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Abstract: Commercial multi-degrees-of-freedom (multi-DOF) myoelectric hand prostheses can per-
form various hand gestures and grip motions using multiple DOFs. However, as most upper limb
amputees have less than two electromyogram (EMG) signals generated at the amputation site, it
is difficult to control various hand gestures and grip motions using multi-DOF myoelectric hand
prostheses. This paper proposes a multifunctional myoelectric hand prosthesis system that uses only
two EMG sensors while improving the convenience of upper limb amputees in everyday life. The
proposed system comprises a six-DOF myoelectric hand prosthesis and an easy and effective control
algorithm that enables upper limb amputees to perform various hand gestures and grip motions.
More specifically, the hand prosthesis has a multi-DOF five-finger mechanism and a small controller
that can be mounted inside the hand, allowing it to perform various hand gestures and grip motions.
The control algorithm facilitates four grip motions and four gesture motions using the adduction
and abduction positions of the thumb, the flexion and extension state of the thumb, and three EMG
signals (co-contraction, flexion, and extension) generated using the two EMG sensors. Experimental
results indicate that the proposed system is a versatile, flexible, and effective hand prosthesis system
for upper limb amputees.

Keywords: myoelectric hand prosthesis system; multi-DOF myoelectric hand prosthesis; easy and
effective control algorithm

1. Introduction

Humans use their hands not only to grip objects but also to communicate and ex-
press emotions through various hand motions [1]. Upper limb amputees lose such hand
functions, and therefore, many of them feel uncomfortable in their daily life. Upper limb
amputees are typically fitted with a prosthetic hand to compensate for their lost hand
functions. Unfortunately, although a cosmetic prosthetic hand has a similar shape to a
human hand, it cannot perform basic grip functions. Further, a body-powered prosthetic
hand is difficult to use in daily life because larger body motions are required to perform
a simple grip motion. In an effort to resolve such issues, Ottobock developed a myoelec-
tric hand prosthesis called the MYO hand in 1987 [2]. The MYO hand can grasp objects
easily and safely using the electromyogram (EMG) signals from residual muscles on an
amputated upper limb, without requiring any additional equipment. However, it cannot
execute the same range of motions as that executed by human hands because it has less
than two degrees of freedom (DOFs), owing to the use of just one actuator. Recently,
multiple-degrees-of-freedom (multi-DOF) myoelectric hand prostheses with four or more
embedded actuators in the finger phalange or palm have been developed [3-7]. These
hands can perform various hand gestures and grip motions in a manner that is similar
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to the human hand owing to their additional DOFs. However, because it is difficult to
control multi-DOF myoelectric hand prostheses with the existing control method [8,9],
many researchers utilize a pattern-recognition-based control method that can perform
various hand movements using the EMG signals collected from the residual muscle at
the amputation site [10-21]. The techniques employed incorporate various types of EMG
pattern feature extractions and classifiers to achieve a classification accuracy of more than
95% for pattern recognition (PR) control of the multi-DOF myoelectric hand prosthesis [22].
However, PR control is difficult to use commercially owing to variabilities such as changes
in arm posture, level of muscle contraction, and various amputation site shapes and lengths
for upper limb amputees [23-25]. Moreover, most upper limb amputees have a limited
number of EMG signals generated at the amputation site [10,26], making it difficult to
perform various hand gestures and grip motions using the multi-DOF myoelectric hand
prosthesis with PR control methods.

Consequently, the manufacturers of Bebionic hand [2] and i-LIMB hand [27] use mode
switching control with just two EMG sensors to control the multi-DOF hand prosthesis.
However, it is very difficult for users to master this control method because there is no
association between the mode switching control command and the method of performing
various hand motions. Furthermore, even when they can perform these hand motions, the
time delay and method are unnatural. To solve these problems, the manufacturers have
proposed different interfaces for controlling these hands, such as mobile phone applications
and small coin-shaped chips attached to certain objects. However, these interfaces require
the user to press a button on the phone application during actual conversations, thus
disrupting the conversation flow. Therefore, these interfaces are inconvenient for use in
everyday life.

To solve the problems outlined above, this paper proposes a multifunctional myo-
electric hand prosthesis system that can perform eight hand gestures and grip motions
using only two EMG sensors, without requiring the training of additional devices or other
control methods for users. The proposed system consists of a hand prosthesis with five
fingers, a controller equipped with a six-axis motor driver, and an easy and effective control
algorithm that enables upper limb amputees to perform various hand gestures and grip
motions using a multi-DOF myoelectric hand prosthesis. Most upper limb amputees have
less than two EMG signals emerging from the amputation site. Therefore, the proposed
easy and effective control algorithm allows the performing of eight hand gestures and grip
motions according to the thumb adduction and abduction motion state and the thumb
flexion and extension state using three control commands generated from only two EMG
sensors. In this study, to verify the practicality of the algorithm, an upper limb amputee
performed four hand gestures and four grip motions using a hand with six DOFs.

The remainder of this paper is organized as follows. Section 2 describes the developed
multi-DOF myoelectric hand prosthesis system. Section 3 presents the easy and effective
control algorithm for easily and efficiently using the hand. Section 4 describes experiments
conducted using the algorithm. The experimental results show that the developed hand
and algorithm enable versatile and flexible hand movement by amputees.

2. Method
2.1. Multi-DOF Myoelectric Hand Prosthesis

In this study, the fingers of the multi-DOF myoelectric hand prosthesis were designed
based on the anatomical structure and motion mechanism of human fingers. Two types of
fingers were designed, i.e., the thumb and the other four fingers. As shown in Figure 1a, the
thumb consists of one phalange and two joints—namely, the metacarpophalangeal (MCP)
joint and trapeziometacarpal (TM) joint. As shown in Figure 1b, the other four fingers
consist of three phalanges (the distal phalange (DP), middle phalange (MP), and proximal
phalange (PP)), one bone (the metacarpal bone (MB)), and two joints connecting the
phalange and the bone (the proximal interphalangeal (PIP) and MCP joints).
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Figure 1. Structure of the proposed multi-DOF myoelectric hand prosthesis: 3D schematic of the (a) thumb, (b) other fingers,
and (c) schematic of the multi-DOF myoelectric hand prosthesis.

The flexion and extension motions of the human finger are performed by pulling
the tendon fixed to the phalange as the muscle contracts. In this study, we use a motor
as a muscle and a wire as a tendon to perform each finger flexion motion. The motor is
mounted inside the PP of each finger, and the wires are fixed to the worm-wheel gear
and the MP. The designed finger flexion motion is performed by pulling the wire affixed
to the worm-wheel gear when the motor is driven. The PP of the finger is actuated to
60° from the MCP joint by the motor-gear mechanism (see Figure 1b). At this time, the
wire affixed to the worm-wheel gear is pulled such that the MP and DP synchronously
actuate the PP by 85°. The extension motion of the finger is performed by a restoring
spring mounted between the PP and the MP. The thumb can perform flexion, extension,
and rotation motions. The flexion motion of the thumb is performed by the MCP joint
using the motor-gear mechanism. Further, the rotation motion is performed by the TM
joint using the motor-gear mechanism in the palm of the hand.

The human hand has 22 DOFs and weighs about 400 g [28]. The proposed hand was
developed based on the human hand, as shown in Figure 1c. The developed hand was
manufactured using AL 6061 and SUS 304 materials to reduce the total weight and increase
the durability of the hand. Its dimensions are 151 x 174 x 50 mm (W x L x H). The
hand performs various hand gestures and grip motions using the five fingers with the
gear-motor—-wire mechanism. It has six DOFs; specifically, the thumb has two DOFs, and
the other four fingers have one DOF each. Further, this hand, including the motor, weighs
about 503 g (see Figure 2). The proposed hand has a faster flexion angular velocity than
other commercial multi-DOF myoelectric hand prostheses, and its maximum gripping
force is on par with that of other commercial products (see Table 1).
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Multi-DOF myoelectric hand
prosthesis
fingers 5
DOF 6
e 151 x, 174 x, 50 mm
(Wx,Lx,T)
flexion speed 60 ° /0.58s
normal grip force 40 N or more
power grip force 120 N or more
. 503 g
weight (including actuators)
battery 7.4V, 2000 mAh
Figure 2. Photograph of the developed multi-DOF hand prosthesis.
Table 1. Comparison of specifications with commercial multi-DOF myoelectric hand prostheses.
Specification . Power Grip Precision Grip Finger .
Size F F Flexion/Extensi Weight
(W x, L) (mm) orce orce exion/Extension @
! (N) (N) Angular Velocity 8
Hand Prosthesis (°/s)
Developed
hand prosthesis 73.6 x,174 120 or more 37.5 60/0.58 503
(Figure 2)
i-LIMB hand [27] 745 %, 1.82'5 136 10.8 81.8/1 504
(small size)
Bebionic hand [2] 72 > 16.5 140 34 96.4/1 591
(medium size)
Vincent hand [3] 75 %, 160 103.3/1

2.2. Controller

In the developed multi-DOF myoelectric prosthetic hand, a motor is mounted inside
the PP of all five fingers, and each finger performs flexion motion when the motor is driven.
In this study, a controller with a six-axis motor driver was designed to independently
perform the flexion motion of each finger. The designed controller consists of an EMG
sensor interface for measuring EMG signals, a micro controller unit (MCU), motor driver, a
current feedback sensor, a battery, and a Bluetooth communication module for the debugger
(see Figure 3a). The EMG sensor interface is designed to detect two EMG signals from the
residual muscles of the upper limb amputee, and the MCU was designed using a 32-bit
CPU. The motor driver is designed with six axes to control the fingers independently, and
the current feedback sensor is designed to measure the generated motor load when the
finger is actuated. The battery voltage is 7.4 V; the input voltages of the MCU and Bluetooth
communication module are 5 and 3.3 V, respectively, from the battery.

In this study, we developed a controller based on the block diagram for the multi-
DOF myoelectric prosthetic hand shown in Figure 3b. The developed controller uses the
cortex-M4 micro-controller and can independently control six motors according to the
EMG signals. In addition, the hand gestures and grip motions of the developed hand can
be controlled through the feedback of motor load during finger actuation. The controller
has dimensions of 38 x 25 mm (W x L).
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Figure 3. Developed controller with six-axis motor drivers: (a) controller block diagram and (b) developed controller.

2.3. Flexion Speed and Grip Force of Developed Myoelectric Hand Prosthesis

The flexion angular velocity of the finger and grip force of the hand were measured
using the developed hand and controller. The flexion angular velocity of the finger is an
important factor for performing hand gestures and grip motions. Therefore, the flexion
angular velocity was measured by actuating the motor mounted inside the finger phalange.
The motor used for the finger flexion motion was controlled by pulse width modulation
(PWM). Consequently, the flexion angular velocity of the finger was 60/0.58 s, which is
presented in see Figure 4a.
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Figure 4. Flexion angular velocity and grip force of the developed myoelectric hand prosthesis: (a) ROM and flexion angular
velocity of the MCP joint of the finger. The black line shows the MCP joint flexion angle, and the blue line shows the current
of the motor load. The MCP joint ROM is 0-60° and the flexion angular velocity of the finger is 60/0.58° /s; (b) Measured
grip force (kg) of the developed myoelectric hand prosthesis. The black line shows the current of the motor load, and the
red line shows the measured grip force.

The grip force of the hand is as important as the flexion speed of the finger. The
developed hand was driven using a battery with a capacity of 2000 mAh. To reduce the
battery consumption when the hand was driven, the grasping section of the hand was
divided into a normal grasping section and a power grasping section. A PWM signal that
sequentially increases the duty ratio from 0% to 90% was applied to the normal grasping
section, and a PWM signal with a 90% duty ratio was used in the power grasping section to
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apply a high current to the motor. An instantaneous high current was required in the power
grasping section. When such a current was applied using the anti-reverse characteristic of
the power transmission worm gear, the worm gear crossed the tooth surface of the worm
wheel; the gears did not loosen, and the grasping power of the prosthetic hand gradually
increased. Therefore, the measured grip force of the normal grasping section was 40 N or
more, and that of the power grasping section was 120 N or more (see Figure 4b).

2.4. Motion Classification Method

Conventional myoelectric prosthetic hands are typically controlled by EMG signals
from the residual muscles of upper limb amputees. However, because residual muscles
generate very few EMG signals, upper limb amputees cannot perform various hand
gestures and grip motions with these hands. By contrast, the developed hand can perform
eight hand gestures and grip motions using only two EMG signals. Four motion states
are used to perform these eight hand gestures and grip motions: a grip motion state
and a gesture motion state classified by the EMG signal, and an adduction state and an
abduction state respectively classified into the adduction/abduction motions of the thumb.
To achieve this, as shown in Table 2, two EMG signals are divided into three control signals:
a co-contraction signal (CC) that is used to classify the grip motion state and the gesture
motion state of the prosthetic hand, and an open signal (OS) and an EMG close signal (CS)
that are used to classify the eight hand gestures and grip motions.

Table 2. EMG control signal classification.

Command Type of Function
Co-Contraction (CC) Mode change
Open Signal (OS) Motion (thumb extension state)
Close Signal (CS) Motion (thumb flexion state)

The most important hand function for upper limb amputees is the grip motion. There-
fore, the normal motion state of the developed hand is the grip motion state. To perform
hand gestures in the grip motion state, the developed hand should permit EMG CC signals.
Additionally, to perform four grip motions in the basic grip motion state, the thumb must
be classified into the adduction and the abduction states. These states are classified based
on the value of the Hall Sensor (HS) mounted inside the palm of the developed hand. As
shown in Figure 5, the thumb rotation angle can be classified into the adduction state and
the 90° abduction state.

HallSensor2 == === === s s c c c e e e m e e e e e e e e e m e — == = B
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Figure 5. Adduction and abduction motion states of the thumb. The blue line shows the HS 1 value, and the red line shows

the HS2 value.
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2.5. Easy and Effective Control Algorithm

We developed a practical control algorithm to enable upper limb amputees to use the
developed hand easily and effectively. This algorithm uses the output of the CC, OS, and
CS signals from the two EMG sensors to make the hand perform four hand gesture motions
and four grip motions. Figure 6a shows the state transition diagram of the developed
algorithm. The hand has a grip motion and gesture motion state, and the normal motion
state is a grip motion. When the CC signal is inputted in the grip motion state, the hand
switches to the gesture motion state, and when the CC signal is inputted again, the hand
switches back to the grip motion state. When the grip motion state or gesture motion
state is determined by the CC signal, the adduction or abduction state of the thumb is
determined by the value of the HS mounted in the palm of the hand. If HS1 is high and
HS2 is low in the grip motion state, an abduction state is applied. At this time, when
the OS signal is applied, a hook grip with the thumb extension state is performed; when
the CS signal is applied, a lateral grip with the thumb flexion state is performed. In the
grip motion state, when HS1 is low and HS2 is high, an abduction state is applied. At
this time, when the OS signal is applied, a power grip with the thumb extension state is
performed, and when the CS signal is applied, a precision grip with the thumb flexion state
is performed. When the CC signal is applied in the grip motion state (i.e., normal state), the
hand changes to the gesture motion, and when HS1 is high and HS2 is low, an abduction
state is applied. At this time, when the OS signal is applied, the thumb up gesture with
the thumb extension state is performed, and when the CS signal is applied, the direction
gesture with the thumb flexion state is performed. In the gesture motion state, if HS1 is low
and HS2 is high, an adduction state is applied. At this time, when the OS signal is applied,
the OK gesture with the thumb extension state is performed, and when the CS signal is
applied, the victory gesture with the thumb flexion state is performed.

For example, when an upper limb amputee wants to perform a victory motion, in
the grip motion state, the CC signal is applied to switch to the gesture motion state; the
thumb is put into the adduction state, and the CS signal is applied to perform the victory
gesture. Further, when an upper limb amputee wants to perform a lateral grip motion in
the victory motion, the CC signal is applied to switch to the grip motions state; the thumb is
put into the abduction state, and the OS signal is applied to perform the hook grip motion
(Figure 6b). Thus, the upper limb amputees using the easy and effective control algorithm
can perform various hand motions with two (CC, CS or CC, OS) control commands.

2.6. Multifunctional Myoelectric Hand Prosthesis System

We developed a multi-DOF myoelectric hand, a controller that can control each finger
independently, and an easy and efficient control algorithm that allows for easy and efficient
use of the hand. Figure 7 shows the multifunctional myoelectric hand prosthesis system
for upper limb amputees. The hand has five fingers, each of which can be actuated by the
controller with a six-axis motor driver to perform flexion and extension motions. For the
thumb, adduction and abduction motions can be performed manually or automatically by
driving the motor at the TM joint. Two EMG signals are used to perform the various hand
gestures and grip motions of the developed hand. The EMG sensor used is a surface-dry
type and has similar performance to the general EMG sensor used in Ottobock or Ossur [29].
The specifications of the EMG sensor are shown in Table 3; an electrical signal is output in
an envelope type according to the movement of the muscle.

A lithium-ion battery with an input voltage of 7.4 V and a capacity of 2000 mAh is
used to drive the hand.

The human hand can perform various grip motions [30]. The developed system can
perform four hand gestures—thumb up, OK, victory, and point—and four grip motions—
power grip, hook grip, lateral grip, and tip grip—using the easy and effective control
algorithm (see Figure 8).
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Figure 6. Developed control algorithm: (a) state transition diagram of the control algorithm and (b) state-transition sequence

of the algorithm for performing a lateral grip motion in a victory hand gesture.

Table 3. Specifications of the EMG sensor.

EMG Sensor [29]

Gain 2000-100,000
Bandwidth 90-330 Hz
Rejection frequency 60 Hz
CMRR Above 100 dB (1100 dB)
Noise 47 w/\/Hz @100 Hz
Electrode 3-points
Phase margin 75
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Figure 8. Eight hand gestures and grip motions performable by the hand.

3. Experimental Results

For the clinical trial, Institutional Review Board approval and informed consent were
obtained before beginning any of the experiments (IRB No. RERI-IRB-191230). The hand
can perform four hand gestures used as a means of communication as well as four grip
motions used commonly in the activities of daily life. Figure 9 shows the experimental
results verifying that the hand can perform four hand gesture motions using the control
algorithm.

We confirmed the performance of the algorithm developed for normal subjects in an
earlier study [31]. The results indicated that a normal subject could easily and effectively
perform various hand motions using the multi-DOF myoelectric hand prosthesis with
only two EMG sensors. Thus, the EMG signals of an upper limb amputee were used in
this experiment. The subject who participated in the experiment is a bilateral upper limb
amputee who has been without the upper limbs for over 15 years. The residual amputation
site is 80 mm above the elbow. The subject currently uses a three-finger type myoelectric
hand prosthesis with one DOEF, and the number of EMG signals generated from the residual
muscles is two. In this study, two EMG sensors were installed on the extensor carpi radialis
on the lateral side and on the flexor carpi ulnaris on the medial side.



Appl. Sci. 2021, 11, 7295

10 of 13

CS cs

CS

thumb rotation
using
manual method

EMG signal

A A4
grip gestflre o thumb) Point grip i precision — power
@ motion—|motion| up —release—motlon— " —  grip [ rio |1 grip
state state "P | Felease state grip release TP | Irelease
| abduction state | adduction state |
~ 1 \
S 60
g 140
S (initial abduction state) | abduction state
g 1.20 { ) \* adduction state
Loo Welllenonilibiosopmpingtingy i iis2 )
8
0.80 13
0.60
0.40 HS1
0.20 HS1
0.00 HS?2 Hall Sensor signal
(a)
2
[——

grip motion state 8¢S

ture motion state/
abduction state

thumb up

power grip
release

11

power grip

=1

precision grip

release

precision grip

=

(b)

adduction state

grip

motion state

point release/
gesture motion state

Figure 9. Experimental results obtained using the developed easy and efficient control algorithm: (a) EMG signals of an

upper limb amputee and the hall sensor value according thumb position; (b) Results of the various hand motions performed

using developed hand.



Appl. Sci. 2021, 11,7295

11 0of 13

Figure 9(1-12) shows that upon receiving an EMG CC signal, the hand changed from
the grip motion state to the gesture motion state. At this time, because HS1 was higher than
HS2, the hand was in the abduction state. In this state, upon applying an OS signal, the
hand performed the thumb up gesture (see Figure 9(3)), and upon applying a CS signal, the
hand performed the point gesture (see Figure 9(5)). Upon applying a CC signal, the hand
returned to the gesture motion state and changed to the grip motion state (see Figure 9(6)).
At this time, when the thumb was rotated manually to make HS2 higher than HS1, the
hand entered the adduction state (see Figure 9(8)). In this state, upon applying a CS signal,
the hand performed a precision grip motion (see Figure 9(9)), and upon applying an OS
signal, the hand performed a power grip motion (see Figure 9(11)). These experimental
results demonstrate that the developed hand can perform various hand gesture motions
and grip motions through the control algorithm while using only two EMG signals.

4. Conclusions

Multi-DOF myoelectric hand prostheses are assistive devices for upper limb amputees
to compensate for lost hand functions for upper limb amputees who lose their hand func-
tions and complain of experiencing limitations in their daily living activities. However, as
most upper limb amputees have less than two EMG signals generated at the amputation
site, it is difficult to perform various hand gestures and grip motions using a multi-DOF
myoelectric hand prosthesis. To overcome this problem, this paper proposed a multifunc-
tional myoelectric hand prosthesis system that performs various hand motions using only
two EMG sensors. The proposed system consists of a multi-DOF myoelectric prosthetic
hand with five fingers, a controller, and an easy and effective control algorithm. The hand
performs various hand motions using six DOFs, and its total weight is 503 g. The proposed
algorithm can control the eight hand motions according to the thumb adduction and abduc-
tion motion state and the thumb flexion and extension state using three control commands
generated solely from the two EMG sensors. The results of experiments conducted on an
upper limb amputee to validate the control algorithm confirmed that the developed system
allows the easy performing of four hand gestures and four grip motions solely using the
two EMG sensors.

In future work, the authors continue to evaluate the efficiency of the proposed algo-
rithm by comparing the developed hand with commercially available multi-DOF myo-
electric prosthetic hands, quantitatively. Further, we will conduct experiments with more
upper limb amputees using the developed system.
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