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Abstract— Recent advancements in artificial hand devel-
opment have primarily concentrated on enhancing adaptive
grasping, dexterity, as well as the integration of biomimetic skin.
However, few designs have successfully combined lightweight,
cost-effective solutions, and tactile sensing along with adaptive
grasping in a human-sized prototype. We propose, an open-
source, highly integrated artificial hand. It leverages a com-
pliant linkage mechanism for versatile grasping capabilities,
featuring six degrees of actuation and MEMS-based tactile
sensors on every fingertip.

I. INTRODUCTION

The development of artificial hands in robotics and pros-
thetics is currently driven by integration of advanced trans-
mission mechanisms and tactile sensing technologies. These
advancements not only boost the mechanical dexterity of
artificial hands but also provide them with a sense of touch,
enhancing their ability to interact with the environment [1]–
[3]. Recent research has advanced the field of linkage-based
artificial hands including new transmission mechanisms, hu-
man inspired design paradigms, additive manufacturing, and
accessible solutions [4]. For instance, a design for prosthetic
fingers was introduced with a compliant four-bar linkage to
absorb impacts and prevent breakdowns [5]. The MCR-Hand
III, a low-cost linkage-spring-tendon-integrated compliant
anthropomorphic robotic hand presented a structured design
and formulated the kinematics of the linkage and tendon-
driven fingers [6]. More recently, a three-fingered robotic
hand has been introduced in [7]. It used a human hand
motion-inspired linkage-driven underactuated mechanism to
perform adaptive grasping and in-hand manipulation, offer-
ing increased dexterity.

Significant strides have also been made in low-cost and
open-source robotic hand design. In [8], the authors pre-
sented an initiative to advance the design and use of open-
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Fig. 1: Overview of this paper.

source robotic hands built through rapid prototyping tech-
niques. The HRI hand is a low-cost, open-source anthropo-
morphic robot hand system developed as an end-effector for
collaborative robot manipulators, which can be built using
3D printing and provides pre-shaping motion similar to the
human hand [9]. Moreover, current research on the integra-
tion of tactile sensing strives for advanced control systems,
that mimic human manipulation abilities. Soft, skin-like
sensors remain a popular approach including (piezo)resistive,
piezoelectric, capacitive, barometric, magnetic or optical
transduction concepts [10]. More recent research explored
advanced sensor technologies such as MEMS-based (micro-
electromechanical system) barometer arrays on the Shadow
Dexterous Hand [11], optical sensors integrated into a robotic
hand for manipulation reinforcement learning [12], or the
D’Manus hand, which implemented large-area, immersive
tactile sensing across its palm and fingertips [13].

Although significant contributions were made in the
mechatronics development of tactile artificial hands, only a
few systems combine these into accessible, lightweight, and
open-source systems as shown in Tab. I. Higher system com-
plexity such as multi-modal tactile sensory arrays, increased
degrees of actuation (DOA) for improved dexterity, complex
control algorithms, and enhanced robustness typically leads
to increased weight and size due to the addition of com-
ponents and extended demand for computing power [11],
[14], [15]. To address this challenge, our design approach
carefully balances complexity, accessibility, and weight, re-
sulting in the creation of OPENGRASP LITE, an open-
source tactile artificial hand combining 6 DOAs, a weight
below 400g with a human-like form factor and costs below
500 EUR 1. We aim to provide a combination of cutting-edge
technology by integrating the advantages of 1) a compliant
linkage-based system, 2) the incorporation of MEMS-based
fingertip sensors for tactile sensing and 3) the accessibility of
an open-source platform including electronics and software

1https://gitlab.com/tum-mirmi-handgroup/opengrasp-lite
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TABLE I: Robotic hand comparison.

Hand Mechanism No. of Finger DOF DOA Weight [g] Tactile-capable Approx. Cost [EUR] Open-source
Choi et, al Linkage-based 5 6 6 342 Yes ∼500 No

MCR-Hand III Linkage-based 5 21 16 <500 Yes <750 No
ILDA Linkage-based 5 20 15 1100 Yes >5000 * No

Li et, al Linkage-based 3 12 6 - No - No
OpenHand Model O Tendon-based 3 7 4 752 Yes ∼1500 Yes

HRI Linkage-based 5 15 6 570 No ∼460 Yes
LEAP Motor-direct-driven 4 16 16 ∼500 No ∼2000 Yes

(Proposed) Linkage-based 5 11 6 370 Yes ∼500 Yes

for cascaded position, velocity, and current control. These
key aspects enable our system as a development platform
(white box) for the research community for a wide range of
applications. With its 6 DOA (one per finger and two for
the thumb), embedded tactile sensor data and motor control
process data, precise closed-control loop applications can be
achieved in robotic teleoperation, prosthetics or geriatronics.

II. DESIGN AND IMPLEMENTATION

In this section, we present the essential principles of
the system design and development, including its overall
architecture and sub-modules. We provide a comprehensive
description of the specific hardware components that were
used, enabling anyone to replicate our design.

A. Design Principle and Architecture
The design of OPENGRASP-LITE harnessed an anthro-

pomorphic principle for its architecture and shape, as de-
picted in Fig. 2a. Its dimensions were 200mm (length) ×
86mm (width) × 219mm (circumference). It comprised of
four fingers and a thumb, with one degree of actuation (DOA)
for each finger while the thumb had two. All actuation units
were placed within the hand palm chamber of ∼ 50cm3.
Each unit comprised of a DC motor (Pololu, USA) with an
embedded gearbox and magnetic quadrature encoder (4760,
Pololu, USA), along with an attached worm gear (SCR05,
Lemo-Solar, Germany). An embedded electronic controller
was also housed within the palm using two custom-made
PCBs for actuator control and data acquisition. The robot
interface was at the wrist.

B. Finger Design and Transmission
During the mechanical design phase, two key considera-

tions were emphasized: prioritizing functionality and overall
dexterity and minimizing the complexity of the transmission
mechanism. As a result, a linkage-based transmission sys-
tem was chosen for finger motion. Each finger comprised
distal (DP), intermediate (IP), and proximal phalanges (PP)
connected to their respective Distal Interphalangeal (DIP),
Proximal Interphalangeal (PIP), and Metacarpophalangeal
(MCP) joints. The DIP joint was set at a fixed angle of 20◦,
informed by results from [16] to streamline movement across
crucial degrees of freedom in the hand. This simplification
facilitated the design of four-bar linkages for each finger, as
depicted in Fig. 2b.

The linkage mechanism consisted of four revolute joints
(A, B, C, D), where only A was connected to the actuation
unit. These joints connected four linkages out of which three
(AB, BC, and AD) were rigid, i.e. had fixed lengths, and
one (CD) was an elastic-compliant element. Linkage AB was
the input link as it was connected to the motor and drove
the entire mechanism. In practice, this link was represented
by the PP of the finger as seen in Fig. 2b. Linkage AD

was the ground link and was fixed to the palm. Linkage BC
(coupler) connected the compliant and input linkages. The
compliant linkage (follower) connected joints C and D and
reacted depending on the input motions.

The finger dimensions were determined through a ge-
ometrical simulation of finger motion based on varying
phalange lengths. The linkage configuration was selected
for its ability to grasp objects used in daily living, as
described in [17]. The objects had minimum and maximum
diameters of 15mm and 70mm, respectively. This evaluation
resulted in finger dimensions of 36mm for the proximal
phalanx (PP), 23.5mm for the middle phalanx (MP), and
21.00mm for the distal phalanx (DP). Springs were used
as compliant linkages, with their characteristics determined
through geometrical analysis and corresponding spring force
calculations. Scripts and detailed descriptions of the finger
dimensioning and spring selection process are provided in
the attached repository.2.

The compliant linkage-based finger design, with fixed
DIP joints, offered distinct advantages. It simplified the me-
chanical structure relying solely on 3D printed and off-the-
shelf components, reducing costs and enhancing reliability,
while still allowing for a broad range of grasping functions.
This ensured the fingers were capable of handling various
object sizes and shapes with ease. Future designs could be
further customized to specific grasping applications utilizing
the provided finger dimensioning tools, further improving
accessibility.

C. Thumb Design and Actuation
The thumb base was designed as a separate body, which

was screwed to the palm. Its workspace enabled the most
common grasping types, including precision grasps, such
as pinch and tripod. The thumb featured two DOAs: one
DOA facilitated radial abduction, while the second governed
flexion and extension movements. The motor and worm gear
responsible for abduction were situated within the palm,
while the motor for flexion was integrated into the PP (refer
to the attached repository for a detailed view).

D. Motor Selection
To determine the appropriate actuator combination for

each finger, our objective was to accommodate a payload
of at least 2.75 kg, analogous to the weight of a loaded
water crate (5.5 kg), based on [17] that can be lifted with
two hands. Each finger was designed to support such a load.
Based on this premise, the transmission ratios and motors
were sized as follows:

FG = 2.75 kg × 9.81m s−2 = 27N. (1)

2https://gitlab.com/tum-mirmi-handgroup/opengrasp-lite/mechanics/-/
tree/main/calculations-and-simulations?ref type=heads
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Fig. 2: Design of the hand. (a) 6 DOA driven by DC motors with attached worm gears and encoders, custom PCBs and, a robot interface. (b) Four-bar
linkage mechanism for fingers consisting of three rigid and one compliant linkage.

Under the assumption that the force will act on the PIP joint
as depicted in Fig. 2b, the resulting MCP joint torque was

MMCP = 27N× 36mm = 971Nmm. (2)

Due to the gear ratio of the worm gear attached to the motor,
the minimal required motor torque was calculated as follows:

Mmotor = (1/20)× 971Nmm ≈ 49Nmm. (3)

Prioritizing low weight, minimal driver requirements, and
high torque transmission, we chose brushed DC motors
featuring a micro metal gear and encoder shaft (HP 6V dual-
shaft, Pololu, USA). For the little, ring, middle finger, and
thumb abduction, we selected a gear ratio of 75:1, providing
a stall torque of 107Nmm, resulting in a safety factor of
2.2 to account for potential frictional errors arising from
calculation simplifications. To further enhance safety, the
thumb and index finger were equipped with a higher gear
ratio of 100:1, given their increased involvement in grasping
activities.

E. Tactile Sensors

We designed a flexible setup with five Inter-Integrated
Circuit (I2C) bus lines to support tactile sensors of varying
complexity. As a feasibility test, single taxel normal force
sensors were embedded in the proximal phalanx (PP) of each
finger. More taxels or modalities can be introduced with addi-
tional I2C-compatible sensors or arrays. As shown in Fig. 3a,
the sensors consisted of a custom miniature PCB housed in
a silicone fingertip (DragonSkin 10, Smooth-On Inc., USA),
utilizing a concept originally introduced by [18]. The PCB
integrated a MEMS barometer IC (BMP384, Bosch, Ger-
many), where applied force deformed the pressure-sensitive
membrane, altering the sensor signal.

For manufacturing as depicted in Fig. 3b, we first soldered
the ICs to the PCB and covered the barometer with a drop of
silicone. Then, we degassed it in a vacuum chamber (Vacuum
system with pump VP1200 and Thermo Scientific Nalgene
vacuum chamber, Silikonfabrik, Germany) to remove any air
between the silicone and sensitive membrane. Subsequently,
we glued the PCB to the bone and cast moulded the silicone
tip around it using a custom-built casting mould. Multiple
encasements facilitated a mechanical bonding between the
bone and silicone, obviating the necessity for adhesives. For
the sensor read-out via I2C, we employed the manufacturer’s
library with the following parameters: temperature compen-
sation enabled, pressure and temperature oversampling rate

set to 2, reading frequency of 100Hz, IIR filter constant of
3.

F. Electronics Design and Software Architecture
Given the space constraints of the design, two custom-

made embedded PCBs were developed and installed inside
the palm. The drive board was comprised of two Arm Cortex
M4F @100MHz microcontroller (µC) units (SAMDJ19A,
Microchip Technology Inc., China), each connected to three
single channel H-Bridge drivers (TB9051FTG, Toshiba Elec-
tronic Devices & Storage Corporation, Japan), to drive three
brushed DC motors using a low-level control architecture.
The corresponding embedded position encoder sensors and
current analogue signals were also measured by each µC.
The main board, based on the same class of processor,
handled the task controller, data coordination and high-level
grasp execution, as described in Sect. II-G.2. An I2C bus
was used to communicate to the driver board at 50 Hz;
while an additional I22C bus measured the compatible tactile
sensors at a 25 Hz rate. Two Additional universal syn-
chronous/asynchronous receiver/transmitter (USART) chan-
nels were used for debugging and task-based communication.

G. Control Approach
Our control strategy comprised two layers, as depicted

in Fig. 4a: a lower-level cascaded control running on the
motor board, responsible for managing the position, velocity,
and current of each motor, and a high-level grasp control
operating on the main board, which facilitated the initiation
of various pre-defined grasping types via the USART com-
munication interface.

1) Motor Control: We utilized a cascaded multi-rate con-
trol loop for each motor as shown in Fig. 4b. The inner loop
consisted of a PI-based current control running at 10 kHz.
The middle loop was a PID-based velocity control running
at 1 kHz. The outer loop utilized a P-based position control
loop also running at 1 kHz. All integrators implemented an
anti-windup function with configurable limits. The position
and velocity control loops could be bypassed via software by
the configuration of the task controller and directly setting
the corresponding desired velocity ωset or desired current
Iset. As the current measurement functionality provided by
the used motor driver only allowed measuring the absolute
current flowing through the motor M , the measured current
was multiplied by the sign of the set output voltage Uset. As
the motor inductance prevented the current from immediately
changing after switching the voltage, an exponential moving
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Fig. 3: a) Tactile Fingertip with a bone structure and tactile sensors encased in silicone. b) Sensor manufacturing.
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Fig. 4: a) Architecture overview of the hand control electronics. b) Motor control block diagram: cascaded position, velocity, and current controller

average (EMA) was applied to Uset to emulate the behaviour
of the motor LR-circuit. With the motor parameters of R =
3.2Ω and L = 0.6mH the step response reached 99.3%
of the target value after 5τ with τ = L

R , so in our case
5τ = 187.5 µs which is longer than our current controller
timing of Tctrl,cur = 100 µs and therefore not neglectable.
A second EMA was applied to the measured absolute Iraw,
functioning as a 15 kHz low pass to filter differences in the
current measurements caused by a different measurement
timing within the PWM duty cycle.

2) Grasp Execution: The software architecture imple-
mented within our framework facilitated the initiation of
predefined grasping types via the main controller software.
These predefined grasps were delineated through the spec-
ification of two critical positions: a preparatory position
and a target position, alongside a speed factor for each
finger that orchestrated their relative movement dynamics. To
activate a grasp, two interfaces with the main controller were
established: a serial console and a USART control interface.
In addition to specifying the grasp to be executed, these in-
terfaces enabled the adjustment of an additional speed factor,
which governed the overall velocity of the grasping action.
Upon reaching the target position, the software algorithm
deactivated all motor functions, leveraging the non-back-
drivable nature of the worm gears to secure the grasp. This
mechanism not only prevented motor overheating but also
conserved energy, ensuring stable and efficient operation.

III. EXPERIMENTS

To assess the efficacy of our proposed design, we con-
ducted a series of experiments. Initially, we calibrated and
characterized the tactile sensors under different loading sce-
narios, including linear, dynamic, and quasi-static conditions.
Subsequently, we evaluated the dexterity and effectiveness of
the hand through the Kapandji test, grasping experiments and
a speed test.

A. Tactile Sensor Characterization
For sensor characterization, we applied normal forces to

the sensorized tip of each finger. As shown in Fig. 5, the dis-

placement was performed by a 4-axis CNC system (High-Z
S-400T, CNC-Step GmbH, Germany) equipped with a three-
axis K3D40-50N force sensor with a corresponding GSV8-
DS EC/SubD44HD amplifier (ME-Messsysteme, Hennigs-
dorf, Germany) that served as reference. G-code commands
controlled the movement of the machine to perform linear,
dynamic and quasi-static loading cycles on the fingertip
mounted on the CNC bed.

A data acquisition system (DAQ) collected the sensor
data using a SAME54 Xplained Pro µC board (Microchip
Technology Inc., USA), two custom-made PCB shields: one
for connectivity with the sensors, and a real-time EtherCAT-
based follower communication shield using a LAN9253 (Mi-
crochip Technology Inc., USA) controller. The µC read the
I2C channel to collect tactile sensor data and re-transmitted
it to the EtherCAT controller at 1 kHz.

A real-time PC (x64 running an Ubuntu 20.04) hosted
the EtherCAT master using Etherlab (Ingenieurgemeinschaft
IgH, Germany) at 100Hz, and a post-processing environ-
ment using Matlab/Simulink (MathWorks, MA, USA). The
EtherCAT master requested the sensor data of both force and
tactile sensor from the µC and recorded it in real-time.

Before characterization, we determined the range (R) of
each sensor, as it varied due to manufacturing inaccuracies.
To achieve this, we conducted a preliminary experiment
wherein the applied force was incrementally increased after
initial contact with the sensor. Initially, steps of 0.01mm
were employed, followed by 0.1mm steps of the CNC
machine once the detection threshold was reached. This
methodology enabled us to determine both the minimum
detection threshold and the saturation point for each sensor
that was subsequently applied in the characterization exper-
iments.

For calibration, we performed 25 linear loading and un-
loading cycles with a velocity of v = 10mms−1. We calcu-
lated the initial sensor value P0 and quantified the sensor drift
d between the first and 25th loading cycle. For calibration,
we approximated the sensor’s stimulus-response relationship
with a transfer function T (FZ) through polynomial curve
fitting (MATLAB R2022a, MathWorks, United States). We
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determined the sensitivity s based on the linear fit for overall
cycles, and the hysteresis h based on FZ = R/2 during the
25th cycle.

To evaluate the time-dependent behaviour of the sensor,
we additionally performed dynamic and quasi-static experi-
ments. In dynamic experiments, we conducted 5 cycles with
increasing velocity (v0 = 10mms−1, v1 = 25mms−1, v2 =
50mms−1, v3 = 100mms−1). We calculated the accuracy
∆F ± σ as the mean deviation between the reference force
F and estimated force F’ for each case and reported the
percentage with the maximum range of the sensor.

For quasi-static testing (v = 300mms−1), we determined
the dwell times t1 = t2 = 20 s in preliminary experiments
as the duration for the sensor signal to reach at least 80%
of its static value after loading. We calculated the accuracy
of the estimated force ∆F ± σ. The sensor relaxation was
determined as its mechanical component (rm) and sensor
component (rs). We calculated the mechanical relaxation as
the difference of the measured ground-truth force between
the beginning and end of the dwell time t1 and the sensor
relaxation as the difference between the estimated sensor
force between the beginning and end of the dwell time.

B. Grasping Experiments

To assess the functional capabilities of the hand, we
conducted a series of experiments employing predefined
grasping types, each varying in target position and velocities
for individual joint movements. In the initial experiment, we
evaluated thumb dexterity using the Kapandji score system
[19], which assesses the ability of the thumb to make contact
with different areas on the palm and fingers.

Second, we evaluated the grasping capabilities of the hand.
Therefore, we mounted the hand on a lightweight robot as
depicted in Fig. 1 (Panda, Franka Emika, Munich, Germany)
and conducted semi-automated grasping experiments. The
experiments followed the procedure: 1) Robot movement to
approach the object situated on a table, 2) manual initializa-
tion of grasping type using the USART terminal interface, 3)
grasping of the object utilizing the position control described
in Sect. II-G, 4) manual stop of the finger movement when
the grasp was achieved, 5) robot movement to holding
position, 6) holding phase of 10 s, 7) robot movement to
shaking position, and 8) horizontal shaking motion with
an S-curve trajectory, maximum velocity of 0.8m s−1, and
amplitude of 5 cm for 5 cycles. The robots’ movements were
predefined utilizing the skill framework based on [20] and
joint impedance control. Cartesian impedance control was
utilized for shaking movements, allowing for the implemen-
tation of an S-curve trajectory motion in a single direction.
The Data acquisition was performed with 10Hz via the
USART interface. The received motor angle (rad), motor
current (A), and tactile sensor data (N) were then processed
using MATLAB (R2022a, MathWorks, United States). The
selection of grasping types and objects was based on the
most prevalent grasps required in daily activities [21], [22].
These encompassed Tripod, Power Sphere, Thumb-2-Finger,
Lateral Pinch, Medium Wrap, Pinch Grasp, and Edge Grasp.
For consistency with existing literature, all grasps were
performed utilizing objects from the YCB object set [23],
adhering to the AHAP protocol-specific object for each
grasping type [24].

Subsequently, a speed assessment was conducted by ex-
ecuting medium wrap movements at speed factors of 0.1,
0.5, and 1.0, with the time required for a full medium wrap
recorded. Finally, the hand’s resilience was evaluated by
grasping a 2.65 kg object (a box containing wood blocks
suspended on a rope from the YCB object set) and subjecting
the robot to manual shaking.

IV. RESULTS
A. Sensorized Fingertips

1) Preliminary experiments: We conducted preliminary
experiments for five sensorized fingertips each resulting in
a different force range. Fig. 5 depicts the result for the
thumb sensor. The sensor showed saturation at an applied
force above 2.32N, while the other sensors showed ranges
between 3.66N and 9.46N (see Tab. II). Fig. 5 also depicts
the incremental increase in force at the beginning of the
experiment with a minimal detectable change in sensor signal
below 0.01N.

2) Sensor Characterization: Sensor characteristics for all
experiments are displayed in Tab. II. Fig. 5 shows the
calibration results of the little finger sensorized fingertip
(refer to the attached repository for other fingers). We used
linear fits for the little, ring, and middle finger while the
index and thumb showed better results with a 2nd-order
polynomial. The displayed fit functions led to R2 > 99%
for all prototypes. The sensors showed a drift over 25
cycles between 0.2% and 1% of their zero value. The
zero value varied between 973 hPa for the ring finger and
1008 hPa for the index finger. The sensitivity ranged between
201 hPaN−1 to 298 hPaN−1 for the little, ring and middle
finger, while the index finger showed a lower sensitivity with
103 hPaN−1, and the thumb showed a larger sensitivity with
462.08 hPaN−1. All sensors showed a hysteresis <3%.

The dynamic experiments revealed that the sensor accu-
racy decreased with increased velocities as depicted in the
resulting graphs of the little finger displayed in Fig. 5. With
higher velocities, the sensor curve showed an increasingly
delayed response. This is reflected in the accuracy for all
sensors (see Tab. II). While it ranged between ∆FThumb

= (1.06 ± 0.54)% to (1.49 ± 0.78)% for a velocity of
10mms−1 it increased up to ∆FIndex = (3.69±3.28)% for
higher velocities. During quasi-static experiments, all sensors
showed mechanical and sensor relaxation. The mechanical
relaxation showed higher values between rm = 13.12% to
37.99% while the sensor relaxation ranged between rs =
7.51% to 15.05%. As depicted in Fig. 5 the relaxation lead
to estimation errors in the loading/ unloading phase up to
1N for the little finger sensor.

B. Grasping Experiments
During the Kapandji test, the thumb successfully reached

positions one to four situated on the index and middle finger.
However, due to the limited workspace resulting from its
maximum abduction, points 5-10 on the other fingers and
palm were inaccessible.

We conducted grasping experiments with 12 objects and
7 grasping types and reported the tactile sensor data, motor
current for each active joint, and motor angle. As exemplified
in Fig. 6, the experimental results for the medium wrap
experiment with the power drill object are presented, show-
casing distinct phases of the experiment. During the grasping
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TABLE II: Sensor characteristics for calibration, dynamic, and quasistatic loading experiments

R: Range (N). P0: Zero value (hPa). s: Sensitivity (hPaN−1). h: Hysteresis (N) between loading and unloading at half the Range of the 25th cycle.
∆F ± σ: Accuracy (%) as mean error and standard deviation of calibrated signal in relation to sensor range. rm: Mechanical relaxation (%) indicated
by decreased force between beginning and end of dwell time in relation to range. rs: Sensor relaxation (%) indicated by the decrease in detected force

between beginning and end of dwell time in relation to range.

Experiment Calibration Dynamic Quasistatic
v=10mm/s v=25mm/s v=50mm/s v=100mm/s

Characteristics R P0 s h ∆F ±σ ∆F ±σ ∆F ±σ ∆F ±σ ∆F ±σ rm rs
Sensor Pinky 4.30 995.00 246.97 2.16 1.06 0.54 1.70 0.63 2.27 1.33 3.67 2.48 0.63 1.65 14.43 12.68
Sensor Ring 4.57 973.00 201.54 2.28 1.41 0.91 1.97 0.91 2.33 1.46 3.59 2.58 1.79 1.50 15.58 12.46
Sensor Middle 3.66 989.00 298.75 2.83 1.36 0.86 2.04 1.04 2.53 1.57 3.99 2.51 1.29 1.63 15.20 12.24
Sensor Index 9.46 1008.00 103.47 2.96 1.49 0.78 2.00 0.94 2.45 1.43 3.89 2.26 0.96 1.54 13.12 7.51
Sensor Thumb 2.32 974.00 462.08 1.75 1.26 0.76 1.59 1.08 2.44 1.90 3.69 3.28 1.64 1.63 37.99 15.05
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Fig. 5: Experiments for tactile sensor characterization. Top left: Results of pre-experiments for thumb sensor. Top right: Calibration results for little finger.
Bottom left: Dynamic and quasi-static results for little finger. Bottom right: Experimental setup.

phase, all motor angles increased until contact was made with
the surface of the drill. This contact event was reflected in
both the tactile sensor data and motor current. Motor currents
increased uniformly up to a value of 0.3A (control thresh-
old), with the index finger exhibiting the fastest increase and
the little finger the slowest. Correspondingly, tactile sensor
data indicated a force increase on the index finger, followed
by the middle and little fingers with lower forces. Although
motor current indicated object contact for the thumb and ring
finger, the tactile sensor signal remained below 1N due to
the contact surface being outside the single taxel’s spatial
range. Before the index motor reached its final position,
the tactile force decreased from 10N to approximately
8N, then increased again to around 9N toward the initial
holding phase. After reaching the final grasping position, the
motors were stopped, relying solely on the non-backdrivable
behaviour of the actuation train to maintain the grasping
force. Consequently, motor currents returned to 0A, and
motor angles remained constant throughout the remainder
of the experiment. Subsequently, the robot transitioned to the
second holding position, resulting in a noticeable change and
vibration in the tactile sensor signal. Throughout the second
holding phase, the tactile data remained constant. Finally,
during shaking, there was a discernible change in tactile data,

indicating that the grip was retained.
Fig. 6 provides an overview of comparable experiments

with eight other objects. The figures showcase the grasped
objects and corresponding tactile sensor data. The three
remaining grasping experiments, motor current and position
data can be found in the referred repository. Except for
one instance involving the spherical grasp of a mini soccer
ball, all experiments were successfully conducted, signifying
stable grasps throughout the aforementioned phases. In the
case of the soccer ball, the experimental data indicated
that the ball could not be lifted from the table and was
dropped during the first robot movement, resulting in a
sudden decrease in tactile data after 10 s.

During the experiments, certain tactile sensors exhibited
offsets, particularly noticeable in the tripod marker exper-
iment. In this experiment only small forces were applied,
which did not significantly deviate from the initial sensor
offset in the index finger of approximately 0.3N. Moreover,
in the lateral pinch experiment, when gripping the credit card,
it tilted sideways due to the grasping surface being solely on
the edge of the palm. In several instances, particularly during
spherical grasps, we observed the thumb bending backwards
under the force exerted by other fingers after initial contact,
preventing it from fully wrapping around the object.
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Fig. 6: Results for grasping experiments showing the results from three repetitions (light colours) and their mean (dark colours).

The speed test results indicated that the hand could achieve
minimum closing times of 8 s and 6 s, and opening times
of 6 s and 3 s for speed factors 0.1 and 0.5, respectively.
For the highest speed factor of 1.0, the closing time de-
creased to 3 s while the opening time was 2 s. The hand
successfully grasped and endured shaking movements while
holding the 2.65 kg block box. For visual demonstrations of
the Kapandji, speed, and block box experiments, please refer
to the attached repository.

V. DISCUSSION AND CONCLUSION

The preliminary experiments and grasping tests with sen-
sorized fingertips offer important insights into the capabilities
and areas for improvement of the hand. The initial findings
highlight the hand’s sensitivity to a wide range of forces.
Nevertheless, variations in sensor performance across differ-
ent fingers and occasional sensor offsets suggest the need
for improved manufacturing. The experiments successfully
demonstrated the flexibility of the hand in grasping diverse
objects. However, challenges such as the limited range of
motion of the thumb and occasional backward bending under
force highlight specific design limitations that impact the
efficacy of the grasp.

A. Hand Design

We developed a robotic hand with an integrated 6 DOA
system, corresponding electronics and control, tactile sen-
sitivity, and a compliant linkage mechanism, all contained
within a human-sized palm. The hand showed sufficient
grasping capabilities with 11 objects utilizing 6 grasping
types, a minimum closing speed of 3 s and a maximum tested
payload of 2.65 kg. Despite these features, the hand remains
cost-effective, with a total cost of approximately 500 EUR.
This affordability places it in a favourable position compared
to similar solutions, as demonstrated in Tab. I. Additionally,
we have made the design open-source, providing accessibil-
ity to researchers and developers for future advancements.

Our implementation of the compliant linkage mechanism has
proven effective during 11 out of 12 grasping experiments,
allowing the fingers to adapt to various object shapes and
holding it during the shaking phase solely depending on the
loaded spring and non-backdrivable actuation unit. This is
comparable to other mechanisms as proposed by [5]. We
have adapted the compliant linkage concept proposed by [5],
by utilizing rotational joints with rotational and extension
springs to achieve compliance in the fingers with off-the-
shelf parts. This came at the cost of robustness but minimized
sideways movement of the distal phalanx, enhancing control
over finger movements. Future work will focus on increasing
the robustness of the hand, exploring alternative materials
and reinforcing parts subjected to high loads, such as motor
holders and proximal linkages. The Kapandji test showed the
need to enhance thumb dexterity and workspace to enable
more advanced manipulation. During grasping experiments,
we encountered difficulties with stable grasp of large objects
particularly when the distal links failed to close further due
to object contact with the proximal links.

B. Electronics
We developed custom PCBs and a software framework that

enabled current, velocity and position control comparable
to other solutions as proposed by [25]. In our future work,
we aim to implement current-induced contact detection and
sensor fusion with tactile data to enable a seamless transition
to current control upon contact detection by all fingers. This
sets the baseline for automatic equal force distribution on
grasped objects. Further improvements will include improved
data transmission rates and the development of a motor tem-
perature model. This will prevent overheating while allowing
the increase in the used maximum current and therefore
motor torques.

C. Tactile Sensors
We have successfully integrated normal force sensors into

the fingertips of our robotic hand, achieving high sensi-
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tivity with a threshold below 0.01N, accuracy between
(1.06 ± 0.54)% and (3.99 ± 2.51)% in static and dynamic
conditions, hysteresis below 3%, and a sensor relaxation
below the mechanical relaxation of the silicone. These results
show advances or are comparable to similar studies utilizing
barometer-based principles [11], [26], [27]. Furthermore,
our design and manufacturing process enabled the robust
bonding of the SLA printed distal phalanx with the silicone
without the need for additional adhesives which was not
implemented in comparable literature [11]. The characteriza-
tion and grasping experiments revealed different force ranges
for the sensor prototypes, an observed sensor offset up to
approx. 0.5 N, saturation at high loads and limitations in
force measurements due to the use of only a single taxel.
Future research will focus on an improved manufacturing
process to generate consistent force ranges and saturation,
further analysis of the sensor offset and the unloaded sensor
signal during movements. Furthermore, the implementation
of additional modalities and taxels as proposed by [28], [29]
will enable grasp force control and fine object manipulation.

In summary, we provided a robotic hand design including
a compliant linkage mechanism with 6 DOA, tactile sensing
capabilities, the corresponding electronics and control all
integrated into a human-sized prototype. The experiments
and grasping tests with sensorized fingertips offer important
insights into the capabilities and areas for improvement of
the hand. The initial findings highlight the hand’s sensitivity
to a wide range of forces, though variations in sensor perfor-
mance across different fingers suggest the need for improved
manufacturing. The experiments successfully demonstrated
the hand’s versatility in grasping diverse objects, showcasing
its adaptability. However, challenges such as the thumb’s
limited range and occasional backward bending under force
highlight specific design limitations that could impact the
efficacy of the grasp. Furthermore, the hand’s ability to
maintain stable grasps, even during dynamic movements, em-
phasizes its potential utility. Still, instances of sensor offset
and difficulty in grasping large objects point to the necessity
for ongoing refinement in sensor integration and mechanical
design. These results underscore a solid foundation for future
enhancements, aiming to optimize the hand’s performance
across a broader range of real-world applications.
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