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Abstract

Gripping objects firmly and quickly is an important function of the human hand for everyday life. Prosthetic devices face
significant challenges in replicating these capabilities, particularly in achieving a delicate balance between swift grasping
and substantial grip strength while adhering to weight and form-factor constraints. To address these challenges, this study
introduces a novel posture-dependent variable transmission (PDVT) that mimics the human hand’s behavior by employing a
spiral-shaped spool. The PDVT’s spiral-shaped spool replicates the human hand’s quick and gentle pre-contact movements
followed by a stronger force application after contact with the object. Additionally, a compressive series elastic spring enhances
tendon tension across a wide range of finger postures. The manufacturing method of PDVT, utilizing both 3D printing and
metal processing, enables the creation of complex spiral shapes. The PDVT demonstrates improvements in both speed and
grip strength compared to conventional rigid spool mechanisms. The PDVT has the potential to be applied to various robotic

grasping systems.

Keywords Prosthetic hand - Variable transmission - Tendon-driven - Under-actuation

1 Introduction

Humans use various tools to interact with the external envi-
ronment and perform tasks that can hardly be done with
bare hands like hunting, carpentry, sports, and more [1, 2].
While performing such tasks, humans can grasp a tool firmly
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with their hands, ensuring the stability to manipulate it even
under external forces and impact due to the interaction [3,
4]. Moreover, human hands can make firm grasps rapidly,
which can be advantageous in changing grips for dexterous
manipulation of a tool or in catching fast-moving objects
that are free-falling or thrown [5]. In fact, the maximum grip
strength of a human hand is approximately 400 N, while grip
speed can reach up to 40rad/s [6]. In the prosthetic industry,
numerous prosthetic hands have been developed to replicate
the grasping speed and force of the human hand. To prop-
erly assist the daily activities of hand amputees, a prosthetic
hand is recommended to produce 65N of grip strength and
4rad/s of grasp speed [6, 7]. However, commercially avail-
able prosthetic hands have not been able to satisfy both the
grip force and speed simultaneously [7]. Although imple-
menting a high-power motor that can generate sufficient
torque at high rotational speed can solve the issue, such high-
power motors often exceed the size and weight limitation of
prosthetic hands. As being lightweight and compact is one
of the most important features, most prosthetic hands are
equipped with small motors that offer limited grasping capa-
bilities compared to a human hand.

To address the issue of insufficient motor power, variable
transmission mechanisms have been developed for prosthetic
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hands, primarily using tendon-driven systems. The mecha-
nisms are designed to adjust the ratio of motor speed and
force, selectively achieving rapid speed and strong force in
grasping. A prominent example of the variable transmission
mechanism is the twisted string actuation (TSA) mecha-
nism [8—11] which generates linear motion from twisting the
string, or tendon. By changing the mode of twisting through
additional actuation, itis possible to adjust the grasping speed
and force, which have an inverse-proportional relationship.
This enables the prosthetic fingers to be operated either at
high speed or with substantial force. Another example of the
variable transmission mechanisms using tendons is the ones
with variable spool or pulley diameters [12—14]. Spools or
pulleys with varying diameters due to external forces, along
with a single motor, allow for rapid joint movement in the
absence of external forces and increase joint torque when
external forces are applied. To change the diameter of the
spool due to external forces, elastic materials were used to
make the spool, and it can be used up to 49 times in high-
force mode [12]. Other variable transmission mechanisms
like planetary gears, moment arm modification, or gear-based
locking variable transmission mechanisms have been devel-
oped [15-19].

In this study, a posture-dependent variable transmission
(PDVT) was developed to achieve high speed and force in
grasping, inspired by the characteristics of human grasping.
Human muscles exhibit faster speeds when lower force is
required and slower speeds when greater force is needed
[20]. Similarly, the human hand can move rapidly before
making contact with an object, requiring less muscle force,
and increases its force after contact. To mimic these hand
characteristics, a spiral spool was designed with a contin-
uously decreasing diameter for the tendon to wind around
(Fig. 1). When the contact posture between the object and
the finger is predetermined, the spiral spool winds the ten-
don around the relatively large diameter of the spool before
contact to allow the finger to move rapidly. After contact, the
tendon is wound around the relatively small diameter of the
spool to enable a strong grip on the object. Additionally, the
compression spring connected in series to the tendon allows
it to continue winding around the smaller diameter of the
spiral spool even after contact with the object, increasing
tendon tension. As a result, the developed PDVT can gen-
erate rapid finger movements and exert high grasping forces
in specific contact postures. The manufacturing method of
PDVT, which combines 3D printing and metal processing,
allows for the creation of complex spiral shapes. In this study,
we explore the characteristics of PDVT through a parame-
ter study of the spiral spool and spring, determining suitable
features for applying PDVT to prosthetic fingers. We design
PDVT for two contact cases using the characteristics iden-
tified through parameter studies of springs and spiral spools
and validate their performance through experiments. When
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Fig. 1 Posture-Dependent Variable Transmission(PDVT). a PDVT
design. b A PDVT operation before making contact with an object.
¢ A PDVT operation after making contact with an object

using the same motor, fingers equipped with the PDVT mech-
anisms are up to 3.7 times faster in grasping speed and up
to 5 times stronger in grip force compared to fingers with a
constant diameter rigid spool.

2 PDVT design
2.1 Principle of PDVT

PDVT is a variable transmission mechanism that varies fin-
ger flexion speed and the maximum tension in the flexion
tendon according to finger posture. PDVT consists of a spi-
ral spool and a series elastic compression spring (Fig. 1a).
PDVT changes finger flexion speed and flexion tendon ten-
sion through two processes.

Process 1: Before the finger makes contact with the object,
PDVT bends the finger by winding the flexion tendon around
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Fig.2 Schematics of a PDVT finger. a Schematics of a spiral spool. b
Schematics of a PDVT finger with compression spring

the spiral spool (Fig. 1b). Spiral spool rotates with the ten-
don winding in a spiral shape, and the radius of the spool
decreases gradually as it winds. The required tension to bend
the finger in the flexion tendon compresses the spring. The
amount of tendon winding around the spool until the finger
makes contact with the object is the sum of the change in ten-
don length required to move the finger and the compression
length of the series elastic compression spring.

Process 2: After the finger comes into contact with the
object, the compression spring compresses further, and the
flexion tendon winds more around the spiral spool. As the
winding length of the tendon increases, the radius of the spiral
spool decreases, allowing it to transmit higher tension to the
flexion tendon at the same torque. When the compression
spring is fully compressed, the motor increases the torque up
to the stall torque. At this point, the tension is the maximum
tension applied by the sprial spool to the tendon.

2.2 PDVT modeling

We designed the maximum tension in the tendon and grasping
speed based on the posture of the fingers by adjusting the
design parameters of the spiral spool and the series elastic
compression spring. The maximum tension of the tendon
depending on the finger’s posture was obtained by calculating
the relationship between the finger’s flexion angle and the
length of tendon wound on the spool and the spool’s radius
corresponding to the length of tendon wound on the spool.
Grasping speed can be obtained by calculating the motor’s
rotation angle required to create the finger’s posture.

The radius of the spiral spool based on the length of the
wound tendon (i.e., rotational angle of spool) is designed by
varying the radius ratio of the spiral curve and the length of
the spiral curve. The radius ratio (rp,0) of the spiral spool
is defined as the ratio between the initial radius and the final
radius, as shown in Eq. (1).

ri

— ey
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T'ratio =

r; represents the initial radius of the spiral curve, and r ¢
represents the final radius of the spiral curve (Fig.2a). The
PDVT’s spiral spool is designed to have the tendon winding
onto the spool having a constant radius (i.e., r ¢ ) with the final
radius after the tendon has wound in the spiral curve shape.

The length of the spiral curve(Lspiral) is given by Eq. (2).

% dq(®)
Lpiral = —do 2
spiral /(; | do | 2)

6 represents the motor’s spool rotation angle, and 6, signi-
fies the angle forming the spiral curve (Fig. 2a). g represents
the position vector of the spiral curve, given by Eq. (3).

q©) = r(@)cos(0)i + r(0) sin(0)j + pbk 3)

r(0) represents the varying radius value with respect to 6,
and p is the pitch of the spiral curve. r(0) is calculated as
shown in Eq. (4).
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The length of the tendon wound around the PDVT’s spool
to create a finger posture (A L) was calculated from Egs. (1)-
(4), as shown in Eq. (5).
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Fig.3 Under-actuated PDVT finger free movement

O, represents the magnitude of the final angle that the
PDVT spool rotates to create a finger posture. 8,, was cal-
culated from Eq. (5). Once 6,, is determined, the maximum
tension (7iax) in the flexion tendon was calculated using

Eq. (6).

Tmax

= (Om)

(6)

Tmax

The Tmax represents the motor’s stall torque. To increase
tension at the same stall torque, r(6,,) should decrease. By
using Eqgs. (5) and (6), we can determine the maximum ten-
sion of the tendon based on the length of the tendon wound
around the spool. Calculating the length of the tendon wound
around the spool based on the finger’s posture allows us to
calculate the maximum tension of the tendon for that specific
finger posture, in conjunction with Egs. (5) and (6).

During the bending of the finger, the length of the tendon
wound around the spool (AL) is given by the sum of the
changes in the distance between the tendon pulleys and the
length of the spring, as shown in Eq. (7) (Fig.2b).

AL=Lyo—Li+Lyo— Lo+ Lso— Ly @)

The finger equipped with PDVT features a tendon-driven
under-actuation mechanism to enable adaptable grasping of
object shapes (Fig.2b) [21]. In order to grasp objects of
various sizes, the positions of the tendon pulleys in the
finger with tendon-driven under-actuation are designed to
allow flexion of the PIP joint after the MCP joint has flexed
(Hy1 = 15.3mm, Hip = 20.0mm, H>; = 18.1mm, Hy, =
12.6 mm, oy = 2.36rad, ap = 2.27rad). A finger equipped
with PDVT first moves the proximal phalanx. After the prox-
imal phalanx has moved into contact with the object or within
its range of motion, the distal phalanx then moves. The free
movement of the designed finger is illustrated in Fig. 3.
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The distance between the tendon pulleys (Lo, L20)
before the finger bends is given by Eq. (8).

Lio= \/Hi%1 + H2, — 2H; 1 Hipcos(e) (i=1,2) (8)

The distance between the tendon pulleys (L1, L;) after the
finger bends is given by Eq. (9).

L= H + H2) — 2H; 1 iy cos(i — ¢) (i =1,2)
©)

The MCP joint flexion angle is ¢1, and the PIP joint flexion
angle is ¢,. The sum of the flexion angles of the two joints
(¢ ) is given by Eq. (10).

br =¢1+ P (10)

The length change of the compressive spring connected
in series to the tendon during finger flexion is determined
by the tension of the tendon required to flex the finger. The
function of tension with respect to the flexion angle of the
finger is denoted as T (¢ 1), and when the spring constant of
the compressive spring is represented as K, the length change
of the spring is given by Eq. (11).

_T@p

Ls,O - Lx K

(11

The relationship between finger flexion angle and tendon
tension, as determined through experiments, is detailed in
Sect. 3.3’s spring parametric study.

The changes in tendon length with respect to finger flexion
angle before object contact are calculated using Eqs. (8), (9),
and (11), by substituting them into Eq. (7). By utilizing the
calculated changes in tendon length with respect to finger
flexion angle, motor rotation angles required to achieve finger
flexion angles can be determined using Eq.(5). This estab-
lishes the relationship between the flexion angle of the finger
with PDVT applied and the motor rotation angle. When the
finger makes contact with an object and the tension in the
tendon reaches its maximum, the compression length of the
spring (i.e., Ls,0 — Lg) becomes equal to the spring’s allow-
able compression length. By applying the spring’s allowable
compression length to Egs. (7) and 5, the motor rotation angle
corresponding to the maximum tension on the tendon can be
calculated. Utilizing this value in Egs. (4) and (6) allows us
to determine the maximum tension applied to the tendon in
the finger’s posture after object contact.

2.3 PDVT and finger fabrication

To create a novel spool with both a spiral shape and high
durability, we employed a combination of 3D printing and
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Fig. 4 PDVT finger fabrication. a Spiral spool fabrication. b PDVT
finger fabrication

metal machining. The portion of the spool with the spiral
shape was manufactured using SLA (Stereolithography) type
3D printing (Figure 4 Jewelry, 3D Systems), which allowed
us to create the intricate spiral pattern (Fig.4a). The sec-
tion responsible for maximizing wire tension was fabricated
using steel material for increased strength, and metal pins
were utilized in this area. The integration of the 3D print-
ing component and the metal pins was achieved through the
use of metal bolts, ensuring a secure and robust connection
between the two parts.

The fingers equipped with PDVT were designed to fit
within the 50th percentile size range of adult male hands
(Fig.4b) [22]. The finger incorporating PDVT were manu-
factured using a polyjet-based 3D printing process (J35 pro,
Stratasys). The combination of 3D printing and metal pro-
cessing in the PDVT-equipped fingers, including the motor,
results in a weight of 70 g.

3 Parametric study

To better understand the characteristics of the modeled
PDVT’s spiral spool and compression spring in Sect. 2, we
conducted a parametric study on the geometry of the spiral
spool and the spring stiffness and lengths.

3.1 Parametric study test setup

An experimental setup for the parametric study of the PDVT
was designed (Fig. 5). To measure the motor’s rotating angle

Motor
| &
| Spiral spool

Fig.5 Experimental setup

Table 1 Spiral spool geometries

Tratio Lpiral (mm)
Spool 1 5 30
Spool 1T 5 20
Spool 111 2 30

for finger posture, markers capable of measuring positions
at each finger joint were attached, and motors equipped with
encoders (Pololu 6V High-power micro geared motor 380:1,
1.1W) were used. The markers were tracked using a camera
system (OptiTrack, NaturalPoint, Inc.). To measure contact
between the fingers and objects at each position, loadcell 1
(Ktoyo, 5kgf loadcell) was placed at stopping points to mea-
sure contact with objects. To measure the maximum tension
of the tendon for finger posture, loadcell 2 (Ktoyo, 20kgf
loadcell) was connected between the finger’s flexion tendon
(wire 1) and the spiral spool’s tendon (wire 2). Maximum
fingertip force and maximum tendon tension were mea-
sured using the same method as in a previous study, which
employed motors with the same power, involving the motor’s
stall torque value [12]. Measurements of the finger’s flexion
angle, maximum tension, and the motor’s rotating angle were
taken at three positions, as shown in Fig. 5.

3.2 Spiral spool parametric study

We conducted experiments with three different spool geome-
tries, which are controlled by two parameters: the radius
ratio of the spool and the length of the spiral curve on the
spool (Table 1). We compared the finger’s flexion speed and
the maximum tendon tension with respect to changes in the
length of the spiral curve using Spool 1 and Spool 2 (Fig. 6).
We also examined the influence of differences in the radius
ratio on the finger’s flexion speed and maximum tendon ten-
sion using Spool 1 and Spool 3 (Fig. 6). When changing the
radius ratio, we kept the maximum diameter fixed at 17.5 mm
and varied the minimum diameter as a variable. The finger’s
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Fig.6 Parameter experiments for spool geometry. a Normalized maxi-
mum tension versus finger flexion angle. b Motor rotation angle versus
finger flexion angle

flexion speed was determined by measuring and modeling
the motor angle required to achieve a specific finger flexion
angle for each spool. A larger motor angle to achieve the
same flexion angle indicates slower finger speed. We mea-
sured and modeled the maximum tendon tension based on
the finger’s flexion angle for each spool. A higher maximum
tendon tension at the same finger flexion angle indicates that
the finger exerts more force when gripping objects. The max-
imum tendon tension that a spool can produce is normalized
in Eq.(12) based on the case where the spool’s diameter is
largest (r = r;).

Tax (r =r(6))
Tmax,normalized = L (12)
Tax(r = ri)

The PDVT spiral spool’s angle of rotation required for
the spool and the normalized maximum tension change with
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Table 2 Spring characteristics

K (N/mm) Lgpring (mm)
Spring I 0.755 15

Spring II 0.755 3

Spring I1I 0.098 18.5

the length of the spiral portion to achieve the same tendon
length pull (Fig.6). As the length of the spiral curve on the
spool decreases, the range where the normalized maximum
tension is at its peak becomes longer (Fig.6a). A shorter
length of the spiral curve allows the wire to wind onto the
minimum diameter spool more quickly, enabling the spool to
deliver maximum tension over a broader range of finger pos-
tures. However, as the length of the spiral curve decreases,
the finger’s speed decreases (Fig. 6b). A shorter spiral curve
increases the length of wire wound onto the minimum diame-
ter spool, requiring the spool to rotate through a larger angle.
A larger rotation angle means that more time is required to
pull the same tendon length, resulting in slower finger move-
ment. Conversely, a longer spiral portion allows the spool to
deliver maximum tension to the tendon over a narrower range
of finger postures, increasing finger speed. When designing
PDVT, this trade-off should be considered.

The PDVT spiral spool’s angle of rotation required for
the spool and the normalized maximum tension change with
the diameter ratio to achieve the same tendon length pull
(Fig. 6). As the diameter ratio increases, the minimum diame-
ter decreases, leading to an increase in normalized maximum
tension (Fig.6a). A higher normalized maximum tension
means that the finger can exert stronger force in the same
finger posture, and to increase finger strength, it is neces-
sary to design a larger diameter ratio. However, increasing
the diameter ratio in the spiral spool slows down the finger’s
speed (Fig.6b). A larger diameter ratio results in a larger
angle of rotation required for the spool to create the same
spiral curve length. An increased angle of rotation needed for
the spool to achieve the same posture means that the finger’s
speed decreases. When comparing Spool I and Spool I11, it’s
evident that the larger diameter ratio in Spool I results in a
normalized maximum tension difference of up to 2.5 times,
but the speed difference is a maximum of 1.5 times. Spool
I with a larger diameter ratio is a more efficient choice for
the PDVT finger. We applied this diameter ratio to the spiral
spool in our design.

3.3 Spring parametric study

The design parameters for the spring are the maximum com-
pression length of the spring and the spring stiffness. We
conducted experiments with three types of springs as shown
in Table 2 to understand their impact. In Table 2, Lgpying rep-
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resents the allowable compression length of the spring. To
isolate the effect of the spring, we kept the diameter ratio of
the spiral spool and the length of the spiral curve constant.
Comparisons were made using Spring I and Spring II to ana-
lyze the change in the maximum tension of the tendon with
varying maximum compression length of the spring (Fig. 7a).
By comparing Spring I and Spring III, we assessed how the
difference in spring stiffness affects the finger’s flexion speed
(Fig.7b). The finger’s flexion speed was measured by deter-
mining the motor angle required to create the finger’s flexion
angle and modeling it for each spool. A larger motor angle
required to achieve the same flexion angle indicates slower
finger speed. We also measured and modeled the maximum
tendon tension based on the finger’s flexion angle. A higher
tendon tension at the same finger flexion angle indicates that
the finger can exert a stronger force when gripping objects.

compression ensures that, in the same finger posture, the
tendon is wound onto a smaller-diameter spool, resulting in
a higher tension transmitted to the tendon. As the amount
of spring compression increases, the PDVT enhances the
tension delivered by the spool to the tendon in the same fin-
ger posture (Fig.7a). To maximize spring compression, the
spring must have a long allowable displacement.

When the stiffness of the spring changes, the PDVT
adjusts the required rotation angle of the spool to achieve the
finger’s posture. The spring is pulled during finger movement
to match the tension required to fold the finger. To model the
length of the spring that compresses during finger flexion,
we measured the tension in the tendon required to fold the
finger at different flexion angles and approximated it with a
first-order equation (Fig. 8, Eq. (13)).

T(¢s) = 0.2181 % ¢ + 0.0150 (13)

By substituting the relationship between tendon tension
and finger flexion angle from Eq.(13) and the spring stiff-
ness K from Table 2 into Eq. (11), the compression length of
the spring for the finger’s flexion angle was calculated. By
substituting the calculated compression length of the spring
into Egs. (7) and (5), the relationship between the finger flex-
ion angle and the motor’s rotation angle was established
(Fig.7b).

A lower spring stiffness results in a longer length being
pulled during finger movement, which leads to an increase
in the motor’s rotation angle required to achieve the same
flexion angle (Fig.7b). An increase in motor rotation angle
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indicates an increase in the time needed to achieve the same
flexion angle, resulting in slower finger movement.

From the two parametric studies, it can be observed that
higher spring stiffness leads to faster finger movement, and
a larger allowable displacement of the spring increases ten-
don tension. However, prosthetic fingers with sizes similar to
human fingers have limitations in terms of applicable spring
length and size. Therefore, we applied spring 1, which had
both high stiffness and compression length values, from the
parametric study to the PDVT.

As discussed in Sect. 3.2, there is a trade-off in the design
of the spiral spool, where increasing the length of the spi-
ral curve results in faster finger speed but reduces the range
of finger postures with the maximum tension achievable by
PDVT. The PDVT, with springs connected in series to the ten-
don, addresses this trade-off by extending the range of finger
postures with the maximum tension achievable by PDVT,
thereby overcoming the trade-off between speed and force.
Designing a longer spiral curve and matching the compres-
sion length of the spring to the length of the spiral curve
allows the PDVT-applied finger to grasp objects quickly and
exert maximum tension on the flexion tendon in all finger
postures. However, due to the limitations of the spring length
that can be applied to the fingers, spring 1, which we used
for PDVT, cannot apply maximum tension to the flexion ten-
don in all finger postures for spiral spools with a spiral curve
length exceeding 15 mm. Therefore, to apply the proposed
PDVT to prosthetic fingers, it should be considered based on
finger postures where maximum tension can be applied to
the tendon.

4 PDVT finger performance

Based on the results of the parametric study in Sect. 3, we
designed and applied PDVT to the fingers for two use cases.
The first use case involves applying the maximum tension
that PDVT can generate to the tendon in all finger postures
after the fingers have made contact with an object in order
to securely grasp objects of various sizes. In this case, since
the tendon must be wound around the PDVT spool at its
minimum diameter in all postures, the size of the allowable
compression length of the spring and the spiral length of the
spiral spool should be the same. In Sect. 3, the allowable
compression length of the spring chosen for application to
the fingers was 15 mm, so the spiral length of the spiral spool
for the first case is 15 mm. We will refer to this PDVT with
the applied spool as PDVT 1.

The second use case involves grasping objects with a small
diameter quickly and firmly, such as gripping a tennis racket.
In the second case, the design is aimed at delivering the max-
imum tension that PDVT can generate to the tendon when the
finger grips a cylinder with a diameter of 35 mm or less. We
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chose the 35 mm diameter cylinder as a reference because it
is similar to the handle diameter of tools where human grip
strength is maximized [23]. In this case, the length of the spi-
ral is determined by the change in tendon length in the finger
to create the finger flexion angle required to grip a 35 mm
diameter cylinder, plus the allowable compression length of
the spring. We applied PDVT to the fingers to grip a 35 mm
diameter cylinder and measured the finger flexion angle. The
finger posture at the measured finger flexion angle corre-
sponds to Position 3 in the experimental setup of Fig.7. The
change in tendon length in the finger required to achieve this
flexion angle is 26.8 mm, and the spiral length of the spool,
including the allowable compression length of the spring, is
41.8 mm. We will refer to this PDVT with the applied spool
as PDVT IL

To evaluate the performance of fingers with PDVT
applied, grip force and grasping speed experiments were con-
ducted for four different transmissions: large spool (spool I,
r = 17.5 mm), small spool (spool I, r = 1.75 mm), PDVT
I, and PDVT II. The grip force experiments were conducted
for three different finger postures (Fig. 9a—c). Grasping speed
was measured as the time it took for the fingertip to reach
position 3 (Fig. 9d).

In the grip force experiments, the fingers with PDVT
applied exhibited higher fingertip forces compared to the
fingers with a large spool in all positions. The reason for
the higher fingertip force in Position 1 for the fingers with
PDVT applied compared to those with a large spool is that
PDVT causes the tendon to wind around a smaller diameter
of the spiral spool due to the spring’s compression. In all
finger postures, PDVT I was designed to generate the same
force as the small spool. It can be observed that the fingers
with PDVT I applied produce higher fingertip forces com-
pared to the fingers with a small spool in all finger postures.
In the case of the small spool, there is an effect where the
wires overlap and temporarily increase the diameter, which
appears to result in the fingers with PDVT I applied generat-
ing greater fingertip forces. Fingers with PDVT I applied can
produce forces ranging from 1.5 to 2.4 kgf, depending on the
posture.

PDVT 2 was designed to produce the same force as the
small spool starting from Position 3. In Positions 1 and 2,
PDVT II generates less force than the small spool, but in
Position 3, it produces even greater force than the small spool.
The reason why the fingers with PDVT II applied generate
more force than PDVT 1 and the small spool in Position 3
is because there is no phenomenon of wires overlapping and
increasing the diameter. Fingers with PDVT II applied can
produce forces ranging from 0.52 to 2.5kgf, depending on
the posture.

The speed experiment results show that both fingers with
PDVT applied take less time to grasp compared to the fingers
with the small spool. The grasping time for the finger with
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experimental setup (Fig.4)

PDVT I applied is 1.2s, which is 1.5 times shorter than the
grasping time for the finger with the small spool applied. The
grasping time for the finger with PDVT II applied is 0.48s,
which is 3.7 times shorter than the grasping time for the finger
with the small spool applied.

To assess the durability of PDVT, repetitive cycling
experiments were conducted. The durability test involves
repeatedly measuring the motor angle using a motor encoder
when the fingertip force reaches 2.5kgf. According to the
results of the repetitive cycling experiments, there were no
issues with the spiral spool after a total of 311 repetitions for
PDVT I and 409 repetitions for PDVT II; however, the ten-
don eventually broke. It was possible to maintain the same
fingertip force at the same encoder angle until the tendon
broke. (Fig. 10).

5 Conclusion

In this study, we have developed a variable transmission
mechanism that mimics how humans adjust their grasping
speed and force when gripping objects. The PDVT con-
sists of a spiral-shaped spool with a decreasing diameter
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Fig. 10 PDVT finger durability test

where the tendon winds, and it is connected in series to a
compression spring. The PDVT operates by winding the ten-
don around a relatively large-diameter spool before contact
between the object and the finger, allowing for rapid move-
ment. After contact, the tendon is wound around a smaller
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Table 3 Performances of developed variable transmission mechanisms

Variable transmission Number of actuators Grasping time (s) Fingertip force (N) Cycle
Jeong [9] 2 0.8 48.2 28,500/3005
Takaki [15] 2 0.47 22 —/—
O’Brien [12] 1 0.45 32 2497/49
PDVT I 1 0.48 25 /311
PDVT II 1 1.2 25 —/409

diameter, delivering a strong force to the object. The com-
pression spring extends the tendon winding length around
the spiral spool after finger contact with an object, increas-
ing tendon tension.

We conducted a parametric study to understand the char-
acteristics of PDVT by investigating the design parameters of
the spiral spool and compression spring. Through the para-
metric study, we confirmed that a higher diameter ratio of
the spiral spool allows for more efficient utilization of motor
power. Additionally, we found that the design of the spiral
curve length enables the adjustment of the tension applied
to the tendon and the finger’s speed. In the case of the com-
pression spring, our parametric study revealed that a higher
spring stiffness results in faster finger movement. A longer
compression length of the spring allows the spool to exert
maximum tension on the tendon over a wider range. If the
spring is long enough, it is possible to design the spiral length
sufficiently long, allowing for fast speed and strong fingertip
force in all finger postures. However, since prosthetic fingers
need to be similar in size to human fingers, there are limi-
tations on the size and length of the available spring. This
limitation was confirmed through parametric study, which
revealed that there is a trade-off between force and speed
depending on the spiral length. The modeling and experi-
mental results in the parametric study showed a similar trend.
The differences between experimental results and modeling
arise from our assumption during modeling that the wire was
inextensible. In the experiments, the wire stretched, leading
to variations in the length it winds around the spool and occa-
sionally causing overlapping.

We designed and experimentally verified the performance
of PDVT by applying the design features determined from
the parameter study to the fingers. PDVT was designed for
two cases: one with slow but strong force in all postures and
the other with fast but strong force in specific postures. The
case with slow but strong force in all postures maintains a
constant diameter in all finger postures, resulting in similar
force compared to a spool with the minimum diameter of the
spiral spool. However, it achieves a grasping speed thatis 1.5
times faster. On the other hand, the case with fast but strong
force in specific postures matches the minimum diameter of
the spiral spool in the finger posture where humans exert
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the strongest force on a cylinder, resulting in similar force
while achieving a grasping speed that is 3.7 times faster.
The parametric study of PDVT and PDVT design based on
specific use cases can serve as a design guideline for those
wishing to apply PDVT to prosthetic hands.

The method of producing PDVT using 3D printing and
metal pins simultaneously allows for the creation of a sim-
plified and robust structure for the spiral spool, replacing
its complex shape. In durability tests of the finger equipped
with PDVT, which involved repeatedly exerting strong ten-
sion equivalent to 2.5kgf, the structure of the spiral spool
remained intact, and while the wire eventually broke, there
was no evidence of structural degradation. The proposed
PDVT is more robust compared to existing variable transmis-
sion spools that use soft materials [14], and it is anticipated
that further enhancing wire durability can improve the over-
all durability of PDVT. By selectively using metal materials
in necessary parts, the PDVT-equipped fingers weigh only
70 g when combined, making them lighter than conventional
prosthetic hands [7].

We have compared our research with existing studies on
tendon-driven variable transmission mechanisms through a
table (Table 3). The fingertip forces in Table 3 represent
the maximum fingertip force for each finger. Our proposed
PDVT is simpler than variable transmission mechanisms that
use two motors, as it utilizes a single motor [9, 15]. However,
our study’s performance in terms of force and speed is inferior
to the study that use a spool with a changing diameter driven
by external forces, as we use a spool with a gradually decreas-
ing diameter [12]. Nevertheless, spools with a diameter that
changes due to external forces can withstand over 49 uses
in high-force mode due to spool shape deformation. Accord-
ing to previous research, for prosthetic fingers intended for
everyday use, a grasping time of 1-1.5s and a grip strength
of 45N are sufficient [24, 25]. Our proposed PDVTs sat-
isfy the necessary fingertip force and grasping time for daily
life while also being capable of operating for more than 300
cycles in high-force mode.

We believe that our proposed 3D printed prosthetic fin-
ger with PDVT can significantly enhance the quality of life
for upper limb amputees. The proposed PDVT is versatile
in design, making it applicable to various use cases in pros-
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thetic hands. A PDVT capable of exerting strong force slowly
across all postures can be applied to prosthetics for daily
activities. On the other hand, a PDVT with rapid response
and the ability to exert strong force in specific postures is
suitable for tasks like sports or gripping tools such as ham-
mers. This versatility is anticipated to enhance the social
participation of amputees, ultimately improving their quality
of life. Furthermore, in applications such as grippers where
there is no limitation on spring length, our developed PDVT
can be applied to tendon-driven gripper fingers, ensuring the
delivery of maximum tension in all finger postures with rapid
grasping speed. We believe that the proposed PDVT can be
adaptable to various tendon-driven grasping mechanisms. In
future, we plan to utilize fingers equipped with the PDVT to
develop an anthropomorphic prosthetic hand. When devel-
oping the prosthesis, we will conduct design optimization
of the PDVT based on the parametric study conducted in
this research, tailored to the specific task. We will further
enhance the developed prosthetic hand by incorporating addi-
tional features such as tactile sensors, enabling it to grasp
and manipulate objects with various forces and providing
advanced control capabilities.
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