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Abstract— This paper proposes a new cable-driven wearable
index finger exoskeleton to exercise flexion and extension of the
index finger. This exoskeleton adopts an opportune constraint
planar four-bar mechanism with an actively driving transla-
tional joint to reduce vertical space occupation and to achieve
joint axis alignment for human-robot kinematic compatibility.
The mechanical structure of the proposed exoskeleton is further
optimized to minimize the exoskeleton’s volume. The proposed
exoskeleton is fabricated by 3D printing, has two active degrees
of freedom (DoFs) configured in the metacarpophalangeal
(MCP) and proximal interphalangeal (PIP) joints individually,
and can be easily worn by buckling the Velcro straps. Moreover,
to ensure patients move their fingers freely after powering
down, a decoupling mechanism is designed to remove the
coupling between the motor and the exoskeleton. Due to the
fact that the human’s hand main tremble unconsciously or
pick up a load suddenly, such unexpected disturbances may
influence the control performance of the proposed exoskeleton.
To this end, the active disturbance rejection control (ADRC)
algorithm is adopted to reduce the influence of external distur-
bances. Finally, the functionality of the proposed exoskeleton
is verified by experiments, and the experiments also validate
the performance of the ADRC algorithm by comparing to the
traditional proportional control.

I. INTRODUCTION

Stroke is the second most common cause of death and

the major cause of disability worldwide [1]. Most of the

post-stroke patients usually lose total or partial hand move-

ment ability [2], whose activities of daily living (ADL)

are significantly affected. Therefore, regaining hand function

by rehabilitation practice is considered one most critical

needs. However, the number of rehabilitation therapists is

too insufficient to meet the large requirement in the market.

Fortunately, many hand exoskeletons have been developed

to help therapists do rehabilitation and assist the patient’s

ADL [3]–[5]. In the literature, the hand exoskeleton can be

categorized into four types according to the driven man-

ner: the linkage-driven exoskeleton, the pneumatic-driven

exoskeleton, the tendon-driven exoskeleton, and the cable-

driven exoskeleton. The linkage-driven hand exoskeleton

has some advantages such as higher force transmission

efficiency, greater force, and easier to control, however,

this exoskeleton is normally too bulky and heavy to be

conveniently used because the wearable parts and motors
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Fig. 1. The overall appearance of the proposed index finger exoskeleton.

are coupled together [6]–[8]. To improve the compactness

and reduce the weight of the exoskeleton, the pneumatic-

driven exoskeleton is designed, which is usually fabricated by

elastomeric materials and pneumatically actuated [9]–[11].

Due to the low elastic modulus, this exoskeleton tends to be

more comfortable, and easier to achieve the alignment of the

finger joint axis. However, there is no free lunch, providing

great force and being controlled precisely are difficult for

the pneumatic-driven exoskeleton. Moreover, the pneumatic-

driven exoskeleton requires an air pump or compressor,

which would make some noises and limit the portability

of the whole system. To contract the above problems and

reserve the soft characteristic simultaneously, the tendon-

driven exoskeleton has been proposed [12]–[15]. This ex-

oskeleton is more compact and portable. Nevertheless, to

achieve hand flexion movement, this exoskeleton needs a

tendon placed in the palm to pull impairment finger, which

affects the user’s object grasping and manipulation in ADL.

Besides, these tendons are usually fixed in a glove, which

brings inconvenience when wearing the exoskeleton by post-

stroke patients with spasticity. For the sake of balancing

the advantages and disadvantages of the above exoskeletons,

the cable-driven exoskeleton has been developed [16]–[21].

This exoskeleton could provide enough force for hand re-

habilitation and operation, and the wearable parts have low

weight because the driven parts are placed away from the

hand. Moreover, to increase the compliance, the serial elastic

actuation has been used to bring passive compliance except

for the active compliance control [22]. However, there are

two points possibly overlooked in the design of the cable-

driven exoskeletons. One point is the wearable parts of the
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cable-driven exoskeletons normally occupy too much vertical

space above the hand. Therefore, these exoskeletons look

lager, which would bring inconvenience to patients when

using it. Another point is the patient cannot move his/her

finger freely while wearing the exoskeletons after powering

down, however, moving fingers freely is beneficial for the

active rehabilitation training and could protect the patients

from the secondary injury when an emergency power failure

occurs.

By the above observations, one purpose of this study is

to design a low vertical space occupation and light-weight

index finger exoskeleton to help post-stroke patients do hand

rehabilitation training or assist the patients’ ADL. To this

purpose, an opportune constraint planar four-bar mechanism

with an actively driving translational join is designed, and

the mechanical structure is also optimized to minimize the

exoskeleton size. The proposed exoskeleton is driven by

cables and fabricated by the 3D printing technology. This

exoskeleton can provide two active degrees of freedom (DoF)

configuring in metacarpophalangeal (MCP) and proximal

interphalangeal (PIP) of the index finger, which can be

worn by buckling the Velcro strap. Another purpose of this

study is to design a decoupling mechanism to decouple the

motor and the exoskeleton, which could ensure the proposed

exoskeleton could move freely after powering down. The

last purpose of this study is to achieve precise control under

external disturbances, which can be fulfilled by employing

the active disturbance rejection control (ADRC) proposed in

[23], [24].

To summarize, the main contributions of this paper can be

stated as follows

1) From the mechanical design point of view, compared to

other cable-driven exoskeletons [19]–[21], the mechanical

design of the proposed exoskeleton adopts an opportune

constraint planar four-bar mechanism with an actively

driving translational joint instead of actively driving the

rotational joint. This design makes full use of the hori-

zontal space of the finger and reduces the use of vertical

space above the finger, which makes the exoskeleton

smaller in size. Meanwhile, this mechanical design of

actively driving the translational joint also brings benefits

to control.

2) From the safety point of view, this paper proposes a

decoupling mechanism to realize the patients’ finger free

movement when wearing the exoskeleton after powering

off, which can not only guarantee the active movement of

the finger but also increases the security of the exoskele-

ton.

3) From the control algorithm point of view, this paper

adopts the ADRC control algorithm to obtain a better

control performance when facing different disturbances

in the system. Comparing to the traditional proportional

control algorithm, the ADRC algorithm is more prefer-

able to the proposed exoskeleton.

The rest of this paper is organized as follows. Section II

introduces the design of the proposed index finger exoskele-

(a) Index finger extension. (b) Index finger flexion.

Fig. 2. An animated demonstration of how the proposed index finger
exoskeleton works.

ton and the decoupling mechanism as well as the calibration

of sensors. In Section III, the ADRC control algorithm is

presented. Section IV describes experiments for validating

the mechanical design and control algorithm. Finally, Section

V concludes this study and presents the future work plan.

II. MECHANICAL DESIGN

A. Design of Hand Exoskeleton

The overall appearance of the proposed index exoskeleton

is illustrated in Fig. 1. In terms of the finger movement,

breaking the simultaneous movement of the MCP and PIP

joints is beneficial to motor learning [22]. Moreover, the

exoskeleton with independent movement at MCP and PIP

joints would be more versatile, which would help patients

complete multiple hand rehabilitation training or enhance

operational capabilities effectively. Therefore, the proposed

index finger exoskeleton has independent DoFs at the MCP

and PIP joints. Meanwhile, because there exists the anatom-

ical coupling between the PIP joint and the distal inter-

phalangeal (DIP) joint, the exoskeleton has no DoF at the

DIP joint. Through these DoFs’ configuration, the flexion

and extension movements are implemented in this paper. To

achieve the joint axis alignment, the mechanical structures of

both MCP and PIP joints include the opportune constraint

planar four-bar mechanisms that are composed of three

rotational joints and one translational joint. In order to make

full use of the horizontal space of the finger and to reduce the

use of the vertical space above the finger, the translational

joint is driven actively to achieve the flexion and extension

movements of the MCP and PIP joints. Figure 2 presents an

animated demonstration revealing the extension and flexion

movements of the index finger while wearing the proposed

exoskeleton.

The design details of the proposed exoskeleton are shown

in Fig. 3 by an exploded view of the Solidworks model.

Three details need to be highlighted in the design. First, the

proposed exoskeleton employs the cable-driven manner to

drive the translational joint (slider) bidirectionally. Second, to

further reduce the space occupation, the proposed exoskele-

ton only uses one cable sheath placed on the back end of

the translational joint. The fixed pulley placed on the front

end of the translational joint is used to change the forward

direction to the backward direction. Third, the displacement

sensor fixed on the side of the slider is designed to detect

the slider’s position. This sensor is based on the resistance
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Cable Cable sheath

Pulley

Sensor

Slider

Fig. 3. Exploded view of the proposed index finger exoskeleton’s
Solidworks model

Fig. 4. The kinematic model’s parameters of the proposed index finger
exoskeleton. The arrows in yellow represent the coordinate frames for the
MCP and PIP joints. The circles in red depict the revolute joints.

principle. The slider and the sensor are connected by a metal

sheet. When the slider moves in the chute, the resistance of

the displacement sensor changes such that the slider position

could be detected by reading the resistance value. Therefore,

the finger’s joint angle could be calculated by the kinematics

of the proposed exoskeleton.

To make the proposed exoskeleton as small and light as

possible while still satisfying the maximum angle of the fin-

ger movement, optimizing the proposed exoskeleton structure

is necessary. The kinematic parameters of the proposed index

finger exoskeleton are shown in Fig. 4. Taking the PIP joint

exoskeleton as an example, the coordinate frame is located

at the point o2 which is related to the wear position, and

the kinematic model for the closed-loop PIP chain is written

with the exponential expression as follows

lEF e
i90◦ + lFGe

iθF + lGHeiθG = XEP e
i0◦ + lPHeiθ2 , (1)

where lEF , lFG, lGH , and lPH are the lengths of the

links EF , FG, GH , and PH , respectively. XEP presents

the length between the translational joint (slider) and the

PIP joint. θF and θG are the angles between FG, GH
and the x2-axis, respectively. θ2 presents the angle of the

PIP joint. Through solving the above kinematic equation in

MATLAB, the solution can be expressed as θ2 = f(XEP ).
The singularity occurs when there is no solution to the above

equation, and the singularity takes the form of F, G, and P
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Fig. 5. Optimization result of the proposed exoskeleton mechanical
structure

being collinear.

In the optimization, the length of the proximal phalanx and

the length of the middle phalanx are measured to be 50mm

and 28mm, respectively. The optimization of the linkage

length could be expressed as follows

min f = lEF + lGH

s.t. 0 ≤ lEF ≤ 50,
0 ≤ lGH ≤ 50,
0 ≤ XEP ≤ 50,
0 ≤ lPH ≤ 28,

θ2 = 90◦.

(2)

Figure 5 presents the relationship between h3, h4 with θ2,

h3 and h4 are finally optimized to be 15mm and 10mm,

respectively. Comparing to [21], [22], the proposed design

reduces the vertical space occupation and makes full use of

the horizontal space of the finger.

B. Design of Decoupling Mechanism

Inspired by the working principle of the car clutch, the de-

coupling mechanism is designed to disconnect the proposed

exoskeleton from the motor. Its main components are marked

in Fig. 6. The input axle of the decoupling mechanism is

connected with the motor axle, and these two axles are

coaxial and locked. When the power of the exoskeleton

system is off, the spring force pushes the winding pulley

from the input axle. At this time, the winding pulley can

follow the free movement of the proposed exoskeleton.

While the exoskeleton system is powered on, the suction-

cup electromagnets attract iron sheets under the action of the

magnetic field. The iron sheets move towards the direction

of the pulley, which generates the propulsive force on the

pulley by the bearing transmission. Meanwhile, the pulley

compresses the spring under the propulsive force until it

connects the input axle, and the spring is compressed in the

cavity of the pulley and the input axle. When designing the

winding pulley and the input axle, there are corresponding

coupling teeth on their contact surfaces. At this time, the

corresponding coupling teeth on their contact surfaces are

coupled together. Under the frictional force, the winding
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Motor

Iron sheet

Spring
Pulley

Bearing Input Axle

Suction-cup 
electromagnet

Decoupling 
mechanism

(a) Decoupling the proposed exoskeleton with the
motor after powering down.

Spring compression

The suction-up electromagnet attracts 

the iron sheet when powering up

(b) Coupling the proposed exoskeleton with the
motor after powering up.

Fig. 6. The Solidworks model of the proposed decoupling mechanism and
its working principle.

pulley rotates with the input axle. The exoskeleton and the

motor are coupled together, and the patient’s finger can

move along with the exoskeleton driven by the motors.

Therefore, this decoupling mechanism could realize the free

movement of the exoskeleton when powering down, and

achieve the finger’s passive movement when powering on.

On the contrary, if the cable-driven exoskeleton does not have

the decoupling mechanism, the exoskeleton could not move

freely when powering down due to the high reduction ratio

of the motor gearbox. This is not beneficial to the patient’s

active finger training and may cause secondary injury when

an emergency power failure occurs.

C. Calibration of Sensors

To calculate the finger joint’s angle accurately, the pro-

posed displacement sensor is calibrated by a commercial

data glove (WISEGOLVE15, a product of WONSTAR com-

pany). In the calibration experiment, the commercial data

glove is worn on the volunteer’s hand first, and then the

proposed index finger exoskeleton is worn outside of the

glove. Through the serial port which collects both the data

of the exoskeleton and the glove simultaneously, the 4-

order polynomial curve fitting of the displacement sensor

is implemented for the calibration. Taking the DIP joint

as an example, the curve fitting result is shown in Fig. 7.

The equation of the polynomial curve fitting is described as

follows

y = 356.8x4 − 2734x3 + 7733x2 − 9487x+ 4257, (3)
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Fig. 7. The 4-order polynomial curve fitting for the proposed displacement
sensor data by a commercial data glove.

where x represents the slider position measured by the

proposed sensor and y is the DIP joint’s angle.

III. CONTROL ALGORITHM

The control objective is to reduce the position error be-

tween the predesigned finger joint angle and the actual finger

joint angle. First, the PID control is employed for controlling

the index finger joint angle. It has been experimentally

verified that using the proportional control can control the

exoskeleton well. This proportional controller is expressed

as follows

u(t) = kp(r − y(t)), (4)

where u(t) represents the proportional controller output, r
is the reference representing the predesigned finger angle,

y(t) is the actual finger angle calculated by (3), kp is

the proportional coefficient selected by the trial-and-error

approach. However, it should be noted that the human hand

may tremble unconsciously or the human hand needs to pick

up a load suddenly during the hand motion. The unexpected

disturbances must be considered in the controller design.

It is well known that the PID control has a very limited

disturbance rejection ability.

Fortunately, the ADRC algorithm is proposed to reject

disturbances (both internal and external disturbances), which

does not require an exact system model. Instead, rough

system identification is sufficient. The step-response exper-

iment has been conducted to obtain a rough model of the

exoskeleton which is described by the following first-order

differential equation

ẏ(t) + ay(t) = bu(t), a, b > 0, (5)

where y(t) is the finger joint angle, u(t) is the controller

output. The a and b are identified as 0.554 and 0.472,

respectively.

Let the external disturbance be denoted by ε. Then (5) can

be rewritten by the following equation

ẏ(t) = −ay(t) + ε+ bu(t) = δ(t) + bu(t), (6)

where δ(t) = −ay(t) + ε refers to the generalized distur-
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(a) Initial state. (b) Intermediate state. (c) Final state.

(d) Initial state. (e) Intermediate state. (f) Final state.

Fig. 8. Snapshots of the index finger’s movement: from the extension status
to the flexion status, and from the flexion status to the extension status.

bance. The essence of the ADRC algorithm is to obtain the

estimation of δ(t), δ̂(t), and employ its estimation δ̂(t) in

the control law, i.e., u(t) = (−δ̂(t) + u0(t))/b.
Equation (6) is further rewritten in the state-space form as

follows {
ẋ1(t) = δ(t) + bu(t),

y(t) = x1(t),
(7)

where x1(t) is the finger joint angle.

Based on (7), an extend state observer (ESO) is designed

to estimate the δ(t) as follows⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

ż1(t) = z2(t) + bu(t) + β1(y(t)− z1(t)),

ż2(t) = β2(y(t)− z1(t)),

z2(t) = δ̂(t),

u(t) =
−z2(t)− kp(z1(t)− r)

b
,

(8)

where β1, β2 represent the parameters of the ESO, δ̂(t) is

the estimation of δ(t), and u(t) is the ADRC control law.

The selection of β1 and β2 is suggested in [25], where the

(β1, β2) are obtained from the system characteristic equation

as follows

λ(s) = s2 + β1s+ β2 = (s+ ω0)
2, ω0 > 0. (9)

The control performance of the ADRC controller is to be

presented in Section IV.

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

In the experiment, the functionality of the proposed ex-

oskeleton is tested first, which is shown in Fig. 8. From

the experimental results, it can be seen that both the fin-

ger’s extension movement and the flexion movement can

be achieved. Figure 9 presents the mechanical optimization

result. Through the optimization, the height of the exoskele-

ton is reduced by 37% comparing to no optimization. In

the experiment, the proposed decoupling mechanism could

realize the disconnection between the exoskeleton and the

motor, whose overall appearance is illustrated in Fig 10.

The ADRC algorithm and the proportional control algo-

rithm are programmed into a microcontroller (STM32F407)

Fig. 9. The mechanical structure optimization: the top one is the mechanical
structure before optimization and the bottom one is the mechanical structure
after optimization.

Fig. 10. The overall appearance of the proposed decoupling mechanism.

which sends commands to the brushless DC servo motors

(1226A012B K1855, Faulhaber, Germany). In the experi-

ment, the external disturbance is artificially added into the

control input. This disturbance is applied at t = 15s . The

control performance of the proposed ADRC controller is

compared to the proportional controller, which is shown

in Fig. 11. First, from the viewpoint of the steady-state

performance, both controllers have a very small steady-state

error. Second, from the perspective of the transient perfor-

mance, the transient response time of the ADRC controller

is 2.15s, and the transient response time of the proportional

controller is 3.36s. The proposed ADRC controller is faster

than the proportional controller. Third, from the standpoint of

rejecting disturbances, when facing disturbance, the adjust-

ment time of the proportional controller is 15.75s, and the

proposed ADRC controller only requires 1.89s which proves

its stronger ability in anti-disturbance. Therefore, the ADRC

controller is a better solution for the proposed index finger

exoskeleton with respect to the control performance.

V. CONCLUSION AND FUTURE WORK

In this paper, a cable-driven index finger exoskeleton is

designed based on an actively driven translational join. This

design reduces the vertical space occupation and makes full

use of the horizontal space. Meanwhile, this mechanical

design is also optimized to reduce the exoskeleton’s volume.

A decoupling mechanism is designed to allow free motion

of the finger when the exoskeleton has no power supply.

2020 5th International Conference on Advanced
Robotics and Mechatronics (ICARM)

978-1-7281-6479-3/20/$31.00 ©2020 IEEE 544

Authorized licensed use limited to: INSTITUTE OF AUTOMATION CAS. Downloaded on April 14,2023 at 08:04:05 UTC from IEEE Xplore.  Restrictions apply. 



0 10 20 30 40

time[s]

0

10

20

30

40

50

60

70

an
gl

e[
°]

ADRC
Proportional Control
Reference

Fig. 11. Experimental result of the ADRC algorithm compared to the
proportional control.

Moreover, the ADRC algorithm is employed to realize the

control of the finger joint angle. Comparing to the propor-

tional control, the proposed ADRC algorithm performs much

better, which has been verified by the experiments.

The current work is mainly focused on the mechanical

design and the position control. There are still many works

needed to be accomplished in the future. First, the design

of the entire hand exoskeleton (especially the thumb ex-

oskeleton design) is required, and the other property (force or

torque) of the proposed exoskeleton need to be considered

in the optimization. Second, by following the similar idea

presented in [26], the reduced ESO can be used to estimate

the generalized disturbance instead of the standard ESO

for simplifying the controller’s complexity. Furthermore, the

compliant force control needs to be realized in the proposed

exoskeleton. Third, the clinical test should be conducted to

verify the effectiveness of the proposed exoskeleton.
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