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Development of an anthropomorphic robotic hand with tactile

perception

Artur Vitério Andrade Santos!' and Alberto José Alvares?

Abstract— In this paper the development of an anthropomor-
phic robotic hand with tactile perception is presented through
the methodology of product development, developing kinematic
calculations and performing manipulation on objects to validate
a proposed solution. The robotic hand has 15 degrees of
freedom, with the active compliance control system, developed
through Raspberry Pi. Of 15 specifications proposed, only 5
were not satisfactorily attended.

I. INTRODUCTION

Most automotive, electronics, aerospace, and other indus-
tries use robot manipulators with robotic clamp grippers on
large-scale production lines. However, due to manufacturing
and assembly conditions, products have been produced in
low scale, though more customizable and variable, requiring
robots with greater adaptability, easy software and hardware
configuration, more flexibility and greater handling capacity
[1].

Unlike the two-finger robot gripper that presents pick-
and-place movement only, anthropomorphic robotic hands
have got the same features as the human hand, making it
possible to manipulate objects of different shapes and sizes,
depending on the design of the robotic hand. The use of
anthropomorphic robotic hands is not limited to industrial
use only. Fernando et al. [2] reports usage in the domestic,
medical, building, cleaning and entertainment areas.

One of the challenges related to the production of robotic
hands lies in the integration of actuators, sensors and con-
trollers in a lightweight and compact design. Pons et. al
[3] reports that for the development of a robotic hand with
features from the human hand, a series of characteristics must
be taken into account, such as: being anthropomorphic, easy
to manipulate, possessing the ability to pressure objects, low
cost, presenting user communication interface, feeling the
presence of the object, among others.

We also highlight the autonomous manipulation of objects,
which is one of the key skills desired by industrial and
social robots [4]. Unlike industrial environments, domestic
spaces are usually not structured, which means that tactile
perception needs to be added to the robot’s control strategies
[1]. Studies have shown that people with anesthetized finger-
tips are unable to maintain a stable grip [5]. Tactile sensors
provide robots with physical contact information, whereby
the hands of autonomous robots can operate in unstructured
environments and manipulate unknown objects [6].
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Yulin et. al [7] presented an anthropomorphic robotic hand
with 16 Degrees of Freedom (DOF), force control through
the Proporcional, Integral and Derivative (PID) controller,
using force sensors at the fingertips for tactile perception.
Mahmoud and Anibal [8] developed a robotic hand possess-
ing 3 actuators with 10 DOF in the kinematic chain of fingers
using position Proporcional and Derivative (PD) controlling
systems. Liu et al. [9] developed a hand that has 15 actuators
and a kinematic chain of 20 DOF. This sub-actuated hand
is one of the most commonly designed. The system is built
with a Field Programmable Gate Array (FPGA) system and
its devices are based on mini Drive a Single Phase Brushless
(BLDC) DC motors and driver harmonics.

This article aims to develop an anthropomorphic robotic
hand with tactile perception. The hand design will be pre-
sented based on a generic product development methodology.
The kinematic study will be carried out and the mechanical,
electronic and control design will be presented for the manip-
ulation of objects with the purpose of avoiding deformations
and collapses. Firstly, the development of the robotic hand is
demonstrated, based on a generic product methodology. We
focus on demonstrating the structure, kinematics and control
of the robotic hand. Subsequently, the results of the proposal
for development are presented.

II. RoBOTIC HAND DEVELOPMENT

The robotic hand was developed according to the product
development methodology proposed by Ulrich and Eppinger
[10]. They proposed 6 stages of development, organized in
Planning, Concept Development, Systems Design, Detailed
Design, Test / Refinement and Ramp Up Production. In
this paper, the focus will be on demonstrating Concept
Development, System Design and Detailed Design.

A. Concept Development

The development of the concept consists of identifying
customer needs and transforming them into product require-
ments in order to achieve said product’s target specifications.
The Quality Function Deployment (QFD) tool was used as an
aid to the development of the concept. In the QFD approach,
the customer’s voice (need) is translated into appropriate
requirements to generate the product’s target specifications.
For more information on QFD refer to [11]. The target
specifications for the hand, after analysing the QFD are listed
in Tab. L.

B. System Level Design

The system-level design is based on the functional struc-
ture of the product that is represented in an abstract way
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TABLE I
ANTHROPOMORPHIC ROBOTIC HAND SPECIFICATION-META

Product Requirements Unity Meta-Value
1.1 - Number of fingers in the hands Unity 5
1.2 - Force measuring sensor - Direct Measure
1.3 - Max capacity of manipulation kg/cm 2
1.4 - Compliance control - Fuzzy Logic
1.5 - Graphic interface - Python
1.6 - Fixation system Unity Flange
1.7 - Control system accuracy - 95%

2.1 - Total cost of production U$ 500

2.2 - Products found nationally -

2.3 - Degree of freedom Unity 15
2.4 - Possessing mounting modules Unity -
3.1 - Forms of canonical force movement Unity 4
3.2 - Canonical shapes of precision motion | Unity 4
4.1 - Power consumption kW/h | Less than 500W
4.2 - Reprogrammable components - Hardware

Open-source

through the functions that the product must perform, inde-
pendent of any particular solution. It describes the desired
or required capabilities to meet the product’s target specifi-
cations listed in the Tab. I

Through project requirements and the problem to be
solved, the problem in question is to Hold Objects. From
the functional structure represented in the flow chart of
Fig. 1. The overall function of the product should relate
the technical peripheral systems, which are classified into
energy, material and signal, both inputs and outputs. Here we
defined the inputs and outputs as: electrical energy, objects
and command; electrical energy, insured object and grip
force, respectively. Once the global function is defined, the
deployment of the global function corresponds to a lower
level, where the functions of the product are more specifically
portrayed.
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Objects Hold Object : Insured Object > Signal
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Fig. 1. Global function and deployment of global function for the
anthropomorphic hand

Once the abstract functions of the product are defined,
a solution principle is assigned for each of the functional
structure sub-functions performed from the global func-
tion deployment. The principles of solution were generated
through the brainstorming process. The main ones will be
described, due to the complexity of project development:

1) To Generate Movement: The use of a dc micro-motor
with reduction box is justified due to its low acqui-
sition cost, whilst allowing a precise control through

command by Pulse Width Modulation (PWM). It has
also got a reduction that increases its force, allowing
the grip of objects weighing up to 1 kg. Also, because
of its small dimensions, it allows the development of
a robotic hand that approaches the dimensions of the
human hand.

2) To Transmit Movement: A sub-actuated mechanism
driven by pulley + cable allows it to keep the DOF
of the mechanism, while the use of the pulley + cable
assembly allows the finger to adapt to the shape of
the object to be grasped, giving the hand dexterity,
different from a mechanism with fixed links.

3) Type of Material for Manufacturing: As material for
making the robotic hand, the use of 3D printing enables
the production of the prototype in low cost, preserving
the characteristics in project. In addition, it allows
testing of the solution employed, as well as rebuilding
of the part in case of design errors, to meet the needs
specified by customers.

4) Manipulating Objects: A robotic hand with 5 fingers
theoretically enables the manipulation of different ob-
jects. It results in the appearance of the human hand,
giving it the anthropomorphic characteristics desired
by the customers of the product. It should be noted
that the higher the number of fingers in the robotic
hand, the more complex the design becomes.

5) Force Control: To enable the closing of the compli-
ance loop, the Force Sensitive Resistor (FSR) [12] is
employed in order to meet a simple and low-cost, yet
functional solution. In case other sensors are used, it
would be necessary to use signal converters, as well
as more complex electronics.

6) Controller: The use of the Raspberry Pi 3 microcom-
puter allows the use of customized solutions, allowing
Ethernet integration, making possible the creation of
a graphical interface for the user and the adoption of
control strategies such as PID or Fuzzy. In the current
version, it has a good data processing rate and aid
resources to the development of integrated solutions.

7) Opening and Closing of the Hand: As for the hand
opening and closing control system, due to the use of
Raspberry Pi 3 integration becomes easier, allowing
the creation of a low-cost and open-source graphical
interface. A proprietary solution would raise project
costs exponentially.

From the principles of solutions adopted, the preliminary
view of the developed robotic hand can be visualized in Fig.
2.

C. Detailed Design

Through the generated design of the anthropomorphic
robotic hand, this phase aims to, through the V model,
specify the robotic hand on mechanical, electronic and
computational levels. [13]. In the mechanical domain, the
anthropomorphic robotic hand’s structure systems, kinematic
calculations and mechanisms of transmission of movement
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Fig. 2. Preliminary vision of robotic hand

are described. The process starts with the following mechanic
project domain:

1) Mechanical Design: In the mechanical design, the
kinematics calculations of the robotic hand are performed,
afterwards the structure is described, which was done using
CAD modeling. As the human hand is formed by the
joints, the robotic hand is also described with said joints
as: Metacarpophalangeal (MCP), Proximal Interphalangeal
(PIP), Distal Interphalangeal (DIP) and Radio-Carpal (RC),
for more information about the human hand, refer to the
work of [14].

2) Direct kinematics for the pinky, ring, middle and index
finger: For the anthropomorphic robotic hand developed in
this paper, we use the Denavit-Hartenberg (DH) technique,
to find where the fingers of robotic hand are positioned,
considering the angles of rotational joints, described in [15].
The local references for the pinky, ring, middle and index
fingers can be visualized according to Fig. 3. From the figure
it can be seen that the reference systems possess mutually
parallel axes. The direct kinematics is defined according to
the parameters of Tab. II. Where /; corresponds to the length
of the joint.
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Fig. 3. Representation of the local reference points of the pinky, ring,
middle and index fingers

After developing the equations using the DH technique,
the result is shown in Eq. 1, where the fourth column of
the matrix represents the final position of the fingers of the
robotic hand.

TABLE I
DH PARAMETERS FOR THE MINIMUM, RING, MIDDLE AND INDEX

FINGERS

Joints °] o 1 d

MCP 0, 0 I 0

PIP 6, 0 I 0

DIP 6; 0 A 0

c123 —s123 0 Ly +hen+hies
73— [$123 c1z3 0 hisi+hsia+1s123 |
=10 0 1 0 M
0 0 0 1

3) Direct kinematics for the thumb: Direct kinematics
for the thumb was defined analogously to the procedure
previously employed. The local references to the thumb
according to the DH notation is demonstrated in Tab. III
and the explicit parameters in Eq. 2.

Fig. 4. Representation of the local reference points for the thumb

TABLE III
DH PARAMETERS FOR THE THUMB

Joints [°] a 1 d
RC 6, 90 A di
MCP 6, 0 I 0
DIP 23] 0 I 0

c3.c1 —soz.cr st ci(li+Bes+he)

T3 — c23.85] —$23.81 —C1 81 .(ll +1l3.cp3+ 1202) ?)
0 523 23 0 di+1z3.503+ 1.5
0 0 0 1

D. Description of mechanical domain systems

The description of the anthropomorphic robotic hand
is performed from the mechanical domain through CAD
modeling. Only the part of the transmission of the fingers
will be shown, for it is the most important. But the entire
project can be found on the website described in results.
The main fingers have a unique structure between all fingers
that are replicated to the others, except for the thumb. The
transmission of the finger is based on the project The Open
Hand [16]. The leading fingers are described in Fig. 5.



Fig. 5. Description of components common to the pinky, ring, middle and
index fingers

The fingers (pinky, ring, middle and index), shown in
Fig. 5, have got DC motors (12) which, through the spiral
pulley (13), transmit the movements to a nylon thread which
is connected to the MCP phalanges, PIP and DIP. The
pulley has a structure with nylon wire fastening to enable
it to wrap around itself to allow flexing or stretching of
the finger. The base of the DC motors (10) enables said
motors to be secured, while the extenders (16) together with
the V-grooved windings (18) enable the nylon thread to be
tensioned through the spring (19). The finger structure, the
phalanges MCP (4 and 1), PIP (7 and 6) and DIP (9 and 8)
are connected via the shaft (11) to the base of the motor to
enable the transmission of movements. The phalanges have
bearings (5) to allow smooth movement, while the phalanges
are fixed by the bolts and nut (2) (3). FSR sensors are
positioned at the fingertips (20) to enable active compliance
control. The assembly of the fingers can be seen in Fig. 7.

The thumb, represented in Fig. 6, has a different assembly,
since, in addition to performing the extension and flexion
movements, it does the abduction and adduction movements.
To enable extension and flexion movements, there are DC
motors fixed to the back of the palm. By means of the
nlyon spring (13), spring (15), bearings (9) and shaft (10)
extenders, the MCP (5 and 6) and DIP (7 and 8) phalanges
can be moved. The movement of the RC phalanx, which is
constituted by the support base (1) of the servomotor (2),
allows the abduction and adduction movements. The base
of the RC phalanx is fixed to the back of the palm, which
can be seen in Fig. 7. The servomotor shaft (3) makes it
possible to transmit the movements of said servomotor to
the thumb drive assembly, while the bearing assembly (4)
enables smooth movement of the phalanges. The phalanges
are fixed by the screws (11) (12). The FSR sensor (16)
enables thumb compliance control.

The assembly of the complete hand including all parts
described above and represented by colors can be visualized
in Fig. 7 for better understanding. The complete assembly of
the anthropomorphic robotic hand has 47 pieces. The entire
project can be found on the website URL https://www.
arturvitorio.weebly.com.

Fig. 6. Description of components for the thumb

Fig. 7. Rendered CAD drawing of the complete anthropomorphic robotic
hand

E. Compliance Control"

Compliance control was developed for all 5 fingers in
a single Raspberry Pi 3+. Fuzzy logic control is used in
alternatives to classical PID control, due to the complexity
of the system being addressed. The force control is given as
a function of the pressure read by the FSR sensor and the
user defined pressure setpoint. The rules were defined based
on tests and bibliographical references in order to obtain the
best force control with a low computational cost. In Tab. IV
the fuzzy rules defined for the force control are shown.

TABLE IV
COMMAND MATRIX FOR FORCE CONTROL VARIABLE FROM THE FORCE
MEASUREMENT VARIABLE AND FORCE SETPOINT

Force Force Setpoint
Low Normal High
Low Not Change High High
Normal Low Not Change High
High Low Low Not Change

Overall there are 6 rules to accommodate all combinations
of intersections of force and setpoint of force to be able to
control, in linguistic terms, the force applied on the object.
Since the rule does not change, it corresponds to the system
error equal to 0, being the force of the actuator equal to

A control system to safely replicate the movements of the hands during
an interaction with the object without damaging it.



the force required by the system, thus obtaining compliance
control.

III. RESULTS

In order to accommodate the developed robotic hand
and the electro-electronics of the project, a wooden support
structure was developed, as presented in Fig. 8. In addition
to providing the support for the robotic hand, it ’simulates”
the coupling link of a robotic manipulator.

(a) The clamp mounted on (b) The electronics set to en-
the support simulating the able control of the robotic hand
coupling of a manipulator

Fig. 8. Structure in Medium-Density Fiberboard (MDF) with the mounted
anthropomorphic robotic hand

The simulation to verify the calculated values and geomet-
ric parameters was done on SolidWorks software, through
Toolbox SolidWorks Motion. As an example, we have
through Tab. V a comparison between the values calculated
through the proposed kinetics and measured through Solid-
Works.

TABLE V
COMPARISON OF CALCULATED AND MEASURED KINEMATICS

Values MCP, DIP, PIP X Y Z

Matlab 25, 30, 60 4631 mm | 71.58 mm | 0 mm
SolidWorks 25, 30, 60 4815 mm | 71.07 mm | 0 mm

Error 25, 30, 60 1.84 mm 0.51 mm 0 mm

Through Tab. V it can be observed that between the value
calculated in the simulation and the position of the robotic
hand for the considered finger there is an error of 1.84 mm
in the X axis and 0.51 mm in the Y axis in the position
of the considered phalanges. This error is due to the initial
position of the mechanism, since said initial position is not
exact. There is a need to lock the mechanism in a reference
position to take the measurement.

IV. COMPLIANCE CONTROL SYSTEM

With the tactile perception control developed, it was
possible to execute the control algorithm in a Raspberry
for the five fingers of the developed robotic hand, due to
the implementation of the fuzzy control [17] that has low
computational cost, at the same time. The response time for
the five fingers was about 300 ms, and the CPU consumption
reached 95%. In Fig. 9 it is possible to observe the behavior
of the system for the setpoint of 2 N.

Force Setpoint of 2 N

— Measured Force
— Control Variable
15 — Error
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Fig. 9. Control system response for a 2N setpoint

The objects considered for manipulation are an insulation
tape, a universal plier, a pen, a multimeter, a protoboard,
a 15mm combination wrench, a glue stick, an elliptical
shaped object printed in 3D and and allen key. These objects
were considered in order to test the dexterity of the robotic
hand. In Fig. 10 the objects considered for manipulation
can be observed. The manipulation of the pen, as it has
a minimum thickness, besides having a cylindrical shape,
due to the manipulation of the robotic hand and the work
area between the thumb and index finger, turns performing
the grip complicated, the same happening to the allen key.
However, if the manipulation of the pen and the allen key
is performed with the pinky, ring, middle and index fingers
said manipulation becomes satisfactory. It should be noted
that for future work, it is necessary to perform a form
of validation using statistical methods in order to validate
the developed grips. The URL https://www.youtube.
com/watch?v=2ZeleRsB3bU shows the manipulation of
some considered objects.

Fig. 10. Objects considered for manipulation



In Fig. 11 the difference in balloon grip for the adopted
compliance adjustment is demonstrated. For Fig. 11(a) we
set the setpoint to 2N of force, while for the Fig. 11(b)
we set the setpoint to 7.82N, where we can observe the
deformation of the grip on the balloon. In the figures the
behavior of the force adjustment for the considered grip
is also demonstrated. In the URL https://youtu.be/
Ng8-_73BQJoI a setpoint ramp related to the compliance
control is demonstrated.

(a) Hand with compliance (b) Hand without
control control

compliance

Fig. 11. Compliance adjustment

V. CONCLUSION

In general, the development of the anthropomorphic
robotic hand was effective, where the hand has the anatomi-
cal shape of the human hand, having 5 fingers, one of them
being the thumb, meeting some of the target specifications.
The use of the anthropomorphic robotic hand allows the
manipulation of objects with different weights and sizes,
allowing the grip with stability. While the robotic gripper
with two fingers handles only about 40% of everyday tasks,
the robotic hand enables manipulation of almost all objects.

Based on the target specifications required in Tab. I for
the developed robotic hand, items 1.3, 1.5, 1.7, 3.1 and 3.2
were not satisfactorily achieved or not estimated. For item
1.3, considering the motors are small to fit internally in the
palm of the hand, they do not have a maximum capacity of
2kg/cm. According to the datasheet of the motor used, it has
lkg/cm. For item 1.5, generation of the graphical interface
had to be performed through the Node-RED software to
enable the decentralization of the client-control system to
maintain system efficiency. As for item 1.7, according to
the author’s limitations, it was not possible to estimate the
accuracy of the control system developed. For items 3.1 and
3.2, the movements of the fingers occurred in a general
way, since there is a need to make improvements in the
gripper to allow classification of the grip. However, these
items, according to the hierarchy of customer requirements,
were not of paramount importance, for example, compliance
control and the appearance of the robotic hand, which was
reached.

According to the developed kinematic analyses, the mech-
anism presented errors between 0.28mm and 1.83mm due

to initial positioning errors. The measurement was done
through SolidWorks software and compared with the values
calculated through the DH algorithm. However, the results
are satisfactory, where the developed kinematic model cor-
responds to the real kinematic model of the robotic hand.
As for the compliance control system, it iS necessary to
adjust the fuzzy logic for the setpoints of force of less than
0.5N and greater than 8N. Due to the use of the minimum
set of fuzzy sets for the considered operation ranges, the
system becomes inefficient. It should be noted that for the
compliance control system developed the response time was
about 300ms for the 5 fingers, according to tests performed
in the compliance system. The entire project can be found
on URL http://www.arturvitorio.weebly.com.
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