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ADJUHand - A Passive Anthropomorphic Hand Model with Adjustable
Finger Stiffness for Exoskeleton Evaluation
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Abstract—Each year, more than 12 million strokes and
nearly one million spinal cord injuries occur worldwide. These
conditions can cause severe hand impairments, leading to
a significant loss of independence. Hand exoskeletons have
emerged as a promising solution to support the restoration
of grasping function in both rehabilitation settings and daily
life. However, testing such devices remains a major challenge
during the development phase. Existing hand models are either
overly simplistic, lacking anatomical realism or articulation, or
are complex active prosthetic systems that are costly, difficult
to replicate, and not designed for passive actuation. Testing
on healthy individuals introduces safety risks and bias, as
their hands behave differently and may unconsciously assist
movement. Moreover, direct patient testing is resource-intensive
and limited. This paper presents the ADJUHand, a passive
anthropomorphic hand model designed to facilitate testing of
hand exoskeletons. The ADJUHand can be fabricated easily
using a standard FDM 3D printer, a few screws and springs.
Motion capture experiments demonstrate that the fingers follow
anatomically accurate flexion trajectories with a total finger
flexion angle of 249.9°. Furthermore, the stiffness of each
finger can be adjusted to simulate varying levels of joint
rigidity, as observed in individuals with spastic or stiff fingers.
Additionally the ADJUHand enables finger abduction and
thumb circumduction, facilitating diverse grasp configurations.

I. INTRODUCTION

Neurological and musculoskeletal disorders such as stroke,
which affects around 12 million people globally each
year [1], or spinal cord injuries, with nearly one million cases
annually worldwide [2], can severely impair the functionality
of the human hand [3], [4]. Given the hand’s vital role
in nearly all aspects of daily life, such impairments often
cause a significant loss of independence and a considerable
psychological burden, further impacting quality of life [3].

One promising approach to restore or support hand func-
tions in rehabilitation and daily life involves the use of
hand exoskeletons. Hand exoskeletons, also called wearable
robots or active orthoses, involve mechatronic often glove-
like structures attached to the users hand to support or restore
the hand and finger movements. Numerous studies have
demonstrated this on impaired users in controlled laboratory
settings and clinical environments [5], [6].

Although many research groups are exploring a variety of
technologies for hand exoskeletons [7], [8], there is still a
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lack of accessible, reliable and standardized tools for testing
and evaluating these devices [9], [10], [11].

Hand exoskeletons are tested using three different ap-
proaches: on healthy hands, on paralyzed hands or on
anatomical models, with the majority of studies conducting
tests on healthy participants [11]. However, this approach
carries inherent safety risks for the participants and presents
significant challenges in obtaining reliable evaluation re-
sults [10]. It is often difficult to rule out whether the
finger movements are solely induced by the exoskeleton or
whether the subject is subconsciously assisting [9]. During
testing our own exoskeleton, we noticed that even unbiased
participants tend to contribute involuntarily. Only with sub-
stantial additional effort, such as using electromyography to
measure muscle activity, can such assistance be detected and
quantified [12].

A second issue arises from the anatomical differences
between a paralyzed and a healthy hand. Even if an ex-
oskeleton performs well on a healthy subject, its performance
cannot be directly translated to impaired hands, which be-
have differently. Conditions such as muscle atrophy, joint
contractures and spasticity result in fundamentally altered
biomechanics [13], [14].

The most accurate and clinically relevant evaluation can
only be achieved through direct testing with individuals
with hand impairments. However, beyond the previously
mentioned safety concerns, such testing is also hindered by
limited participant availability and is typically time consum-
ing, costly, and infrequent [10].

The third and safest approach involves testing on passive
hand models. However, commercially available models often
don’t include movable joints or are overly simplified, lacking
anatomical accuracy. Other models [15] feature high anatom-
ical detail, which complicates reproduction and results in a
fragile design due to the absence of a skin-like outer layer,
making them unsuitable as a testing device.

Active hand models, such as prosthetic hands, could
theoretically be used, but they are designed for an entirely
different purpose and are not suitable for passive movement.
Internal motor resistance and control mechanisms make them
inappropriate for this application [9]. Furthermore, such
prosthetic systems are often expensive, adding an additional
barrier to their use in early-stage testing.

There are only a few publications that propose a passive
antropomorphic hand model specifically designed for the
evaluation of hand exoskeletons [9], [10], [16]. However,
those approaches fail to replicate key characteristics of para-
lyzed hands, lacking increased finger stiffness, offering only
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Fig. 1.

37 mm

40 mm

Design overview of the ADJUHand (a) ADJUHand with palmar plate removed. (b) Gear system for finger abduction and adduction. (c) Gear

mechanism for thumb circumduction. (d) Spring mechanism for tensioning palmar and dorsal tendons to adjust finger stiffness. (e) Cutaway view of a
finger with rolling contact joints (white) and internal cable routing (orange). (f) Internal cable routing parts for palmar (top) and dorsal (bottom) tendons.

cumbersome adjustments for finger abduction and adduction,
and being difficult to reproduce, which limits their suitability
for practical and realistic testing scenarios.

Here we present a passive anthropomorphic hand model,
the ADJUHand, with adjustable finger stiffness and config-
urable finger abduction and adduction to address the question
of whether such a model can serve as a realistic, adaptable
and safe platform for evaluating hand exoskeletons.

II. MATERIALS AND METHODS

The following section presents a detailed overview of the
ADJUHand’s design, focusing on its dimensional character-
istics, joint architecture, the abduction and adduction mech-
anism, and the adjustable stiffness system. Subsequently,
the methods used to assess the kinematics and mechanical
properties are presented, including motion capturing for
movement analysis and force measurements for evaluating
finger stiffness.

A. Hand Design

The outer layout and dimensions of the ADJUhand was de-
fined based on anthropometric data from [17], [18], and [19],
supplemented by reasonable assumptions such as uniform
spacing between the fingers, which allowed for the accurate
placement of the metacarpophalangeal (MCP) joints of each
digit within the system. To achieve both adjustability and
anatomically inspired motion, the ADJUhand incorporates
four distinct mechanical subsystems: rolling contact joints
(see Fig. le), a gear system for finger abduction and adduc-
tion (see Fig. 1b), a separate gear mechanism enabling thumb

circumduction (see Fig. 1c), and an adjustable stiffness
system comprising tendon routing (see Fig. 1f) and a spring
mechanism to pretension the internal palmar and dorsal
tendons (see Fig. 1d).

B. Finger Joint Design

For the finger joints of the ADJUHand, 3D-printed rolling
contact joints are used due to their inherently low resistance
to movement, similar to the human synovial joints [20],
as well as their compact and easy to manufacture design
and long-term wear resistance [21]. Each rolling contact
joint consist of three 3D-printed thermoplastic polyurethane
(TPU) inserts, which are embedded into the 3D-printed
polylactic acid (PLA) structure of the finger phalanges,
connecting them to each other and linking the fingers to
the main body of the ADJUHand (see Fig. le). During
preliminary testing, the rolling contact joints underwent up to
10,000 actuation cycles without any signs of material fatigue
or structural changes in the joint.

C. Finger Abduction and Thumb Circumduction Design

To achieve finger abduction, a gear train was designed
to enable radialduction of the index finger in tandem with
ulnarduction of the ring and little fingers (see Fig. 1b). The
gear ratios are chosen such that the little finger moves twice
the angular distance of the ring finger, while the index finger
moves the same distance as the ring finger in the opposite
direction, thereby abducting the fingers. The middle finger is
fixed to the casing of the ADJUhand and remains in place.
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The driving force is introduced via a worm drive connected
to the system of spur gears.

A similar worm drive mechanism is used to generate
the rotational motion required for thumb circumduction.
Approximating the thumb’s movement as purely rotational
allows direct integration of the worm gear into the thumb’s
base component, which can swivel up to a circumduction
angle of 95° (see Fig. 1c). This design ensures that the fingers
remain in position after actuation, even under external forces,
due to the self-locking property of the worm drive.

Each worm drive is actuated by a screw onto which a
3D-printed worm component is mounted. The screw-nut ar-
rangement ensures secure mechanical coupling and prevents
unwanted translational movement.

D. Finger Stiffness System

The stiffness for flexion and extension of each finger can
be adjusted independently via a tensioner unit at the proximal
end of the ADJUHand (see Fig. 1d). This unit consists of
ten springs, each arranged coaxially around a screw and
connected to the screw threads through coupling elements
that interlock with guiding rails to prevent rotation. Turning
the screws linearly adjusts the tension in the springs, which
is transmitted to palmar (for extension stiffness) or dorsal
(for flexion stiffness) tendons running through the hand
and fingers. To prevent interference between the abduction
mechanism’s gears and the tendons, their paths are routed
through dedicated cable guides (see Fig. 1f).

E. Finger Kinematics Evaluation with Motion Capturing

Motion capturing was performed in order to gain insight
into the range of motion of the different subsystems of
the hand model. Using a setup consisting of ten OptiTrack
Prime®22 motion capturing cameras the flexion of the
index finger, the abduction of the long fingers and the
circumduction of the thumb were tracked and evaluated. To
analyze finger flexion, seven optical markers were placed on
the ADJUHand (five on the index finger and two on the
casing). Their relative positions were used to approximate
the location of each phalanx and calculate the corresponding
joint angles (see Fig. 2). For abduction and circumduction
only two points per finger were required. During motion
capture testing, the ADJUHand was mounted on different
fixtures to prevent translational movements while its fingers
were actively moved (see Fig. 2).

To achieve flexion of the index finger without the risk
of obscuring the optical markers, the tendons and routing
structures of the stiffness system were repurposed. By re-
moving the spring and screw assembly and extending the
tendons in the proximal direction, they were routed out of
the ADJUHand through the screw openings. By pulling on
the palmar tendon, a flexion movement of the finger was
induced (see Fig. 2).

F. Finger Stiffness Evaluation with Force Measurements

To evaluate the adjustability of the stiffness system, the
resistive force was measured during finger flexion and exten-
sion in three configurations representing the minimum and

Optical markers

Palmar tendon

Fig. 2. Motion capturing setup for index finger flexion. The ADJUHand
is fixed in a mounting frame with optical markers attached to the phalanges
and hand casing. The arrow indicates the actuated palmar tendon.

maximum achievable stiffness. Measurements were carried
out on the index finger as a representative example, since the
other fingers were expected to show similar behavior. In the
first configuration, both the palmar and dorsal tendons were
set to minimal tension. In the second configuration, the dorsal
tendon was maximally pretensioned while the palmar tendon
remained at minimal tension. In the third configuration, the
palmar tendon was maximally pretensioned while the dorsal
tendon was kept at minimal tension.

For each configuration the force required to flex or extend
the finger was measured using a simple exoskeleton setup.
The exoskeleton consisted of a hand band and a finger
component of the cable-driven exoskeleton GraspAgain [12],
[22] (see Fig. 3). The force required to move the finger
through pulling of the actuation cables was measured using
a Sauter FK100 force meter, which was set up to display the
highest measured value detected during the measurement.

The same test exoskeleton also allowed for reference
measurements on five healthy individuals (three male, aged
22-28 years; two female, aged 21-22 years) and two indi-
viduals with hand paralysis (both female; 43 years, complete
cervical spinal cord injury at C5, AIS A; 57 years, spinal cord
ischemia at C5 with partial preservation of function down to
S1, AIS D).

Each configuration of the ADJUHand and each participant
was measured five times. For analysis, the median and
interquartile range (upper and lower quartiles) of these five
measurements were calculated.

Hand band Cable

Finger component Force meter
.

Fig. 3.

Finger stiffness measurement setup. The ADJUHand is fixed on
a mount, and a simple test exoskeleton (hand band and finger component)
is used together with a force meter to actuate the exoskeleton cables along
the palmar side for flexion resistance (or along the dorsal side for extension
resistance, not shown) and to measure the maximal resistance force for
different tendon configurations.
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G. Functionality Evaluation with an Exoskeleton

Since the primary purpose of the ADJUHand is to be used
during testing phases of exoskeleton development, experi-
ments were conducted to examine whether the ADJUHand
can be controlled and moved through the forces generated
by a hand exoskeleton. For this, the updated version of
the hand exoskeleton GraspAgain [12], [22], was used to
carry out movement and grasping tests. Before interacting
with any objects, simple opening and closing movements
of the ADJUHand were performed to verify basic actuation.
Subsequently, different objects were grasped, lifted, held, and
released using only the forces transmitted by the exoskeleton.
The objects selected were a tennis ball (58 g), a Rubik’s Cube
(102 g), and a filled plastic water bottle (337 g).

III. RESULTS

To assess the potential of a simple, safe and adjustable
anthropomorphic hand model for realistic exoskeleton eval-
uation, we developed the ADJUHand. Fabricated almost en-
tirely via 3D-printing, it incorporates adjustable finger stift-
ness and configurable finger abduction and adduction. We
conducted kinematic analysis using motion capturing, per-
formed comparative stiffness measurements against healthy
and impaired hands, and validated the model’s compatibility
with a state of the art hand exoskeleton.

A. Finger Kinematics

To evaluate how closely the ADJUHand replicates human
finger motion, finger joint angles were measured using mo-
tion capturing. The flexion angles of the index finger joints
were 85.23° at the metacarpophalangeal (MCP) joint, 84.29°
at the proximal interphalangeal (PIP) joint, and 80.45° at the
distal interphalangeal (DIP) joint. Together, these contribute
to a maximum total flexion angle of 249.97° for the index
finger (see Tab. I). Compared to anatomical data from
healthy adults, the ADJUHand’s joint angles lie between
the functional and passive ranges of motion, demonstrating
realistic, human-like flexion within physiologically relevant
limits. Moreover, the motion capture trajectories confirm that
index finger flexion closely follows anatomical movement
patterns (see Fig. 4a) [23].

The measured abduction angles of the long fingers were
20.59° for the index finger, 0.00° for the middle finger,
12.97° for the ring finger, and 26.14° for the little finger,
generally falling short of the anatomical range of motion
except for the index finger (see Tab. I, Fig. 4b) [24]. The
thumb exhibited a circumduction range of 93.44°, which is
consistent with the anatomical range of motion [25].

B. Finger Stiffness

To validate the finger stiffness system of the ADJU-
Hand, maximum flexion and extension resistance forces were
measured using a simple cable-driven exoskeleton, with a
force meter attached directly to the actuation cable. The
ADJUHand showed an adjustable finger resistance force
range of 4.7 — 11.1 N for flexion and 3.6 — 7.31 N for

TABLE I
FLEXION AND ABDUCTION ANGLES OF THE ADJUHAND COMPARED
TO THE ANATOMICAL ANGLES OF HEALTHY ADULTS

Flexion Angle in ° Abduct. Angle in °
Joint ADJU| funct | pass Finger | ADJU | anat
Hand | ROM | ROM Hand ROM
[26] [26] [24]
MCP 85.23 | 73.00 | 100.00 | Index | 20.59 13.00
PIP 84.29 | 86.00 | 105.00 | Middle | 0.00 7.00
DIP 80.45 | 61.00 | 85.00 | Ring 12.97 15.00
Total Arc | 249.97| 208.00| 290.00 | Little 26.14 29.00

Abbreviations: MCP = metacarpophalangeal joint, PIP = proximal
interphalangeal joint, DIP = distal interphalangeal joint, ROM = range of
motion, funct = functional, pass = passive, anat = anatomical.
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Fig. 4. ADJUHands finger movements from motion capturing. (a) Flexion
trajectories of the index finger. (b) Abduction trajectories of the long finger.

extension across different tensioning configurations. Refer-
ence measurements on healthy and paralyzed human hands
(all without known increased joint stiffness) most closely
matched the ADJUHand with minimal dorsal and palmar
pretension (see Fig. 5).

C. Functionality as Testing Device

To assess the operational performance of the ADJUHand,
the state of the art hand exoskeleton GraspAgain [12],
[22] was used to perform simple flexion and extension
movements, which the ADJUHand reliably followed. After
verifying these movements, grasping tasks with various ob-
jects including a bottle, a Rubik’s Cube, and a tennis ball
demonstrated that the ADJUHand accurately transmitted the
exoskeleton’s forces to achieve successful grasp, lift, and
release of each object (see Fig. 6).

IV. DISCUSSION

Our findings demonstrate that the ADJUHand, produced
primarily through 3D-printing, successfully replicates es-
sential biomechanical characteristics of the human hand.
Its adjustable stiffness and abduction capabilities facilitate
realistic and safe testing environments for hand exoskeletons.

Comparison of the flexion angles measured for the ADJU-
Hand with anatomical data shows that the design exceeds
the functional range of motion but does not fully reach
the passive range observed in healthy hands (see Tab. I)
[26]. Results from other passive hand models show variation,
with [9] reporting higher flexion angles for the MCP and
PIP joints (120°) but no data for the DIP joint and total
arc, [10] providing only joint trajectories without specific
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Fig. 5. Finger stiffness measurements for the ADJUHand and human fin-
gers under different palmar and dorsal pretension configurations using a test
exoskeleton. The untensioned ADJUHand fingers exhibit stiffness closest to
that of human fingers. Dorsal or palmar pretension of the internal tendons of
the ADJUHand allows tuning of flexion and extension stiffness. Each point
represents the median maximum resistance force from five trials required
to flex (blue) or extend (green) a finger with an exoskeleton. Vertical bars
indicate the interquartile range (25th—75th percentile). Measurements were
performed on the ADJUHands finger (left) and compared with data from five
healthy and two paralyzed adults without increased finger stiffness (right).

Fig. 6.

Grasping tests of the ADJUHand with GraspAgain [12], [22].
(a) tennis ball. (b) bottle. (c) Rubik’s Cube.

angle values, and [16] not reporting any reached angles.
Since hand exoskeletons are primarily intended to restore
functional motion, the performance of the ADJUHand can
be considered sufficient for its intended purpose.

In contrast, the ADJUHand does not reach the full anatom-
ical range of motion for finger abduction with the exception
of the index finger (see Table I) [24] due to spatial constraints
within the casing. The passive models from [9], [10], [16]
claim configurable abduction but report no specific values.
Since abduction is not essential for basic grasping and is
rarely actively controlled in exoskeletons, the available range
of motion of the ADJUHand is sufficient and simplifies both
donning and doffing of the exoskeleton devices.

The ADJUHand’s thumb circumduction closely matches
anatomical values reported by [25], achieving 93.44°, slightly
exceeding the 90° anatomical pronation. This full range of
thumb motion is crucial for testing different types of grasps.
In contrast, [9] report no thumb motion, while [16] and [10]

claim thumb circumduction but do not provide any numbers.

Comparison with anatomical finger movement trajecto-
ries [23] shows that the flexion trajectory of the ADJUHand
closely mirrors natural finger motion (see Fig. 4). However,
increasing the tension on the dorsal tendons caused a non-
anatomical pattern, where MCP joint flexion occurred before
that of the PIP and DIP joints. This deviation likely results
from an imbalance in tendon forces and could potentially
be corrected by increasing the palmar tendon tension. Fur-
thermore, in this configuration, the finger could not reach
full flexion without risking damage to the test exoskeleton,
likely due to its limited range of motion.

The force measurements confirm the functionality of the
ADJUHand’s adjustable finger stiffness mechanism. Com-
pared to data from five healthy and two paralyzed subjects
without known increases in finger stiffness, the minimum
stiffness achievable with the ADJUHand falls within a simi-
lar range (see Fig. 5). Although resistance forces in paralyzed
subjects with stiffened fingers were not measured, they are
expected to be higher and can be simulated by increasing
the ADJUHand’s stiffness. Our measurements show that both
flexion and extension resistance can be doubled. To the best
of the authors’ knowledge, no other system currently allows
adjusting finger stiffness.

Using the hand exoskeleton GraspAgain, the ADJUHand
proved to be a feasible test platform, achieving successful
grasping of various objects (see Fig. 6) consistent with
the models from [9] and [16]. However, the open joint
design revealed limitations. The fixation strap of the hand
exoskeleton occasionally slipped into the the MCP joint on
the palmar side, blocking full flexion of the little finger, and
the exoskeleton finger component sometimes caught on the
dorsal side of the PIP joint during extension. These issues
arise from the edgy and open joint design of the ADJUHand
and from the GraspAgain exoskeleton, which is an open,
lightweight structure rather than a closed glove.

V. CONCLUSION

This paper introduces the ADJUHand, a passive, addi-
tively manufactured hand model designed to evaluate hand
exoskeletons under safe and physiologically realistic condi-
tions. It reproduces key biomechanical features of the human
hand, including anatomically plausible movement ranges,
tunable finger stiffness, and adjustable finger abduction. Mo-
tion capturing analysis confirmed a flexion range of motion
exceeding functional requirements for daily grasping.

The integrated adjustable stiffness mechanism allows
replication of various finger conditions, such as increased
resistance in spasticity or contractures. Evaluation with a
state of the art hand exoskeleton demonstrated suitability
for functional assessments. Limitations include mechanical
interference between casing and exoskeleton and the inabil-
ity to modulate stiffness at individual joints. Consequently,
stiffness in Nm/rad was not measured for individual joints,
and only overall finger stiffness was assessed.

Future work will focus on closing the open joint design
with flexible TPU elements (skin layer) to minimize the
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potential for interference with exoskeleton devices. Planned
studies with patients exhibiting contractures or spasticity will
assess the physiological validity of the stiffness mechanism.
Sensor integration for joint angle and force measurement is
further envisioned to enable objective biomechanical evalu-
ation of hand exoskeletons.
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