research contents include structure,
control method, coincidence degree of mechanical bending nodes and finger joints, training mode, response speed, and
driving force. Then the specific situation is made as a statistic, as shown in Table 1.

Table | Comparison of Different Actuation Methods

Serial Reference Driven Type | Structure | Control Methods Bending Nodes Training Mode Speed of Driving

Number Number and Joints Response Force

[ [89] End traction Rigid Overall bending Not Coincident Bending, stretching, 0 seconds Dependent
on motor

2 [90] Motor Rigid Overall bending Not Coincident Bending, stretching, 0 seconds Dependent
on motor

3 [9n Motor Rigid Segmented bending Coincident Bending, stretching, 0 seconds 12N

swinging

4 [92] Spring Flexible Overall bending Not Coincident Bending, stretching, 0 seconds Dependent
on motor

5 [93] Spring Flexible Overall bending Coincident Bending, stretching, 0 seconds 17.49N

6 [94] Spring Flexible Overall bending Coincident Bending, stretching, 0 seconds Dependent
on motor

7 [95] Rope Flexible Overall bending Coincident Bending, stretching, 3 seconds Dependent
on motor

(Continued)
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Table | (Continued).
Serial Reference Driven Type | Structure | Control Methods Bending Nodes Training Mode Speed of Driving
Number Number and Joints Response Force
8 [96] Rope Flexible Overall bending Not Coincident Bending, stretching, 0.8 seconds 10.3N
9 [97] Memory alloy Flexible Overall bending Not Coincident Bending, stretching, 2-3 seconds 1IN
10 [74] Memory alloy Flexible Overall bending Not Coincident Bending, stretching, | seconds 16N
I [98] Electroactive Flexible Overall bending Coincident Bending, stretching, 0.5 seconds 435N

Material

12 [99] Hydraulically Flexible Overall bending Not Coincident Bending, stretching, | 0.03 seconds 8N
13 [100] Pneumatically Flexible Overall bending Not Coincident Bending, stretching, 0 seconds 6.6N
14 [1o1] Pneumatically Flexible Overall bending Not Coincident Bending, stretching, 0 seconds I5N

Number 1 is the end traction-driven finger rehabilitation machinery. It moves through a straight line of traction of the
motor on the finger. It is a rigid structure, realizing finger bending and stretching movement in the plane, can only
achieve the whole section of bending control, and can not control the bending of individual joints. The training principle
is to bend the finger through linear traction. If the finger joint is on the same axis, it is easy to cause finger strain;

Number 2 is a motor-driven finger rehabilitation machinery. It uses a torque-high steering gear as an actuator, through
a fixed link structure to push the fingers to bend and stretch training. However, the link is rigid and fixed, which can not
adapt to the size of everyone’s finger joints. This results in misalignment of the rotation site of the link and the finger
joint of the patient. If the connecting rod cannot fully fit the patient’s fingers, there will be a certain dislocation error,
resulting in the connecting rod hurting the patient’s fingers when rotating. It can only achieve the whole segment bending
control, and cannot control the bending of individual joints;

Number 3 is also a motor-driven finger rehabilitation machinery. It uses the segmented control of three motors, which
can separately control the individual joints of the finger bending training. Through the movement adjustment of the
slider, the mechanical bending node and the finger joint coincide, which is beneficial to protect the patient’s finger
bending training. This finger rehabilitation machinery can also achieve left and right swing training, but the disadvantage
is that the whole is rigid structure;

Numbers 4-6 are spring-driven finger rehabilitation machinery. They are all flexible structures that use spring rotation
and push to bend their fingers. They can achieve finger bending and stretching training, but can only achieve the whole
section of bending control, unable to control the bending of individual joints. Number 4 uses rotational extrusion to
achieve spring deformation. Number 5 is applied to push extrusion to achieve spring deformation. The above two kinds
of mechanical bending nodes and finger joints do not coincide, which makes it easy to hurt the fingers and brings safety
risks to patients. Number 6 is the direct use of a spring to transfer the rotation, the mechanical bending node, and the
finger joint overlap, which is beneficial to protect the finger.

Numbers 7-8 are the rope-driven finger rehabilitation machinery. They are flexible structures that use ropes to pull the
mechanical fingers to bend. This driving mode, like the end traction drive, can only achieve the whole segment bending
control and cannot control the bending of individual joints. When the joint of the finger is on the same axis, it is easy to
cause the finger straight strain, or bending deformation failure. They fit poorly to the finger joints, not to ensure that all
the finger joints can bend accurately. The rope-driven finger rehabilitation machinery has a delay, the response speed of
number 7 is 3 seconds, and the response speed of number 8 is 0.8 seconds, unable to respond quickly to bending;

Numbers 9—-10 are memory alloy-driven finger rehabilitation machinery. They use the principle of memory alloy
temperature sensitivity to realize the expansion deformation of memory metal by controlling the temperature change.
They use deformation to drive the connected materials to realize the bending training of fingers. Due to the thermal
inertia of its metal, the biggest disadvantage of this driving mode is that the response speed is too slow, and the repeated
bending motion cannot be completed quickly, with a lag. The response speed of number 9 is 2-3 seconds, and the
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response speed of number 10 is 1 second. And the electroactive material-driven finger rehabilitation machinery of
number 11 improves this disadvantage. Since the deformation control of the electroactive material is determined by the
voltage, the response speed is reduced to 0.5 seconds, which can achieve rapid response and execution.

Number 12 is a hydraulically driven finger rehabilitation machinery. Numbers 13—14 are pneumatic-driven finger
rehabilitation machinery. They are all bonded by using multiple layers of materials with different tensile properties. They
use hydraulic pressure or atmospheric pressure to drive the expansion and deformation of one layer of material, and the
other layer of material limits the deformation, and finally realize the bending movement of the fingers, which has the
advantage of fast response speed. Because it is a flexible material, it will fit better with the patient’s fingers. However,
both can only achieve fixed one-way bending and stretching movement, which cannot meet the more complex finger
training tasks and cannot carry out left and right swing training. Their terminal driving force is too small to effectively
push the fingers for bending training. However, air pressure drive and hydraulic drive have the advantages of fast
response speed, light structure, and simple control, which are deeply loved by researchers.

Through the data in Table 1, it can be found that:

The finger rehabilitation machinery in numbers 1-3 is a rigid structure, and in numbers 414 is a flexible structure.
Flexible structure can effectively protect patients for finger rehabilitation training, not easy to be hurt;

The finger rehabilitation machinery in number 3 can be controlled by segment bending. Numbers 1-2 and 4-14 can
only perform overall bending control. The segmented bending training of finger rehabilitation machinery improves the
freedom of finger rehabilitation machinery, meets the needs of patients in different training tasks, and provides more
training programs for finger rehabilitation, such as single-segment finger bending training, multi-segment finger bending
training;

In numbers 1, 2, 4, 8—11, and 13—14, the mechanical bending node and finger joint do not coincide. In numbers 3.5-7,
and 12, the mechanical bending node and finger joint are coincident. If the mechanical bending node and the finger joint
overlap, then the mechanical bending can accurately drive the bending of the finger joint, avoiding dislocation bending.
Because the dislocation bending training is easy to cause secondary finger injury;

The finger rehabilitation machinery in number 3 can perform rehabilitation training of bending, stretching, and
swinging left and right. Numbers 1-2 and 4-14 can only do bending and stretching rehabilitation training. At present,
most of the finger rehabilitation machinery can only carry out simple bending, and stretching training, and can not carry
out the left and right swing training, such finger rehabilitation training is incomplete, because the finger left and right
swing is also a normal finger movement;)

The finger rehabilitation machinery in numbers 7-12 is delayed, with a response speed of 0.03—3s. Numbers 1-6 and
13—14 achieve a 0-second response. The response speed of some finger rehabilitation machines has a delay, which makes
it difficult to accurately and real-time execute finger training plans, which can easily lead to disordered training steps,
which is not conducive to finger rehabilitation training.

The driving force of finger rehabilitation machinery in numbers 3, 5, 8-14 is 4.35N-17.49N. The driving force of
finger rehabilitation machinery in numbers 1, 2, 4, 67 is determined by the parameters of the installed motor, which can
theoretically reach over 20N. According to reference,'%* finger rehabilitation machinery needs to output at least 6.02N of
driving force to meet daily finger rehabilitation training. Faced with some severe stroke patients, fingers may become
stiff, and finger rehabilitation machines require greater driving force for finger rehabilitation training. At present, the
driving force of pneumatic and hydraulic-driven soft finger rehabilitation machinery is not high, and it needs to be
improved.

Conclusion

Based on material science, mechanism, and control, finger rehabilitation machinery uses a motor drive, spring drive, rope
drive, memory alloy drive, electroactive material drive, hydraulic drive, and pneumatic drive. Compared with traditional
artificial rehabilitation training, it is more flexible, cost-effective, adaptable, and safe. At present, research on the
application of finger rehabilitation machinery has verified the reliability of various driving methods. By analyzing and
discussing the application of finger rehabilitation machinery under existing driving technologies, the development
direction of finger rehabilitation machinery is proposed:
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(1) Improve flexibility. This includes the use of more advanced flexible materials and flexible control methods.
Because the finger rehabilitation machinery serves humans, it prevents secondary damage to the patient’s fingers during
treatment and continuously reduces the rigidity of the contact mechanism while ensuring the treatment effect is achieved;

(2) Add segmented control. With the continuous improvement of human living standards, the current finger
rehabilitation treatment is no longer limited to a single movement mode. Simple and comprehensive finger repeated
bending and stretching treatment can no longer meet human needs. Finger rehabilitation training requires more forms of
movement combinations, and each joint of the finger should undergo independent bending and stretching training;

(3) Improve the overlap between mechanical bending points and finger joint points. At present, finger rehabilitation
machines are fixed in shape, and when rehabilitation training is carried out on patients’ fingers of different lengths, the
rotation points of the mechanism and the joints of the patient’s fingers may be misaligned. Rehabilitation machinery
cannot fully fit the patient’s fingers for accurate rehabilitation training, which can easily cause secondary damage to the
patient’s fingers and the treatment effect cannot reach the optimal state;

(4) Add training modes. Many traditional finger rehabilitation machinery can only perform finger bending and
stretching training, without finger left and right swing training, which is incomplete for finger rehabilitation training.

(5) Improve response speed. The current memory alloy drive has slow response execution due to the influence of
thermal inertia. Repeated deformation has a time lag. The slow response speed greatly limits the practical application of
these high-tech materials in finger rehabilitation machinery, making it difficult to accurately and real-time execute finger
training plans, which can easily lead to disordered training steps.

(6) Enhance driving force. At present, finger rehabilitation machinery is developing in the direction of flexibility. For
example, the pneumatic drive is the most popular type among researchers, but its execution force is relatively small.
Faced with patients with stiff fingers, it may not be better to drive the fingers for rehabilitation training. It is necessary to
continuously improve the strength of its execution force, such as trying mixed fluid drive, rigid flexible coupling,
changing the structure of the air chamber, and changing the control strategy of the air chamber.

In general, with the continuous improvement of quality of life, stroke patients are increasingly in need of better finger
rehabilitation machinery. A perfect finger rehabilitation machinery should include all the advantages of Table 1: the
overall structure is flexible; It can achieve individual bending and stretching training for each finger joint; The
mechanical bending point coincides with the finger joint; Can perform left and right finger swing training; Has fast
response speed; Has strong driving force. This will also be a hot research direction for future researchers.
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