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Abstract: Currently, the driving motor used in a dexterous prosthetic hand is limited by the driving
principle, and it has the characteristics of a complex structure, slow response, low positioning
accuracy, and excessive volume. There are special requirements in terms of quality and quality, and
traditional motor drives have greatly affected the progress of prosthetic robots. A motor (ultrasonic
motor) has been developed over more than 30 years. It has the advantages of a small size, small mass,
simple structure, accurate positioning, high power density, and fast response time, which is enough
to improve the driving mechanism performance of the prosthetic hand with a connecting rod. In this
paper, the structural characteristics of the prosthetic hand will be analyzed, and the modal analysis,
harmonic response analysis, and transient analysis simulation of the longitudinal vibration linear
motor stator used in the prosthetic hand with a connecting rod will be carried out in order to provide
preliminary preparation for the feasible design and manufacture of the size of the ultrasonic driver
structure used for the prosthetic hand with a connecting rod.

Keywords: prosthetic hand; ultrasonic motor; modal analysis

1. Introduction

Hands are very important in human life, helping people to complete various complex
movements and bringing a variety of experiences to life. Amputations due to accidents can
adversely affect a patient’s quality of life, preventing them from performing the necessary
movements of daily life [1-3]. While recent technological advancements have improved
the performance of prosthetic hands and made devices increasingly flexible, the ques-
tion of dexterity versus weight, form factor, and equipment cost of the prosthetic hand
remains [4,5].

Actuators for prosthetic hands can be classified into electric, pneumatic, hydraulic,
shape memory alloy (SMA), and twisted and curled polymer muscle (TCPM). Electric
actuators are the most popular, using different motors with a wide power range, since the
motor can obtain the highest output force. Prosthetic hands are more specific applications
than robotic hands, with more constraints [6-8]. Prosthetics all have to be lightweight,
portable, comfortable, and they require a high grip strength to be adopted by the user. The

Copyright: © 2023 by the authors.

i i second is the pneumatic actuator, where the air source can be installed in the manipulator.
Licensee MDPI, Basel, Switzerland.

Attempts have been made to use small pneumatic actuators to improve portability, enabling
flexible or lightweight designs. Hydraulic actuation is uncommon in prosthetic hands.
Flexible actuators such as SMAs and TCPMs are infrequently used, and these actuators have
Attribution (CC BY) license (https://  SOme disadvantages, such as low force and low bandwidth. Addressing these issues could
creativecommons.org/licenses /by / allow these lightweight, inexpensive drivers to improve the design of future prosthetic
40/). hands, which seems challenging for all prosthetics [9-12].
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The current complexity of robotic hands limits their development within specialized
applications, and under-actuation appears to be one of the promising avenues for prosthetic
applications [13,14]. Many researchers have adopted synergistic approaches and adaptive
systems to develop affordable, compact prostheses by using differential mechanisms to re-
duce the number of actuators required to control multiple fingers simultaneously. However,
due to different differential structure characteristics, it is difficult to guarantee the weight,
flexibility, robustness, controllability, and maintenance cost of the prosthetic hand [15-17].

In order to reduce the weight of the prosthesis and increase the grip strength, the
motor, as the driver, is one of the topics that need to be studied. There is a desire to
simplify the design while maintaining flexibility and control in order to help patients
achieve independent living [18]. Under the strict weight limit, it is very important to
explore lightweight solutions. The transmission structure, actuator, and controller of the
prosthetic hand can reduce its weight through emerging technologies. As the driver of the
device, there is currently no good device that is widely used in prosthetics [19-23].

For the purpose of assisting patients with hand function deficiency and their daily life,
an ultrasonic rotary motor is designed, and the driving force of the motor is used to realize
the flexion, extension, and swing of the fingers, so as to provide help in the daily life of
patients. Taking advantage of its advantages of small size, light weight, and fast response
time, it can make up for the shortcomings of traditional motors in the field of rehabilitation
engineering, provide assistance for patients’ daily life, improve the quality of the living
environment, and relieve the pressure caused by the condition. It is also an attempt to
apply ultrasonic motors in biomedicine to improve the performance of the prosthetic hand
with a connecting rod on the driving device.

An ultrasonic motor is a new type of driver that utilizes the inverse piezoelectric
effect of piezoelectric materials [24,25]. Because of its simple structure, high precision,
lack of electromagnetic interference, and fast response time, it is widely used in precision
machining, biomedical, semiconductor processing and manufacturing, and other technical
fields. In recent decades, various ultrasonic motors have been developed including the
traveling wave type, standing wave type, and mixed mode type [26,27]. Due to its simple
structure, ultrasonic motors have been developed in many studies [28-31].

The analysis of the elastic body is a research topic that cannot be ignored in the process
of ultrasonic motor design and analysis. ANSYS finite element software is used to simulate
the actual vibration mode of the stator under fixed constraints. By observing its vibra-
tion mode and selecting the available vibration array and vibration frequency according
to the driving mode, the harmonic response vibration amplitude and transient motion
trajectory of the particles on the surface of the elastomer-driven foot can be calculated at
this frequency [32-36]. It can be judged whether its movement displacement meets the
requirements of the driving structure stroke, which provides convenience for the structural
sizing design of the ultrasonic motor.

To address the issue of “complex structure, slow response, low positioning accuracy,
and exceptional volume” [37-41] in existing prosthetic hands, we conducted the research
in this article:

(1) Configuration design: Starting from the structural analysis of the prosthetic hand with
a connecting rod, the shortcomings and deficiencies of the current motor drive are
found. Considering the influence of the traditional motor on the structural limitations,
a new ultrasonic motor is designed to optimize the performance of the prosthetic
hand with a connecting rod, so as to ensure the flexibility, accuracy, fast response, and
power density of the prosthetic hand.

(2) Parameter simulation: We selected the longitudinal vibration piezoelectric metal com-
posite method to design the vibrator, design and simulate the longitudinal vibration
system, establish its basic design distribution and structural size, establish a finite
element model for the vibrator system, analyze and determine the modal longitudinal
vibration frequency, and determine the harmonic response amplitude and maximum
displacement of the transient driving the foot surface.
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(3) Structural finalization: The fixing method of the vibration system is determined.
Under the action of sinusoidal voltage, the motion of the ultrasonic vibrator is calcu-
lated to meet the input shaft speed required by the prosthetic hand, and the overall
structure of the ultrasonic motor is determined, which makes the application of the
ultrasonic motor in the prosthetic hand with a connecting rod possible. This will
also be an attempt to explore the application of ultrasonic motors in the direction
of prosthetic robots, while sufficiently preparing theoretically for the production of
prosthetic drives.

2. Materials and Methods
2.1. Design of Prosthetic Hand and Motor Structure

The link drive mechanism is often used in hand-function robotic devices. Through a
structure that stimulates the movement of the joint in the required direction, the fingers
can be driven to achieve flexion and extension movements. In the process of motion,
the flexibility, controllability, portability, comfort, and safety of the robot are particularly
important, and its design requires a compact structure, low production cost and low
maintenance cost. This paper mainly focuses on the problems and improvement methods
of the prosthetic hand driver. Figure 1 shows the overall assembly diagram of the prosthetic
hand with a connecting rod.

back of hand

(@) (b)

Figure 1. Dexterous prosthetic hand model. (a) Assembly front view; (b) assembly side view.
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Each finger is mainly composed of an ultrasonic motor, a support, a guide rail, a slider,
a pull rod, a rotating part, a connecting rod structure, and a fingertip. Due to its working
principle, the traditional electromagnetic drive is large in size, heavy in weight, and slow
in response time. The output torque is small and accompanied by a certain amount of
noise, which will lead to psychological pressure and life burden for the wearer. In order to
solve the above problems, a driver with ultrasonic vibration as the power source will be
designed, which has the advantages of small size, small mass, simple structure, accurate
positioning, high power density, and fast response time. It is enough to improve the driving
performance of the prosthetic hand with a connecting rod on the device. Figure 2 is the
assembly diagram of the assembled driver assembled in the structure of a single finger.

guide rail component  rotary part linkage

support

finger tips

motor slider rod components

Figure 2. Assembly drawing of single finger structure.

As shown in Figure 3, the two ends of the stepped shaft are positioned by bearings,
the preload provided by the upper cover acts on the stepped shaft, and the pressure is
transmitted to the stepped shaft. The vibrator’s drive foot of the ultrasonic driver is in
contact with the shaft. Under the influence of pressure, the vibrator generates friction
with the output shaft during the vibration process, and then drives the shaft to rotate. As
shown in Figure 3, the rotary motion of the shaft drives the slider to move in the direction
of the specified guide rail, thereby driving the pull rod and connecting rod and fingertip
structure to move to complete the flexion and extension of the finger. Finger swinging
can also be accomplished by controlling the motor. Figure 3 is a structural diagram of an
ultrasonic driver.

cover

base

vibrator

@)

Figure 3. Structural diagram of an ultrasonic driver. (a) Assembly front view; (b) Assembly side view.
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2.2. Structural Design of Longitudinal Vibration System

In this section, an ultrasonic vibration system will be designed for the motor-driven
structure of a prosthetic hand. The structure of the longitudinal vibration composite
piezoelectric vibrator is shown in Figure 4. The structure of the vibrator is symmetrical
and consists of a driving foot, a horn, a ceramic sheet, and a metal elastic body. The
circular driving foot is located at the front end of the horn, and the function of the horn
is amplitude amplification. Transform the vibration of the transducer end into a specific
large-amplitude mechanical vibration for a specific vibration mode of the vibration system.
The four piezoelectric ceramic sheets are, respectively, attached to the middle of the metal
elastomer, and the working mode of the piezoelectric ceramic is d31. In order to realize
the small size of the vibrator, epoxy resin glue is used to stick the ceramic sheet onto the
metal base.

[\Metal Elastomer

Horn

\
W Ceramic chip

Drive foot

Figure 4. Vibrator structure diagram.

2.3. Resonant Frequency Equation

The characteristic equation of the four-terminal network transmission on the left side
of the nodal plane in Figure 5 is

Vs | | an a2 Vi
{FJ_{M ﬂzzHFl] M

Vi—Vibration velocity parameters of rods at the end surface;
F;—Force parameters of rods at the end surface;

In the formula:

ap1 a .
M2 1 transfer matrix.
a1 ax
The transfer matrix is
3 3 2 2 1 1
[ a1 aiz ] _ [ ﬂ311 0312 } { 61211 0212 ] [ a1 a12 } @)
= 1 1
ay1 ax asy1 ap a1 a2 ap1 a-p

The vibration system is generally composed of multiple rods with different cross-
sectional shapes that are connected, and commonly used shapes include equal cross-section
rods, cones, etc.
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Figure 5. Vibrator structure size diagram.

The transfer matrix parameters of the uniform cross-section rod can be simplified as
follows [25-27]:

a1y = coskL _ —jsinkL
app = pCS } (3)
a1 = —jpcSsinkL az = coskL
The transfer matrix parameters of a conical shaped rod can be simplified as
_ —(a/k)sinkL+coskL L
ay = T—aL app = pcsiainfoi)
: : (4)
ap = 9571{ [k(l —al) + "‘7} sinkL — &L coskL} 4y = (1—aL)coskL + & sinkL

According to the motion state and force condition of the left part of the nodal plane,
the parameters at both ends are determined as V3 = 0 and F; =0, and a1 = 0 is obtained
by substituting into Formula (1). Substituting into the parameters of the four-terminal
network transfer matrix of the equal-section rod, the resonance frequency equation can be
obtained as

Z Z Z
! tan koL tanki L1 + 2L tan ki1LitanksLs + 22 tan ksLztankyly, =1 5)
Zs Z3 Z3

In the formula:
k—wave number, k; =“i /.., wj is the angular frequency of ultrasonic vibration,i=1, 2, 3;
Li—length of eachrod,i=1, 2, 3;
Z;—Equivalent impedance, Z; = p;c;S;, p; is the material density, ¢; is the longitudinal
propagation velocity of ultrasonic waves;
S; is the cross-sectional area, i =1, 2, 3.

For the right side of the nodal plane, that is, the four-terminal network transmission,
the characteristic equation of the primary and secondary composite horns is

QEEHE
Fs by1 by Fy
The transfer matrix is

{ biibiz } _ { bPu b1 ] [ b b ]
b1b22 Wy 0 || by b'n

@)
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According to the motion state and force condition of the right part of the nodal plane,
the parameters of both ends are determined as V4 = 0 and F5 = 0. Substitute into Formula (6)
to get byy = 0. Substituting into the transmission matrix parameters of the four-terminal
network of equal-section rods and conical rods, the resonance frequency equation can be
obtained as

tan(k4L4)

= - ksls) ———=~
ZStan( 5 5)24(L40C4_1)

®)

k4L
(1 L tan (ky 4))

ky

In the formula:
k—wave number, k; = ‘;’—ii, (i=4,5);

wj is the angular frequency of ultrasonic vibration, (i = 4, 5);
Li—length of each rod, (i =4, 5);

1

S.1 ;
. Secti ' C= 2 = D (= 4):
N;—Section reduction rate, Nj = 57 = RE (j=4);

aj—Taper factor, a; = (N]- -1)/ (N]-Lj), (j=4);

Z;,—Equivalent impedance, Z; = p;c;S;, p; is the material density, ¢; is the longitudinal
propagation velocity of ultrasonic waves;

S; is the cross-sectional area, i = 4, 5.

=

2.4. Structure Size

For the entire vibration system, we want the ultrasonic vibration wave to propagate
forward as far as possible. This requires that the rear end of the vibration system is heavier
than the front end, that is, the rear end is denser than the front end. Taking all factors into
consideration, stainless steel 2Cr13 was selected for the rear end cover, PZT-8 was selected
for the piezoelectric ceramic sheet, and 7A04, a lighter duralumin alloy, was used for the
rest. The relevant parameters of the three materials are presented in Table 1.

Table 1. Material parameters.

Material Density Wave Velocity
2Cr13 p1 =775 x 10° kg/m3 c1 =5200m/s
PZT-8 P2 = 7.5 x 103 kg /m? c; =3200m/s
7A04 p3 = 2.7 x 103 kg /m?3 c3 =5100m/s

As shown in Figure 4, the rear end cover and piezoelectric ceramic are connected
with the transducer through hard aluminum alloy. If the design and calculation of the
L1 and L; sections are completely based on the material properties of the rear end cover
or piezoelectric ceramics, there must be a large error. Therefore, this paper adopts the
equivalent area method for calculation, which has the following conversion relationship:

Prear end cover = %
_ P2521+p353

Pceramics = 55
3
C _ C151+C353 )
rear end cover —

S13
C . _ G5,+C353
ceramics — 523

In the formula:

S13—The total cross-sectional area of the connecting section between the rear end cover
and the hard aluminum alloy, S13 = S + S3, 57 is the cross-sectional area of the rear end
cap, S3 is the cross-sectional area of duralumin;

Sa3—The total cross-sectional area of the connecting section between the piezoelectric
ceramic sheet and the hard aluminum alloy, Sp3 = Sy + S3, S; is the cross-sectional area of
the piezoelectric ceramic sheet.
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The PZT-8 selected in this paper is a circular piezoelectric ceramic sheet polarized
along the thickness direction. Its inner diameter is ¢ 0.5 mm, outer diameter is ¢ 1.25 mm,
and thickness is 0.3 mm. Here, the diameter and length of each section of the vibrator are
taken as shown in Table 2, where R represents the outer diameter or large-end diameter,
and r represents the inner diameter or small-end diameter. We substituted the relevant
parameters into the above two resonance frequency Equations (3) and (6), and calculated
using Matlab R2017a programming, L1 = 0.65 mm, L5 = 1.0 mm

Table 2. The diameter and length of each section of the vibrator.

r (mm) R (mm) L (mm) L, (mm) L3 (mm) Ly (mm) Ls (mm)

0.75 1.25 0.65 1.2 0.2 1.5 1

3. Results and Discussion
3.1. Simulation Analysis of Vibrator

A finite element simulation of the ultrasonic vibration system performed using APDL
in the ANSYS environment builds an overall model of the entire ultrasonic vibration system
with a command flow and analyzes the finite element model of the whole vibration system.
Meshing a vibration system using SOLID227 elements, the system divides the grid model
with a qualified quality and sets the conditions of the model before analysis. The voltage
distribution position, polarization direction, and fixing method are shown in Figure 6.

Fixed

Longitudinal direction

O AVAY AN AN b s e e
BER NVAVAVAV. S5 ave s
. \A7 SE SR
PO STV e
ASPNPNPN [

Polarized negatively Polarized positively
- L

Figure 6. Polarization mode and constraint settings of the vibrator.

3.2. Modal Analysis and Harmonic Analysis

We performed modal response analysis on the vibration system, imposed constraints
during operation, and obtained the different modal formations of the system and their
corresponding resonance frequencies to pave the way for future dynamic analysis of the
longitudinal vibration system; at the same time, it guides the application of conditions in
the actual test. We solved its modes using command flow in ANSYS 19.2; the selection
range is 20 KHz-300 KHz in order to extract the first six order frequencies of the system, as
shown in Table 3.

Table 3. The first 6 order frequencies of the system.

Order 1 2 3 4 5 6
Frequency/Hz 147,319 153,129 185,826 187,821 261,215 279,633
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We extracted the longitudinal vibration mode corresponding to the frequency of
279,633 Hz of the vibration system. The end of the horn vibrates along the longitudinal
direction, as shown in Figure 7.

."‘ .\./
N AN

Figure 7. Longitudinal mode of the vibrator at 279.6 kHz.

It can be seen from the figure that the longitudinal vibration frequency of the structure
is 279.6 KHz. When the system is subjected to an electrical signal of this frequency, the
vibration form of the system is as shown in the figure above, and the end has the largest
longitudinal amplitude. This frequency is the resonance frequency of the ultrasonic system
during operation. The above constraints are applied to the system, a sinusoidal voltage
of 279,633 £ 5 Hz is given to both ends of the ceramic plate, and the effective value of its
voltage is set at 200 V. The harmonic response of the system during longitudinal vibration
can be obtained, so as to obtain the maximum amplitude of its end resonance and the
resonance amplitude in the XY direction.

The results are shown in Figure 8. It can be seen that the maximum axial amplitude of
the resonance response at the end of the vibrator system is 12.23 mm, which is much larger
than the maximum radial resonance amplitude of 1.5 mm.

12.5 ! ! ! ! ! !
—— Z direction | —— Xdirection' | | |
LS——Ydirection |\~ .
10.0 .
£ E
g £
€ 75 . 3 _
E Z 1.0
= =
E E
< 5.0 - <
é Z 0.5 .
£ 2.5 2
B 2
=]
=
0.0 0.0 i I i i i—
279628 279630 279632 279634 279636 279638 279628 279630 279632 279634 279636 279638
Frequency(Hz) Frequency(Hz)
(@) (b)

Figure 8. Monic response of the vibration system: (a) Longitudinal amplitude vs. frequency of the
vibrator; (b) Radial amplitude versus frequency in X and Y directions.

3.3. Transient Analysis and Output Shaft Speed

In order to accurately reflect the actual working conditions of the ultrasonic vibration
system, the transient analysis of the vibrator is carried out to obtain the motion path of
the particle over time. In transient analysis, the frequency of the alternating voltage that is
applied to the electrodes is 279.6 kHz, the effective value is 200 V, the phase difference is
90 degrees, and the damping factor is 0.003. In order to obtain the vibration characteristics
of the vibrator, the motion path curve of the particles on the surface of the driving foot is
extracted after analysis.

As shown in Figure 9a, in the results of the transient analysis of the ultrasonic vibration
system under sine wave excitation, the axial vibration amplitude of the contact point of
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Longitudinal amplitude (um)

the horn end is much larger than the radial amplitude, and the maximum longitudinal
amplitude at the extracted contact point is 5.34 um. Figure 9b shows the radial amplitudes
of the driving foot in the X and Y directions. It can be seen that the corresponding lateral
amplitude during longitudinal vibration is small, and the maximum amplitude can only
be about 0.7 pm. That is, a larger longitudinal amplitude and a certain radial amplitude
are generated.

T
——X direction
Y direction

B
E
D
E
,,,,, 4 £ A 1 A
[ =
f £
§ <
BRASETARARARER ST L - . =
E 0.5 LR .
SO0F e S S L .
! ! ! 1 -1.0 L L i ;
0.00 0.03 0.06 0.09 0.12 0.00 0.03 0.06 0.09 0.12
Time(ms) Tim e(ms)
@ ()

Figure 9. Transient analysis of a vibrating system driven by sinusoidal voltages with a phase differ-
ence of 90°. (a) Longitudinal amplitude of the vibrator; (b) Radial amplitude in X and Y directions.

From the above analysis, it can be seen that under sinusoidal voltage excitation of
200 V rms, the vibration system can achieve a longitudinal amplitude of about 5.3 um. It
can provide a speed of about 2.6 m/s for the output shaft, which fully meets the linear
movement speed requirements.

3.4. Discussion

This article starts with a structural analysis of a prosthetic hand with a connecting
rod and identifies its shortcomings and the shortcomings of the current motor drive.
Considering the influence on the traditional motor of the structural limitations, a new
ultrasonic motor is designed to optimize the performance of the prosthetic hand with a
connecting rod, so as to ensure the flexibility, accuracy, fast response, and power density of
the prosthetic hand.

Through the above structural design, experimental analysis, and calculation results, it
can be seen that the designed ultrasonic motor can be used as the driver of the prosthetic
hand. In order to reduce the structural weight, most prostheses currently use under-
actuated methods. The use of a differential structure to reduce the number of drivers makes
the overall structure of the prosthesis complex, and the driving effect is also affected. The
application of ultrasonic motors in biomedicine has already begun, and here, it is applied
to the field of prosthetic drives to reduce the weight of prosthetic hands and improve
the performance of prostheses. In the future, prosthetics will develop in the direction
of light weight, dexterity, and intelligence. As a transmission structure, whether it is a
connecting rod transmission or a rope transmission, the requirement for the driver will be
a micromotor. Ultrasonic motors can fully comply with the design of a miniature motor
structure. While ensuring a fast response and positioning accuracy, it reduces weight and
provides significant power density to ensure the normal operation of the prosthesis. This
will be a work worth studying.

However, the current research also has certain limitations. At present, the driving
power supply for power ultrasound is still relatively large, which is a major limitation
for the application of this article’s achievements. We hope that with the development of
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technology, better driving technologies can be developed, so as to promote the prosthetic
hand solution proposed in this article to the market.

4. Conclusions

In response to the shortcomings of complex structure, slow response, low positioning
accuracy, and large volume of current prosthetic hands, this paper designs an ultrasonic-
driven prosthetic hand structure. By designing a longitudinal vibration linear motor for a
prosthetic hand, better driving characteristics can be achieved.

This article conducts modal analysis, harmonic response analysis, and transient anal-
ysis simulation on the stator of the designed ultrasonic motor. The feasible design of the
structural dimensions of the prosthetic ultrasonic actuator of the connecting rod has been
achieved, providing parameter guidance for its design and manufacturing. Through the
research in this article, the structure of the ultrasonic motor has been determined, making
the application of the ultrasonic motor in a dexterous prosthetic hand possible, and making
sufficient theoretical preparations for the production of prosthetic limb drivers.
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