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Abstract—Swinging—generating high impact by maximizing
the speed of motion—is essential in sports activities. However,
designing prosthetic hands suitable for swinging is still a challenge. Herein, we propose a swing-dedicated prosthetic hand that
adopts the anatomical features of humans for an efficient swing.
Our design, inspired by the joint arthrokinematics and tendon
routing of fingers, enables a diagonal power “squeeze” grip robust
to impact while increasing the reach of the clubhead. The swing
speed is further increased by radio/ulnar deviation of the wrist
and its nonlinear stiffness change achieved by the passive clutch
mechanism. We evaluated our prosthetic hand through golf and
found that it sustained high impact with diagonal grip, and
clubhead speed increased by 19% at 90 rpm, with the radio/ulnar
deviation nonlinearly correlated with arm angle. Our prosthetic
hand design will contribute to improving amputees’ quality of
life by allowing them to participate in sports activities.
Index Terms—Hand prosthesis, robotic hand, bio-inspired
design, swing mechanics, power-sqeeze grip, differential mechanism, sports device.

I. I NTRODUCTION
INCE humans started using tools, “swinging,” to impact
a target with a club, has been used in vital areas of life.
Swinging was used to hunt and create stone tools in ancient
times, and in modern times it is used in various areas, such as
hammering, fishing, and sports activities [1], [2]. To convey
impact during a swing, holding the club diagonally is crucial
for increasing leverage by aligning the club with the forearm
[3], [4]. In order to stably hold the club diagonally at impact,
the individual performs a power “squeeze” grip by using their
fingers, palm, and thumb simultaneously (Fig. 1(a)), a unique
function of the human hand [4], [5]. The arthrokinematics
at the carpometacarpal (CMC) joints of the hand, consisting
of flexion and supination, produces concavity of the palm
allowing the fingers and the palm to simultaneously fit around
the club for power squeeze grip [6]. Multiple flexion muscles
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Fig. 1. Anthropomorphic prosthetic hand inspired by efficient swing
mechanics. (a) Golf swinging by a non-amputee golfer wearing our prosthetic
hand. The power squeeze grip of a human hand aligning the club and forearm
with wrist deviation is achieved by the proposed prosthetic hand to maximize
clubhead speed. For efficient swinging, our prosthetic hand produces radial
deviation of the wrist in the cocking phase to reduce the reach length and
inertial resistance of the swinging, and the ulnar deviation of the wrist in
swing phase to align the club and forearm to maximize the clubhead speed.
(b) The radio–ulnar deviation of the human wrist and the proposed prosthetic
hand. X-ray images are provided by SNUBH.

of the human hand contract simultaneously to increase finger
joint stiffness and produce secure grasping against external
forces. The large range of motion (ROM) of the radio-ulnar
deviation of the wrist and its coordination during swing also
contribute to producing a powerful impact [3]. The radio-ulnar
deviation of the wrist is produced by rolling and gliding among
two-row carpal joints of the wrist. Humans reduce inertial
resistance of the swinging by radially deviating the wrist
during cocking phase, and instantaneously increase the reach
length by the ulnar deviation of the wrist during swing phase to
maximize the clubhead speed at impact (Fig. 1). Mimicking
these biomechanics is important for effective swinging and
particularly highly affects the performance of sports activities.
Sports activities improve quality of life for amputees by
increasing their social contact and improving their motor skills

1083-4435 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TMECH.2021.3084311, IEEE/ASME
Transactions on Mechatronics
2

Fig. 2. Anatomical features of the human hand for efficient swinging. (a) Entire anatomical features of human hand and wrist. (b) Flexion coupled with
supination of metacarpal bones produced by fourth and fifth CMC joints. (c) Anatomical structure of the carpal bone. The eight components of the bone are
set in a two-rowed structure. The asymmetric structure enables the wrist to have larger ROM of ulnar deviation. (d) FDP and FDS tendon routing adopted to
explore and design the tendon routing of the prosthetic hand.

and muscle strength [7]–[9]. Achieving high-speed swinging
with an anthropomorphic prosthetic hand would allow amputees to engage in sports activities, e.g., golf, tennis, baseball,
fishing, that involve swinging a club. However, the development of anthropomorphic hands has focused on achieving
grasps for activities of daily living (ADLs), and designing
anthropomorphic hands capable of high-speed swinging is a
challenge in robotics [10]. To achieve grasps for ADLs, many
anthropomorphic hands have adopted the structural features
of human hands, such as bones, ligaments, transmissions
[11]–[18], and human hand kinematic and kinetic characteristics [19]–[22] to exploit the high grasping performance.
To reduce the weight and complexity of the prosthesis for
usability, recently developed prostheses have used underactuation to actuate the fingers with a reduced number of
actuators [23]–[27]. Although these hands have been shown
to be capable of performing grasping movements in everyday
life, physical activities that require high-speed swinging must
still be addressed [28]. Unlike the required grip force of ADLs,
which is approximately 45–68 N [29], [30], a power grip
force could reach 400 N, exceeding the practical usability of
current prosthetic hands [31]. Non-anthropomorphic prosthetic
accessories dedicated to swinging have been developed to
allow amputees to engage in physical activities [32], [33].
While these dedicated prosthetic accessories allow amputees
to perform swinging, they have appearance limitations that
greatly influence the use of prostheses [34].
In view of the current state of the art and identified knowledge gap, this paper presents the design of an anthropomorphic
prosthetic hand dedicated to swinging that achieves the power
squeeze grip and the phase change of the wrist for an efficient
swinging by adopting the anatomic features of the human
hand (Fig. 1). We adopt arthrokinematics enabled by the
carpal bone structures (CMC joints and carpal joints) and the
adjustability of the stiffness of the fingers and the wrist. The
flexion and supination of the CMC joints are implemented with

two-degree-of-freedom (2-DOF) joints actuated through 2DOF under-actuated tendon routings, which allows fingers and
palm to adapt to the club while holding the club diagonally.
The two-rowed structure of the carpal bone of the wrist is
replicated to produce radio-ulnar deviation with similar ROM
of human wrist while keeping the design compact but robust
to external force [35]. Multiple finger flexors were explored to
reinforce the joint stiffness of fingers with respect to external
forces, and a differential actuation system is implemented
for tendon excursion with fewer actuators. The instantaneous
change of radio-ulnar deviation movements induced by providing nonlinearity of effective wrist joint stiffness during
the swing, enabled by implementing a clutch mechanism;
maintaining high stiffness at the early phase, and dramatically
reducing the stiffness near impact, at a certain point that can
be adjusted. The performance of our prosthetic hand was
evaluated through an impact test and golf swinging, which is
one of the most challenging swinging examples because of its
high speed and load. Our prosthetic hand will allow amputees
to perform high-speed swinging efficiently and safely and
will contribute to improving their quality of life by enabling
them to engage in physical activities that require high-speed
swinging.
The rest of this paper is organized as follows. Section II
introduces the detailed anatomical features of human hand
and wrist for efficient swing mechanics. The proposed hand
and wrist designs are demonstrated in Section III and IV,
respectively. The experimental results are presented in Section
V. Discussion and conclusion are demonstrated in Sections VI.
II. A NATOMICAL F EATURES FOR E FFECTIVE S WING
The anatomical features adopted to design the proposed
prosthesis dedicated to swinging are shown in Fig. 2. For
achieving an efficient swing, the club should be grasped
diagonally to increase the reach length. The concavity of
the palm mainly contributes to gripping the club diagonally.
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Fig. 3. Design of the joint structure and tendon path of the proposed prosthetic hand. (a) The proposed prosthetic hand is composed of the CMC, MCP,
PIP and DIP joints, and the deep transverse metacarpal ligaments are connecting the metacarpal bones. (b) The exploded view of the design of the proposed
prosthetic hand. (c) Lateral view of the fourth and fifth finger structures. The FDP tendon exerts flexion to all joints and the FDS tendon exerts flexion to
DIP, PIP and MCP joints and extension to CMC joint. (d) Top view of the fourth and fifth finger structures. The FDP tendon exerts abduction to the MCP
joint and the FDS tendon exerts adduction to the MCP joint. (e) Frontal view of the fourth and fifth CMC joints. The FDP tendon exerts supination to the
CMC joint and FDS tendon exerts pronation to the CMC joint.

The arthrokinematics at the CMC joints of the hand produce
concavity of the palm, allowing the fingers and the palm
to fit around the club. The coupled motion of flexion and
supination of CMC joints folds metacarpal bones toward
the center of the hand, producing concavity of the palm
and wrapping the club diagonally (Figs. 2(a) and 2(b)). In
addition, abduction/adduction at metacarpophalangeal (MCP)
joints also helps the fingers conform to the club surface,
grasped diagonally (Fig. 2(a)) [2].
Another important anatomical structure that enlarges the
reach length is the two-rowed structure of the wrist constructed
by eight carpal bones (Fig. 2(c)), which allows radio–ulnar
deviation. The eight carpal bones construct an arc-shaped
proximal row and distal row (Fig. 2(c)); radio–ulnar deviation
is produced by rolling and gliding among these arc-shaped
rows and the radius/ulnar bones of the forearm. A short
pisiform structure of human hand enlarges the ROM of ulnar
deviation of the wrist [38], since it forms a small arc radius
of the proximal row (Fig. 2(c)) along the ulnar side, allowing
more rolling. The increased ROM of ulnar deviation enables
the alignment of the forearm with the club. We should also
note that the two rowed structure allows the rotational axis
to be placed inside the palm, thereby enabling the club to be
closely aligned with the forearm with small offset when the
wrist is ulnar deviated.
The adjustments of joint stiffness are also important for
a stable grasp and efficient swing. The stiffness of human
hands could be increased with multiple flexor muscles that
contract simultaneously enabling a stable grip. The flexor
digitorum profundus (FDP) and flexor digitorum superficialis
(FDS) are the main contributors to bend the fingers against
resistance or at a high speed motion so that the object
could be firmly grasped with the entire hand (Figs. 2(a) and
2(d)) [6]. In particular, the FDS functions more as a reserve
muscle, activated when high-power fists or isolated proximal
interphalangeal joint (PIP) flexion are needed, while the FDP
activates both in high and low powered fists [6].
The change of the effective joint stiffness of the wrist during
swinging is important for maximizing the clubhead speed
at impact by inducing phase-shifting of joint coordination.

A swing is usually generated through two phases: 1) the
cocking phase and 2) the swing phase [3]. In the cocking
phase, the wrist is radially deviated and pronated, reducing
the reach length and initial inertial resistance of swinging
(Figs. 1(a) and 1(b)). This allows maximizing the rotational
speed of the arm with same level of energy. To retain the
wrist posture, the effective stiffness of the wrist remains high
at this stage. During the swing phase, the velocity of the
club is maximized by aligning it with the arm just before
impact (increasing reach length), achieved by releasing (ulnar
deviation and supination) the cocked wrist at a certain point
(Figs. 1(a) and 1(b)). Instantaneous reduction of effective joint
stiffness enables wrist motion at this stage. In other words, the
phase-shifting of joint coordination is induced by providing
nonlinearity in wrist joint stiffness during the swing.
III. H AND D ESIGN
A. Finger joints design based on arthrokinematics
The proposed hand, composed of CMC, MCP, PIP, and
DIP joints and bones, has 15 joints, similar to anatomical
configuration of human hands (Figs. 3(a) and 3(b)). The joints
were designed by adopting arthrokinematics of the human
hand.
The prosthetic hand was designed to achieve palm concavity
that enables the power squeeze grip (Fig. 2(b)). To produce
palm concavity, the CMC joint design replicated the joint
arthrokinematics at the fourth and fifth CMC joints. The
CMC joint was designed with 2-DOF pin joints enabling
flexion and supination motion. The 2-DOF pin joint consists
of a metacarpal bone, hamate, and a connecting part, and
has a rotating axis about the flexion/extension and supination/pronation of the fourth and fifth metacarpal bones (Figs.
3(c), 3(d) and 3(e)). To prevent excessive flexion in the CMC
joints, a deep transverse metacarpal ligament that restrains
the flexion ROM in the CMC joints by connecting the palm
and the metacarpal bones was mimicked using wires (Figs.
2(a) and 3(a)). Wires used for the deep transverse metacarpal
ligaments connected the palm, the fourth metacarpal bone, and
the fifth metacarpal bone through holes in each part (Fig. 3(a)).
High stiffness synthetic fiber ropes were used for the ligaments
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Fig. 4. Adaptable grasping of the proposed prosthetic hand produced by
achieving palm concavity. (a) Concavity of palm achieved by the designed
CMC joints. (b) Adaptable club grasping for various holding angles achieved
by the tendon path design of 2-DOF under-actuation.

to limit the flexion ROM in the CMC joints by maintaining
the distance between metacarpal bones. The palm concavity
produced by the 2-DOF CMC joints and the deep transverse
metacarpal ligament is shown in Fig. 4(a).
The tendon path at the CMC joint was designed to produce 2-DOF under-actuation, to allow the fourth and fifth
metacarpal bones to adapt to the club. The flexion tendon
at the CMC joint (FDP tendon) followed the path, which is
shortened when the supination occurs (Figs. 3(c) and 3(e)).
The FDP tendon produced tension on the metacarpal bone
along both flexion and supination directions so that one motion
occurs even when the other motion is blocked. To maintain
the position of the metacarpal bone after holding the club, the
FDS tendon was routed around the CMC joint to produce 2DOF under-actuation, consisting of extension and pronation
in a similar manner. The fourth and fifth metacarpal bones
adapted to the club regardless of the holding angle through
the designed tendon path at the CMC joints (Fig. 4(b) and
supplementary video).
The MCP joints of the third, fourth, and fifth fingers
were designed with a 2-DOF pin joint composed of flexion/extension DOF and abduction/adduction DOF like human
hands, to avoid interference between fingers caused by the
movements of the fourth and fifth fingers toward the center of
the palm. The 2-DOF MCP joint consists of the metacarpal
bone, proximal phalange, and a connecting part with a rotating axis about flexion/extension and abduction/adduction
(Figs. 3(c) and 3(d)). The tendon was routed to produce 2DOF under-actuation of the MCP joint, including flexion and
abduction. The flexion tendon at the MCP joint (FDP tendon)
followed the path that is shortened when abduction occurs
(Figs. 3(c) and 3(d)). The FDP tendon exerts tension to the
proximal phalange in the directions of flexion and abduction,
so that one motion occurs even when the other motion is
blocked. The FDS tendon was routed to produce 2-DOF underactuation, consisting of flexion and adduction, to adjust the
degree of abduction/adduction motion while exerting contact
force on the club by proximal phalange.
The PIP joints and DIP joints in each finger were designed
as a single-DOF pin joint with flexion/extension motion (Fig.

Fig. 5. Actuation system design of the proposed prosthetic hand. (a)
Proposed prosthetic hand with the overall actuation system. (b) Differential
actuation system developed to actuate tendons with a small number of
actuations.

3(c)). The tendon routing at the PIP joints and DIP joints
was designed by adopting the tendon routing of the FDP
tendon and the FDS tendon of the human hand allowing the
fingers to resist external forces (Fig. 2(d)) [39], [40]. The
FDP tendon was inserted into the distal phalange, similar to a
human hand, and the FDS tendon was inserted into the middle
phalange similar to the human hand (Fig. 3(c)). Dyneema,
whose diameter was 1 mm, was used for all flexor tendons of
the hand. Iron pins and polytetrafluoroethylene (PTFE) sheath
were used for pulleys instead of idler pulley for compact
design and to decrease friction between the tendon and pulley
[36].
The MCP joint of the second finger were designed as a
single-DOF pin joint with flexion/extension motion (Fig. 3(c)).
The thumb was designed to allow only flexion/extension of
the CMC joint focusing on creating and maintaining the club
holding angle (Figs. 3(a) and 3(b)).
B. Actuation system design
The actuation system of the proposed hand consists of
differential actuation mechanisms to actuate finger tendons
with fewer actuators, motor units, and an electronic system
to actuate motor units (Fig. 5(a)).
A differential actuation system was implemented to reduce
the complexity of actuation by pulling finger tendons with a
small number of actuations (Fig. 5 (b)). Differential mechanisms have the advantages of driving fingers with fewer actuators and evenly distributing forces among fingers; therefore,
applied in wearable robotic hands and prosthetic hands [37],
[38]. In our prosthetic hand, the differential actuation system
consists of sliders containing moving pulleys, fixed pulleys,
and rods guiding the sliders. When the actuating tendon is
pulled (Fig. 5 (b), navy line), all sliders move in a direction
that the actuating tendon shortens. When some fingers contact
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Fig. 6. Overview of the clutch mechanism and the wrist design. The wrist
ulnar deviates when the sliding component slides along the radial direction.
The socket can rotate freely with respect to the wrist structure to embody the
DOF of pronation/supination.

with an object, the corresponding sliders are stopped while
the moving pulley allows the actuator tendon to pull the other
sliders, thereby enabling an adaptable grip. Since two tendons
are applied for each finger, a total of nine tendon should be
actuated, including one tendon that moves the thumb. We apply
one differential actuation system to four FDP tendons and the
other differential actuation system to four FDS tendons.
The actuation system applied three motor units actuating the
differential mechanism for the FDP tendon, the differential
mechanism for the FDS tendon, and the thumb. The motor
unit consists of a motor, an encoder, and a motor housing.
To maintain the tension exerted to the finger without applying
current, micro metal gear motors (6V, HPCB, gear ratio 1000:
1) of Pololu with a stall torque of 11 kg · cm which is nonbackdrivable were used. The encoder using a magnetic disc
and hall effect sensors was used to stop the motor by detecting
when the wire is no longer winding.
Electronic system consisted of micro controller unit (Teensy
3.2 board of PJRC), motor driver carriers to operate the
motors, and a battery (7.4V, 1500mAh). The battery operates
one motor with maximum efficiency for 3.8 hours was used to
the proposed prosthetic hand. The actuation system allows the
user to hold the club adaptably in a stable manner by pressing
a button on the prosthesis.
IV. W RIST D ESIGN
A. Wrist design with a two-rowed arc-shape structure
The two-rowed arc-shaped structure of the carpal bones
was implemented with two components that replicated the
combined configuration of each carpal bone group (distal and
proximal rows). The distal row structure was included in the
hand base, and the proximal row was designed as an arcshaped row structure (Fig. 6). The shape of the radius and ulnar
bone (Fig. 2(c)) was also replicated in the forearm structure
(Fig. 6). The hand, row structure, and forearm are compressed
and assembled with a steel cable routed through guiding holes
placed at each component.
The prosthetic hand’s rotation axis should be maintained
near the capitate of the human hand (Fig. 2(c)) to naturally
interact with the contralateral hand. The wrist joint with
rolling and gliding maintains the rotational axis of radio-ulnar
deviation near the capitate [41]. Otherwise, without gliding,

the rotation axis will move along the contact point where
rolling occurs.
The wrist joint was designed as a two-rowed structure since
it allows increasing the radio-ulnar ROM while maintaining
small inter-distance deviation among the hand, row structure,
and forearm (Fig. 6) during the motion, which is important to
keep the location of the rotational axis at the same place.
The ratio between the radius of the arcs of the tworowed structure was found to be the most important parameter
to maximize the ROM while minimizing the inter-distance
deviation. The arc radius ratios were set to 0.55 and 0.7 for
the proximal-arc/forearm-arc and hand-arc/distal-arc (Fig. 6),
respectively. The proposed wrist structure’s rotation axis is located 8 mm proximal from the distal-arc, and the deviation was
7.6 mm similar to human for the full ROM (55◦ ) movement
[42]. The asymmetric structure of the proximal row of the
human wrist possessing a smaller arc radius along the ulnar
side (Fig. 6) was also implemented in the design to allow
larger ulnar deviation ROM. The ROMs are 40◦ and 15◦ for
ulnar deviation and radial deviation, respectively.
The supination/pronation motion of the wrist was also
implemented by designing the forearm part so that it could
rotate relative to the socket of the prosthesis fixed to the
residual limb (Fig. 6). The ROM of supination and pronation
is 90◦ for each direction.
B. Clutch mechanism for nonlinear change of wrist stiffness
A clutch mechanism was implemented to replicate the
wrist coordination during the swing, keeping the wrist cocked
(high stiffness) at the top of the backswing and releasing
(instantaneous stiffness reduction) at a certain point during
the downswing (Fig. 6). The clutch mechanism consists of
a cable attached to a sliding component (slider), a spring
that tensions the cable (tensioning spring), a stopper with a
mass, and a spring that pushes the stopper (clutch spring)
in the proximal direction of the prosthesis (Fig. 6). The
motions of the sliding component and the wrist were coupled
by the connection between the hand base and the sliding
component with the cable. Upon radial deviation of the wrist,
the slider engages the stopper and the wrist becomes fixed
(high stiffness). The slider and stopper are disengaged, and the
wrist motion is allowed when the external force on the stopper
along the distal direction (centrifugal force, gravitational force,
and pushing force from the slider) exceeds the force from the
clutch spring during the swing (supplementary video). Based
on this principle, the clutch provides a nonlinear change to
the joint stiffness during the swing. Moreover, to adjust the
release timing of the wrist with respect to the swing speed,
the adjustment of the pushing force of the stopper spring was
achieved by changing the compression amount of the clutch
spring with the knob (Fig. 6).
V. E XPERIMENTS & R ESULTS
A. Pressure characteristics of the power squeeze grip
To evaluate the function of the CMC joint of the hand for
the power squeeze grip, we compared each pressure value
for a human hand, the proposed prosthetic hand that has an
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Fig. 7. Pressure measurement of power squeeze grip. (a) Pressure
measurement experiment setup for the power squeeze grip. (b) Experiment
conducted with a human hand to compare prosthetic hands with human hand.
(c) Experiment conducted with the prosthetic hand with non-articulated palm.
(d) Experiment conducted with the proposed prosthetic hand.

articulated palm composed of CMC joints (experiment group),
and a prosthetic hand that has a non-articulated palm (control
group), when each hand held the club diagonally. The pressure
value was measured by a 35-mm-diameter cylinder wrapped
with a pressure pad (pliance® system, novel GmbH, München,
Germany), which was gripped by the human hand and the
prosthetic hands (Fig. 7 (a)). The prosthetic hands gripped the
cylinder diagonally with an angle of 45◦ between the cylinder
and the forearm. The angle and position of the cylinder is
kept constant for each experiment using a fixed goniometer
in the experimental setup. The tension of the thumb, FDS,
and FDP tendons of the prosthetic hands was exerted by same
motors applied to the motor unit of the actuation system of
the proposed prosthetic hand. To compare the pressure values
between prosthetic hands with the articulated palm and the
non-articulated palm at equivalent tendon tension, the motor
was controlled by sensing each tension with loadcells (5 and
20 kg loadcells, DACELL Ltd., Chungju, South Korea) and
DAQ system (NI, Austin, Texas, U.S.). Each prosthetic hand’s

power squeeze grip was measured five times and the trials of
each prosthetic hand were randomized to avoid biased results.
For testing with human hands under the same conditions,
subjects were told to grip the cylinder with their wrist placed
in neutral position and to designate the angle between the
cylinder and forearm as 45◦ . To compare the pressure value of
the human hand and that of prosthetic hands on an equivalent
pressure scale, the subjects’ grasping was measured with
various pressure scales, and the results in which the thumb
pressure of the subjects (311–341 kPa) was similar to that
of prosthetic hands (320 kPa) were used for the analysis.
10 subjects’ pressure values of the power squeeze grip were
measured.
The pressure values around the hand are shown in Fig. 7
and Table I. The pressure values in the Table I are average
values of measured pressure and all values in parentheses are
standard deviations of measured values. The prosthetic hand
with articulated palm exerted greater pressure on the ulnar side
of the hand (ring 596 kPa, little 674 kPa) than the hand with
non-articulated palm (ring 253 kPa, little 0 kPa). This result
indicates that the fourth and fifth fingers of our hand which
adopts arthrokinematics of the CMC joints exert more pressure
than those of the hand with non-articulated palm when holding
the club diagonally. We compared the normalized pressure
value to evaluate the pressure distribution of the power squeeze
grip of each hand for equivalent pressure scales by holding
cylinders diagonally (Table I). The normalized contact pressure magnitude of the human hand was 4.40 (thumb 1.00,
index finger 1.51, middle finger 1.89) and 2.07 (ring finger
1.25, little finger 0.82) on the radial side and the ulnar side,
respectively. These contact pressures resisted the impacts of
each side during the swing. The pressure magnitude of the
prosthetic hand with non-articulated palm was 2.67 (thumb
0.98, index finger 0.91, middle finger 0.78) and 0.78 (ring
finger 0.78, little finger 0) on the radial side and the ulnar side,
respectively. These results show that the prosthetic hand with
non-articulated palm could not exploit the little finger to grasp
(Fig. 7(c)), and exerted less pressure on the ulnar side than
the human hand. In contrast, the pressure magnitude of the
proposed prosthetic hand was 3.52 (thumb 1.00, index finger
1.75, middle finger 0.77) and 3.90 (ring finger 1.83, little finger
2.07) on the radial side and the ulnar side, respectively. In other
words, our prosthetic hand with articulated palm exerted more
pressure on the ulnar side than the hand with non-articulated
palm, while the pressure exerted on the radial side was similar.
The pressure exerted by the prosthetic hand with articulated
palm on the ulnar side was even greater than that of the human
hand. Our CMC joint design achieved power squeeze gripping
for the proposed prosthetic hand, which exploited all fingers
to grasp diagonally (Fig. 7(d)).

TABLE I
P RESSURE AND N ORMALIZED P RESSURE OF P OWER S QUEEZE G RIP

Human hand
Prosthetic hand with
non-articulated palm
Prosthetic hand with
articulated palm

Pressure (kPa)
Normalized Pressure (kPa / kPa)
Pressure (kPa)
Normalized Pressure (kPa / kPa)
Pressure (kPa)
Normalized Pressure (kPa / kPa)

Thumb
325 (24)
1.00 (0.00)
317 (29)
0.98 (0.09)
324 (10)
1.00 (0.03)

Index
497 (128)
1.51 (0.44)
294 (22)
0.91 (0.07)
568 (48)
1.75 (0.15)

Middle
544 (233)
1.89 (0.55)
252 (73)
0.78 (0.22)
251 (64)
0.77 (0.20)

Ring
406 (193)
1.25 (0.53)
253 (112)
0.78 (0.34)
596 (78)
1.83 (0.24)

Little
252 (160)
0.82 (0.46)
0 (0)
0.00 (0.00)
674 (56)
2.07 (0.17)

Palm
1200 (446)
4.06 (1.25)
799 (102)
2.46 (0.31)
975 (75)
3.00 (0.23)
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Fig. 8. Grasp resilience/failure degree for impact test setup and results. (a) To evaluate the grasp resilience/failure degree of the proposed prosthetic
hand to impact and compare it with that of the hand with non-articulated palm, we designed a test setup that exerts impacts on a grasped cylinder using a
pendulum. The motion of the cylinder with respect to a prosthetic hand was measured by 3D motion capture cameras. The impact force was measured by a
loadcell attached to the tip of the pendulum. (b) The impact was exerted on the grasped cylinder in the dorsal direction, palmar direction, ulnar direction, and
radial direction to evaluate the grasp resilience in various directions. (c) Displacements of the cylinder versus impact forces in each hand. (d) Tilted angle of
the cylinder versus impact forces in each hand.

B. Grasp quality of power squeeze grip with respect to impact
The grasp quality of the proposed prosthetic hand with the
articulated palm was evaluated in terms of grasp resilience and
grasp failure degree and compared with those of the prosthetic
hand that has non-articulated palm (Fig. 8 and supplementary video). Recently, a benchmark study was conducted to
measure potential grasp resilience, the capability of hands to
withstand impacts before losing grasp of an object, where the
impulsive load of a soft hand was introduced as an index
of power grasp quality [10]. Our study evaluated the grasp
resilience through the club’s displacement versus the impact
force and the maximum impact before losing the grasp using
the impact test setup (Fig. 8(a)) [10]. The test setup was
designed with a pendulum to exert an impact on the hand
in various directions. The proposed prosthetic hand with the
articulated palm and the hand with the non-articulated palm
gripped the cylinder diagonally with an angle of 45◦ between
the cylinder and forearm, and in each impact direction, the
pendulum exerted an impact on the cylinder tip. The impact
test was conducted in the dorsal, palmar, ulnar, and radial
directions (Fig. 8(b) and the impacts were exerted 20 times
in each direction. A total of 20 kgf of tension was exerted on
each tendon of the thumb, FDS, and FDP. A 20-kg loadcell
(DACELL Ltd., Chungju, South Korea) was used to measure
the impact force.
The grasp resilience was calculated through the gradient
of the linear regression of the experimental results for the
club’s displacement versus the impact force (Fig. 8(c) and
Table II). The gradient of the proposed prosthetic hand with
the articulated palm was 4.07, 1.84 and 16.3 times higher than
that of the hand with non-articulated palm in the palmar, ulnar,
and radial directions respectively. These results indicate that
the proposed prosthetic hand can endure higher impact forces

TABLE II
G RASP RESILIENCE / FAILURE DEGREE OF PROSTHETIC HANDS WITH
ARTICULATED / NON - ARTICULATED PALM

Grasp
resilience
(N/mm)
Grasp
failure
degree
(N/◦ )

Hand with
articulated palm
Hand with nonarticulated palm
Hand with
articulated palm
Hand with nonarticulated palm

Dorsal

Palmar

Ulnar

Radial

4.23

22.80

7.60

94.80

10.20

5.60

4.13

5.83

4.828

13.80

35.80

4.58

321.40

1030.00

90.77

458.70

than the hand with non-articulated palm in these directions.
The gradient of the hand with articulated palm was 2.41 times
lower than that of the hand with non-articulated palm in the
dorsal direction. This result indicates that the diagonal grasp of
the hand with non-articulated palm can endure higher impact
force than the proposed prosthetic hand in the dorsal direction.
Our prosthetic hand can maintain the grasp on the cylinder
for an impact force of approximately 200 N in each direction
(dorsal 230 N, palmar 199 N, ulnar 186 N, and radial 223 N).
Our study also estimated grasp failure degree through the
variance of the gradients between the origin and each tilted
angle of platted data in Fig. 8 (d), because the large variance
of the gradient means that the club is tilted regardless of the
magnitude of the impact, which means that during impact, the
grasp failed. The variance of the gradients between the origin
and each tilted angle in each directions was calculated and
shown in Table II. The variance of the proposed hand with
articulated palm was 66.6, 74.5, 2.54, and 100 times lower
than that of the hand with non-articulated palm in the dorsal,
palmar, ulnar, and radial directions, respectively. These results
indicate that the tilted angle of the club of the hand with nonarticulated palm is more varied for each magnitude of impact
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Fig. 10. Wrist torque with respect to the wrist angle and torque threshold
with respect to the spring compression length. (a) Wrist torque during the
swing when max. angular velocity of arm was 100 rpm. (b) Torque threshold
for release of the clutch with respect to the clutch spring compression length.

Fig. 9. Experimental setup for evaluating the clutch performance. (a)
Swing machine and the marker setup. Pref 1−4 represents the reference frame
attached on the swing machine’s stationary body. PU P 1 and PU P 2 represent
the proximal and distal point on the upper arm, respectively. PF R1 and PF R2
represent the proximal and distal point on the forearm of the swing machine,
respectively. PHA1 , PHA2 and PHA3 represents the position and direction of
the hand attached on the swing arm, respectively. (b) Design and experimental
evaluation of the clutch mechanism. (c-d) Geometrical representation and free
body diagram for computing the wrist torque during the swing. Sswing ,
Sground , and Shand represents the swing plane, ground plane, and hand
plane (consisting of the arm and club), respectively.

force than that of the proposed hand with articulated palm. The
proposed prosthetic hand has less grasp failure degree with
respect to impact than the hand with non-articulated palm.
C. Characteristics of wrist stiffness
The characteristic of the wrist joint stiffness was identified
from the angular trajectory and estimated external torque of
the wrist during the swing generated by the custom-designed
swing machine (Fig. 9(a)). The swing was conducted with
the same speed while changing the compression of the clutch
spring by 0, 2, 4, and 6 mm. The angle of the wrist and the arm
was measured by a motion capture system (OptiTrack V120:
Trio, NaturalPoint, Inc., Corvallis, OR). Simultaneously, the
torque was calculated by considering the inertial, springrestoring, and gravitational forces.
The torque loading on the wrist joint (τ ) could be estimated
from the arm angle θ and the wrist angle ϕ by considering the
inertial force due to the arm rotation, restoring force due to
the ulnar spring, and torque due to gravity (Fig. 9(b-d)). By
assuming the wrist supination (ψ) to be coupled with the arm
sharing the same joint angle values (ψ = θ), and the angle
between the swing plane and ground (θs ) is 45◦ , the wrist
torque could be derived as follows.
τ = τinertial + τs + τg
= mlr{θ̇2 sinϕ − θ̈cosθcosϕ} + k∆xh

(1)

+ mlg{cosϕcos2 θsinθs + sinθcosθs (cosϕ + sinϕ)}
The wrist stiffness was derived from the slope of the torque
plot with respect to the wrist joint angle.

The relationship between the wrist joint angle and the torque
during the swing is shown in Fig. 10(a). For all cases, we
could observe a nonlinear change in the joint stiffness (slope
of plot in Fig. 10(a)) with respect to the wrist joint angle
around the point where the maximum torque occurred. We
defined this maximum torque as the torque threshold. Before
the wrist torque exceeds this threshold, the wrist joint stiffness
remains high, restricting the rotation along the ulnar direction;
in contrast, when the torque exceeds the threshold, the stiffness
dramatically decreases (nonlinear change), allowing the wrist
to rotate easily. When the stiffness of the wrist is high,
the ulnar deviation angle remains small (cocking), while the
ulnar deviation angle dramatically increases (releasing) as the
stiffness swiftly reduces. The ulnar wrist angle to wrist torque
profile was able to be varied by adjusting the compressed
length of the clutch spring. When the compressed length of
the clutch increased, the maximum resistive torque increased
while the wrist angle that nonlinear stiffness change occurs
decreased. With the change of nonlinear stiffness, the prosthetic hand can generate wrist cocking and releasing and the
moment of releasing could be adjusted with the compressed
length of the clutch spring.
The compressed length of the clutch spring and torque
threshold showed positive correlation (Fig. 10(b)). The torque
threshold ranged from 2.2 to 3.5 Nm with the adjustment of
the compressed length of the spring from 0 up to 6 mm. The
results indicate that the torque threshold, and consequently the
release timing, could be changed by adjusting the compressed
length of the clutch spring.
D. Release timing of the wrist during swing
The release timing of the clutch mechanism of the wrist was
experimentally identified with respect to the swing velocity
and compression of the spring. The release timing was defined
as the moment when the speed of the ulnar deviation of the
wrist was maximized, and the timing was represented by the
arm angle at that point (releasing angle, Fig. 9(b)).
In many cases of swinging, the releasing angle (Fig. 9(b))
has to maintain a specific value to provide a powerful swing.
The performance of our prosthesis in achieving this objective
was experimentally evaluated by attaching the wrist mechanism with a clutch to a custom-designed swing machine. For
five swing velocity conditions (maximum angular velocities of
70, 80, 90, 100, and 110 rpm), we found the amount of clutch
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Fig. 11. Required clutch spring compression length to release at targeted
releasing angle for various swing speed conditions.

spring compression (Fig. 6) that allows the clutch to release
at 85◦ from the top of the backswing (20◦ before the impact,
Fig. 11). Nonlinear positive correlation was found between the
swing velocity and clutch spring compression, and the rootmean-squared error of the release angle with the targeted angle
was 5.4◦ . These results indicate that the release angle can be
maintained while the swing velocity is changed by adjusting
the compression value of the clutch spring, which changes the
wrist joint stiffness profile to the ulnar wrist angle (Fig. 10(a)).

Fig. 12. Wrist deviation angle during golf swing. (a) Proposed prosthetic
hand, (b) Human subject. Progress of swing is the arm angle normalized to
the arm angle deviation during downswing (top of the swing [0%] to impact
[100%]).

Technology (KH2019-120), and written informed consent was
obtained from each subject prior to participation.
VI. D ISCUSSION & C ONCLUSION

E. Golf swing test
Golf swing tests using the swing machine were performed
to verify the effects of phase-shift between cocking and
releasing during swing (supplementary video). The effect of
wrist cocking was evaluated by comparing the swing speed
when the wrist was cocked and released and the swing
speed when the wrist remained released (ulnar deviated). The
maximum angular velocity of the swing machine was set 90
rpm during the test. In the cocking and releasing condition,
the clubhead speed just before the impact was 24.8 m/s, an
increase of 19.0 % compared to the condition that the wrist
was maintained released. This result shows that the phase-shift
between cocking and releasing by the wrist clutch mechanism
could increase the clubhead speed at impact.
By comparing the golf swing by the prosthetic hand to
that of a human subject with 3 years of golf experience
(male, 27 yrs), we could notice that the proposed prosthesis
could achieve similar wrist deviation angle profile on each
golfing phase with the golf swing of the human subject (Fig.
12). Small increase of ulnar deviation was shown in the
cocking phase while relatively large increase was shown in
the releasing phase.
Golf swings were also performed by non-amputee golfers
wearing our hand to evaluate its grasp ability for real swings
(Fig. 1, supplementary video). Two golfers performed golf
swings using our hand instead of their left hand to hit golf
balls. To provide similar physical constraints of amputees, the
prosthetic hand was fixed parallel to the forearm and the wrist
movement was constrained to prevent the wrist from causing
prosthetic hand movements (Fig. 1). The results show that
our hand holds the club stably against high-speed swings and
impacts.
The experimental protocol was approved by the Institutional
Review Board at Korea Advanced Institute of Science and

In this study, we developed an anthropomorphic prosthetic hand inspired by efficient swing mechanics for sports
activities. Our prosthetic hand’s diagonal and stable grasp
contributes to the efficiency of swinging by aligning the club
and forearm to increase the reach length. The wrist mechanism
including an inertial clutch also contributes to maximizing the
swing speed at impact by modulating the joint stiffness so
that the rotational inertia remains low in the early phase of
the swing with the wrist cocked (high stiffness condition) and
abruptly increases from the change in reach length via wrist
ulnar deviation (low stiffness condition) near impact.
The palm concavity achieved by replicating arthrokinematics at the fourth and fifth CMC joints enabled the club to be
stably grasped regardless of the holding angle. The palm concavity enabled the diagonally placed club to be wrapped with
the fourth and fifth fingers, thereby exerting greater pressure on
the club compared to non-articulated palm design. This feature
induced higher grasp resilience in the palmar, ulnar, and radial
directions (Fig. 8(c) and table II). Particularly, the greatest
increase of resilience with the proposed design was shown
in radial impacts, as the fourth and fifth fingers of the hand
with non-articulated palm could not exert force that resists a
radial impact against a club held diagonally. Even though the
grasp resilience of the proposed prosthetic hand in the dorsal
direction is lower than that of the hand with non-articulated
palm, the proposed prosthesis can endure about 20kgf impact
in each direction (Fig. 8(c)) and withstand external forces and
impacts on the club during 92 rpm swing machine testing. The
proposed hand has lower grasp failure degree the the hand with
non-articulated palm from the comparison of club’s tilted angle
shifting for each impact force. The articulated palm allows
the fourth and fifth fingers to wrap the club and reduces the
grasp failure degree of our prosthetic hand for impact (Fig.
8(d) and table II). This result enables the amputee to exert
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impact to a target with the club reliably by swinging. The grasp
quality results imply that the concavity of the human hand,
which allows the hand to conform to the club, is important
for resisting impacts while holding the club diagonally.
In powered prosthetic hand and wrist design, actuators are
selected to satisfy predefined task requirements. As many
of the upper limb tasks in sports involve high speed and
impact, high-powered motors would be required for highly
dynamic tasks, resulting in a bulky and heavy design. On
the other hand, existing passive prosthetic hands are light and
compact, which are good characteristics for simple grasping
or holding; thus, the role of the wrist has been as a mechanical
interface between forearm and the hand prosthesis. However,
in highly dynamic tasks, humans fully utilize the ROM of the
wrist in multiple DOFs; therefore, there have been no light
and compact prosthetic hands that facilitate highly dynamic
tasks. The wrist mechanism proposed herein allows the user
to control and maximize swinging speed by using the bioinspired design of the wrist mechanism instead of using
powered actuators for high-speed wrist movement control.
Humans maximize swinging speed by the rapid release in the
ulnar deviation in most of the swinging tasks, and the speed
could be further increased by supination/pronation. The wrist
design of our prosthetic hand employs these biomechanical
principles to achieve natural and high-speed swinging.
The proposed prosthetic hand can be used for sports activities that require high-load and high-speed swing, and it can
contribute to improving the quality of life for amputees by
allowing them to engage in sports activities. The designed
arthrokinematics of the joints and tendon routing of our
prosthetic hand can be also applied to other grasping cases,
including ADLs. The palm concavity produced by CMC joints
can be applied to anthropomorphic prosthetic/robotic hands
for unstructured object grasping by conforming the hand to
the shape of objects. The tendon routing inspired by multiple
human flexors and the differential actuation system can be
applied to prosthetic hands, which need to sustain external
loads by holding heavy objects.
Our proposed sports-dedicated prosthetic hand has several
limitations to be noted for further study. In this study, only
the power squeeze grip with adducted thumb was considered,
while many of grasping task are conducted with the thumb abducted. Therefore, future work should also consider the effects
of thumb arthrokinematics for the physical activities. There
are also several issues to be further considered in the proposed
hand system. In the current design, the system does not include
sensors. However, as for the future direction, tactile sensors
and user intention detection will be important considerations to
improve the amputees’ sports abilities similar to or even higher
than non-amputees’ in sports-dedicated prosthesis. For even
greater robotic autonomy, the cocking and releasing timing
should be automatically adjusted according to the swing speed.
One possible solution to achieve this with minimal actuation
load would be to place inertial sensors around the socket for
measuring the swing speed and to adjust the release timing of
the clutch mechanism of the wrist electronically based on the
measurements.
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