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Abstract— This paper presents a new open-source mechanical
design of a 6-DOF anthropomorphic ALARIS robotic hand
that can serve as a low-cost design platform for further
customization and utilization for research and educational
purposes. The presented hand design employs linkage-based
three-phalange finger and two-phalange adaptive thumb designs
with non-backdrivable worm-and-rack transmission mechanisms.
Combination of design improvements and solutions, discussed
in the paper, are implemented in a functional robotic hand
prototype with powerful grasping capabilities, which utilizes offthe-shelf inexpensive components and 3D printing technology
ensuring the hand low manufacturing cost and replicability.
The open-source mechanical design of the presented ALARIS
robotic hand is freely available for downloading from the
authors’ research lab web-site https://www.alaris.kz and
https://github.com/alarisnu/alaris_hand.

I. I NTRODUCTION
Unlike industrial manipulators, service and humanoid
robots are aimed to operate in unstructured and human environments executing variety of manipulation tasks with objects
differing in size, shape and handling constraints. Humanshared environments are structured for easy manipulations
of objects designed for humans, e.g. household items, tools,
buttons, etc. [1], [2]. Mimicking human hand grasping patterns
by anthropomorphic multi-fingered robotic hands remains
one of the popular approaches to designing suitable highly
articulated robotic grippers for service and humanoid robots as
well as prosthetic hands with extended grasping capabilities.
Robotic hands can be differentiated by their finger design
approaches. The use of fully actuated fingers ensures multiple
degrees-of-freedom (DOF) and high dexterity of the designed
robotic hands, e.g. [3], [4], which in turn, allows to perform
fine object manipulation operations. On the other hand, such
hand designs utilize large number of actuators, leading to
increased number of sensing and actuation control loops, that
results to overall high costs of the devices [1]. Tendon-driven
underactuated finger actuation provides a design advantage
that the finger actuating system can be placed outside the hand
palm, thus allowing deployment of higher torque actuators
[5]–[11]. On the other hand, tendon-driven mechanisms lead
to complex coupled finger kinematics needed for accurate
dexterous hand control [12] and may not be reliable in longterm usage due to tendon strengthening or wearing out [13].
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Fig. 1.

ALARIS hand design with dimensions.

In contrast, a number of robotic and prosthetic hands have
been proposed with underactuated finger designs based on
mechanical linkage mechanisms, ensuring increased reliability
and loading capacity. Since linkage mechanisms consist
of rigid links and transmission gears, the finger and hand
kinematics can be formulated as a standard kinematics
problem for control purposes [14]–[16]. Prosthetic hands
are usually designed with underactuated finger actuation
through various differential drive mechanisms and simplified
two-phalange finger designs [17]–[21]. On the other hand,
robotic hands as well as linkage based industrial grippers
normally ensure individual actuation of fingers with threephalange structure for enhanced grasping performance, e.g.
[22]–[26]. Such designs provide additional finger adaptation
for enhanced object grasping and manipulation at the expense
of complex dual actuation system and gear transmission,
respectively, embodied within the palm and the finger bodies.
Commercially available dexterous robotic hands are normally very expensive in cost and do not allow extensive
customisation of the design features for attachment to different
robotic arm platforms or integration of additional sensors
for research purposes [27]. To address such problems 3D
printing rapid prototyping technology is actively applied for
manufacturing of low-cost robotic hands that can be used
in research and education [6]. This is facilitated through
public release of open-source computer-aided design (CAD)
models of robotic end-effectors that can be straightforwardly
prototyped using low-cost 3D printers and assembled with
use of off-the-shelf components, e.g. [15], [18], [27], [28].
To extend the choice of robotic hand designs freely
available to robotics and prosthetics researchers, in this
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Hand fingertip trajectory and finger workspace.
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Fig. 2. Hand finger joints (a), a system (b) of coupled four-bar linkages of
the finger mechanism.

Fig. 4.

Schematic model of the underactuated hand thumb.

paper the authors present a novel open-source mechanical
design of a 6-DOF anthropomorphic robotic hand (Fig.
1). The proposed ALARIS hand design utilizes linkagebased three-phalange finger and two-phalange adaptive thumb
designs with non-backdrivable worm-and-rack transmission
mechanisms resulting to low-cost hand prototype demonstrating satisfactory object grasping performance. We also
report various mechanical and hardware issues encountered
and solved during the hand design process. The proposed
open-source mechanical design of the robotic hand has
been created using SolidWorks CAD software and is freely
available for downloading from the authors’ research lab
web-site https://www.alaris.kz and https://github.
com/alarisnu/alaris_hand, so it can serve as a low-cost
design platform for further customization and utilization for
research and educational purposes.
The paper is organized as follows. Section II briefly outlines
the robotic hand design requirements, while Section III
presents hand finger and thumb kinematic structures. The
robotic hand design and its proof-of-concept prototype are
then presented in Section IV, while the hand grasping performance is experientially evaluated in Section V. Conclusion
section summarizes the main contributions of the paper.

thumb has 2-DOFs provided by 2 actuators for performing
flexion/extension and axial rotation. The hand finger was
designed to ensure hand anthropomorphic motion, appropriate
geometrical dimensions and a simple mechanical system. The
hand dimensions were chosen to be comparable with an
average human male hand as presented in Fig. 1.
The requirement for an overall low cost of the hand was
the another factor that justified many design choices. As the
cost of finger actuators constitutes the largest part, identical
off-the-shelf low-cost miniature brushed DC motors with
integrated gearbox for higher torque output were utilized
in the presented proof-of-concept hand design prototype.
The hand design CAD files will be made publicly available
for straightforward prototyping using any low cost 3D
printer, which would eliminate the need for expensive, laborintensive fabrication processes and facilitate the widespread
use of the presented hand design in research and education
applications. Additionally, by being open-source, the hand is
fully customizable and, thus, could be modified for specific
needs. For instance, the finger and thumb mechanisms can
be redesigned to accommodate more reliable and accurate
miniature servomotors for advanced hand motion control
implementations.

II. ROBOTIC H AND D ESIGN R EQUIREMENTS

III. H AND F INGER AND T HUMB K INEMATICS

Several design requirements were emphasised for designing
the proposed anthropomorphic robotic hand: the hand and
fingers should be able to perform standard prehensile postures,
i.e. spherical, cylindrical (power), hook, lateral, tip [10],
[18], and independent motion of each fingers for facilitating
hand control research activities. Aiming to develop a simple
hand design, a six DOF hand architecture was adopted for
executing standard prehensile postures, with four identical inline placed finger modules and one opposable thumb attached
to a palm frame. Each of four in-line placed fingers is
actuated by one motor providing 1-DOF mobility, whereas the

A. Hand Fingers
For design simplicity the presented ALARIS robotic
hand utilizes four identical finger modules with each finger
designed as a further evolution of the preliminary work [14].
Each hand finger provides 1-DOF motion. The proposed
finger design consists of three phalanges (the distal phalange
(DP), the middle phalange (MP), the proximal phalange
(PP) as shown in Fig. 5) combined using four-bar linkage
mechanisms to couple the finger distal interphalangeal (DIP),
the proximal interphalangeal (PIP) and the metacarpal phalangeal (MCP) joints as schematically shown in Fig. 2. The

Fig. 5. Exploded view of the hand finger module: (1) distal phalange (DP);
(2) middle phalange (MP); (3) link; (4) proximal phalange (PP); (5) link; (6)
link; (7) finger base; (8) bearing; (9) rack; (10) worm gear; (11) DC motor;
(12) position sensor.

Fig. 7. Exploded view of the hand thumb module: (1) distal phalange (DP);
(2) proximal phalange (PP); (3) link; (4) link; (5) position sensor; (6) rack;
(7) worm; (8) DC motors; (9) helical gear of the thumb axial rotation.

Fig. 6. Finger linkage and transmission design: (1) distal phalange (DP);
(2) link; (3) middle phalange (MP); (4) link; (5) proximal phalange (PP); (6)
link; (7) finger base; (8) rack; (9) navigating rail; (10) bearing; (11) worm
gear; (12) DC motor; (13) position sensor.

Fig. 8. Thumb linkage and transmission design: (1) distal phalange (DP);
(2) link; (3) proximal phalange (PP); (4) spring holes; (5) position sensor;
(6) rack; (7) bearing; (8) shaft; (9) worm; (10) DC motors; (11) shaft; (12)
bearing; (13) bearing; (14) helical gear of the thumb axial rotation.

abduction/adduction mobility at the finger MCP joint are
excluded for ensuring hand design simplicity. The finger
motion analysis was conducted using the vector-loop-closure
mathematical model for a coupled system of two four-bar
linkages of the finger mechanism presented in [14].
The finger linkage geometry was optimized using the
SolidWorks’ Sketch Blocks, the widely used tool for in planar
mechanism design. The simulated fingertip trajectory and the
finger workspaces for different final design finger postures
starting from the straight finger until the closed grip position
are demonstrated in Figure 3. A comparative analysis of the
simulated final design fingertip path and the finger workspace
with a typical human finger [29] on the same scale showed
close convergence.

adaptivity between the thumb DOFs. Fig. 4 presents the 2DOF linkage kinematics of the hand thumb with an actuated
metacarpal phalangeal (MCP) joint and a passive element, i.e.
a spring, within the thumb proximal phalange for transferring
actuation from MCP to an interphalangeal (IP) joint, i.e. the
thumb’s second DOF. The spring’s stiffness coefficient can
be theoretically defined using the quasi-static equilibrium
modelling of a two-phalange underactuated finger presented
in [15]. However, in practice an appropriate spring for the
thumb mechanism can be selected using a trial-and-error
approach.

B. Hand Thumb
The hand thumb is designed using a linkage-based adaptive
finger design approach [30], previously adopted by the authors
in [15] for an open-source adaptive robotic gripper design.
Adaptive gripper finger designs ensured stable grasping
of various shape objects due passive finger flexibility and

IV. ROBOTIC H AND D ESIGN
A. Hand Actuation Mechanisms
The hand fingers and thumb are actuated by miniature
DC motors with integrator gearbox (gear ratio 1:100). Initial
experimentation with the finger actuation was performed
using a ball screws for converting the rotation motion of an
actuator into a linear motion of the driving finger linkage.
However, initial tests revealed that this type of connection
had generated vibration and caused disengagement of the bolt

(a)
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Fig. 9. Exploded view of ALARIS Hand: (a) front and (b) back views, where (1) distal phalange (DP); (2) middle phalange (MP); (3) proximal phalange
(PP); (4) finger base; (5) thumb actuation system; (6) DC motor cover plate; (7) hand base; (8) back palm frame; (9) thumb proximal phalange (PP); (10)
thumb distal phalange (DP); (11) front palm frame.

from the motor shaft. Therefore, additional navigation rails,
guiding the finger and thumb driving links, were designed to
eliminate vibrations in the finger transmission mechanisms.
Although the vibration of the bolt decreased, it transferred
to the nut, being rigidly connected to the output shaft of the
motor. As a result, the vibration on the output motor shaft
caused damaging of the actuator’s built-in gearbox. Ultimately,
it was decided to replace the ball screws with a worm-andrack mechanisms in the final finger and thumb actuation
modules. Along with solving the vibration problem, the wormand-rack transmission makes the hand a non-backdrivable
system, which ensures constant object grasping while the
hand actuators are being powered-off.
Figures 5 and 6 present the complete finger module design
consisting of the finger links, phalanges and transmission
mechanism in the exploded assembly and cross-section views,
respectively. Rotation of the worm gear attached to an
actuator’s shaft is converted to translation motion of the
rack link moving along a navigating rail embedded in the
hand back palm frame. The rack link is connected to a finger
bar linkage, which folds the hand finger.
Figures 7 and 8 present the exploded assembly and
cross-section views, respectively, of the thumb mechanism
employing similar worm-and-rack transmission coupling. The
thumb transmission module consists of 2-DOF joint, realized
with a mechanical system of two motors, a worm-and-rack
train, and a helical gear train. One actuator is fixed in the
thumb transmission module (the upper DC motor in Fig. 8)
and is responsible for the thumb’s flexion/extension motions
through the worm-and-rack transmission. The second actuator
is located in the inside palm frame holder and provides axial

rotation of the thumb module through a helical gear.
The gear ratio of the finger worm-and-rack mechanism is
defined based on the DC motor characteristics. The motor
output shaft rotates at 150 rev/min with 0.35 kg/cm torque.
The radius of the worm gear is 4.5 mm and pitch length
per revolution is 1.5 mm. Substituting the data into a known
worm-and-gear ration calculation expression the following
value is obtained:
vi
ω·r
2 · π · 4.5 mm
R=
=
=
= 9.425, (1)
vo
P/N · N/sec
3.0 mm/1
where R - gear ratio, P - pitch, N - revolution, sec - second.
The gear ratio of the thumb worm-and-rack transmission
mechanism is calculated with the same formula using the
pitch length per revolution equal to 3.141 mm and the radius
of worm gear equal to 5.5 mm.
R=

vi
2 · π · 5.5 mm
=
= 11.
vo
3.141 mm/1

(2)

The finger and thumb modules are designed to embed
off-the-shelf resistive potentiometer sensors for implementing
finger and thumb position controls. The finger potentiometer
is aligned with the finger MCP joint and is fixed in a special
niche inside the proximal phalange as shown in Fig. 6,
whereas the thumb potentiometer is aligned with the thumb
base joint (MCP joint in Fig. 4) and is fixed to the thumb
base as shown in Fig. 8.
B. Hand Prototype
The finger and thumb actuation modules are attached to two,
i.e. front and back, hand palm frames, designed with navigating rails for finger worm-and-rack transmission mechanisms

TABLE I
S PECIFICATION OF ALARIS ROBOTIC H AND
Parameter

Value

Dimensions
Weight
Number of fingers
Number of actuators
Degrees of freedom
Average fingertip force
Closing time
Opening time
Type of actuator
Gear ratio of the DC motor gearbox
Operational current
Torque of motor

200x100x45 mm
413 g
5
6
6
10N
880ms
880ms
DC Brushed motor
1:100
150mA
34.3 mN· m

(a)

TABLE II
B ILL OF M ATERIALS OF ALARIS ROBOTIC H AND
Parameter
Position sensor
DC Motor
Base
Palm
Distal
iterphalangeal
joint (DIP)
Proximal
iterphalangeal
joint (PIP)
Metacarpophalangeal
joints (MCP)
Thumb distal
phalange (DP)
Thumb proximal
phalange (PP)
Finger link
Thumb link
Finger base
Bearing
Rack
Worm gear
Spring
Helical gear
Screw and bolts
Wires and connectors
Total

Source

Quantity

Cost (USD)

3D printed
3D printed

6
6
1
2

36
101
12
23

3D printed

4

22

3D printed

4

28

3D printed

4

35

3D printed

1

11

1
12
1
4
7
5
5
9
1
(approx.) 55
(approx.) 2m

13
27
9
24
17
14
32
23
11
21
19
478

3D
3D
3D
3D

printed
printed
printed
printed

3D printed
3D printed
3D printed

and cross structures for increased palm stiffness as shown in
Fig. 9 in the exploded assembly views. The assembled hand
design with geometric dimensions is illustrated in Fig. 1. At
present, there are no palm covers designed for the presented
hand design. The final palm cover shape would depend on
dimensions of the hand embedded control system. Therefore,
the authors leave the tasks of designing the hand palm cover
and the embedded control system open for customization by
interested researchers.
Figure 10(a) presents a proof-of-concept ALARIS robotic
hand prototype, that was manufactured using a 3D printing
technology with polylactide (PLA) material. The 3D printed
parts of the hand are connected to each other by off-the-shelf
2.5 mm bolts and nuts, embedded to the special niches. The
longer bolts are also used as finger and thumb joint shafts.

(b)
Fig. 10. ALARIS robotic hand prototype: (1) PCB; (2) USB to TTL for
STM32; (3) STM32 control unit (4) Power supply alligator wires (a); Full
hand grasping force measurements (b).

(a)

(b)
Fig. 11. Full grasp of ALARIS hand: (a) with separate output finger forces;
(b) periodical grasping.

The hand prototype is rigidly mounted in a vertical position
on a circular shape base holder to a laboratory optical
plate. The holder can be easily replaced or redesigned for
hand mounting on a robotic arm or a prosthesis socket.
The power supply and control of the hand DC actuators
is realized externally through L293D motor drivers mounted
on a separate customly designed PCB board. The board also

Fig. 12.

Object grasp postures of ALARIS robotic hand while holding various objects.

houses a STM32 microcontroller for PWM control of the
hand actuators using feedback signals from the hand built-in
finger and thumb position potentiometers. Table I summarizes
technical specifications, whereas Table II outlines the bill of
materials and estimated cost of the presented ALARIS robotic
hand prototype. Actuator, screws and nuts and standoff are
commercially available at various robotics hobby/electronic
and mechanical component distributors’ web-sites and can
be easily purchased. The overall cost of manufacturing the
presented hand design without its embedded systems is
estimated to be around 480 USD, assuming 40 USD cost
estimate of 1 kg of PLA plastic used for 3D part printing.
V. ROBOTIC H AND G RASPING P ERFORMANCE
A. Measurement Methodology
Evaluation of grasping performance of the developed
6-DOF ALARIS robotic hand started with experimental
measurements of the forces exerted by the hand prototype.
A Weiss Robotics KMS40 6-DOF force/torque sensor was
utilized as a main measurement tool in the experiments. Force
measurements were conducted to account only forces acting
in Z-axis with the lowest value being recorded out of an
array of forces measured within several consecutive test trials.
Figure 10(b) demonstrates the grasping force measurement
setups for the hand grasping force measurements using a
specially designed pad for fixing the force sensor on the hand
palm.
B. Object Grasping Performance
The anthropomorphic ALARIS robotic hand was designed
such that the thumb can oppose and reach the hand index,
middle and ring fingers. The thumb opposition was evaluated
using the Kapanji test [31], which assesses the capability of
the thumb tip to touch different positions of the hand using a
0-10 point scale. According to the Kapanji test the designed
ALARIS hand scored 4, which is a good result taking into

account the limited number of DOFs, i.e. 6, the robotic hand
can employ comparing to 27 DOFs of a human hand.
The performance of the robotic hand was tested on grasping
a variety of objects with different shapes, i.e. disc shaped,
cylindrical, spherical and brick shaped items as demonstrated
in Fig. 12. Based on the numerous trials and observations
it is verified that hand can securely hold all objects. It was
confirmed that the proposed underactuated adaptive thumb
contributed effectively to reliable object envelopment during
power grasping.
VI. C ONCLUSION
In this paper, a new open-source mechanical design of a
6-DOF anthropomorphic ALARIS robotic hand is presented
to extend the choice of robotic hand designs freely available
to robotics and prosthetics researchers. Combination of design
improvements and solutions presented and discussed in the
paper are implemented in a functional robotic hand prototype
with powerful grasping capabilities, which utilizes off-theshelf inexpensive components and 3D printing technology
ensuring the hand low manufacturing cost and replicability.
The robotic hand was experimentally tested with variety of
objects in grasping tasks and output force measurements
that demonstrated its feasibility for utilization in robotic
research and teaching applications. The proposed opensource mechanical design of the robotic hand is freely
available for downloading from the authors’ research lab
web-site https://www.alaris.kz and https://github.
com/alarisnu/alaris_hand, so it can serve as a low-cost
design platform for further customization and utilization in
research and education applications.
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