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Design and Control of an Underactuated Finger
Exoskeleton for Assisting Activities

of Daily Living
Houcheng Li , Long Cheng , Ning Sun , and Ran Cao

Abstract—In this article, a novel underactuated finger
exoskeleton is designed to assist grasping tasks for the
elderly with weak muscle strength. In mechanical design,
the human finger’s phalanges and joints are considered
as part of the kinematic chains to realize the human-robot
kinematic compatibility. The proposed finger exoskeleton
achieves the finger preshaping and grasps objects with
generic shapes. The proposed exoskeleton is both actively
and passively backdriveable. Moreover, the weight of the
wearable part of the proposed exoskeleton is 127 g, and
the overall weight is 476 g, which indicates the proposed
exoskeleton is lightweight and portable. To improve the
grasping performance, the multiobjective genetic algorithm
is implemented to optimize contact forces, which is to max-
imize the sum of the forces exerted on the index finger pha-
langes by the exoskeleton and to minimize the difference
between the contact forces. After optimization, the sum of
contact forces is risen by 15%, and the difference between
forces is decreased by 53%. Furthermore, the admittance
control is applied to make the proposed finger exoskeleton
more compliant in the preshaping phase, and the admit-
tance control is also implemented to achieve the fingertip
grasping force control in the grasping phase. Finally, exper-
iments have been conducted to verify the range of motion,
grasping forces, and feasibility of the proposed index finger
exoskeleton. The effectiveness of the control algorithm has
also been verified by experiments.

Index Terms—Admittance control, assistance, finger ex-
oskeleton, preshaping, shape-adaptive grasping, underac-
tuation.

I. INTRODUCTION

THE world’s population is aging, and almost every country
in the world is experiencing an increase in the number
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and proportion of its elderly population [1]. Due to the weak
or impaired motor function of the elderly, especially in the
hands, the daily life of the elderly has been greatly affected [2],
[3]. However, at present, most elderly people are assisted by
their families in the operation of daily necessities, which brings
burdens to the elderly’s families. Therefore, there is an urgent
need for intelligent assistive robots that can improve the quality
of activities of daily living (ADL) [4].

Fortunately, some wearable hand-assistive exoskeletons have
been designed to assist the elderly with weak or impaired hand
motor functions to perform ADL operations. Because the hand-
assistive exoskeletons are different from the hand rehabilitation
exoskeletons and the hand haptic force-feedback exoskeletons,
some special design requirements refer to the discussion given
in [5] and [6], which are summarized as follows. First, the hand
exoskeleton is a close-coupled human-robot system, and the
human-robot kinematic compatibility needs to be considered in
the mechanical design. Second, the hand-assistive exoskeleton
can assist the user to grasp objects in the same way that the human
hand naturally grasps. Grasping objects with generic shapes
directly affects the quality of assisting ADL operations, which is
considered as one of the most critical needs for the hand-assistive
exoskeleton. Third, the hand-assistive exoskeleton should be
backdriveable, which ensures that the user can move his/her hand
freely. Fourth, the hand-assistive exoskeleton should be portable
and lightweight (the weight of the wearable part and overall
part), so that the user can use the hand-assistive exoskeleton to
assist ADL operations. The suggested maximal wearable part of
the hand-assistive exoskeletons is less than 500 g [10]. Further-
more, the self-adaptability to the hand size is also significant.

In literature, based on the transmission types, the
hand-assistive exoskeletons are divided into three categories:
Tendon-based design, pneumatic-based design, and linkage-
based design. Hand-assistive exoskeletons with tendon-driven
mechanisms have some advantages, such as lightweight and
compact [7]–[10]. However, friction between the cable and
the conduit makes the system nonlinear and accounts for
major losses in tension transmission across the cable. Although
the hysteresis characteristic in the system of the tendon-driven
exoskeleton can also dampen unwanted involuntary movements,
the hysteresis brings challenges to the accurate control of the
tendon-driven system.

Hand-assistive exoskeletons with pneumatic-driven mech-
anisms are normally more compliant, lightweight, and
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comfortable, because of the low elastic modulus of the soft
material [11]–[14]. Based on the cavity structure design, the
soft pneumatic actuators can exert well-directed forces on the
phalanges. However, the overall pneumatic system is usually
bulk and heavy, which prevents the system being portable.
Moreover, because of the hysteresis and elastic properties of
soft materials, the accurate control of the pneumatic-driven
hand-assistive exoskeletons is a challenging task too.

State-of-the-art hand-assistive exoskeletons mostly adopt
rigid link structures [15]–[20] for maintenance and reliability
comparing to tendon-based and pneumatic-based designs. Rigid
link structures possess higher force transmission efficiency and
generate more stable force transmissions. The bidirectional
movement (flexion and extension) can easily be realized by
linkage-based designs. Furthermore, precise dynamic models
of the linkage-based hand-assistive exoskeletons are easier to
establish than tendon-based and pneumatic-based hand-assistive
exoskeletons. To reduce the exoskeleton’s overall weight and
improve the exoskeleton’s portability, underactuation is a good
candidate for the linkage-based hand-assistive exoskeletons
compared to the full actuation. Underactuation has been widely
used in the dexterous robotic hands/grippers design, and many
linkage-based underactuated robotic hands/grippers have been
designed to complete grasping and operation tasks in industrial
scenarios [21]–[26]. As a close-coupled human-robot system,
the wearable underactuated hand exoskeletons is different
from the underactuated robotic hands/grippers, which should
consider the human-robot kinematic compatibility in the
mechanical design. In [18], a linkage-based underactuated
finger exoskeleton is designed to help the patients do grasping
tasks. This exoskeleton is placed on the lateral side of the finger
to realize the remote center of motion capability. Although this
exoskeleton structure is more compact, this mechanical design
cannot always ensure the human-robot axes alignment. More-
over, this hand exoskeleton cannot realize finger preshaping for
grasping and lacks backdriveability. In [17], a linkage-based
underactuated finger exoskeleton considering the human-robot
kinematic compatibility is designed for elderly people to
perform grasping tasks. Although it achieves the shape-adaptive
grasp for different objects, it lacks the backdriveability and the
finger preshaping for grasping. Moreover, its mechanism is not
compact and may affect the movement of the wrist. In [15],
the authors have proposed a linkage-based underactuated finger
exoskeleton for the treatment of tendon injuries. However,
it does not consider human-robot kinematic compatibility.
Finger preshaping and backdriveability are also absent in this
design.

Although underactuated robotic hands can grasp an object
with fewer actuators, the contact forces on different phalanges
cannot be independently controlled. Underactuated mechanism
control algorithms focusing on grasping are mainly based on
PID control and impedance control [27]. The PID control is im-
plemented for position control, and the impedance control indi-
rectly adjusts the contact force through a mechanical impedance.
In [28], one of the first underactuated robotic hands is designed.
Their control problem needs to define the posture of the target
hand configuration according to the object to be grasped, and

then they use the PD controller to guide the hand to this posture.
In [29], sliding-mode impedance control is proposed for an
underactuated robotic gripper, which requires the dynamics
of the mechanism, and it is difficult to extend to exoskeletons
due to the uncertainty of the human model. In [17], the authors
propose a rendering strategy based on the impedance control for
the underactuated hand exoskeleton. The proposed strategy aims
to minimize the error between the desired and the actual output
force or pose in the force and operational spaces, respectively.

By the above observations, the purpose of this study is to
develop a novel linkage-based underactuated finger exoskeleton
to assist grasping for the elderly with weak muscle strength.
In the mechanism design of the proposed exoskeleton, the
human finger is considered as part of the mechanism to build
a virtual four-bar mechanism, which realizes the self-aligning
capability of the exoskeletons joint with the corresponding joint
of the human finger. Meanwhile, this design can achieve an
adaptable kinematic design for different hand sizes without
any mechanical adjustment. The movements of the proposed
exoskeleton contain two phases: Preshaping phase and grasping
phase. Before contact occurs on the phalange, the movements of
the metacarpophalangeal (MCP), the proximal interphalangeal
(PIP), and the distal interphalangeal (DIP) joints are coupled
together, which is called the preshaping phase. After contact oc-
curs on the phalange, the proposed finger exoskeleton can grasp
objects with generic shapes. To avoid the ejection phenomenon
and achieve the stable grasp, a multiobjective genetic algorithm
(MOGA) is implemented to optimize the contact forces. More-
over, the admittance control algorithm is implemented to obtain
a compliant behavior in the preshaping phase (called actively
backdriveable) and is also adopted to realize fingertip force
control for stabilizing grasp strength in the grasping phase.
Finally, the experiments are conducted to verify the feasibility
of the proposed exoskeleton and to validate the performance of
the control algorithm.

The contributions of this article are summarized as follows:
1) From the mechanical design point of view, compared to

other linkage-based underactuated hand exoskeletons, to
the best of the authors’ knowledge, the proposed index
finger exoskeleton with the human-robot kinematic com-
patibility is the first one to achieve the finger preshaping
and shape-adaptive grasp of objects with different sizes
and shapes.

2) From the portability and transparency point of view, the
proposed exoskeleton is more portable and lightweight
(wearable part: 127 g, and overall weight: 476 g), so
that the user can use the hand exoskeleton to assist ADL
operations. Moreover, the proposed exoskeleton is highly
transparent because it is actively and passively backdrive-
able.

The rest of this article is organized as follows. The mechanical
design and optimization of the proposed finger exoskeleton is
described in Section II. In Section III, the admittance control
algorithm is presented. Section IV gives experiments to val-
idate the feasibility of the proposed finger exoskeleton, and
experiments are also conducted to verify the control perfor-
mance. Finally, Section V concludes this article.
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Fig. 1. Grasping process of two-joint finger with coupled mechanism.
The coupled coefficient of rotation angle between the two joints is k. (a)–
(d) Present the power grasping process. (e)–(f) Present the precision
grasping process.

Fig. 2. Grasping process of two-joint finger with self-adaptive mecha-
nism. The two joints rotate separately, and grasp the object with generic
shapes.

II. MECHANICAL DESIGN

A. Motivation

Human grasping motion can be divided into reaching,
preshaping, and grasping phases [27]. Much of literature refers
to two grasps defined by Napier who suggests a scheme in
which grasps are divided into power grasps and precision
grasps [30]. Compared to the 21 degree of freedom (DoFs)
kinematic model of the human hand, Cobos’s work is focused
on obtaining an efficient human hand model by simplifying the
hand model with 9 DoFs, which has been proved to be more
suitable for manipulation tasks by hand robots [31]. One of
the simplifications is to add intrafinger constraints. Regarding
power grasps, the intrafinger constraints are θMCPf/e =

4
3θPIP

and θPIP = 3
2θDIP, where θMCPf/e, θPIP, and θDIP are the

flexion/extension joint angles of the MCP, PIP, and DIP
joints, respectively. Regarding precision grasps, the intrafinger
constraints are θMCPf/e =

3
2θPIP and θPIP = 2θDIP. The above

intrafinger constraints reduce the complexity of hand robot
design when retaining the maximum grasping efficiency of
natural human hands, which provides a basis for the design of
the hand exoskeleton in the preshaping phase.

In traditional single-motor-driven finger exoskeletons, there
are two types of designs: Coupled design and self-adaptive
design. As shown in Fig. 1, the coupled mechanical design is
beneficial to the precision grasp which is consistent with the pre-
shaping movement of the finger. However, in the power grasping
process, when the first phalange touches the object, the second
phalange may not touch the object shown in Fig. 1, which means
the coupled hand exoskeletons cannot realize self-adaptive grasp
of objects with different sizes and shapes. Therefore, the me-
chanical design of only coupling joints together is not suitable for
assistive hand exoskeletons. To this end, the self-adaptive design
of the assistive hand exoskeleton is proposed. The self-adaptive
exoskeleton can achieve the adaptive grasp of objects with dif-
ferent sizes and shapes, whose characteristic is more conducive
to power grasp. However, the self-adaptive exoskeleton is not
favorable at precision grasp, because the second joint cannot
rotate before the first phalange contacts the object as presented
in Fig. 2, which is not consistent with the preshaping of the
human finger. Therefore, considering the preshaping and the
self-adaptive grasping, the coupled and self-adaptive mechanical

Fig. 3. Grasping process of two-joint finger with coupled and self-
adaptive mechanism. Before touching object, the two joins are coupled
together, and the coupled coefficient is k. After first phalange touching
object, the second join can adapt to the shape of the object.

Fig. 4. Kinematic model parameters of the proposed index finger ex-
oskeleton.

design is proposed to design an assistive finger exoskeleton that
is more in line with the natural movement of human hands as
demonstrated in Fig. 3.

B. Kinematics Analysis

The definition of kinematic parameters of the proposed finger
exoskeleton is shown in Fig. 4. The kinematics of the finger
exoskeleton contains two phases: Preshaping phase and grasping
phase, which is divided by whether or not phalanges touch the
object. In power-grasp tasks, the proposed exoskeleton actuates
the MCP, PIP, and DIP joints of the human finger together until
the proximal phalange first reaches and touches the grasping
object. When the motion of the MCP joint is constrained due to
the contact forces on the proximal phalange, the PIP and DIP
joints continue flexing until the intermediate phalange reaches
and touches the grasping object. When the motion of the PIP
joint is constrained due to the contact forces on the intermediate
phalange, the DIP joint also continues flexing until the distal
phalange reaches and touches the grasping object. Similarly,
the extension of the finger starts from the DIP joint and then
is transmitted to the PIP joint, finally is transmitted to the
MCP joint until the finger is totally extended and the finger
joints reach their physical limits. In precision-grasp tasks, the
proposed exoskeleton moves the MCP, PIP, and DIP joints of the
human finger simultaneously until the distal phalange reaches
and touches the grasping object, rather than moves the MCP, PIP,
and DIP joints of the human finger successively. The preshaping
phase is beneficial to precise hand operations, closely similar to
the human finger movement, and improve the grasping efficiency
of the assistive hand exoskeleton compared to the cases without
finger preshaping.

In the kinematic model, the coordinate frame is located at
the point o which is related to the position of the motor and
the MCP joint. The MCP, PIP, and DIP joints of the human
finger are defined as points R, P and M , respectively, with
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the rotations specified as θMCP, θPIP, and θDIP. A dc motor is
attached to point A with the corresponding rotation θA, and link
oA is grounded. Linkages oR,RP, PM , and ML represent the
metacarpal, the proximal phalange, the middle phalange, and
the distal phalange, respectively. The mechanism consists of 10
passive revolute joints at points B, C, D, E, F , G, H , I , J and
K while their rotations are represented as θi for point i. θij0

represents the initial angle between the point i and point j when
the finger is in full extension. lij represents the length between
the point i and point j. In particular, the revolute joints C and E
are meshed together by gear structure, which the same design
applies to the revolute joints G and I . Through changing the
gear ratio among revolute joints C, E and G, I , the coupled
rotations of the MCP, PIP and DIP joints would be changed. In
this article, the gear ratio between revolute jointsC,E is 1:1, and
the gear ratio between revolute joints G, I is 0.7:1. The coupled
relationships among the MCP, PIP and DIP joints referring to the
above-mentioned intrafinger constraints are θMCPf/e =

4
3θPIP

and θPIP = 3
2θDIP. The first torsional spring k1 constrains the

movement ofD joint, and the second one k2 is involved in theH
joint movement. The stiffness of two torsional springs is k1 =
k2 = 1.17Nmm/deg based on the literature [18].

In the preshaping phase, the movements of DIP, PIP, and
MCP are coupled together. Because of the preloads of the
torsion springs k1 and k2, the revolute joints D and H are
constrained to keep still. In the grasping phase, the synthesized
linkage can mimic the grasping motion of the human middle
and distal phalanges, which could realize grasping objects with
generic shapes. With the proximal and intermediate phalange
touching the grasping object, the revolute jointsD andH would,
respectively, overcome the preloads of the torsion springs k1 and
k2 to rotate.

The kinematic model of the proposed exoskeleton consists
of three closed-loop chains. The MCP chain of the proposed
finger exoskeleton is made up of points A,B,C,D, and R,
which consists of a virtual five-bar mechanism. The closed-loop
equation of the MCP chain is given by

lABe
iθA + lBCe

iθB + lCDe
iθC = lARe

iθAR + lRDe
iθRD (1)

where lAR, lRD are norms of vectors
−→
AR and

−−→
RD, respectively.

θAR, θRD are the vector angles of
−→
AR and

−−→
RD, respectively.

θA and θC are measured by the hall sensors, and θRD = θRD0 +
θMCP.

The PIP chain of the proposed finger exoskeleton consists of
points D,E, F,G,H , and P , which makes up a virtual six-bar
mechanism. The closed-loop equation of the proximal chain is
given by

lDEe
iθD + lEFe

iθE + lFGe
iθF + lGHe

iθG

= lDPe
iθDP + lPHe

iθPH (2)

where lDP, lPH are norms of vectors
−−→
DP and

−−→
PH , respectively.

θDP, θPH are the vector angles of
−−→
DP and

−−→
PH , respectively.

θG is measured by the hall sensor, θD = θC − π − θDC0 − θD0,
θDP = θDP0 + θMCP, and θPH = θPH0 + θPIP.

The DIP chain of the proposed finger exoskeleton is composed
of points H, I, J,K, and M , which consists of a virtual five-bar
mechanism. The closed-loop equation of the distal chain is given
by

lHIe
iθH + lIJe

iθI + lJKe
iθJ = lHMeiθHM + lMKe

iθMK (3)

where lHM, lMK are norms of vectors
−−→
HM and

−−→
MK, respec-

tively. θHM, θMK are the vector angles of
−−→
HM and

−−→
MK, re-

spectively. θH = θG − π − θHG0 − θH0, θHM = θHM0 + θPIP,
and θMK = θMK0 + θDIP.

In the 10 passive joints at points B, C, D, E, F , G, H , I ,
J , and K, {θB, θD, θF, θH, θJ} are independent variables, and
{θC, θE, θG, θI, θK} are not independent variables. Therefore,
there are six unknown variables {θB, θF, θJ, θMCP, θPIP, θDIP},
and there are three known variables {θA, θC, θG} which are
measured by hall sensors. Through solving the above nonlinear
kinematics equations by using the Levenberg–Marquardt algo-
rithm, the numerical solutions of X = [θMCP, θPIP, θDIP] can
be obtained by given Θa = [θA, θD, θH].

The velocity kinematics can be obtained by differentiating the
position kinematics equations of the MCP, the PIP, and the DIP
chains as follows:

Ẋ = JA(Θa)Θ̇a (4)

where Ẋ is the velocity vector of the human joints, JA(Θa)
is the Jacobian matrix, Θ̇a is the input velocity vector of the
exoskeleton joints including motor velocity and two torsional
spring velocity.

Remark 1: In the mechanical design, the user’s finger pha-
langes are considered as a part of the kinematic chain to consist
of virtual closure-loop chains, which achieves the human-robot
kinematic compatibility and realizes self-adaptability to hand
size. Meanwhile, it is obvious that the proposed finger ex-
oskeleton can not only achieve enveloping grasp of objects with
different shapes and sizes but also efficiently realize the finger
preshaping for grasping.

C. Kinetostatic Analysis

The kinetostatic analysis is to ensure the stability of the
grasping forces, which has been already introduced previously
for a generic underactuated finger with n DOFs [32]. Based
on the virtual power principle, the input and the output virtual
powers could be calculated as follows:

ΨTΘ̇a = fTv (5)

where Ψ = [τa,−k1θD,−k2θH]
T is the input torque vector

including the torque of the motor and the springs. Θ̇a =
[θ̇A, θ̇D, θ̇H]

T is the vector of the corresonding angular velocity.
f = [f1, f2, f3]

T is the vector of contact wrenches which is
simplified as the vector of the normal contact forces. f1, f2,
and f3 are the magnitude of normal contact force acting at the
proximal phalange, intermediate phalange, and distal phalange,
respectively. v is the vector of the corresponding contact twist.

The contact twist can be simply expressed as the product
of a Jacobian matrix and the derivatives of the phalanx joint
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coordinates, i.e., v = JCẊ, where JC is the contact matrix
which is related to the position of contact points.

Therefore, the contact forces f could be calculated as follows:

f = J−T
C J−T

A Ψ (6)

where

JC =⎡
⎢⎣ x1 0 0

x2 + lRPc(θ2) x2 0

x3 + lRPc(θ2 + θ3) + lPMc(θ3) x3 + lPMc(θ3) x3

⎤
⎥⎦

where x1, x2, x3 are the distances from contact points to R, P ,
and M , respectively. c and s represent cos and sin, respectively.

D. Optimization of Contact Forces

To properly design underactuated fingers, one should be aware
of the ejection phenomenon, which means the finger slides and
pushes the object out instead of a secure grasping due to the
negative contact force. To avoid the ejection phenomenon and
achieve the stable grasp, the exerted contact forces by three pha-
langes to the object should be positive and distributed as evenly
as possible [32], which is referred to as the “force isotropy.”
Moreover, one should avoid the possibility that the last phalange
force is too small to ensure the stable grasping. Therefore, in
the optimization, considering the ejection phenomenon and the
stable grasping, one of the optimization objectives is to minimize
the difference between the three contact forces, and another
optimization objective is to maximize the sum of the forces
exerted on the index finger phalanges by the proposed finger
exoskeleton, which are expressed as follows:

Objective 1 :maxF (X) =
√

f 2
1 + f 2

2 + f 2
3

Objective 2 :minFdif(X)=max(f1, f2, f3)−min(f1, f2, f3).
(7)

In the optimization, the posture of the finger is determined
by the MCP, PIP, and DIP joint angles of the index finger.
The desired values of joint angles are 20◦, 50◦, 30◦ because the
resulting finger’s posture is suitable for the spherical and cylin-
drical grasping, which are two most commonly used operations
in daily operations [33]. There are ten linear constraints X =
[lAB, lBC, lCD, lDE, lEF, lFG, lGH, lHI, lIJ, lJK]. The initial val-
ues for the lengths have been determined by the experiment
based on a CAD software by motion analysis. The initial values
can guarantee feasible motion of the exoskeleton. However, it
cannot guarantee the optimal motion. In the optimization search
space, the lower bound of the lengths of the linkages is assumed
to be 0.5 × (initial lengths), and the upper bound is assumed to
be 1.5× (initial lengths). These limits have been chosen in order
to look for solutions in a reasonably wide search space to avoid
too many nonmechanically feasible kinematics. The nonlinear
constraints are expressed as follows:{

80◦ ≤ θMCP(X), θPIP(X), θDIP(X) ≤ 90◦

θtranMCP(X), θtranPIP(X), θtranDIP(X) ≥ 50◦ (8)

Fig. 5. Pareto front of the multiobjective optimization result.

TABLE I
INITIAL LENGTHS OF THE LINKAGES, THE LOWER BOUND AND UPPER

BOUND OF SEARCH SPACE, AND THE OPTIMIZED LENGTHS

where θMCP(X), θPIP(X), and θDIP(X) represent the
MCP, PIP, and DIP joint angles, respectively. θtranMCP(X),
θtranPIP(X), θtranDIP(X) are corresponding mechanism trans-
mission angles.

As previously mentioned, the optimization has been per-
formed by a MOGA called NSGA-II proposed by Deb et al [34].
The designed genetic algorithm works with a population of 100
individuals. Moreover, the stall generation limit is set to 500. In
details, the algorithm is programmed to stop when the cumula-
tive change in the fitness function value over 10 generations is
less than 10−8.

After optimization, the Pareto front of the multiobjective
optimization result is shown in Fig. 5, and the solution cor-
responding to coordinate point (-15.64, 2.20) is chosen as the
Pareto optimal solution. In Table I, it is possible to notice that
none of the optimized lengths is on the boundary of the search
space, which means the lower and upper bound of search space
are set reasonably. In Table II, the ranges of motions of the
MCP, PIP, and DIP joint angles are significantly improved, and
they are between 80 degrees and 90 degrees. Meanwhile, the
corresponding mechanism transmission angles are also greater
than 50◦, which ensures better transmission efficiency of the
mechanism. In Table III, after the optimization, the contact force
f1 goes down a little bit, and the contact forces f2, f3 go up
significantly. During the optimization, the Objective 1 is risen
by 15%, and the Objective 2 is decreased by 53%.
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TABLE II
INITIAL ANGLES AND OPTIMIZED ANGLES OF THE MCP, PIP, AND DIP JOINT

ANGLE AND THE CORRESPONDING MECHANISM TRANSMISSION ANGLES

TABLE III
INITIAL FORCES AND OPTIMIZED FORCES OF THE MCP, PIP, AND DIP JOINT

Fig. 6. CAD model of the proposed finger exoskeleton: (a) Overall view
of the proposed finger exoskeleton. (b) Exploded view of the proximal
phalange part of the proposed finger exoskeleton.

Fig. 7. Finite element analysis for different linkages strength.

Remark 2: Through the multiobjective optimization, the total
grasping forces are improved, and the difference of grasping
forces between the individual phalanx is significantly reduced.
Meanwhile, the ranges of motions of the MCP, PIP, and DIP joint
angles are improved compared to the case before optimization,
and can meet the needs of users. The optimization results are
validated in the experiment, which is presented in Section IV-A.

E. Prototype Design

Based on the above optimization, the optimized lengths of all
linkages are obtained to guide the manufacture of the proposed
exoskeleton. The prototype of the proposed finger exoskeleton
is designed whose CAD model is shown in Fig. 6(a). The finite
element analysis for the proposed exoskeleton is conducted
for analyzing the mechanical design. In the simulation, apply
20-N force to the contact surface of the linkages, and then
calculate the stress of the linkages under this load. As shown
in Fig. 7, the maximum stress generated by each linkage is

less than the yield strength of the aluminium alloy material,
which means there is no weak linkage in the proposed finger
exoskeleton. All linkages of the proposed finger exoskeleton are
made of aluminium to reduce the system weight, and all bases
of the proposed finger exoskeleton are made of resin material
by 3D printing. The proposed finger exoskeleton is actuated
by a dc motor (1741U012CXR123, FAULHABER, Germany)
with a reduction box (50:1, FAULHABER, Germany) that is
mounted on the back of the palm and can be easily worn by
buckling the Velcro straps. Because of the low gear reduction
ratio, the proposed finger exoskeleton is easy to achieve passive
backdriveability. The passive backdriveability force is 1.2 N
measured by a force sensor as shown in Fig. 6(a), which means
the users can easily move their fingers freely while wearing
the proposed finger exoskeleton. In order not to restrict the
adduction–abduction movement of the MCP joint, a universal
joint is implemented as a passive DOF in the MCP chain as
shown in Fig. 6(a). Hall sensors with magnets mounted at
the joints are used to measure the joints’ angles presented in
Fig. 6(b), and the dc motor encoder is also used to indirectly
measure the joints’ angles. The double torsion springs shown
in Fig. 6(b) are preloaded and mounted at the joints, which
are compressed during the grasping phase to realize the shape
adaptation capability. The force sensors (FlexiForce a301, USA)
are used to measure the man-robot interaction forces, which
is mounted between the distal phalange and the base of the
proposed finger exoskeleton as shown in Fig. 6(a). The wearable
part of the proposed finger exoskeleton is 127 g (including
the dc motor), and the overall weight of the proposed finger
exoskeleton is 476 g (including microcontroller, battery, etc.).
In [10], it suggests that 10 N of pinch grip force is a reasonable
goal for a hand exoskeleton, which is sufficient to lift objects
weighing up to 1 kg, for example, to drink from water bottles
(750 mL) independently. In the current design, the maximum
fingertip force generated by the proposed exoskeleton is about
12.3 N that is measured by a dynamometer. This is sufficient
for the power grasping task for lifting objects required in daily
activities. Compared to typical linkage-based, tendon-based, and
pneumatic-based assistive hand exoskeletons in the literature,
the advantages of the proposed finger exoskeleton are listed in
Table IV.

As regards to safety, first, there is a mechanical stop on
the motor base to prevent overextension and overflexion of
finger joints in the current design. The proposed exoskeleton
is backdriveable, which ensures that the user can move his/her
finger freely without restrictions. Second, the safety is also
ensured by the control software. Since the force sensors are
used to measure the human-robot interaction force and the hall
sensors are used to measure the finger’s motion, the real-time
force and joint angle information can be transmitted back to
the microcontroller. Third, there is an emergency switch in the
proposed finger exoskeleton. Once the user feels the interaction
force is too large or feels uncomfortable, he/she can stop the
exoskeleton immediately.

Remark 3: The proposed finger exoskeleton is lightweight
and portable compared to other linkage-based underactuated
finger exoskeletons. Moreover, the proposed finger exoskeleton
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TABLE IV
CHARACTERISTICS COMPARISONS WITH SOME TYPICAL ASSISTIVE FINGER EXOSKELETONS

Fig. 8. (a) Contact model of the proposed finger exoskeleton with the
index finger. (b) Contact model of the human-robot system with the
object.

is featured by the finger preshaping and the passive backdrive-
ability from the mechanical design, which is not possessed by
other exoskeletons.

III. CONTROL ALGORITHM

In order to actively assist hand grasp in ADL by the proposed
finger exoskeleton, the admittance control is used to achieve
human-robot interaction force control. In the preshaping phase,
the control objective is to minimize the interaction force between
the proposed finger exoskeleton and the human index finger,
which is to make the robot system obtain a compliant behavior
by control, also called active backdrivability. In the grasping
phase, the control objective is to reduce the fingertip interaction
force error between the desired grasping force and the actual
grasping force.

A. Admittance Control in the Preshaping Phase

In the preshaping phase, the human-robot system does not
contact with the object, and minimizing interaction force be-
tween the proposed finger exoskeleton and the index finger is
mainly considered. To make the proposed finger exoskeleton
more compliant, the admittance control is used. Admittance
control is typically utilized to obtain a compliant behavior on
industrial robots, since they are characterized by a stiff and
nonbackdrivable mechanical structure, which is proposed by
Hogan [35]. The contact model of the proposed finger exoskele-
ton with the index finger is shown in Fig. 8(a). The contact model
is formulated as follows:

ME(ẍD − ẍ0) +DE(ẋD − ẋ0) +KE(xD − x0) = FE (9)

where x0 is the initial desired fingertip trajectory in the preshap-
ing phase. xD is the newly generated desired trajectory under
the admittance control.ME ,DE , andKE are the desired inertia,

damping, and stiffness in the preshaping phase, respectively. FE

is the human-robot interaction force on the distal phalange that
is measured by the force sensor.

Because the proposed finger exoskeleton itself has the back-
drivability in mechanical structure, the ME , DE , and KE can
be identified by its inherent backdrivability. By collecting the
contact force and finger joints’ angles in the case of the proposed
finger exoskeleton without driving, the least square method is
implemented to identify the parameters of the contact model.

The (9) can be rewritten as follows:

ẍD = ẍ0 +
1

ME
(FE −DE(ẋD − ẋ0)−KE(xD − x0)) .

(10)

The desired acceleration of the proposed finger exoskeleton
is acquired by (10). By integrating the desired acceleration,
the desired position of the proposed finger exoskeleton can be
obtained.

To make the actual trajectory of the proposed finger ex-
oskeleton track the desired ideal trajectory, the PID controller is
implemented as follows:

u(t) = Kp · e(t) +Ki ·
∫ t

0
e(t)dt ·+Kd · ė(t) (11)

where u(t) is the output of the PID controller, e(t) = xD(t)−
xE(t) is the tracking error, Kp, Ki, and Kd are the proportional,
integral, and differential gains of the PID controller, respectively.
xE is the fingertip position of the proposed finger exoskeleton
which is measured by the Hall sensor.

Remark 4: The admittance control is implemented to achieve
the active backdriveability of the proposed finger exoskeleton,
which means the users can move their fingers freely when they
wear the proposed finger exoskeleton in the preshaping phase.
This is proven in Section IV-C.

B. Admittance Control in the Grasping Phase

In the grasping phase, the human-robot system contacts with
the object, and the main concern is to ensure that the fingertip
interaction forces meet the expectations. The contact model of
the human-robot system with the object is shown in Fig. 8(b).
The contact model is formulated as follows:

MO(ẍD − ẍO)+DO(ẋD − ẋO)+KO(xD − xO)=FE − FO

(12)
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TABLE V
ACTIVE AND PASSIVE ROM RESULTS OF TWO SUBJECTS WITHOUT AND

WITH THE EXOSKELETON

*Fl. and Ex. represents flexion and extension motion, respectively.

where xO is the initial desired fingertip position in the grasping
phase, xD is the newly generated desired trajectory under the
admittance control. MO, DO, and KO are the desired inertia,
damping, and stiffness in the grasping phase, respectively. FE is
the actual fingertip interaction force between the human-robot
system and the object which is measured by the force sensor,
and FO is the desired fingertip interaction force between the
human-robot system and the object. The initial desired position
xO in the grasping phase is confirmed as follows:

xO = xO0 +
FD

KO
(13)

where the xO0 is the position that the fingertip makes contact
with the object that the fingertip just contacts the object.

The (12) is rewritten as follows:

ẍD= ẍO +
1

MO
(FE−FO−DO(ẋD − ẋO)−KO(xD−xO)) .

(14)

By integrating the ideal acceleration (14), the ideal position of
the proposed finger exoskeleton can be obtained in the grasping
phase. By the similar procedure (11), the PID control is also
implemented to track the desired trajectory.

Remark 5: In the grasping phase, the user wears the pro-
posed finger exoskeleton, and contacts with real objects. The
admittance control is adopted to realize constant grasping force
control which ensures the grasp stability, which is shown in
Section IV-C.

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. Function Verification of the Proposed Finger
Exoskeleton

First, two experiments are conducted to test the effect of the
exoskeleton on the range of motion (RoM) of the finger by two
subjects shown in Table V: Active RoM of the user’s own finger
without exoskeleton assistance and active RoM of the user’s
own finger wearing the exoskeleton but without the exoskeleton
assistance. Five markers are placed on the index finger’s side
to obtain the index finger joints’ angles measured by motion
Ccapture. Table V shows the RoM of finger joints is affected
by the mounting placement of the proposed exoskeleton. The

TABLE VI
CONTACT FORCES FOR DIFFERENT OBJECTS

Fig. 9. Prototype of the newly formed hand exoskeleton mounted on
the subject’s hand.

results show that the finger joints’ active RoM is reduced when
the proposed index finger exoskeleton is attached to the subject’s
hand. Then, the test of the exoskeleton driving the index finger
is performed. The exoskeleton is worn on the subject’s index
finger, assisting the index finger to perform the flexion/extension
motions. The passive RoM is shown in right column of the
Table V. The affected RoM is slightly smaller than the active
RoM. The experimental result of the RoM is consistent with the
kinematic analysis in Section II.

The experiments are conducted to verify the grasping force.
In the experiment, the subject wears the proposed index finger
exoskeleton to complete a series of grasping tasks, such as
grasping a cup, an apple, a toothbrush, and a pen. Three force
sensors are mounted between the proximal phalange, interme-
diate phalange, distal phalange, and their bases of the proposed
exoskeleton, which are used to measure the contact forces. As
presented in Table VI, the experimental results show that the
differences between three contact forces are small and the mea-
suring contact forces are all positive, which ensures all objects
are securely grasped and avoid the ejection phenomenon. This
is consistent with the analysis of the contact-force optimization
in Section II.

B. Feasibility of the Proposed Finger Exoskeleton

In the experiment, the authors have added a thumb exoskele-
ton to the proposed index finger exoskeleton to form a complete
assistive hand exoskeleton system, which is shown in Fig. 9. The
thumb exoskeleton also considers the human-robot kinematic
compatibility and grasping adaptability for different objects,
which has been proposed in the previous conference paper [36].
The thumb exoskeleton can realize underactuated motions such
as thumb flexion/extension, abduction/adduction, and opposi-
tion (working with the proposed finger exoskeleton). The weight
of the wearable part of the newly formed hand exoskeleton
system is 463 g, which is within the suggested maximal weight
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Fig. 10. Snapshots on two elderly people’s tests by using the proposed
hand-assistive exoskeleton.

of assistive hand exoskeletons, which suggests that the maximal
wearable part of the hand-assistive exoskeletons is less than
500 g [10]. As to the physical space, the thumb exoskeleton
is placed on the back of the hand as shown in Fig. 9. The added
exoskeleton does not affect the range of motion of the index
finger, and the range of motion of the wrist is also not affected. To
validate the feasibility of the hand exoskeleton, the experiments
on two elderly subjects (two females, 64 years old, 65 years old)
with weak muscle strength have been conducted to complete
a series of grasping tasks, such as grasping a cup, an apple, a
toothbrush, and a pen, which are shown in Fig. 10. After the
assistance process, two elderly people filled out questionnaires
about the exoskeleton based on their own usage experiences. In
the questionnaire, 10 questions were set up, and the main concern
was to get information regarding the usage feedback of the
elderly. For example, five levels were roughly set to collect the
usage comfortability in the questionnaires: “Very comfortable,”
“Comfortable,” “Neutral,” “Uncomfortable,” and “Very uncom-
fortable.” Based on the questionnaires, both elderly people
chose the “Comfortable” option after assistance. Moreover, two
elderly people gave a positive evaluation of the proposed hand
exoskeleton. Experimental results also show that two elderly
subjects can accomplish different grasping tasks with the help of
the proposed hand exoskeleton. Meanwhile, the proposed hand
exoskeleton is able to adapt to objects with different shapes and
sizes, which is consistent with the mechanical analysis.

C. Effectiveness Verification of the Proposed Control
Algorithms

First, the experiment is designed to verify the active backdriv-
ability (compliant ability) of the proposed finger exoskeleton
under the admittance control. The values of parameters ME ,
DE , and KE are identified by the least square method from
the proposed finger exoskeleton inherent passive backdrivability
in mechanical structure. In the identification experiment, the
subjects wore the proposed finger exoskeleton on index finger
and completed the movement of their fingers from extension to
flexion to extension. Meanwhile, the contact force between the
subject’s index fingertip and the proposed finger exoskeleton and
joint angles were recorded. Based on the least square method,
the parameters are obtained ME=0.05 kg, DE=11.82 N· s/m,
and KE = 0.12 N/m. In the whole process of identification
experiment, the proposed finger exoskeleton is not driven by
motor, and it is completely driven by the subject’s index finger.
In the process of the admittance control, the subject performs
two consecutive movements, from extension to flexion and from

Fig. 11. Curve of the index joints angles under the admittance control.

Fig. 12. Curve of the contact forces between the proposed finger
exoskeleton with the index finger under the admittance control.

flexion to extension. Fig. 11 shows the curve of the finger joints
angles under admittance control. The maximum motion angles
of MCP, PIP, and DIP joints are 78.6◦, 75.2◦, and 73.7◦, respec-
tively, which is consistent with the optimized results. Fig. 12
displays the curve of the contact forces between the index finger
and the proposed finger exoskeleton under admittance control.
The solid line (Force 1) presents the contact force of the finger
from extension to flexion, and the dashed line (Force 2) presents
the contact force of the finger from flexion to extension. The
maximum interaction force is greater than -1.2 N and less than
1.2 N, which means the parameter identification of the ME ,
DE , and KE is effective. This parameter selection method can
minimize the interaction force between the proposed finger ex-
oskeleton and the human index finger compared to trial and error
method, and the active backdriveability of the proposed finger
exoskeleton can be guaranteed under the admittance control.

Second, the experiment is designed to verify the constant in-
teraction force control of the proposed finger exoskeleton under
the admittance control during grasping the object. To obtain the
values of parameters MO, DO, and KO, the subject worn the
proposed finger exoskeleton on the index finger, and completed
the tip pinch (pinching a pen) with the help of the proposed
finger exoskeleton. Simultaneously, the contact force between
the human-robot system and the object and the joint angles were
recorded when the contact force increased from 0 to 1 N. Based
on the least square method, the parameters are obtained MO =
0.05 kg, DO = 6.74 N· s/m, and KO = 27.98 N/m. Fig. 13
presents the curve of the contact force between the human-robot
system with the object under the admittance control. From the
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Fig. 13. Contact force between the human-robot system with the
object.

Fig. 14. Curve of the control input under the admittance control.

Fig. 15. Adding external disturbances to test the robustness of the
admittance controller.

viewpoint of the steady-state error, the maximum steady-state
error is 0.1 N. From the transient control performance viewpoint,
according to Fig. 13, the settling time of the proposed admittance
control is 0.8 s, which indicates the good transient performance
of the proposed admittance control for the constant force control.
The curve of the contact force control input is presented in
Fig. 14.

To further test the robustness of the admittance control system,
the authors have considered adding external disturbances. In
the test, the elderly subject wears the proposed exoskeleton
to grasp a cup. When the user firmly grasps the cup (weight:
100 g) with the assistance of the proposed exoskeleton, the
external disturbance is added by adding counterweights (weight:
100 g) in the bottom of the cup shown in Fig. 15. At this point,
the control system is affected by external disturbances. The
experimental result shows that the exoskeleton can still assist
to grasp the cup under the external disturbance, which validates
the robustness of the admittance control system.

V. CONCLUSION

This article proposes a novel underactuated finger exoskeleton
to assist the elderly with muscle weakness to grasp objects in
activities of daily livings. In the mechanical design, first, the

proposed finger exoskeleton achieves the human-robot kine-
matic compatibility. Second, to realize the finger preshaping, the
movement of the MCP, PIP, and DIP are coupled together before
the phalanges contact the object. Third, the mechanical structure
can adapt to grasp objects with different shapes and sizes. The
kinematics and kinetostatics of the proposed finger exoskeleton
are analyzed in details. To avoid the ejection phenomenon and
achieve the stable grasp, a MOGA is implemented to optimize
the contact forces. After optimization, the sum of contact forces
is risen by 15%, and the difference between forces is decreased
by 53%. Based on the analysis of the contact model between
the proposed finger exoskeleton and the human index finger,
the admittance control is implemented to realize the active
backdrivability of the proposed finger exoskeleton at the control
level, and the parameter identification of the admittance control
is based on the passive backdrivability characteristics rather
than trial and error method. Furthermore, to realize constant
contact force control between the human-robot system and the
object, the admittance control is also used to achieve the constant
force control, and the parameters of the admittance control are
also identified from the real object contact process rather than
trial and error method. Finally, experiments are implemented
to verify the range of motion, grasping force, and feasibility of
the proposed finger exoskeleton, and the effectiveness of the
proposed control algorithms is also validated in the experiment.

In the future, to better reflect the human-robot interaction
impedance, the parameters of the admittance control algorithms
are to be updated adaptively rather than constant values. More-
over, more experiments with the elderly need to be conducted
for a long period to verify how much assistance the proposed
finger exoskeleton can provide.
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