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h i g h l i g h t s

• Actuation Strategies for Under-actuated Anthropomorphic Hands.
• Sixteen actuation strategies in five groups (1–5 actuators).
• 2 benchmarks for grasp diversity and grasp functionality.
• 2 comprehensive analyses for each criteria.
• Suggestions for design of efficient under-actuated hands with minimum actuators.
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a b s t r a c t

This paper aims to analyze the number of actuators as well as the actuation strategy for underactuated
prosthetic hands. Two comprehensive analyses were performed for this purpose. 16 possible actuation
strategies in five categories of one to five actuators were defined. Based on these 16 strategies two
analyses were performed: grasp diversity and grasp functionality. In the first analysis, we defined a
performancemetric based on all possible grasps by the human hand, while in the second analysis only the
top grasps with the highest frequency of usage were considered. By comparing the performance of these
strategies we obtained some interesting results regarding the best actuation strategies for the under-
actuated anthropomorphic hands. Such study can be useful for designers in the early stages of designing
a prosthetic terminal, for deciding the number of actuators and how such actuators are allocated to the
DOFs of the hand. In other words, this study shows which joints of the hands should be coupled together
and driven by a single actuator, in order to get the best performance with minimum number of actuators.
This is important for developing hands, which have a small number of actuators (i.e. less than 5 actuators),
and thus benefit from a simple electromechanical structure.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Anthropomorphic robotic hands that have been developed so
far for industrial and prosthetic purposes can be roughly catego-
rized as fully actuated hands [1–4] and highly underactuated [5–8].

The former group has many actuators, placed on the forearm
or in the hand itself, by the sacrifice of the weight and the size
of the hand and the actuation power. These hands can grasp
and manipulate a wide range of objects by applying a complex
control strategy. Yet, due to their electromechanical and control
architecture complexity, they are not the best option for many
applications that demand simplicity, lightness and low cost.
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The underactuated hands usually contain 1–6 actuators (com-
pared to the 34 muscles that control human hand). They offer the
following advantages [9] over the former group:

• Simpler electromechanical structure.
• Lower weight, size and price.
• Simpler control architecture.

The human hand has an average weight of 400 g [10]. However,
prosthetic terminal devices of similar weight have been described
as being too heavy by users [11]. With the current technologies
it is not possible to construct a fully actuated hand lighter than
400 g. For this reason fully actuated prosthetic hands are not being
commercialized for prosthetic applications. Here we present some
of the underactuated hands, which are either a prototype in a
research center or commercialized product, and categorize them
based on their number of actuators. For a simpler description of
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Fig. 1. Bones and joints of the human hand. DIP—Distal Interphalangeal joint; PIP—
Proximal Interphalangeal joint; IP—Interphalangeal joint; MCP—Metacarpopha-
langeal joint; CMC—Carpo-Metacarpal joint [12].

these prototypes, we depicted the name of the bones and joints
of the human hand. In the following paragraphs DOF indicates
‘‘Degrees-Of-Freedom’’ and DOA stands for ‘‘Degree-Of-Actuation’’
or in other words Number-Of-independent-Actuators.

1.1. Six actuators

Vincent hand is a 6-DOF (Degrees-of-Freedom), 6-DOA
(Number-of-Actuators) commercial prosthetic hand. It has 1 ac-
tuator for each finger except from the thumb that is double ac-
tuated, one for the thumb abduction/adduction movement and
another one for the thumb flexion (total 6 actuators) [13]. The
metacarpophalangeal joint flexion is moved directly by gears. The
metacarpophalangeal joint of the thumb, for flexion and abduc-
tion/adduction, is moved using two separate actuators. The hand
prosthesis has 10 movable joints, which can be actively moved in
the direction of flexion and extension [14]. The joints of the human
hand can be seen in Fig. 1.

1.2. Five actuators

iLIMB is a 6-DOF, 5-DOA commercial prosthetic hand. It in-
cludes 1 actuator per each finger (total 5 actuators) which di-
rectly actuates the respective metacarpophalangeal joint flexion.
The thumb abduction/adduction movement is not motorized and
is performed manually. The abduction/adduction movement is ac-
tually limited to twopossible positions at approximately 90 around
an axis parallel to thewrist axis. At these positions a lockingmech-
anism locks the thumbposition. To alternate this position an exter-
nal force is applied by the other hand, so that the thumb rotates
around the mentioned axis until it locks in the second position
[14,15].

BeBionic is a 6-DOF, 5-DOA commercial prosthetic hand. It in-
cludes 1 actuator per each finger (total 5 actuators) but in contrast
to iLIMBhand themotors are placed in themid-hand (metacarpus).
The thumb abduction/adduction is manual. [14,16].

Meka H2 is a 12-DOF, 5-DOA compliant four finger hand (the
little finger is eliminated). There is 1 actuator per each finger and
another one for the thumb abduction/adduction movement (total
5 actuators) [17,18].

1.3. Four actuators

Smarthand is a 16-DOF, 4-DOA underactuated anthropomor-
phic hand. It includes 4 actuators all located inside the palm

structure. The first actuator drives the thumb flexion/extension,
the second one drives the index flexion/extension, the third one
actuates the middle, ring and little finger flexion/extension and
the fourth one actuated the thumb abduction/adduction [19]. The
flexion/extension metacarpophalangeal joint is directly connected
onto an extension of the brushed DC motor shaft; a certain degree
of non-back-drivability is achieved by means of a high reduction,
this actually, allows slight adaptation of the thumb axis while it is
closed against the other fingers in a precision grasp [20,21].

1.4. Three actuators

Kazuki Mitsui et al. developed a 3-DOA underactuated anthro-
pomorphic hand. It includes 3 actuators and one solenoid. One ac-
tuator for the thumb flexion, one for the index flexion and another
one for the other three fingers. Yet through an innovative design a
solenoid is embedded into the thumb axis, which enables the ab/ad
of the thumb when necessary [22].

MANUS hand is a 3-DOF, 3-DOA research anthropomorphic
prosthetic hand. It includes 3 actuators and one Genevawheel. One
actuator for the thumb, one for the other four fingers and one for
the wrist. A different design purpose was tested using a Geneva-
wheel based mechanism which enables the thumb to move into 2
planes with only one motor actuating it, the thumb has a coupled
flexion and abduction/adduction [6].

1.5. Two actuators

Michelangelo is a 2-DOF, 2-DOA commercial anthropomorphic
prosthetic hand. It includes 2 actuators, one for closing all the
fingers and another one for changing the angle of the thumb. A
small motor changes the path that the thumb will take when the
main motor actuates to close the hand either in a palmer or lateral
grasp [23,24].

KNU hand is a research prosthetic hand with 16-DOF and
2-DOA. It includes 2 actuators, one for the thumb flexion, another
actuator for the other 4 fingers and one Geneva wheel. The ap-
proach used for the ab/ad of the thumb is the same as in theMANUS
hand, but as the interphalangeal joint is coupled with the car-
pometacarpal joint a complex driven path is required to transmit
themotor’s power. Thus to achieve this feature an external Geneva
and crank-slider mechanism is used [25].

1.6. One actuator

Single actuator hands are especially interesting because they
are usually light-weight and simple to control. In such hands
usually researchers try to use innovative mechanisms in order to
increase the hand’s adaptivity to a wide range of objects.

Sensorhand is a 1-DOF, 1-DOA commercial prosthetic hand. It
includes only 1 actuator that actuates the flexion of the thumb,
index and middle finger. The other two fingers have only an
aesthetic purpose [26].

TUAT hand is a 21-DOF, 1-DOA research prosthetic hand. The
thumb’s rotation axis is placed at 6.5° from the wrist axis. The
thumb only operates to fix the object position as a fulcrum [27].

Researchers have also analyzed kinematic and dynamical
behavior of the finger flexion in order to design optimal adaptive
mechanisms that can grasp different objects with a single actuator
[28–30]. In some cases in addition to the adaptive flexion
mechanism, researchers integrated a friction-based proximal joint
on the thumb, that can be manually actuated by the other hand.

In the case of the Pisa-IIT hand [31], boundary surfaces are used
in order to block some of the fingers from bending and to form the
desired postures on the hand for grasping objects with different
geometries. Baril et al. incorporated a mechanical blocking system
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