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Abstract— This study presents an innovative test rig engi-
neered to explore the kinematic and viscoelastic characteris-
tics of human specimen hands. The rig features eight force-
controlled motors linked to muscle tendons, enabling precise
stimulation of hand specimens. Hand movements are monitored
through an optical tracking system, while a force-torque sensor
quantifies the resultant fingertip loads. Employing this setup,
we successfully demonstrated a pincer grip using a cadaver
hand and measured both muscle forces and grip strength. Our
results reveal a nonlinear relationship between tendon forces
and grip strength, which can be modeled by an exponential
fit. This investigation serves as a nexus between biomechanical
and robotics-focused research, providing critical insights for
the advancement of robotic hand actuation and therapeutic
interventions.

I. INTRODUCTION

The human hand, with its structural complexity and ver-
satility, serves as a central tool for interacting with our
environment. The precise coordination of multiple muscles,
even for the operation of a single finger, results in movements
that are influenced by the viscoelastic properties of ligaments
and surrounding tissues, as well as the kinematics of the
joints [1], [2], [3].

Numerous hand models have been developed to encapsu-
late this complexity and simulate the biomechanical behavior
of the hand [4], [5], [6]. These models largely rely on
Computer Aided Design (CAD) data, supplemented with
muscle tractions and hand kinematics. Yet, despite their
geometric sophistication, many of these models fall short
in comprehensive biomechanical validation. The verification
of their outcomes becomes particularly challenging given
the intertwined nature of hand modeling systems and the
imperative to ascertain a myriad of boundary conditions.

One particular challenge in hand modeling is the thumb,
which has been reported to be difficult to model accurately
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due to its unique joint structure [7]. This has led to the
development of new modeling approaches that consider the
contacting surfaces and stabilizing tissues of the thumb joint,
modeling it as a multi-body system driven by forces exerted
by the cartilage contact, ligaments, and muscles [7].

Robotic hand actuation has advanced from basic grippers
to complex systems incorporating computer vision, tactile
feedback, and computational strategies, as highlighted by
Billard and Kragic [8]. Significant achievements include
biomimetic hands for limb regeneration [9] and under-
actuated designs by Mitsui, Ozawa, and Kou [10], indicating
progress towards more adaptable manipulators. Additionally,
soft grippers inspired by the Fin Ray® Effect [11] underscore
rapid advancements. Moving beyond traditional grip-focused
robotics, our research explores human hand biomechanics to
bridge robotics and biomechanics, offering a deeper under-
standing of hand mechanics and setting our work apart from
conventional approaches.

Previous experimental setups have explored various as-
pects of hand behavior. Some have studied finger extension
by determining the contact forces of the phalanges through
optical tracking and a force plate system [12], while others
have incorporated electromyographical signals of the muscles
to compare model and tracking outcomes for living patients
[13]. Cadaver studies have also been conducted, with one
focusing on the movement of the index finger’s joints when
individual muscles are actuated [14], and another investigat-
ing the force exerted during grasping [15]. However, these
studies were limited in their scope, often focusing on a single
finger and failing to fully correlate muscle activation with
movement and exerted force.

In this paper, we present a comprehensive testbed that
addresses these limitations. Our system links force-controlled
tendon actuation to movement and exerted force at the
fingertip. With the capability of controlling eight independent
motors, it allows for the examination of more than one
finger at a time, enabling the simulation of clinically relevant
everyday grasping tasks.

We focus on the pincer grip, a critical fine motor move-
ment used to grasp small objects, where the flexed thumb
and index finger come into contact [16]. This grip, learned
by infants in their first year of life, represents the pinnacle
of fine motor movement achievable by a gorilla [17], [18].
Our experimental setup simulates the pincer grip on a human
specimen by controlling four tendons each of the thumb and
index finger. In summary, the main contributions of this paper
are as follows:
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Fig. 1. Schematic representation of the test bench, featuring an optical

measuring system (I), eight force-controlled motors (II) governed by a
python control unit (IIT), and a video capture system (IV). An integrated 6
DOF force-torque sensor facilitates external load measurement.

1) We extend the testbench of force-controlled hand stim-
ulation to eight independent motors.

2) We acquire external force—torque and motion data to
analyze the resulting hand response to muscle actua-
tion.

3) We apply and evaluate our test rig on a cadaver hand,
performing complex tasks such as the pincer grip
between the index finger and thumb.

4) A novel approach for biomechanically-derived mod-
eling, advancing hand dynamics understanding, with
a versatile robotic testbench suitable for diverse joint
evaluations.

II. MATERIAL AND METHODS
A. Test Bench Architecture

The architecture of the test bench, depicted in Figure 1,
integrates four primary components: the force control system,
the optical measurement system (Optitrack©), the central
control unit, and a video capture device.

The force control system integrates eight autonomous
motors, each equipped with a strain gauge for force de-
tection and an internal angle sensor. We employed 9225-
160KV brushless motors, each boasting a maximum power
of 1.6kW. Using high-power pancake motors enables us to
quickly and precisely maneuver and exert specific forces
from standstill, which is crucial for fine-grained force con-
trol. Each motor’s control is cascaded, with the motor’s
requisite force signal regulated in an external loop at 250 Hz.
The force controller’s output interfaces with the open-source
Vedder electric velocity controller (VESC) [19], which offers
precise field-oriented control (FOC) through an internal loop
operating at 20 kHz. Additionally, a versatile 6 DOF force—
torque sensor is incorporated into the system to measure the
hand grip force.

Real-time data acquisition and force control are managed
by an application developed on the Isaac SDK [20]. The
optical measurement system, an OptiTrack© setup with six

TABLE I
OVERVIEW OF THE EIGHT ACTUATED TENDONS FOR THE ANALYSIS OF
THE INTERACTION BETWEEN THUMB AND INDEX FINGER.

Finger Tendon / Muscle Function

Thumb Extensor pollicis brevis Extension
Extensor pollicis longus Extension
Abductor pollicis longus Abduction
Flexor pollicis longus Flexion

Index Finger  Extensor digitorum Extension
Extensor indicis Extension
Flexor digitorum superficialis ~ Flexion
Flexor digitorum profundus Flexion

cameras, relays position and orientation data at 120 Hz to the
force-control system.

The data stream, synchronized with force and position
metrics, is relayed to the central control system. The video
capture system, directly interfaced with the central control,
delivers a video stream. While primarily used for evaluation,
the video data can be augmented with Al-driven analyses,
such as 3D hand reconstruction [21].

To simulate the pincer grip, each motor is individually
regulated using signals characterized by a sine wave:

Fies,i(t) = a; - sin(w;t + off,, ;) + off;, (1)

where off; denotes the tendon’s base tension, a; represents
the force oscillation amplitude, w; its frequency, and off,, ;
the time offset for each motor 7.

The test bench’s key features encompass precise force
control, synchronized sensor data, and real-time function-
ality, laying a solid groundwork for model-based control
implementations.

B. Hand and Tendon Preparation

After obtaining approval from the local research ethics
committee (699/21 S-SR), frozen human cadaver right hands
with forearm of a 34 year old woman as well as a 72
year old man were used, which were obtained from Science
Care, USA. Each thawed specimen was prepared by an
experienced surgeon. 8 tendons of the thumb and index
finger responsible for the pincer grip were identified and
anatomically dissected. Table I shows a listing of the tendons
with their function.

Each tendon was looped proximally to the flexor and
extensor retinaculum at the wrist with stretch-free cords
(LIROS DC 60 Dyneema®) to ensure physiological force
application and not to influence the friction coefficient of
the tendons (Fig. 2 a). The associated muscle and interfering
soft tissue were removed.

Five custom SLA 3D-printed navigation trackers were
fixed to the finger bones for position detection using an opti-
cal navigation system. These were screwed into a bicortical
3 mm hole with a conical thread in the corresponding bone
and fixed with fast-curing epoxy resin (Pattex®).The trackers
were attached to the distal phalanx and os metacarpale of
the thumb and to the distal and proximal phalanx and os
metacarpale of the index finger. The final tracker was used
to track the positioning of the force-torque sensor. Care was
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Fig. 2. Illustration of the test rig and setup: (a) Depicts the precise fixation
of the cadaver hand to the test stand; (b) Provides an in-depth view of the
overall test configuration; (c) Demonstrates the execution of the pincer grip,
highlighting the integrated force-torque measurement with a mobile sensor
strategically positioned between the index finger and thumb.

taken to ensure that the trackers do not interfere with each
other in different positions.

The prepared hand was secured in the testing system using
an external fixator (Hoffmann® II Compact™ MRI-Stryker)
to maintain a stable intrinsic plus position, with two 4mm
pins grasping the radial bone and one 3 mm pin placed in the
metacarpal III shaft. Thin-layer computed tomography (CT)
scans (Harmony, Siemens) were acquired to obtain data for
bone segmentation and hand modeling.

When attaching the specimen to the test bench, the
anatomical alignment of tendons and clear visibility of the
tracker were ensured (Fig. 2 b). Throughout testing, the
hand and tendons were periodically moistened to mitigate
physiologic tissue alteration.

C. Datastream

Given the complex array of variables measured by the
test stand, a more detailed explanation is warranted. An
overview of the recorded signals, captured at specific points
in time, can be found in Table II. This table offers a
comprehensive breakdown, facilitating a clearer understand-
ing of the data collection process. The setup consists of
five rigid bodies tracked by OptiTrack© and providing the
position, quaternion as well as the corresponding Cartesian
and angular velocities for each time step. The tracked objects
are the fingertip of index finger and thumb, as well as the
corresponding bases and the force torque sensor. Further
the force torque sensor provides forces and torques and
the analog sensors connected to each tendon provide the
respective force and force derivative for this tendon, resulting
in a total of 95 signals per time step.

D. Workflow

The workflow for successful testing, illustrated in Figure 3,
begins with the preparation of trackers and tendons for
the cadaver hand, followed by computed tomography (CT)
imaging and segmentation to accurately determine hand

TABLE 11
SUMMARY OF RECORDED SIGNALS FROM THE TEST RIG, GROUPED BY
SENSOR TYPE. THE TABLE DETAILS MEASUREMENTS OF POSITION,
ORIENTATION, FORCES, TORQUES, AND DERIVATIVES FOR OPTITRACKO
BoDY, FORCE TORQUE SENSOR, AND ANALOG SENSOR CATEGORIES.
TOTALS AT THE BOTTOM INDICATE THE NUMBER OF SIGNALS AND

SENSORS FOR EACH.

Sensor Type OptiTrack© Force Torque | Actuation
Body Sensor Sensors
Position T,Y, 2 - -
Orientation Gu; 9z, 9z, 9z | - -
Motor Angle | - - «
Forces . fosfuife | f
Torques - Mg, My, My -
Derivatives ox,dy,0z - of
da, 68, 0y
num. signals 13 6 3
num. sensors | 5 1 8
> signals 65 6 24

(a) Preparation

(b) Segmentation

(c) Measurements

Model development

(d) Data Evaluation

Direct visual and force feedback, control

Tracker and Imaging with Application Analysis of
tendon subsequent with hand collected
preparation segmentation test rig data
Fig. 3. Illustration of the test workflow: (a) preparation of tendons and

trackers; (b) imaging and subsequent segmentation; (c) main testing on the
test rig; (d) data evaluation and optimization of control parameters.

anatomy and tracker positions relative to finger bones. After
the initial hand preparation, CT scans with installed track-
ers are acquired. Finger bones and corresponding trackers
are segmented using a 3D slicer [22], enabling accurate
determination of hand anatomy and tracker positions. The
hand is then applied to the test rig, tendons are matched to
their corresponding motors, and collected data is used for
evaluation, model enhancement, and control optimization.

E. Kinematic Orientation

To determine the orientations of all rigid bodies at each
timestep ¢, a systematic kinematic process must be con-
ducted. Initially, the relationship between the rigid bodies and
their corresponding trackers must be established. This can be
accomplished by segmenting the rigid bodies from the CT
and identifying the marker positions of each tracker within
the CT system. Since the OptiTrack© system facilitates the
exportation of marker positions for each registered tracker,
two sets of points are obtained for every tracker—one
defined in the CT system, and the other in the OptiTrack©
base system. By employing the Kabsch algorithm [23], the
transformation matrix from the CT system to the OptiTrack©

base system, denoted as Ol;jmct , is obtained for each rigid
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blue. (b) Presents the hand segmentation from the CT scan, with labels for
all essential rigid bodies to analyze movement dynamics.

body b;. A comprehensive representation of all required rigid
bodies and markers is illustrated in Figure 4. Using the
four provided rigid body trackers from Figure 4(a) we can
calculate the transformation of each rigid body with a tracker
at each timestep ¢ using the measurement of the rigid body
with respect to the OptiTrack© base system Tops p, (t)-

Tol;t ct( ) = TOPtybz‘ (t) ’ Tant (2)
F. Kinematic Optimization for Undefined Rigid Bodies

Now that each rigid body with a corresponding tracker
is defined for each timestep ¢, the task remains to identify
the positions of the undefined bodies. Simplifying the task,
the use of an external fixation allows us to safely assume
that the metacarpal phalange of the index finger is affixed to
the carpals of the hand, hence forming a rigid-body system.
However, the positioning of the proximal and intermediate
phalanges of the index finger, and the proximal phalange
of the thumb, remains undetermined. To resolve this, a
direct kinematic optimization is conducted using additional
information from the CT scan: By defining the axis positions
between each rigid body (IP, PIP, and CMC for the thumb,
and DIP, PIP, and MCP for the index finger), we can
articulate a rigid body kinematics relation for the undefined
bodies.

For the thumb, the IP axis is repositioned using the distal
thumb tracker (Figure 4(a)), and the PIP axis is defined using
the proximal thumb tracker. As each axis is identified by two

points from the CT scan, the Kabsch algorithm [23] can be
used (requiring a minimum of three points) to pinpoint the
final positioning of the proximal phalanx.

The index finger follows a similar strategy, allowing for the
definition of the DIP and MCP axis points in the CT system
with the available tracker data. However, with two undefined
rigid bodies (the intermediate and proximal phalanges), an
iterative process is proposed to finalize their positioning.
Using the positioning of the unknown bodies from the CT
scan, an initial solution is obtained by assuming a rigid body
relation between the respective closest tracker body and the
unknown rigid body. Next, the PIP axis position is updated
according to this initial solution. With all required axes
defined, an iterative update of the unknown rigid bodies is
performed using the axis positions of the DIP and PIP for the
intermediate phalanx, and the MCP and PIP for the proximal
phalanx. Following each update, the PIP axis positioning is
accordingly adjusted, with the MCP and DIP axes kept fixed.
This iterative process ensures convergence on the accurate
positioning of all rigid bodies of the index finger.

G. Calculation of Joint Angles in Phalanges

In the study, joint angles, except for the CMC joint, were
systematically calculated using vectors for each phalanx,
extending from the proximal joint to either the distal joint or
fingertip, with additional points defined for the thumb and
index finger.

The angles between adjacent phalanges were determined
using standard vector methods. Specifically, for two vectors
v and vy representing the positions of the joints, the angle
« between them was calculated using the formula:

V1V2) 3)

= arccos (
[vi| - [val

where vy - vo is the dot product of the vectors, and |vi|
and |vy| are their magnitudes. This method was applied
consistently across all joints, except for the CMC joint.
For the CMC joint, which exhibited two-axis movement
in testing, flexion and abduction were calculated using the
vector of the metacarpal phalanx.

The resulting angles represent the phalanx’s deviation
from its default position, with the axis of abduction derived
as the cross product of the axis of flexion and the vector
pointing from the CMC to MCP joint. Shadow points on a
plane defined by these axes were computed, and vectors to
these points were used to precisely determine the flexion and
abduction.

III. RESULTS

This research sought to explore the proficiency of a test-
bench setup in mimicking and quantifying the motions and
forces characteristic of a human hand during a pincer grip
action. Experiments utilized two hand specimens: a 34-year-
old female right hand and a 72-year-old male hand (approval
by local research ethics committee 699/21 S-SR). Due to
tracking challenges encountered with the female specimen,
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the emphasis was primarily placed on the male hand. A com-
prehensive dataset of the results can be accessed from the ac-
companying GitHub repository: https://github.com/
NikonPic/PhoenixHand. These findings stem from two
core actuation techniques: robotic and manual.

A. Robotic Actuation

The results from the experimental run, obtained through
the application of motor-controlled forces, are presented in
Figure 5. Each motor was programmed to follow an individ-
ual sinusoidal force trajectory, applying a specific force to
its associated tendon. By iteratively optimizing each motor’s
trajectory parameters, a pincer grip was achieved using the
given setup. Using the CT segmentation and tracking data
from OptiTrack, a distinct correlation between tendon forces
and the resultant finger movements—represented by the joint
angles (as seen in Figure 5, top row)—is evident. However,
the finger movement wasn’t entirely physiologic. There were
notable fluctuations in force control, evident in the force
curves for the flexor pollicis longus (thumb) and the flexor
profundus (index finger), as shown in the middle row of Fig-
ure 5. Moreover, the joint angles were suboptimal, with the
MCEP joint of the index finger being hyperextended (indicated
by its negative value) and noticeable control instability in the
IP joint of the thumb during motion.

B. Evaluation of Pincer Grip Force

In evaluating the performance of the tendon actuation, it is
essential to consider the effectiveness of the resultant pincer
grip force. For this purpose, an external force-torque sensor
was strategically positioned between the fingertips, tasked
with gauging the contact force during the grip. Figure 6
provides a comprehensive visual representation of the grip
force results. The presented testbench was successful at
performing the pincer grip with measurable contact forces.
Quantitatively, the robotic actuation produced a force of
0.79£0.09 N (mean + standard deviation).

IV. DISCUSSION

Our study, focused on replicating the motions and forces
of a human hand during a pincer grip action, employed two
hand specimens: a 34-year-old female right hand and a 72-
year-old male right hand. Due to challenges with the female
specimen, emphasis was placed on the male hand. Force
evaluation, using an external force—torque sensor, revealed
a pincer grip force of 0.79+0.09 N for robotic actuation.

A. Advancements in Robotic Hand Actuation Research

The dynamic grasping capabilities demonstrated by soft
drones with tendon-actuated grippers highlight the potential
of soft robotics in aggressive grasping scenarios [24]. This
evolution in the field underscores the importance of our
research direction, which diverges from the mainstream by
emphasizing the biomechanics of the human hand.

While many studies, such as [25], [26], and [27], are
constrained by the number of motors and often limit actu-
ation to a single finger, our research broadens the horizon.

The tendency of some studies to lean towards simulation
models often results in a sacrifice of comprehensive real-
world data. This leaves the intricate relationship between
muscle activation, movement, and the resultant force exerted
by the finger largely uncharted.

Our research, however, distinguishes itself by covering a
wider data collection spectrum. We have addressed prevalent
gaps in the field, such as the omission of resultant finger
grip forces [14] and the lack of motion tracking [28].
The use of cadavers in our methodology allows for more
accurate measurements, standing in contrast to studies that
rely on estimations [29]. Furthermore, our approach ensures
a comprehensive and dynamic evaluation of tendon forces,
setting it apart from methodologies like [28] that do not fully
assess dynamic forces across all tendons.

B. Biomechanical Insights and Implications for Robotic and
Prosthetic Design

The results of our experiments elucidate the biomechan-
ics of the human hand. A significant observation was the
discrepancy in forces produced by robotic and manual ac-
tuation. This difference may be attributed to the mechanical
limitations of robotic actuators, which may not fully replicate
the intricate biomechanical properties of human muscles.
Additionally, the control algorithms governing robotic ac-
tuation might not capture the dynamic adjustments made by
the human brain during manual actuation. The viscoelastic
properties of human tendons, which change under different
rates and durations of loading, might also contribute to the
observed variations in force output.

Our research bridges human hand biomechanics with
robotic, prosthetic, and rehabilitation technology design,
aiming not to replicate the human hand’s complexity but to
abstract functional principles for enhanced adaptability and
intuitiveness. Insights into the non-linear tendon force and
grip strength relationship inform control algorithms for more
natural robotic grip patterns. In prosthetics, these principles
can improve dexterity and user integration, while in rehabili-
tation robotics, they enable more accurate human movement
simulation for effective therapy. Furthermore, understand-
ing hand mechanics fosters safer, more intuitive human-
robot interactions, emphasizing the utility of biomechanical
insights beyond mere replication towards innovative, user-
centric applications.

C. Limitations

Our study, while offering valuable insights into the biome-
chanics of the human hand, encountered several challenges.
The optical trackers, pivotal for data acquisition, occasionally
experienced signal loss, notably compromising the evaluation
of the initial female hand specimen. As testing progressed,
the biomechanical properties, especially viscoelastic charac-
teristics, of the cadaveric specimens underwent alterations, a
phenomenon akin to mummification, which could influence
the hand’s response to actuation.

The determination of joint angles, integral to our analysis,
presented potential inaccuracies. The reliance on manual
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Fig. 6. Pincer Grip Force Measurements: This illustration depicts the force
exerted during a pincer grip, as recorded by a force-torque sensor positioned
between the tips of the index finger and thumb.

identification of joint positions for optimizing body posi-
tioning introduces variability and potential error into the
measurements. Environmental factors, such as humidity and
temperature, even with controlled conditions, might have
subtly influenced the tissue properties, further affecting re-
sults. Additionally, the diversity of our hand specimens was
limited, potentially constraining the generalizability of our
findings. Factors like age, prior hand usage, and medical his-
tory can significantly influence hand biomechanics, and our
selected specimens might not encompass the full variability
of these parameters.

V. CONCLUSION

In this study, we delved deep into the biomechanics of
the human hand, with a special emphasis on the intricate
relationship between tendon forces and grip strength. Our
interdisciplinary approach, which seamlessly integrated prin-
ciples from both robotics and biomechanics, led to the suc-
cessful evaluation of a testbench that stands out in its size and
complexity of measurement. Notably, our setup is pioneering
in its comprehensive nature, distinguishing itself from other
studies that often limit the number of actuators, rely heavily
on simulations, or omit real-world tests. Moreover, our use of
external tracking further elevates the precision and reliability
of our findings.

The pincer grip, executed effectively through both manual
and robotic actuation of the eight motors, underscores the
robustness and versatility of our experimental framework.
Our results not only align with but also enhance the existing
body of literature, addressing and filling notable gaps in data
collection methodologies and their real-world applicability.
The rich data we’ve gathered, capturing the subtle and com-
plex mechanics of the human hand, lays a robust groundwork
essential for future modeling endeavors.

As the link between biomechanics and robotics continues
to grow, the findings from this study can serve as founda-
tional knowledge to guide future research and innovation in
the development of advanced biomechanic simulations of the
human hand.
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