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Abstract: As the number of patients with amputations increases, research on assistive devices such
as prosthetic limbs is actively being conducted. However, the development of assistive devices for
patients with partial amputations is insufficient. In this study, we developed a finger prosthesis
for patients with partial amputations. The design and mathematical modeling of the prosthesis are
briefly presented. A pneumatic actuator, based on the McKibben muscle design, was employed to
drive the finger prosthesis. We characterized the relationship between the actuator’s force and axial
length changes with varying pressure. An empirical model derived from conventional mathematical
modeling of force and axis length changes was proposed and compared with experimental data, and
the error was measured to be between about 3% and 13%. In order to control the actuator using an
electromyography (EMG) signal, an electrode was attached to the user’s finger flexors. The EMG
signal was measured in relation to the actual gripping force and was provided with visual feedback,
and the magnitude of the signal was evaluated using root mean square (RMS). Depending on the
evaluated EMG signal magnitude, the pressure of the actuator was continuously adjusted. The
pneumatic pressure was adjusted between 100 kPa and 250 kPa, and the gripping force of the finger
prosthesis ranged from about 0.7 N to 6.5 N. The stiffness of the prosthesis can be varied using the
SMA spring. The SMA spring is switched to a fully austenite state at 50 ◦C through PID control, and
when the finger prosthesis is bent to a 90◦ angle, it can provide approximately 1.2 N of assistance
force. Finally, the functional evaluation of the finger prosthesis was performed through a pinch grip
test of eight movements.

Keywords: prosthesis; exoskeleton; pneumatic; EMG signal processing; robot; soft robot; medical
device; sensor; shape-memory alloy

1. Introduction

Upper limb amputations can result from various causes, including traffic accidents,
industrial accidents, and diseases like diabetes. In the United States, each year witnesses
50,000 to 100,000 new amputation cases. Of these, more than 80% are upper limb ampu-
tations, and over 70% of these specifically involve the wrist, hand, or fingers [1]. As the
cumulative number of patients continues to grow, so does the demand for prostheses. The
development of prosthetic limbs offers these individuals an opportunity to reintegrate into
society, and prosthetic limbs not only enhance the quality of life for patients but also create
a positive ripple effect by reducing social welfare costs and boosting productivity.

Most commercially available prostheses today prioritize aesthetic design over func-
tional utility, using silicone to emulate skin texture. With recent technological advance-
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ments, research is now focusing on prostheses that incorporate numerous sensors and
actuators capable of mimicking the movements of a natural human hand. However, many
patients are deterred from opting for powered prostheses due to challenges like excessive
weight, high costs, insufficient grip strength, and subpar control performance. Moreover,
there is a noticeable gap in the development of powered prostheses specifically designed for
patients with partial finger amputations. Thus, it is necessary to develop a finger prosthesis
to resolve these shortcomings. Previously developed prosthetic and robotic hands can
be seen in Table 1. Mural et al. [2] proposed a self-powered auxiliary finger, featuring an
embedded compact motor adaptable to various sizes. It was manufactured using direct
laser metal sintering to create its gear transmission; however, this device cannot adjust
the gripping force based on the user’s intent and presents structural complexity issues.
Ryu et al. [3] proposed a lightweight glove-type assistive device designed for patients retain-
ing a thumb and some metacarpals. This device can also operate passively, utilizing linear
and torsion springs. By positioning an actuator vertically between the finger module and
its attachment, the authors addressed the installation space constraints of existing devices.
However, customizing this assistive device for individual patients remains challenging.

Table 1. Specifications of the existing prosthetic/robotic hands and the finger prosthesis developed
in this study.

Developer [Ref.] Actuator Type Maximum Angle Fingertip Maximum Force Weight

Mural [2] DC Motor
MCP 70◦

PIP 90◦

DIP 60◦
6.056 ± 0.396 N 43.5 g

Ryu [3] DC Motor
MCP 90◦

PIP 90◦

DIP 90◦
6.460 ~ 7.487 N 152.32 g

(Except Thumb)

Gonzalez [4] DC Motor - - 731 g

Burns [5] Two Motors MCP 44 ± 5.3◦

PIP 36.7 ± 5◦ - 1134 g

Ceccarelli [6] Servo Motors MCP 37.6◦

DIP 115.99◦ - -

Li [7] DC Motors
MCP 87.37◦

PIP 84.16◦

DIP 82.08◦
12.3 N 127 g

Wang [8] SMA Wire
MCP 37.5◦

PIP 42◦

DIP 29.5◦
- -

This Study Pneumatic PIP 90◦

DIP 65◦
6.5 ± 0.3 N 25 g

(80 g including actuator)SMA Spring 1.2 N

While most finger prostheses can mimic finger-like motions, they often fall short in
enhancing grip strength or adapting stiffness. Moreover, the diversity in residual limb
structures, stemming from various amputation types, makes it challenging to devise a
universal solution for all amputees. As a result, research is gravitating towards wear-
able exoskeleton devices designed to augment grip strength and facilitate movement.
Gonzalez et al. [4] developed a rehabilitation exoskeleton robotic hand capable of complete
movements across all finger joints, both manually and automatically, and Burns et al. [5]
introduced a glove-type, tendon-driven exoskeleton that can flex and extend each finger
using two motors. However, the structural complexity of these wearable exoskeletons
poses challenges for partial amputees. Ceccarelli et al. [6] developed a finger exoskeleton
with a unique design, offering a full range of finger movements, and Li et al. [7] introduced
an under-actuated finger exoskeleton operating with a single motor; this design pre-couples
the movements of the MCP, PIP, and DIP joints to achieve pre-shaping. However, many of
these exoskeletons have a bulky design, causing inconveniences and limitations during
daily activities. Wang et al. [8] introduced a single-finger exoskeleton driven by shape-
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memory alloy wires; however, this exoskeleton’s maximum flexion angles for each joint are
significantly smaller than the natural maximum flexion angles of the human PIP and DIP
joints, leading to considerable movement restrictions. Since finger flexion is integral to grip
strength, these limitations reduce the effective control of grip strength.

In response, we developed a wearable finger prosthesis for patients with partial finger
amputations as shown in Figure 1. Our design introduces a mechanism for continuous
grip strength control using an EMG sensor, with the system comprising a main body, a
pneumatic actuator, and the EMG sensor, while the finger prosthesis’s main body con-
nects to the pneumatic actuator via a cable. The pneumatic actuator functions based on
the myoelectric signals detected by the EMG sensor, facilitating continuous grip strength
control. Additionally, in scenarios where a load is applied to the finger, the system ensures
that the finger retains a flexed position for a specified duration. Considering the difficulty
for users in sustaining high-level myoelectric signals, we employed and evaluated a vari-
able stiffness mechanism [9–11] using shape-memory alloys (SMAs) for wearable finger
prostheses. While many mechanisms have been proposed for variable stiffness [12–16],
we chose SMAs. These materials can be used for an extended period of time [17] due to
their ability to return to their original state without undergoing permanent deformation
when exposed to specific stimuli such as heat [18] or magnetic fields, provided that the
deformation remains below a certain threshold. Their selection was motivated by their
aptness for lightweight and miniaturized applications, coupled with their exceptional
force-to-weight characteristics [19].

Actuators 2023, 12, x FOR PEER REVIEW 3 of 15 
 

 

with a unique design, offering a full range of finger movements, and Li et al. [7] introduced 
an under-actuated finger exoskeleton operating with a single motor; this design pre-cou-
ples the movements of the MCP, PIP, and DIP joints to achieve pre-shaping. However, 
many of these exoskeletons have a bulky design, causing inconveniences and limitations 
during daily activities. Wang et al. [8] introduced a single-finger exoskeleton driven by 
shape-memory alloy wires; however, this exoskeleton’s maximum flexion angles for each 
joint are significantly smaller than the natural maximum flexion angles of the human PIP 
and DIP joints, leading to considerable movement restrictions. Since finger flexion is inte-
gral to grip strength, these limitations reduce the effective control of grip strength. 

In response, we developed a wearable finger prosthesis for patients with partial fin-
ger amputations as shown in Figure 1. Our design introduces a mechanism for continuous 
grip strength control using an EMG sensor, with the system comprising a main body, a 
pneumatic actuator, and the EMG sensor, while the finger prosthesis’s main body con-
nects to the pneumatic actuator via a cable. The pneumatic actuator functions based on 
the myoelectric signals detected by the EMG sensor, facilitating continuous grip strength 
control. Additionally, in scenarios where a load is applied to the finger, the system ensures 
that the finger retains a flexed position for a specified duration. Considering the difficulty 
for users in sustaining high-level myoelectric signals, we employed and evaluated a vari-
able stiffness mechanism [9–11] using shape-memory alloys (SMAs) for wearable finger 
prostheses. While many mechanisms have been proposed for variable stiffness [12–16], 
we chose SMAs. These materials can be used for an extended period of time [17] due to 
their ability to return to their original state without undergoing permanent deformation 
when exposed to specific stimuli such as heat [18] or magnetic fields, provided that the 
deformation remains below a certain threshold. Their selection was motivated by their 
aptness for lightweight and miniaturized applications, coupled with their exceptional 
force-to-weight characteristics [19]. 

Section 2 focuses on the design of the wearable finger prosthesis for patients with 
partial amputations and provides a brief overview of the associated mathematical model-
ing. We also developed a pneumatic actuator based on the McKibben muscle design 
[20,21] for the proposed finger prosthesis. Section 3 delves into controlling the actuator by 
analyzing the magnitude of myoelectric signals from the EMG sensor, adjusting the grip 
strength of the finger prosthesis accordingly. For example, objects with the same volume 
but varying weights necessitate different grip strengths, underscoring the importance of 
grip control via the EMG sensor. Section 4 integrates the developed finger prosthesis with 
the EMG-controlled grip mechanism. We also tested the prosthesis’s variable stiffness 
method using SMA springs. A functional evaluation of the finger prosthesis using pinch 
grip motions will also be reported. Lastly, Section 5 presents our conclusions and outlines 
potential directions for future research. 

  
(a) (b) 

Figure 1. Schematic representation of the concept of partial finger prosthesis. (a) Concept 1: Daily
use. (b) Concept 2: When the user constantly needs grip force.

Section 2 focuses on the design of the wearable finger prosthesis for patients with
partial amputations and provides a brief overview of the associated mathematical modeling.
We also developed a pneumatic actuator based on the McKibben muscle design [20,21] for
the proposed finger prosthesis. Section 3 delves into controlling the actuator by analyzing
the magnitude of myoelectric signals from the EMG sensor, adjusting the grip strength of
the finger prosthesis accordingly. For example, objects with the same volume but varying
weights necessitate different grip strengths, underscoring the importance of grip control
via the EMG sensor. Section 4 integrates the developed finger prosthesis with the EMG-
controlled grip mechanism. We also tested the prosthesis’s variable stiffness method using
SMA springs. A functional evaluation of the finger prosthesis using pinch grip motions will
also be reported. Lastly, Section 5 presents our conclusions and outlines potential directions
for future research.
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2. Design of Wearable Finger Prosthesis
2.1. Structural Design

The finger prosthesis that we aimed to develop has been designed structurally through
NX12 (Siemens PLM Software, Plano, TX, USA), a 3D CAD program. The prosthesis,
approximately 84 mm in length, resembles the size of an adult finger, and it primarily
consists of four link components, along with two pulleys and cables.

As shown in Figure 2a, the first link is designed to resemble the Proximal Phalanx
of the finger, and it shifts the cable’s position from the palm side to the back of the hand.
Moreover, a ring can be attached to ensure the finger prosthesis aligns with the diameter
of the finger. The second link, similar to the Middle Phalanx, allows the prosthesis to be
actively moved by applying direct force, depending on the situation of the patient with a
partial amputation, and consists of a four-link structure, with the third link allowing the
prosthesis to move like a real finger. The third link is connected to the first link with a
rubber band, which allows it to return to its original state without a separate actuator after
the cable is pulled. The final, fourth link is like the Distal Phalanx, fixing the cable and
containing the pulley, which changes the direction of force during cable-driven operations.
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The prosthesis can be compared to a human finger, specifically at the proximal inter-
phalangeal (PIP) joint and distal interphalangeal (DIP) joint. The human PIP joint can bend
about 100◦, and the DIP joint can bend about 70◦ [22]. However, the finger prosthesis bends
at a slightly lower degree, with a maximum of 90◦ at the PIP joint and a maximum of 65◦ at
the DIP joint, similar to the bending angle of a human finger but slightly less.

2.2. Kinematic of Linkage Structure

In order to analyze and simulate the movement of the finger prosthesis for partial
amputees, a four-link-structure-based kinematic model was used. As shown in Figure 3a,
the first link of the prosthesis is fixed, the lower joint connecting to the second link on the
first link is referred to as A, and the upper joint connecting to the third link on the first link
is called B. The upper joint where the second and fourth links connect is called C, and the
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remaining joint where the third and fourth links connect is D. With joint A as the origin,
the coordinates of joint B are as described in Equation (1).
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Bx = L1cos(θAB)

By = L1sin(θAB)
(1)

Here, link L1 is the distance between joint A and joint B, which is 9 mm, and the angle
θAB between joint A and joint B is set at 80◦ in the design. Similarly, the coordinates of joint
C are as described in Equation (2).

Cx = L3cos(θ1)

Cy = L3sin(θ1)
(2)

Link L3 is the distance between joint A and joint C, which is 27.2 mm, and θ1 is the
angle between joint A and joint C, a variable that can be controlled from 21◦ in the initial
state to a maximum of −60.3◦ through the pneumatic actuator connected to the finger
prosthesis. The coordinates of joint D are as described in Equation (3).

Dx = Bx + L2cos(−θ2)

Dy = By + L2sin(−θ2)
(3)

Link L2 is the distance between joint B and joint D, which is 30.2 mm, and θ2 is the
angle between joint B and joint D. Since we already know from the design process that link
L4 is the distance between joint C and joint D, which is 12.1 mm, we can find θ2 using the
distance formula Equation (4) of the two points, joints C and D. However, θ2 appears as a
very complex result, as shown in Equation (5), where # denotes a complex equation.

(Dx − Cx)
2 +

(
Dy − Cy

)2
= L4

2 (4)

θ2 = −log(−(L1L3 + (L2
1 + L2

2 + L2
3 − L2

4)e
θ1i + L1L3e2θ1i)i)# (5)

Joint D, which is shared by links L2 and L4, must be constrained together; the constraint
equation is shown in Equation (6), and through this equation we can obtain θ3. The equation
for θ3 is shown in Equation (7), and the result of the simulation is shown in Figure 3b.

Dx = Cx + L4cos(θ3)

Dy = Cy − L4sin(θ3)
(6)

θ3 = cos−1
(

Dx − Cx

L4

)
= −sin−1(

Dy − Cy

L4
) (7)
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2.3. Pneumatic Actuator

The McKibben muscle is an actuator that converts pneumatic energy into mechanical
energy by transforming the pressure applied inside an elastic tube into tensile force in
the direction of the tube contraction. Chou and Hannaford analyzed a simplified model
through theoretical approaches and several experiments to find the relationship between
tension, length, and pressure [20]. Based on the law of energy conservation, assuming the
actuator is in an ideal state, the physical model in a static state can be represented as shown
in Equation (8).

F = −PdV
dL

=
πD2

0P
4

(3cos2 θ − 1) (8)

Here, F is the axial tension, P is the relative pressure, ∆V is the volume change, and
∆L is the axial displacement. D0 is the diameter of the actuator when θ is 90◦. According
to the authors, the tension is linearly proportional to the pressure, and it is a function of
θ(0◦ < θ < 90◦), reaching maximum contraction when θ = 54.7◦.

We manufactured a pneumatic actuator with a diameter of 10 mm and a length of
130 mm, as shown in Figure 4c. As shown in Figure 4d, we measured the tension and
axial length change of the actuator according to the pressure, and the results are shown
in Figure 5. The maximum axial length change is ∆L = 30.9 mm when the pressure of the
actuator is 0.48 MPa. The physical model for the manufactured actuator can be represented
as follows, by applying Equation (8).

F =
πD2P

4
(3cos2 θ −

(
1

sinθ
− 1
)
) (9)
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actuator; deflation and inflation (PMAX = 0.4 MPa). (d) Experimental setup to measure the force
(CSBA-100k, Sensor solution, Republic of Korea) and length (CNH-500, COZY INTERNATIONAL,
Seoul, Republic of Korea) of the actuator.

Here, D is the current diameter of the actuator, and the error between the modeling
value and the experimental value is shown in Table 2. The maximum pressure P of the
actuator was determined as 0.4 MPa, at which the manufactured finger prosthesis achieves
maximum bending.
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Table 2. Result of actuator test.

Air Pressure, P
(MPa)

Diameter, D
(mm)

The Angle between the
Center Line and Textile, θ

(degree)

Error between Experimental
and Model Values

(%)

0.10 11.8 22 7.57
0.15 13.1 25 13.07
0.20 14.7 32 5.74
0.25 16.4 38 7.66
0.30 18.8 42 3.82
0.35 20.2 46 3.53
0.40 21.1 49 3.15

3. EMG Signal According to Grip Force

In order to control the finger prosthesis based on electromyography (EMG) signals,
it is necessary to measure how the EMG signals change according to the degree of grip
force. For this study, five subjects (four males and one female) participated, as shown in
Table 3. Since the flexion of the finger is controlled by the flexor digitorum muscle located
on the anteromedial surface of the ulna, electrodes for sEMG were closely attached to the
test subject’s flexor digitorum to measure the myoelectric signals.

Table 3. Subjects’ information.

No. Age Sex

Sub 1 24 Male
Sub 2 26 Male
Sub 3 30 Male
Sub 4 31 Male
Sub 5 26 Female

To prevent unnecessary EMG signals from movements of the elbow or wrist, the test
subject’s arm was positioned on each stand as shown in Figure 6a, with their hand lightly
placed on the handle. Then, we conducted calibration by utilizing visual feedback to ensure
that the subject exerted a consistent force when bending their index finger through a load
cell (CUU3-5kgf, SensorSolution, Daegu, Republic of Korea), as shown in Figure 6b. The
EMG signals were measured as shown in Figure 6c.
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The effective bandwidth of the sEMG signal is known to be approximately 0.5 kHz,
and sampling was conducted at 1 kHz according to the Nyquist sampling theorem [23].
Also, the test subject generated signals 10 times for 5 s each in a set of experiments, and this
was repeated for five sets. The sampled signals were evaluated in size by the root mean
square (RMS), as shown in Figure 6d.

σ =

√√√√ 1
N

N−1

∑
i=0

x2
N (10)

4. Grip Force Experiment
4.1. Experimental Setup

For our experiments, we installed a regulator (arm11BB3-308-A-N, SMC, Tokyo, Japan)
on an air compressor (DC991, TICHOT, Hangzhou, China), as shown in Figure 7, and
maintained it at 0.7 MPa. When the subject generated the EMG signal, the magnitude was
assessed using an Arduino UNO. This estimated signal magnitude was then proportionally
converted to a voltage range (0 V~5 V) to control the proportional control valve (KPCV,
KCC CO., Ltd., Seoul, Republic of Korea).

The valve opens based on the input voltage and injects air into the fabricated pneu-
matic actuator. As the air-injected actuator changes length, it pulls the wire of the finger
prosthesis, enabling the prosthesis to function. At this point, the force exerted by the end of
the prosthesis pressing on the load cell is measured.
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4.2. Experimental Results

The upper graph in Figure 8 represents EMG raw data, while the bottom graph depicts
RMS data. EMG signals were generated following visual feedback, with the electrode
attached to the flexor digitorum muscle, just like in the previous experiments. The size
of the signal was evaluated by RMS, and accordingly, pneumatic pressure was applied to
the actuator.
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The results of the experiment can be seen in Table 4. When the RMS was between
3 mV and 5 mV, a minimum pressure of 0.1 MPa was applied to the actuator when the
EMG signal was applied. For larger EMG signals, the pneumatic pressure could be applied
in a continuous manner, and at this time, pressure changes less than 20 kPa have a minimal
effect on the length change of the actuator, so minor changes in RMS values can be ignored.

Table 4. Result of Experiment.

RMS (mV) Air Pressure (kPa) Grip Force of Prosthesis (N)

4 ± 1 100 0.7 ± 0.2
7 ± 2 118 ± 12 2.2 ± 0.3

16 ± 3 172 ± 18 4.3 ± 0.2
26 ± 2 232 ± 12 6.5 ± 0.3

A prototype of a finger prosthesis for partial amputees was manufactured using a 3D
printer with Duraform PROXPA (Nylon12) material. However, due to the limitations of the
material, it was difficult to measure the force at pressures above 0.25 MPa.
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4.3. Stiffness Modulation Using SMA Spring

A shape-memory alloy (SMA) spring was inserted into both joints A and D of the
existing finger prosthesis to create a variable stiffness mechanism for a finger prosthesis
for partial amputees, as shown in Figure 9a. The parameters of the SMA spring we used is
shown in Table 5. Each spring consisted of four coils. When the spring was heated, some of
the coils were covered with a silicone tube to prevent any impact on the prosthesis made
by a 3D printer. A temperature sensor was attached at the midpoint of the SMA spring to
measure the temperature.
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Table 5. Parameters of the SMA spring.

Parameter Symbol Value

Material NiTi-45 Nitinol
Spring diameter D 6.5 mm
Wire diameter d 0.75 mm
Original length Lmin 3 mm

Maximum length Lmax 30.1 mm
Number of coils n 4
Shear modulus G 16.5 GPa

Activation temperature 50 ◦C

The variable stiffness method using an SMA spring is shown in Figure 9b. When the
EMG signal is maintained at a certain level or higher for more than 3 s, the temperature of
the SMA spring is increased to an operating temperature of 50 ◦C through PID control to
convert it into a fully austenite state. Then, the stiffness of the finger prosthesis increases
while being bent, so even if the EMG signal decreases, the SMA can assist the gripping
force. If you apply an EMG signal above a certain level again, the SMA will start cooling
by convection.

When the temperature of the SMA spring T is between TM and TA, the force of the
spring can be expressed as follows [24]:

Fs(T) =
G(T)d4

8nD3 δL(θs) (11)

The parameters can be represented as shown in Figure 10a, δL(θs) represents the
change in the spring’s length from its initial state due to the bending of the finger prosthesis.
In this case, because the spring rotates to θs and changes its length as the finger prosthesis
bends, the length L(θs) with respect to θs can be expressed as follows. It was obtained
using regression techniques as shown in Figure 10b.

L(θs) = 0.000876θ2
s − 0.181721θs + 30.500133 (12)
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Figure 10. (a) Free body diagram of a finger prosthesis. (b) Regression of spring length based on
spring angle.

When the spring transitions to the austenite state and becomes activated, it induces
the bending of the finger. Assuming that the moment generated at the center of joint B by
the SMA spring is equal to the moment generated by the force at the end-effect of the finger
prosthesis, it can be expressed as follows:

M = LEF = L22Fssin(θs − θ3) (13)

LE =
√

L2
2 + l2 − 2L2lcosθE (14)

In Equation (13), LE represents the distance from joint B to the point where the grip
occurs, and it can be represented as shown in Equation (14). Here, l represents the distance
from joint D to the point where the grip occurs, and θE represents the angle between
L2 and l.

Consequently, the force exerted by the SMA spring at the end of the finger prosthesis
can be represented as follows:

F =
2L2

G(T)d4

8nD3 (L(θs)− Lmin)sin(θs − θ3)√
L2

2 + l2 − 2L2lcosθE

(15)

Figure 11a shows the temperature of the SMA and the force at the end of the finger
when the proximal phalange and the distal phalange form a 90-degree angle. At this point,
all external forces other than the SMA spring are excluded, and approximately 1.2 N of
force is generated at the end of the finger when the SMA is activated. Figure 11b presents a
comparison graph of the theoretical and experimental results according to the spring angle.
It is possible to confirm the error between the modeling value and the experimental value
because, due to the characteristic of the moment, the value varies greatly even with a small
angle or length difference when measured.
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As shown in Figure 12, the weight at the end of the finger prosthesis was increased
in increments of 50 g from 50 g to 200 g. When 200 g was applied during the activation of
the SMA, the end of the prosthesis dropped by approximately 12–13 mm compared with
when there was no weight. During the deactivation of the SMA, the end showed a drop of
about 24–25 mm.
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4.4. Functional Evaluation of Finger Prosthesis

As shown in Figure 13, we conducted a performance evaluation through the pinch grip
motion of the finger prosthesis designed for partial amputees. The pinch grip motions were
evaluated through eight actions (pulp pinch, diagonal volar grip, lateral pinch, transverse
volar grip, tripod pinch, spherical volar grip, five-finger pinch, and extension grip). In the
evaluation, we used items ranging from light pens and small tools to heavier items like
balls or water bottles that are used in daily life.

Because the user’s upper limb is not entirely amputated, they can still use their
remaining fingers and muscles. We confirmed that the developed finger prosthesis can
assist the user’s actions. All testing procedures performed in this study were previously
approved by the university’s Institutional Review Board (CHAMC 2022-11-053-002), and
all participants provided written informed consent.
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5. Conclusions

In this study, we developed a wearable finger prosthesis for partial amputees, and
this paper presents a kinematic model for the prosthesis. We adopted a McKibben muscle-
type pneumatic actuator as our actuator, and applied traditional modeling of pneumatic
actuators to the one we manufactured. Since there were discrepancies between the modeling
and experimental results, we proposed an adjusted modeling approach and evaluated the
performance of the pneumatic actuator.

We also measured EMG signals for each level of force by inducing a specific pinch force
on the index finger using visual feedback, which allowed us to control the actuator. The
measured signals were evaluated by their RMS size, which in turn controls the proportional
control valve as it changes the signal from 0 V to 5 V. After integrating the finger prosthesis
for partial amputees with the pneumatic actuator continuously controlled by EMG signals,
we measured the pinch force of the prosthesis.

We proposed and tested a mechanism that inserts SMA springs into the joints of the
finger prosthesis to change their stiffness, in order to maintain bending motion and assist
the pinch force even when the EMG signal decreases. Finally, we evaluated the performance
of the prosthesis through eight different pinch grip motions.

If we only extract and amplify the EMG signals of the flexor digitorum muscle to
control the actuator, we can ignore many unnecessary signals, such as wrist movement in
grip actions, thus greatly increasing the accuracy of actions according to the user’s intention.
Therefore, research on mechanisms that can extract signals from specific muscles in real
time is needed.

In addition, due to the limitations of the prototype material of the finger prosthesis,
we were unable to apply the pressure that generates the maximum bending of the actuator,
so in future studies we will design an easier process and consider more durable structures.

Depending on the level and location of an amputation, there can be differences in EMG
signals, so extensive collection and analysis of EMG signals from disabled participants



Actuators 2023, 12, 434 14 of 15

through numerous clinical trials are needed. Also, since EMG signals differ from user
to user, research on precise calibration to proportionately apply the pressure is required.
This would help in customizing the finger prosthesis device to best serve the needs of the
individual user, enhancing both the effectiveness and comfort of the device.
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