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Abstract— This paper presents the preliminary design of a
new dexterous upper-limb prosthesis provided with a novel
anthropomorphic hand, a compact wrist based on bevel gears
and a modular forearm able to cover different levels of upperlimb amputations. The hand has 20 DoFs and 11 motors, with a
dexterous three fingered subsystem composed by a fully
actuated thumb, and an hybrid index and middle fingers to
enable dexterous manipulation and enhance grasp
performance.

I. INTRODUCTION

H

humans have replaced a missing limb
with a prosthesis for cosmetic, vocational, or personal
autonomy reasons. The upper limb is a powerful tool and its
loss causes severe physical and often mental debilitation.
Together with the obvious inability to grasp and manipulate
objects, an upper limb amputee loses the capability to sense
and explore the surrounding world using his/her hands, loses
the ability to use gestures to support speech and express
emotions, and may develop psychological problems and
encumbrance due to physical differences with other people.
The challenges towards a real neuro-controlled hand are
in two areas: robotics and neuroscience. The problems
researchers are facing are intrinsically tied: (i) how to
develop a dexterous artificial hand with actuation and
sensory features comparable to the human hand, and (ii)
how to control this dexterity. While a complete sensorymotor substitution of the human upper limb may be possible
only by addressing both problems, this work focuses on the
robotic implementation.
In recent decades, much research effort has been focused
on the development of more functional artificial hands, and
robotic knowledge has been applied to improve some of the
basic components of prosthetic hands such as the sensing
ability of the device and the overall dexterity. Within this
framework, dexterity is a word that should be carefully
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defined, as it may have different connotations based on the
field of application, and on requirements. For a robotic hand
or gripper, dexterity often corresponds to manipulability,
which has a defined geometrical meaning: i.e. the capability
of changing the position and orientation of a grasped object
from a given reference configuration to a different one,
arbitrarily chosen within the hand workspace [1], [2].
Usually, for anthropomorphic hands dexterous manipulation
only involves contacts and low-forces on the fingertips and
distal phalanxes. When referred to a prosthetic hand instead,
dexterity is a broader term, usually meaning the ability of (i)
stably grasp objects and (ii) allow the amputee to
successfully and autonomously carry out activities of daily
living (ADLs) [3], [4]. This may be associated to the
concept of whole-hand manipulation defined by Bicchi [1],
where to ensure grasp stability, palmar areas (i.e. proximal
phalanxes and the palm) of the hand are crucial [2].
The objective of this work is to develop a bio-inspired
dexterous hand prosthesis, focussing its design on two biomechanical issues: grasp optimization and manipulability. A
prosthetic hand addressing both issues, would perfectly
match with the requirements of dexterity defined above.
More importantly, by means of an optimized transmission
architecture, it would allow to stably grasp objects (therefore
permitting whole-hand manipulation tasks), as well as to
execute fine manipulation activities, useful for example in
dexterous fingertip tasks such like tying a not or a button,
pick up a coin, etc. Of course, this will be possible with the
combination of a proper mechanical architecture, a suitable
sensory system on fingertips and palmar surfaces, and most
of all, a large bandwidth human-machine interface with the
user, or alternatively intelligent synergistic, shared control
schemes [5].
This paper presents the (i) bio-inspired mechanical
architecture of the hand, including a (ii) fully actuated 4
DoFs thumb that theoretically allows to perform
manipulative tasks.
II. BIO-INSPIRED DESIGN
The mechanical design of the artificial hand here presented
is based on the biological biomechanical model; specifically
it is inspired on three features of the natural human hand: (i)
muscles location and function, (ii) functional division, and
(iii) dexterity of the thumb. The human hand is a versatile
organ that is used for grasping heavy or delicate objects and
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TABLE I
HAND KINEMATICS

Finger

DoFs/
DoAs

Joint 1
Palmar
abd/add

Thumb

4/4

Index

4/3

Abd/add

Middle

4/3

Abd/add

Ring

4/1†

Abd/add*

Little

4/1†

Abd/add*

Total

Articulation
Joint 2
Joint 3
Radial
MCP
abd/add
flex/ext
MCP
PIP
flex/ext
flex/ext
MCP
PIP
flex/ext
flex/ext
PIP‡
MCP†
flex/ext
flex/ext
MCP†
PIP‡
flex/ext
flex/ext

Joint 4
IP
flex/ext
DIP
flex/ext
DIP
flex/ext
DIP‡
flex/ext
DIP‡
flex/ext

20/11

†

One common actuator is used for the flexion of the ring and little fingers. *
Coupled joints. ‡ Underactuted Joints

Fig. 1 Human hand structure. The joints in the human hand and the relative
DoFs. The carpometacarpal joint in the little finger is omitted. Numbers
refer to the functional components as divided by Kapandji [6].

for performing highly complex manipulations on the basis of
fine motor control and precise sensory feedback [6]. The
movements are accomplished by two groups accounting
nineteen muscles each: the extrinsic and intrinsic muscles.
The extrinsic muscles are the long flexors and extensors, and
are called extrinsic because they are located on the forearm;
the intrinsic muscles instead, are located in the palm.
Kapandji divides the human hand into three functional
components [6] (cf. numbers in Fig. 1):
1) The thumb, which by itself fulfils most of the functions
of the hand because of its movement of opposition;
2) The index and the middle finger, which help the thumb
to achieve precision grips;
3) The ring and the little fingers, which along with the rest
of the hand, are essential for solidly grasping tool
handles on the ulnar side of the hand and thus are vital
in strengthening the grip.
The thumb plays a unique role in the function of the hand,
being essential for the formation of the pollici-digital pincers
and for the development of a powerful grip along with other
fingers. In other words, thanks to the thumb, the human
hand is able to perform both power grasp and precision
grasp, achieving high dexterity and versatility. Thus, without
the thumb, the hand loses most of its capabilities. This
preeminent role of the thumb is partly due to its location
anterior to the palm and the other fingers, which allows the
thumb to move towards the fingers individually or together
(the movement of opposition) and away from them (the
movement of counterposition). Geometrically speaking,
opposition of the thumb consists of bringing into contact the
pulp of the thumb and the other finger so that they touch. In
other words, the tangential planes of the two pulps merge in
space at a single point. Five DoFs in three joints are used to

achieve opposition and dexterity of the thumb (cf. Fig. 1):
two DoFs are listed for the trapezometacarpal joint or
carpometacarpal joint (TM joint or CMC joint), two more
DoFs are listed for the metacarpophalangeal (MCP) joint
and a last one is allowed by the interphalangeal joint (IP
joint).
The knowledge of the human hand, is of fundamental
importance for biomedical engineers, as it represents the
benchmark to be targeted. Considering the application
though, targeting the mechanical complexity of the natural
hand would be a redundant approach, because of the limited
performance offered by current (even sophisticated) userprosthesis interfaces available for control [7], [8].
Nevertheless it is clear that for next generation thoughtcontrolled prostheses, more DoFs and DoAs (degrees of
actuation, i.e. number of actuated/controlled DoFs)
(compared to today’s commercially available hands) are
needed in order to perform optimized, stable grasps,
dexterous manipulation tasks and, in general, mimic the
behaviour of the human hand.
III. HAND DESIGN
The architecture of the hand was designed based on
previously described bio-mechanical constraints, and
robotics manipulation theory. Salisbury established that in a
hand with rigid, hard finger, non-rolling and non-sliding
contacts a minimum of 3 DoFs are required to perform basic
prehension, whereas 9 DoAs are needed to achieve
dexterous manipulation [2]. However as energy
consumption and weight of the whole system are also keyissues, a trade-off between dexterity and complexity of the
design is mandatory. The prosthesis is conceived as a
modular system able to cover multiple levels of amputation
(from a proximal transradial, to proximal transhumeral), and
allowing different degrees of dexterity by replacing
components and actuators. As in the human model (but also
for room reasons), actuators are both located inside the palm
and in the forearm, with the former mostly involved for
dexterous, fast, precise movements, and the latter for
strongly
tightening
the
grasp.
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Fig. 3 a) The 4 DoAs dexterous thumb. b) The agonistic/antagonistic
motorized tendon actuator for index and middle MCP joints.
Fig. 2 Hand architecture showing the hand DoFs and DoAs.

A two DoAs wrist able to perform flexion/extension and
radial/ulnar deviation was designed, whereas the forearm
pronation/supination and the elbow flexion/extension DoFs
will be housed in a elbow still under investigation. Table I
lists the DoFs and DoAs for each finger joint and presents
the hand kinematics: a 20 DoFs, 11 DoAs architecture was
finally chosen. Dimensions are based on anthropometric
measurements and bio-mechanical models available [9]. The
following sections present the details of the subsystems.
A. The Hand
A rational placement of the DoFs and DoAs for the hand
was investigated. Three different kinds of joint were
designed in order to approximate the grasp and manipulation
features of the natural hand: (i) directly actuated joints, (ii)
underactuated joints, and (iii) coupled joints (cf. Fig. 2).
Like in the human hand where most of the finger
movements are performed by extrinsic muscles, most of the
motors were designed to be housed in the forearm [6]. Fig. 2
shows the DoFs/DoAs selection for the hand. Dexterous
manipulation can be achieved by means of the thumb, index
and middle fingers. A fully actuated architecture was chosen
for the thumb (cf. Fig. 3a), with just one DoF less than the
natural one [6] (specifically, the abduction/adduction in the
MCP is missing); two abduction/adduction DoAs are
required in order to enhance the opposition capability, and
two flexion joints are necessary to perform tip positioning in
the chosen opposition configuration. To achieve this
dexterity a differential system driven by three bevel gears
was designed. A schematic view is shown in Fig. 3a, and a
brief explanation is provided in the following section. The
index and middle fingers were designed with 4 DoFs and 3
DoAs each: the abduction/adduction DoF is driven by a DC
motor embedded in the palm and connected to the joint with
a gear train allowing precise and robust positioning (cf. Fig.
4). The MCP flexion/extension is achieved by means of an
agonistic/antagonistic DC motorized tendon actuator housed
in the forearm, whereas the proximal and distal interphalangeal (PIP and DIP) joints are coupled and driven by a
motor embedded in the palm.

The agonistic/antagonistic tendon actuator is based on a
non-back-drivable system where two sliders (actuating one
tendon each) run on the same screw in opposite directions.
This is achieved using screw/lead screw couplings with
different thread handedness: e.g. right-handed thread for the
flexion slider and left-handed thread for the extension one
(see Fig. 3b).
The ring and the little fingers are underactuated and based
on Hirose’s Soft Finger [10]. They are driven by a single
actuator (as in [11], in the forearm), with an optimized
transmission. Abduction/adduction movements are rigidly
coupled by train gears with the middle finger (cf. Fig. 4).
All flexion/extension DoFs are actuated by nylon-coated
steel-tendons and steel Bowden cables allowing the
actuation independent from the wrist movements. The hand
is expected to weigh less than 500 g (glove not included).
B. The Wrist and Forearm
Geometrically a human arm is considered to be a seven
DoFs manipulator in which complex mechanisms are
involved: three DoFs are in the shoulder, two in the elbow,
and two in the wrist [12]. In a first order approximation it
can therefore be modeled as a series of links connected by
means of one DoF rotational joints.
A two DoAs wrist able to achieve flexion/extension and
radial/ulnar deviation was designed. It is tendon-driven by
remote actuators housed next to the elbow (depending on the
residual limb), in order to minimize the moment of force at
the elbow and the bending stress on the forearm. This
solution is lighter, it requires less room than a rigid
transmission, and should also ease adapting the design
among different levels of amputation. The wrist is based on
a differential mechanism like the thumb abduction/adduction
module, employing bevel gears. It is composed of:
- a central shaft free to rotate in the forearm lodging
(flexion axis),
- two modified Bevel gears free to rotate around the shaft
and actuated by the tendons,
- the hand support free to rotate around the other axis of
the shaft (radial/ulnar deviation) and linked to the
previous gears by a third one.
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Fig. 5 CAD of the system and a capture of the forearm in which is
empathized the actuation storage. White arrows show where the amputation
stump would be fitted.
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