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ABSTRACT In this study, a wearable multifunctional additive hand (MAH) system is proposed for
enhancing the workspace and grasping capability of the human hand. The MAH system consists of a main
body and three fingers, and each finger has two joints. To optimize the performance, the following five
parameters are considered: finger length, number of fingers, number of joints, base frame size, and joint
angle range. The MAH system is designed to assist the human hand in the inward and outward modes. In the
inward mode, the finger joints of the proposed system rotate in the same direction as the finger flexion of
the human hand, whereas in the outward mode, the robotic fingers of the MAH system rotate in opposite
directions. The proposed system provides assistive torque and expands the workspace of the human hand in
the inward mode. When the additive finger joints rotate outward, they grasp an object as a third hand. The
validity of the proposed system is verified analytically by changing the design parameters, considering the
workspace expansion and joint torque reduction. An alpha shape is introduced to calculate the expanded
workspace volume using the proposed system. The joint torque was estimated by utilizing kinematics and the
force equilibrium equation, assuming that the human hand with the MAH system holds a postulated object.

INDEX TERMS Grippers and other end-effectors, human performance augmentation, multifingered hands,

physically assistive devices, wearable robotics.

I. INTRODUCTION

The hand is one of the most important organs of the body
throughout human history. Because human civilization has
evolved with the function of the hand, modern people do most
of their daily work with their hands [1]-[4]. As the society
and individual roles are becoming increasingly complex, two
hands with a total of ten fingers are occasionally insufficient
to grasp objects of significant quantities or that are larger
than the human hand [5], [6]. For instance, most mobile
device users carry their devices, such as cell phones and tablet
computers, continuously with their hands, which leads to a
lack of empty hands.
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Therefore, a number of research teams are interested
in enhancing the capability of the human hands [7], [8].
Researchers have developed exoskeleton robots mounted on
the upper body to assist the human arm and hand to produce
larger forces [9]-[12]. A research team in Saga University
proposed an upper limb exoskeleton robot for rehabilita-
tion and for assisting upper body activities [9]. Noda et al.
focused on the actuator of an upper limb robot to reduce the
weight and size of the robot. They used a pneumatic electric
hybrid actuator to power the robot and applied Bowden cables
to the actuator. The upper limb exoskeleton robot system
could assist upper body activities; however, the users may
feel uncomfortable owing to the difficulty in freely moving
while wearing these devices because the robots are directly
mounted on the upper limbs of the human body. In addition,
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they are bulky and heavy because their size is the same as the
entire upper human body.

To address these problems, several studies have designed
a finger exoskeleton robot that creates a torque on the finger
joints or controls them to rotate in specific values of a torque,
mainly for rehabilitation of the disabled [13]-[18]. For exam-
ple, Lum et al. analyzed the application of a robotic approach
to the hands of stroke patients. The finger exoskeleton robot
controls finger joints and is mounted directly on top of the
hand with revolute joints or elastic tendons. Therefore, the
robot can damage the fingers if it malfunctions or produces
excessive torque. In addition, the exoskeleton robot can only
help the finger rotate its joints; thus, its application is signifi-
cantly limited. Furthermore, this robot may disturb the natural
movement of the finger when it is not operating because the
components of these devices are made of rigid materials.

Finger-assistant exoskeletons with soft materials have also
been considered [19]-[21]. However, there is a restrictive
limit on the force that robotic fingers consisting of soft mate-
rials can produce. They cannot work in a multifunctional
manner, such as grasping an object, and can only assist the
grasping or pinching motion of the user. From another view-
point, studies have suggested a robotic finger attached near
human fingers that is referred to as the Sixth Finger [22].
Therein, the Sixth Finger consists of only one finger, located
next to the pinky or on the wrist. It literally functions as
the sixth finger, expanding the workspace of the hand and
reducing the stress produced on a finger. However, recent
studies on the design of the Sixth Finger have focused on
having only one finger, thereby limiting its capability and
application. It cannot grasp something by itself and can only
assist the other fingers.

In this study, the MAH system is proposed to enhance the
workspace as well as the grasping capability of the hand by
adding three robotic fingers. The proposed system consists of
a main body that plays the role of the second palm, and addi-
tive finger joints that can rotate in either the finger flexion or
finger extension direction of the human hand. In other words,
the fingers of the MAH system are operated in either the
inward or outward directions. The main function of the MAH
system is to expand the workspace of the human hand for both
modes. For the inward mode, the maximum volume of objects
that can be held by the hand is increased using the MAH
system, and the joint torque generated by the proposed system
assists in reducing the human joint torque. Furthermore, the
MAH system increases the maximum weight of an object that
the human finger can hold. In addition, when the finger joints
of the MAH system rotate in the outward direction, the main
body acts as another palm that faces the opposite direction
of the human palm and can grasp an object on it with the
additive fingers. To control the interaction between human
body and hand robot, both sensors collecting human body
signal and sensors detecting finger tip pressure are essential.
A soft hand system developed by Gu et al. used electromyo-
graphy (EMG) sensors and hydrogel-elastomer sensors [23].
They are effective in collecting electric signals from human
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muscle and providing feedback. The MAH system uses the
piezoelectric sensor to detect signals from both human wrist
skin and the target object to operate the fingers.

There are three special points of the MAH system which
are distinct from other extra-digit robots: three fingers, the
second palm, and the usage of the piezoelectric sensor.

o Three fingers: The current extra-digit robots are focused
on assisting the performance of the human hand with
only one or two robotic fingers so-called the Sixth Fin-
ger [22], [24]-[26]. They are amounted on the wrist and
are operated like another thumb. Designing the MAH
system, more robotic fingers are considered to have bet-
ter performance to enhance the capability of the human
hand. Therefore, three robotic fingers are expected to
be appropriate with geometric and numerical evidences
shown in Section II-B and I'V-B.

o The second palm: The MAH system has the second palm
and the robotic fingers which rotate in two directions.
These structural features enable grasping in two spaces
based on the human hand palm and the second palm.
This maximizes the workspace of the human hand wear-
ing the MAH system.

« The piezoelectric sensor: To control the additive robotic
fingers, signal from the muscle represented by the EMG
signal was applied [25], [26]. Therein, the devices to
detect this signal were amounted on upper limbs to
operate the robotic finger system. The MAH system also
needs to detect the human body signal and give feedback
itself to operate. Here, the piezoelectric sensors are used.
The piezoelectric sensor makes electric signal as it is
under strain. It controls the inward mode of the MAH
system sensing the fine curve on the wrist skin when
human hand grasps. In addition, the piezoelectric sen-
sors on the tip of the robotic fingers detect whether they
grasp the target object in the same way. The piezoelectric
sensor is thin, light, and easy to deform so that it is
considered to be proper to apply to the MAH system.

The design parameters and the overall description of the
proposed system are presented in Section II. The specific
values for these parameters were determined by considering
the wearability while maintaining the performance of the
MAH system. The hardware configuration and the mecha-
nism of the operation modes are also indicated in Section II.
The kinematic modeling and mathematical methods used
for the analysis to verify the performance of the proposed
system are derived in Section III. The kinematic model
of the human hand and the MAH system is established
geometrically using the standard Denavit-Hartenburg (DH)
method [27], [28]. The force equilibrium equation is calcu-
lated to estimate the joint torque reduction, and the alpha
shape is introduced to numerically measure the volume of
the workspace. The results of the analysis are presented
in Section IV. The performance comparison according to
the variations of the parameter values is verified with the
simulations, and the capability of the proposed system is
also demonstrated. The workspace and reduction of torque
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are achieved using MATLAB, and the delay between the
detection of the grasping intention and actuator operation is
obtained using a 2D tracking program. Finally, Section V
concludes this study.

Il. DESIGN PARAMETERS AND SYSTEM DESCRIPTION

A. FINGER LENGTH

Finger length is a main parameter and affects the workspace,
system weight, and geometric constraints. Because the
workspace of a system is proportional to the cube of a
joint length, it is a significant parameter for determining
the workspace. Although a longer joint length leads to a
larger volume of the workspace, it has lower wearability.
In particular, the fingers of the proposed system can interfere
with human fingers or other objects. In addition, it makes it
difficult to work in a narrow space, and the weight increases.
For instance, if the finger length of the MAH system is too
long, the entire MAH system becomes excessively heavy and
inconvenient for users; there is also a possibility that the
fingers of the MAH system may overlap with each other.
To manage these trade-offs, the joint length was set as the
maximum length that does not overlap with the other joints
and human fingers. The lengths set using these criteria are
Iy.1 = 0.045m and Iy » = 0.046 m, and the total length of
one finger is Iy 7 = 0.091 m.

B. NUMBER OF FINGERS

The maximum number of fingers depends on the size of
the actuator in each joint and the geometrical constraints.
Around a human hand, there are six main extra spaces where
human fingers are not located: four spaces between fingers,
the space between thumb and wrist, and the space between
pinky and wrist. Among these, only the space between thumb
and wrist, and the space between pinky and wrist are available
to locate robotic fingers because of the constraints between
fingers arising in abduction/adduction movement [29]. Based
on this structural characteristic of the hand, the fingers of
the proposed system are considered to be placed between the
thumb and wrist or between the pinky and wrist. The finger
width of the system is determined by the size of the actuator;
thus, there is a limit to the maximum number of fingers that
can be placed on the main body.

Although more fingers provide a greater assistive torque,
they increase the weight of the system and worsen wearabil-
ity. The number of fingers was determined based on the fact
that a minimum of three contact points would be used to hold
an object in a stable manner in the outward mode. Although
two fingers can hold an object, because the center of gravity is
on the line between the two contact points, holding with two
fingers is unstable compared to holding with three fingers.

C. NUMBER OF JOINTS

The number of joints is related to the degree of freedom
(DOF). A system with a high DOF provides a greater assis-
tive torque because more actuators are implemented and the
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assistive torque at the end-point is the summation of all the
net torques generated by each actuator. In addition, more
complex-shaped objects can be held with a high DOF sys-
tem. The finger end-point of the MAH system can reach a
high DOF where objects or obstacles are obstructed; thus,
the workspace is also expanded. However, as the number of
actuators increases, the inertia and weight of each joint also
increase. Therefore, the efficiency of the assistive torque gen-
erated by each actuator decreases with a high DOF. In addi-
tion, it also limits the number of joints in which the proper
length of one finger and the actuator are determined.
Considering the aforementioned, the appropriate number
of joints is set to two. If a finger has two joints, the end-point
is expected to cover most of the space surrounding the pro-
posed system, while not being too heavy to use conveniently.
Furthermore, several studies have reported a three-fingered
hand robot design with two joints for each finger [30], [31].

D. SIZE OF BASE FRAME

The size of base frame decides the design of the other parts
and is the important factor in a robotic hand system. In case
of wearable devices, the size of the frame is hard to decide
because it has to differ according to the body size of the
wearer. If the frame size is too small, the workspace of the
operating parts overlaps that of the human causing inconve-
nience. If the size is too big, the whole system affects the free
motion of the human body and a large load is also applied to
the wearer.

For this reason, the size of base frame is decided according
to the size of the wearer’s hand who actually operates the
proposed system. The location of fingers on base frame is
designed not to affect the other parts of the human hand.

E. RANGE OF JOINT ANGLE

The range of joint angle is related to the volume of the
workspace. In robotic system, the types and specifications
of motors as joints are really important to expect the perfor-
mance because they decide the DOF and workspace of the
system. Joints have to rotate in reasonable range which does
not collide with the links or base frame. If joints rotate only
in small range, the end point cannot reach to the target object
due to the small workspace.

Six revolute joints which rotate up to 180° are considered
to be suitable for configuring the fingers. This angle range is
proper to make the end-points of the fingers reach both the
human palm and the second palm.

F. HARDWARE DESCRIPTION

Fig. 1 presents the hardware configuration of the MAH
system, which consists of the following five main parts:
a main board, a second palm, switches, fingers, and a wrist
sensor. All the actuators are servomotors (HS-53 Super-
Economy Feather, HiTec, Inc.) and are controlled through the
pulse-width modulation method by using a microprocessor
unit (MCU). An Arduino Nano board with a 10-bit analog-
to-digital converter is implemented in the main board as the
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FIGURE 1. Hardware description of the MAH system.

MCU. It also receives signal outputs from the sensors on the
tip of each finger and wrist.

The second palm maintains the position of the fingers.
When the MAH system operates outward, the three fingers
rotate outward to grasp the object on the second palm. In other
words, it plays the role of an outward palm of a human.
To prevent damage to an object and slippage, the tip of each
finger and the second palm have surfaces made by Ecoflex
(Ecoflex 00-30, Smooth-On, Inc.), which is a type of soft and
flexible silicone.

The following three switches are needed to operate the
MAH system: motor power, mode change, and outward
grasp. The motor power switch controls the power source
to supply power to the MAH system. The mode change
switch determines whether the MAH system drives outward
or inward. The outward grasp switch manages actuation in
the outward mode.

The outward mode is controlled by an outward grasp
switch. Meanwhile, the inward mode starts an operation
based on the wrist sensor signal. In particular, it is operated
when the output of the sensor is higher than the threshold.
In inward case, the fingers of the MAH system assist the
human fingers in grasping the object. In the outward mode,
the MAH system grasps an object with the second palm.

There is a tip sensor on each end-point of the finger. The tip
sensor detects contact with a target object through the voltage
generated by the deformation of the piezoelectric sensor. The
piezoelectric sensor is based on a representative piezoelectric
material, polyvinylidene fluoride (PVDF) [32]-[34]. A 28 um
PVDF film was used (Measurement Specialties, Inc). The
wrist sensor is also a piezoelectric sensor, which measures the
curvature change of the skin on the wrist. When the human
hand generates a grip, a slight curvature change occurs on the
skin of the wrist [33], [35], [36]. The wrist sensor detects the
change, and the main board that receives the sensor signal
commands motors to rotate in the inward direction.

The hand part including fingers and the palm of the MAH
system weighs 270 g. Hand exoskeleton robots were designed
to have hand-mounted part which does not exceed 500 g [13],
[19]-[21]. The other parts including main board, switches,
and the wrist sensor weigh 310 g. Therefore, the total weight
of the whole system is 580 g.
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G. OPERATION MODES

The operating mechanism of the MAH system is illustrated
in Fig. 2. Fig. 2(a) and 2(b) present the process in which
the MAH system works in the outward and inward direc-
tions, respectively. Each mode has the five following opera-
tion steps: mode selection, object approach, object grasping,
motor angle fixing, and unfolding. A detailed explanation of
the outward mode process is as follows:

1) Mode selection: The outward mode is selected by the
mode change switch.

2) Object approach: Target object should be placed in the
workspace of the proposed system prior to the initiation
of the outward grasping.

3) Object grasping: After the outward grasp switch is
pushed, all six actuators rotate at a constant angular
speed until the end-point is in contact with the target
object.

4) Motor angle fixing: If any tip of the MAH touches
the object, the piezoelectric sensor on the tip detects
the contact. Then, all actuators stop rotating and fix
their angle while maintaining the grasping position.
The joint angle is maintained until the outward grasp
switch is pressed again for release.

5) Unfolding: When the outward grasp switch is pressed,
all fingers of the MAH system are unfolded and return
to the initial position.

The process of the inward mode is similar to that of the

outward mode; however, a few procedures are different.

1) Mode selection: The inward mode is selected with the
mode change switch.

2) Object approach: The palm of the user is located on the
target object.

3) Object grasping: When the user grasps the object,
the wrist sensor detects the fine curvature change of
the wrist skin caused by muscle contraction. When the
sensor signal is higher than the threshold, all motors
rotate at a constant angular speed, and the MAH system
grasps the object and provides assistive torque.

4) Motor angle fixing: If any of the MAH tips touch the
object, the piezoelectric sensor on the tip senses it.
Then, all the actuators stop rotating and adjust their
angle while maintaining the grasp posture. The joint
angle is maintained until the wrist sensor detects the
finger extension.

5) Unfolding: When the wrist sensor detects the finger
extension, all fingers of the MAH system are unfolded
and return to the initial state.

Fig. 3 presents a demonstration of the MAH system opera-
tion. The three figures in Fig. 3(a) and 3(b) present examples
of the outward and inward mode operations, respectively.
Fig. 3(c) shows examples for the situations in which the
proposed system operating in the outward mode is necessary
due to several specific constraints of the human hand. In a
situation where a number of objects have to be carried at
once, the MAH system can assist it by grasping rest of the
objects which the human hand cannot hold more (left of
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1. Mode Selection -_—

4. Motor angle fixing
/ 4-1. Tip Sensor Touching
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4-2. Motor fixing

5. Unfolding

5. Unfolding

5-1. Human Hand unfolding
5-2. Wrist Sensor Touching
Signal Recognizing

3-2. Wrist Sensor Touching
Signal Recognizing

2. Object Approach
3. Object Grasping
3-1. Object Grasping
with the human hand

3-3. Object Grasping
with the MAH system

4. Motor angle fixing
4-1. Tip Sensor Touching
Signal Recognizing

4-2. Motor fixing

5-3. System unfolding

(2)

(b)

FIGURE 2. Operating mechanism when the MAH system drives (a) outward and (b) inward.

TABLE 1. Geometric values for kinematic modeling of human hand.

Thumb Index Middle Ring Pinky
lH2 0.03 m 0.04 m 0.045 m 0.04 m 0.035 m
lu3 0.025 m 0.02m 0.025 m 0.02 m 0.015m
lH,a - 0.015m 0.015m 0.015m 0.01m
ZH1 —2°~10° —10°~20° —-10°~20° —10°~20° —10°~20°
zg2 —80°~-30° —15°~85° —15°~85° —15°~85° —15°~85°
zg3 —90°~—10° 0°~90° 0°~90° 0°~90° 0°~90°
ZH4 — 0°~70° 0°~70° 0°~70° 0°~70°

Fig. 3(c)). The proposed system can also be helpful when
the human hand has restrictions. For instance, human fingers
are fixed to the bandage when they are injured (middle of
Fig. 3(c)). In another case, human hands have to be protected
when hygiene is important such as in laboratory or infectious
diseases situation (right of Fig. 3(c)). In these situations, the
MAH system can perform tasks which the human hand does
instead of it operating in the outward mode.

Ill. KINEMATICS AND JOINT TORQUE ESTIMATION FOR
ANALYSIS

A. GEOMETRY AND COORDINATE SYSTEM

To verify the performance of the proposed system analyti-
cally, kinematic modeling of the human hand and the MAH
system was performed. The origin and coordinates are shown
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TABLE 2. Geometric values for kinematic modeling of MAH system.

Iva 0.045 m
In2 0.046 m

v —90°~90°
Zava —90°~90°

in Fig. 4. Fig. 4(a) presents the coordinates and kinematic
scheme of the right human hand. The index, middle, ring,
and pinky fingers consist of spherical joints, two revolute
joints, an end-point, and three links, respectively. The thumb
consists of a spherical joint, a revolute joint, an end-point, and
two links. The origin of the coordinate is on the first joint of
the middle finger (see blue axes in Fig. 4(a)), and the positions
of the first joints of the other fingers were predefined by the
size of the subject’s hand.

Fig. 4(b) presents the coordinates and kinematic scheme
of the MAH system. The prototype has three identical fin-
gers, and each finger has two links and two revolute joints.
As indicated in Section II, a possible position for the additive
fingers is between the thumb and wrist, or pinky and wrist.
The locations of the first joints are determined according to
the possible positions considering the size of the actuators.
The origin of the MAH system coordinates are the same as
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FIGURE 3. Examples of the MAH system operation; (a) outward mode,
(b) inward mode, and (c) cooperation between the human hand and the
MAH system in outward mode.

that of the human hand. Specific values of each length and
the range of joint angles for the human hand and the MAH
system are shown in Tables 1 and 2, respectively. In Table 1,
index H consists of th, in, mi, ri, and pi, which indicate the
thumb, index, middle, ring, and pinky fingers, respectively
(H = {th, in, mi, ri, pi}). In Table 2, index M consists of m1,
m?2, and m3, which refer to fingers 1, 2, and 3 of the MAH

system, respectively (M = {ml, m2, m3}). The geometric
values of the human hand are modeled based on a previous
study [37].

The size and shape of the palm of the MAH system are
determined by referring to the subject’s hand and the con-
sidered parameters. The geometric values not shown in the
tables and figures are as follows: d; =0.018 m, d, =0.016 m,
Yt = —76.19°, Y0 = —127.47°, and ¥,,3 = —116.00°. ¥y
is the angle between the direction of finger M and the x-axis
of the origin.

B. DENAVIT-HARTENBURG PARAMETERS
The strategy to find the end point trajectories of all fingers
consists of two steps as follows:
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Zth1

\ g pn (0.020,-0.040, 0.038 )

" pmt (-0.001, 0.012, -0.039)
pr2 (0.063, 0.012, 0.054)
pma (0.047, 0.012, -0.034)

(b)

FIGURE 4. (a) Kinematic modeling of the human hand and (b) the MAH
system. The origin and coordinates of these two are the same. The origin
is on the first joint of the middle finger.

TABLE 3. DH parameters of human hand thumb.

i 0; d; a; a;
1 180°+zn1 O 0O 0
2 0 0 0 90 °
3 Zth,2 0 lna O
4 2th,3 0 lngs 0

1) Find the trajectory of the end point with the first joint

positioned at the origin.

2) Translate the trajectory by the displacement between

the first joint and the origin.

The standard DH method was introduced to derive the kine-
matics for each finger of both the human hand and the
MAH system. Standard DH convention assumes that the
i coordinate frame is at the (i + 1) joint. The coordinate
transformation is represented by four DH parameters, and the
transformation matrix is as follows:

cos(0;) —sin(6;)cos(a;) sin(6;)sin(a;) aijcos(6;)
| sin(6;) cos(Bp)cos(a;) —cos(O;)sin(a;) a;sin(6;)
-1 0 sin(a;) cos(a;) d;

0 0 0 1

ey
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where 0; is the joint angle between the x;_; and x; axis about
the z;_1 axis, and d; is the distance from the origin of the
(i — 1)”’ frame to the x; axis along the z;_; axis. Moreover,
a; is the offset distance between the z;_; and z; axis along the
x; axis, and «; is the angle from the z;_; axis to the z; axis
about the x; axis.

The vector of the end-point, P, is obtained using the
following equations, which are a series of transformation
matrices:

Ty = T 1775 - T, @
0
/ n 0 4
P'=T5|,|+QecR 3)
1

where n is 4 for the human thumb and 5 for the other
human fingers, as well as for the fingers of the MAH system.
The DH parameters of the human hand and MAH system
are shown in Table 3, 4, and 5. The last component of
P’ is always 1 because it is added to match the dimen-
sion of the equation. Therefore, P consists of the first three
components of P’.

Q is the parallel translation matrix, and its value is
[0.02 —0.04 0.038 017, [0 0 4 017, [0 0 0 0]7, [0 0 —d,
017, and [0 0 —di-d> 0]” for the thumb, index, middle,
ring, and pinky fingers, respectively. For the MAH sys-
tem, Q is [—0.001 0.012 —0.039 0]7, [0.063 0.012 0.054
017, and [0.047 0.012 —0.034 0]7 for fingers 1, 2, and 3,
respectively. The (4,1) component of matrix Q, 0, is a mean-
ingless number. The first joints of all human fingers are
spherical joints that consist of two revolute joints each; thus,
they were considered to have two DH parameters set, and /g |
was zero.

TABLE 4. DH parameters of human hand index, middle, ring, and pinky
finger.

i 0; d; a; Qa;

1 180° 0 0 90 °
2 zy; O 0  —90°
3 ZH,2 0 lH,Q 0

4  zpg3 0 I3 0

5 ZH,4 0 lH74 0

TABLE 5. DH parameters of MAH system finger.

i 0; d; a; a;

1 180° 0 0 90 °
2 Yum 0 0 0

3 0 0 0 —90°
4 zma1 0 v 0

5  zm2 0 In,2 0
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C. CONTACT POINT DETECTION

Contact points are detected prior to torque estimation because
the required torque varies depending on the position of the
contact point. To estimate the joint torque under the same
condition, a spherical object is postulated, which has the
following properties:

« Shape: Sphere

« Radius: 0.04 m

o Material: ABS Alloy

o Density: 982.91 kg/m>

The equations obtained from the inverse kinematics based

on the aforementioned kinematic modeling are inconsistent,
except for the thumb, owing to the difference between the
number of unknowns, which are the components of the posi-
tion vector, as well as the equations, which indicate the num-
ber of unknown DH parameters. Therefore, the contact point
was calculated kinematically using the following assump-
tions and criteria.

1) All fingers can approach any point on the sphere with-
out obstruction by the object.

2) Points are calculated kinematically with a distance of
3 x 1077 m, i.e. 0.03 mm, or less between the points
and the surface of the postulated object.

3) As the direction of the force vector moves closer to the
opposite direction of gravity, the required joint torque
decreases because only the gravity of the object needs
to be compensated to make the resultant force zero.
Therefore, the point with the lowest y-axis coordinate
value among the points that satisfy the previous criteria
is selected as the contact point.

D. JOINT TORQUE ESTIMATION

One of the main contributions of the proposed system is
joint torque assistance. To estimate the generated joint torque
by simulation, the joint torque was analyzed based on the
following assumptions.

1) There is no friction on the surface of the target sphere
object.

2) The torque generated by each actuator has the same
magnitude, 0.187 x 10~3 N-m, which is 1/1000 of the
stall torque. In other words, the actuator operates with
a constant input without a controller and feedback.

3) All contact forces are directed to the center of the
target object. Therefore, the unit force vector, Uy, is
(0 — Cx)/|10 — Cx|| € R3*3, where O is the position
of the target object’s center, and C is the position of
the detected contact point. Index X is the set of the
human fingers and the fingers of the MAH system, and
X ={H,M}.

4) The percentage contribution of the four fingers, exclud-
ing the thumb, while grasping an object is constant; the
values are derived from a previous study [38].

The Jacobian matrix of each finger in the MAH system is
obtained from the transformation matrix and the joint angles
of the contacting situation. For the convenience of calcula-
tion, 1y is set to zero, and there is no z-axis force component.
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Thus, the relationship between the contact force vector and
joint torque is as follows:

™,1| _ 4T
[W} = Ty Fu “
where 77,1 and 1) 7 are the torque produced by the first joint
of the finger in the MAH system and that produced by the
second joint of the finger in the MAH system, respectively.
Moreover, Jys is the Jacobian matrix of the MAH system
(Ju € R?*%), and Fy; is the end-point force of the finger in
the MAH system (IF; € R?). The torque produced by an actu-
ator of the MAH system is fixed at 0.187 x 10~> N-m based
on an assumption. Therefore, this matrix equation becomes
two equations that have two unknowns and can be solved. The
magnitude of force produced by the end-point of each finger,
[IF'az ||, was also obtained. Because the force generated by the
MAH system is calculated and the percentage contribution
of the four fingers is constant, the force equilibrium equation
can be expressed as follows:

el
r'ﬁn
T fmi
T fri
r 'fpi
1Bl
I Em2 I
LIEm3ll

where fin, fii, fri» and fp; are the percentage contribution and
constant. In Equation (5), there are three linear equations
and two unknown variables, ||IFy;|| and r. Therefore, instead
of r, two variables, k and p, were introduced, which were
observed not to have distinctly different values during all the
calculations. The force equilibrium equation with variables is

1 Fonl

k 'fmi

p 'fri

pfor (6)
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The transformation matrix and Jacobian for the human fin-
gers are also found. Therefore, there is a relationship between
the torques produced by the human fingers and their contact
forces as shown in Equation (7):

&)

TH,1
TH,2 T
| =JyFH @)
H 3 H
TH 4
where ty 1, T2, TH.3, TH.4, Ju, and Fy are the torque
produced by the first, second, third, and fourth joints of

the human finger, the Jacobian matrix of the human finger
(Ju € R*>*%), and the end-point force of the human finger
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(Fy € R3), respectively (tg.4 does not exist for the thumb
owing to the kinematic model. Thus, Jy, is a 3 x 3 matrix).
The torque that each human finger must produce to hold the
target sphere is estimated with this equation.

TABLE 6. Volume of the workspace by the number of joints.

The number of joints ~ Volume of the workspace

2 42.5 x 10~*m?3

2! 54.0 x 10~4m3

3 72.1 x 104 m3
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FIGURE 5. Human finger joint torque reduction by the number of finger
joints in the MAH system. Blue, green, and red points are estimated joint
torque for the case of two joints, 2’ joints (two joints with 1.33 times long
links), and three joints, respectively. Left to right of each area separated
by vertical line is the first, second, third, and fourth (the thumb has no
fourth joint) joints.

IV. ANALYSIS OF SIMULATION AND EXPERIMENTAL
RESULTS

The performance of the proposed system was verified by
comparing the expanded workspace and reduction of the
human finger joint torque based on the kinematic modeling in
Section III. The performance of the MAH system according
to five parameters was also analyzed considering the volume
of the workspace and reduction of the torque on the human
finger by the MAH system. To numerically analyze the vol-
ume of the workspace, an alpha shape is introduced [39]-[42],
which is a family of the linear simple curves that contains
a finite number of points in the Euclidean plane. The alpha
shape is useful in calculating the area or volume of an irregu-
lar shape, which consists of a finite number of points. Because
the kinematic modeling of the human hand has 19-DOF and
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that of the human hand with the MAH system has 25-DOF,
the workspace has an irregular shape. Therefore, the volume
of the workspace was achieved by the alphaShape.m
function of MATLAB (Matlab2019b, MathWorks, Inc.).

To operate the MAH system in the inward mode, the grasp
motion is detected by the piezoelectric sensor on the wrist.
The piezoelectric sensor signal that occurs on the wrist is
measured by the MCU on the main board, followed by the
actuators being operated by the process in the MCU with
the sensor output. Therefore, there is an inevitable delay
between the occurrence of the sensor signal and motor rota-
tion. In other words, the delay between the grasping intention
detection and actuator operation occurs. This delay is deter-
mined because synchronization affects the effectiveness of
the assistive torque generated by the MAH system. To mea-
sure the delay, a vision camera (DSC-RX10M3, Sony Corp.)
was utilized as an observer of the MAH system operation to
detect the actuator operation by using a 2D tracking program
(ProAnalyst Motion Analysis Software, Xcitex, Inc.). The
operation was recorded using a camera with a rate of 240 fps.
Three points were marked on two joints and the end-point to
be detected by the tracking program. To synchronize the mea-
surements from the piezoelectric sensor and vision camera,
an LED lights up using an MCU on the MAH system.

A. ANALYSIS IN TERMS OF THE NUMBER OF JOINTS

The MAH system has two links with lengths of 0.045 m and
0.046 m each, and the proposed system was compared with a
system that was assumed to have three joints for each finger
with a length of 0.030 m. The length of the additional link
does not contact the MAH palm when all the joints rotate as
the maximum angle. To have the same conditions as the three-
joint case, excluding the number of joints, two joints with the
total length of each finger being the same as the total length of
the three joints were also considered. Thus, the lengths of the
two links in case 2" are 0.121 m and 1.33 times with respect
to the length of the two links in case 2.

An analysis of the assistive torque is shown in Fig. 5.
The y-axis is the joint torque generated by the human hand.
Therefore, the lower joint torque indicates that the proposed
system better assists the wearer. For the index, ring, and pinky
finger, the second joint, zz > has the highest value of joint
torque. This tendency is also appeared in other researches
studying human finger joint torque. The index and middle
finger joint torque generated by the human hand for the case
with three joints is 0.6 % larger than that for the case with 2
joints on average. In addition, the ring finger and pinky joint
torque generated by the human hand in the case of three joints
is 31.3 % larger than that in the case of two joints on average.
In other words, the torque assisted by the case of three joints
on the index finger and middle finger is less than that of the 2/
joints, and that on the ring finger and pinky is less than that of
the two joints. The smallest reduction of torque on the thumb
among the three cases is also shown. The thumb joint torque
in the case of three joints is 11.8 % larger than that of the case
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with two joints, and 1.6 % larger than that of the case with 2’
joints.

The volume of the workspace for each case is shown in
Table 6, which presents that the case with three joints has a
workspace volume 1.696 times larger than that of the case
with 2, and 1.34 times larger than that of the case with 2’. The
case with three joints is apparently more efficient in terms of
workspace; however, there is no significant increase in terms
of assistive torque, while it consists of approximately 50 %
more weight than that of the case with two joints.

TABLE 7. Volume of the workspace by the number of fingers.

The number of fingers ~ Volume of the workspace

2 34.0 x 10~4m3
3 42.5 x 1074 m3
4 47.0 x 1074 m3

B. PERFORMANCE FOR VARIOUS NUMBERS OF FINGERS
The proposed system has three fingers, one between the
thumb and wrist and two between the pinky and wrist. Addi-
tionally, a simulation system with two and four fingers is
compared with the proposed system. For the two-finger sys-
tem, the addition of the finger between the thumb and wrist
is removed from the proposed system. For the four-finger
system, one finger is added between the thumb and index
finger to the proposed system. The three systems, includ-
ing the proposed system, are also analyzed considering the
workspace and torque reduction.

Table 7 presents the volume of the workspace for the
three cases. For the two-finger system, the volume of the
workspace is approximately 0.80 times that of the proposed
system, which has three fingers. For the four-finger system,
the volume of the workspace is approximately 1.11 times that
of the proposed system. In other words, the increase rate of the
workspace volume from the two-finger system to the three-
finger system, which is 25.0 %, is more efficient than when
adding one finger from three fingers, which is 10.6 %.

The results of the joint torque analysis are shown in Fig. 6,
which indicate that the case of the three fingers reduces
the largest torque. The two-finger MAH system presents the
smallest torque reduction as expected, and the four-finger
MAH system follows. The three-finger MAH system presents
aremarkable ability to assist in grasping a target object among
the three cases. The main reason the joint torque with the
three-finger system is more reduced than the joint torque with
the four-finger system is because the magnitude of the force
independent of the direction of gravity is increased. In other
words, the magnitude of the x-direction and z-direction forces
with the three-finger system is the smallest among the three
systems, and reduces the joint torque on the human finger in
the holding situation.
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FIGURE 6. Torque of the human fingers by simulation to hold the target sphere with and without the MAH system in three cases. The hollow
circles on the graphs are estimated joint torque without the MAH system. The red, blue, and green points are estimated joint torque with two,
three, and four-finger system, respectively. Left to right of each area separated by vertical line is the first, second, third, and fourth (thumb has
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no fourth joint) joints.

In summary, compared to the weight of a system increase 10 Ox10'4
due to the addition of fingers, the three-finger system, which
is the proposed system, effectively increases the volume of 90r 1
the workspace while reducing the human finger joint torque = 8o} 3
the most. >
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> y = 3.86x°+39.98x>-18.27x+16.91 data. The blue line represents poly-fitted results by 3 _order polynomial.
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FIGURE 7. The volume of the workspace of the human hand with the
MAH system along with the finger length of the MAH system. The red
points are the volume of the workspace data according to change of the
finger length of the MAH system. The blue line represents poly-fitted
results by 3 -order polynomial.

C. WORKSPACE ANALYSIS ACCORDING TO THE FINGER
LENGTH

The lengths of the two links in the prototype are 0.045 m and
0.046 m. The ratios of the link lengths of the additional cases
to the original lengths were considered from 0.5 to 2.0 with
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The analysis results are shown in Fig. 7. Note, the finger
length of the MAH system was determined as the maximum
length that does not interfere with the other fingers for wear-
ability, despite the workspace increasing in proportion to the
cube of the length, as shown in the figure.

D. WORKSPACE ANALYSIS ACCORDING TO THE BASE
FRAME SIZE

For the prototype of the MAH system, the three fingers are
located by coordinates, Q, which is proposed in Equation (3).
The ratios of the changed distances between the origin of
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the kinematic modeling of the MAH system and its fingers
to the original ones were considered from 0.5 to 2.0 with
0.1 intervals. Because volume is proportional to the cube of
the length, the result was fitted to third polynomials as shown
in Fig. 8.

Fig. 8 shows the analysis results of the workspace. As the
fingers of the MAH system are located further from the
origin, the workspace of the system becomes larger in propor-
tion to the cube of the distance. However, as the base frame
becomes larger, the whole system becomes bulkier and more
load applies to the human hand. In addition, if base frame is
designed to be larger than the hand of the wearer, it affects the
space around the human hand where the hand can reach. For
this reason, the size of base frame is determined as the size of
the wearer’s hand.

4
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FIGURE 9. The volume of the workspace of the human hand with the
MAH system along with the range of the joint angle. The red points are
the volume of the workspace data according to the change of the joint
angle of the motors used in the MAH system.

E. WORKSPACE ANALYSIS ACCORDING TO THE JOINT
ANGLE RANGE

Fig. 9 shows the change of the workspace according to the
change of the joint angle range. The prototype of the MAH
system has joints whose angle range is —90° to 90°. The
limits to the maximum/minimum value of the joint angle is
considered from —10°/10° to the —90°/90° with —10°/10°
intervals. The workspace increases as the joint angle range
increases until the range reaches to —50° to 50°. The graph
shows that it has maximum values, 42.5 x 10~% m?, which is
the volume of the workspace of the prototype. Though, less
than —90°/90° of rotation restricts the end-point of the fingers
so that they cannot grasp things whose height is smaller than
a link of the fingers. Thus, joint rotating —90°/90° is proper
to grasp things of various shape and size.
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F. PERFORMANCE OF THE PROPOSED SYSTEM

Based on the modeling of the human hand and the MAH sys-
tem in Section III, the workspace of the human hand with and
without the MAH system are presented in Fig. 10. The upper
row of Fig. 10 presents the workspace of the human hand,
while the lower row of Fig. 10 presents the workspace of the
human hand and the MAH system. The overall workspace
with and without the MAH system is expressed in the first col-
umn of Fig. 10. The second, third, and last columns of Fig. 10
are the projections on the xy, yz, and xz planes, respectively.
The indigo, green, magenta, light blue, and yellow colored
areas indicate the workspace of the thumb, index, middle,
ring, and pinky fingers, respectively. The blue, brown, and
dark blue colored areas display the workspace of fingers 1, 2,
and 3 in the MAH system.

To quantify the volume of the workspace, the volume
of the workspace with and without the MAH system was
calculated using the alpha shape, which was plotted using
MATLAB and is presented in Fig. 11. The volume of the
workspace of the human hand was 2.38 x 10™* m?, and that
of a human hand wearing the MAH system in the inward
mode is 20.00 x 10~% m3. In other words, the workspace is
expanded by approximately 8.40 times. In the outward mode,
the workspace of the MAH system was 9.63 x 104 m>.

Fig. 12 presents the estimated joint torque of the human
fingers required to hold the target sphere object with and with-
out the MAH system. The MAH system distinctly reduces
the joint torque on all five fingers. The degree of reduction
for the fingers is 26.21 %, 9.93 %, 10.08 %, 30.42 %, and
30.44 % for the thumb, index, middle, ring, and pinky fin-
gers, respectively. In other words, the reduction efficiency
of the MAH system is in the order of pinky finger, ring
finger, thumb, middle finger, and index finger. The average
reduction rate is approximately 21.14 %. The total amount
of torque reduced by the MAH system is approximately
1.91 x 1073 N-m.

G. DELAY MEASUREMENT THROUGH GRASPING
INTENTION DETECTION

Fig. 13 presents the results of the delay experiment. The delay
is the difference between the time when the sensor signal
reaches the threshold value and when the node starts to move.
Four delays, which are the delays of the two actuators on
one finger of the MAH system while grasping and unfolding,
were measured. The results of ten experiments are presented
in Table 8. The average delay time is approximately 0.048 s.

H. DESIGN OPTIMIZATION

In Section II, the prototype design and the five parameters
(finger length, number of fingers, number of joints, base
frame size, and joint angle range) for the MAH system are
decided based on valid grounds. Finger length and base frame
size are set so that there is no collision between fingers.
The number of fingers is chosen to be three considering the
minimum contact points with the target object. The number

VOLUME 10, 2022



K. Lee et al.: Wearable MAH System for Enhancing Workspace and Grasping Capability of Human Hand

IEEE Access

3 z 0.1
e
01 z 0.05%
0.05
o|E 0
05| ™
07 -0.05
ofE e .
- Q,o‘vg_,\ 0_71105 01 005 0 005 0.1
(@ (b)
0.1
0 E
g 005>
0_05
oig 0
.0.05 N
-0,
7 -0.05
oA
o 01 x[m]

'-0.1  -0.05 0 0.05 0.1

®

0.1
0.1
005 0.05
0 olE
N N
-0.05 0.05
0.1 -0.1
y [m] x [m]
01 -005 0 005 01 01 005 0 005 -01
© (d)
0.1 oAl N
0.05 0.05] \
— —_ N
o[ ofE
N N :
\
-0.05| -0.05 \\
0.1 '
0.1 \
y [m] X [m]
0.1 0 005 01 0.1 005 0 -0.05 -0.1
(8) (h)

FIGURE 10. Workspace trajectory of a human hand without the MAH system ((a), (b), (c), (d)). and a human hand with MAH ((e), (f), (g). (h)). (a) and
(e) are workspace in a 3D dimensional space, (b) and (f) are projection in xy plane, (c) and (g) are in yz plane, and (d) and (h) are in xz plane. In the
graphs showing the workspace of human hand, indigo, green, magenta, light blue, and yellow area are the workspace of the thumb, index, middle,
ring, and pinky fingers, respectively. The blue, brown, and dark blue areas shown in the graphs are the workspace of fingers 1, 2, and 3 in the MAH

system, respectively.

0.08+
J 0.1
0.04+
| 0.05
+4E
N E
0+ 04N
-0.04 -0.057
) 0.4

X [m]

(2)

0
01 005 70.05 % 0

-0.05 1 0

z[m]

\ 0.05 01
W
§¥ x (i

(b) ©

FIGURE 11. (a) Alpha shape of the human hand without the MAH system, (b) the human hand with the MAH system in the inward mode, and

(c) the MAH system in the outward mode.

of joints and joint angle range are set not to collide each other
but to make maximum volume of workspace.

In Section 1V, the validity of the prototype is confirmed by
conducting parameter study. The results of the analysis for
number of joints, number of fingers, and joint angle range
demonstrate that the design of the prototype which has three
fingers with two joints rotating from —90° to 90° presents
the better performance than the any other additional case.
In case of finger length and base frame size, the workspace
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volume of the MAH system increases as those two parameters
increase. However, structural and weight problems arise if the
parameters become too big. Therefore, the upper limits are
necessary. Two links that are 0.045 m and 0.046 m long, and
base frame that is 5.859 x 1073 m? wide, as same as those of
the prototype, are verified to be appropriate for the limit.

Briefly, the optimized design parameters are as follows:

« Finger length: 0.091 m (0.045m and 0.046 m for each

link)
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FIGURE 12. Estimated human hand joint torque to hold the target sphere
with and without the MAH system. The hollow circles represent the
estimated joint torque when the human hand holds the sphere, and the
blue circles represent the data of torque when the human hand holds the
sphere with assistance of the MAH system. Left to right of each area
separated by vertical line is the first, second, third, and fourth (thumb has
no fourth joint) joints.
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FIGURE 13. Piezoelectric sensor signal on the wrist and the velocity of a
node on the finger of the MAH system when the MAH system is in the
inward mode. Red line represents the velocity of a node on the joint of
the MAH system, and the blue line represents the piezoelectric sensor
signal on the wrist, respectively. The first delay time occurs when the

MAH system grasps, and the second delay time occurs when the fingers
of the MAH system are unfolded.

o Number of fingers: Three

o Number of joints: Two

« Base frame size: 5.859 x 1073 m?
« Joint angle range: —90° to 90°
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TABLE 8. Wrist sensor signal delay.

Grasping Unfolding

Istjoint  2ndjoint  Istjoint  2nd joint

1 0.043 s 0.043 s 0.056 s 0.048 s
2 0.033 s 0.033 s 0.041s 0.032's
3 0.057 s 0.057 s 0.062 s 0.045 s
4 0.037s 0.045 s 0.048 s 0.048 s
5 0.068 s 0.068 s 0.08s 0.071s
6 0.03 s 0.03 s 0.042 s 0.026 s

7 0.021s 0.021s 0.068 s 0.06 s
8 0.039s 0.039s 0.069 s 0.052s
9 0.048 s 0.057 s 0.07s 0.062 s
10 0.048 s 0.048 s 0.045s 0.045 s
Average 0.0424s 0.0441s 0.0581s 0.0489s

V. CONCLUSION

In this study, the MAH system was proposed as a method
to enhance the capability of the human hand. The two main
functions of the MAH system are to expand the workspace of
the human hand and to reduce the generated joint torque of
the human fingers when the fingers grasp an object.

The finger length, number of fingers, number of joints,
the base frame size, and the range of the joint angle were
considered as the design parameters. To verify the validity
of the design of the MAH system, a simulation using a kine-
matic model was conducted. Based on the two main effects
expected, the optimal volume of the workspace and the joint
torque of the human hand with the MAH system according to
the changes in the five parameters were determined analyti-
cally with MATLAB. The DH parameter and transformation
matrices based on the kinematic modeling were established to
calculate the workspace; the volume of the alpha shape was
calculated to quantify the workspace.

As a result, the workspace with the proposed system
expanded approximately 8.40 times in the inward mode.
In addition, the joint torque of the human hand was reduced
by 21.14 %. The delay occured when the MAH system oper-
ated in the inward mode, which was also measured exper-
imentally. The results of the experiment with 2D tracking
analysis indicated that the average delay difference between
the grasping intention and actuator operation was 0.048 s.

Unlike previous finger exoskeleton systems, the fin-
gers of the MAH system do not contact with human fingers
because they are not directly mounted on the human fingers
[13]-[21]. Therefore, the wearer can move their fingers freely
and has little risk of injury caused by the robot. Furthermore,
the MAH system has three robotic fingers, which reduce
the load on the human fingers more than the additive fin-
ger system with one or two robotic fingers [22], [24]-[26].
In addition, using the second palm mounted on the back
of the human hand, the MAH system creates a new space
for grasping objects and maximizing the workspace of the
hand. The previous exoskeleton systems mainly use the EMG

VOLUME 10, 2022



K. Lee et al.: Wearable MAH System for Enhancing Workspace and Grasping Capability of Human Hand

IEEE Access

signal to control the system with the feedback from human
body [25], [26]. The MAH system uses the piezoelectric
sensor, which is smoothly attached to the human wrist and
sends the sensing signal from the wrist skin. Therefore, the
operating process is simple and the delay time is only 0.048 s
on average.

One thing that needs to be improved was found when
wearing and operating the MAH system. The finger 2 of the
MAH system which is located between the thumb and wrist
was verified to collide with the thumb in specific operating
situation. This problem was not recognized when conducting
simulation because the kinematic models do not reflect the
volume of the muscle and skin of the thumb, and the width
of the robotic finger as shown in Fig. 10. If the design of the
proposed system is modified so that the finger 2 is located
closer to the wrist, its workspace will not overlap with that of
the human thumb, and the grasping performance will also be
improved.
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