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Abstract Integration of compliance into the Robotics hands proved to enhance the
functionality of under-actuated hands for prosthetic or industrial applications. An
appropriate design of the finger geometry with compliant joints allows the fingers to
adapt to the shape of the object, and the soft and compliant skin allows for a higher
contact area and contact friction. In this article, we describe how these properties
were exploited for the development of compliant hands that are simple, efficient and
easy to control. We also discuss integration of soft pressure and bending sensors into
the digits of these hands.

1 Introduction

About a quarter of the motor cortex in the human brain (the part of the brain which
controls all movement in the body) is devoted to the muscles of the hands. This
shows the complexity of the human hand, which is composed of 34 muscles. It is
clear that individual control of many of the hands joints and thus muscles requires
considerable effort from the brain. However many of the tasks, such as grasping, is
pretty instinctive for humans and does not involve a considerable brain effort.

Neuroscientists research shows that to control the complicated hand mechanism
for a grasping action, the human brain does not control each joint and muscle indi-
vidually, but utilizes some predefined motion pattern or synergies [1]. Therefore, as
stated by Bicchi et al., all joint configurations belong to the s-dimensional mani-
fold, where s expresses the number of synergies” [2]. This means that only a limited
number of the vast possible joint configurations are used by humans.

The term synergy comes from the Attic Greek word synergia from synergos,
meaning “working together”. A grasping synergy, thus makes the control of the hand
“easier” for the brain. On the other hand, if we consider the human hand as a rigid
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mechanical system, the limited number of predefined synergieswill result in a limited
number of contact points which does not comply with the range of the objects that
one grasps each day.When the size and shape of the objects slightly change, using the
same synergy cannot result in a stable grasp. But the key point here is that the human
hand is not a rigid system. Compliance of themusculoskeletal system, of the skin and
of the object combine in an overall grasp stiffness. This results in a new definition of
synergy, called soft synergy [3], since the hand compliance allows several possible
contact point posture with the same joint posture. Thus, the integration of compliance
into the anthropomorphic hands will help in increasing the range of the objects which
can be grasped.

2 Compliance in “Soft-Hands”

Compliance allows several possible contact point posture with the same joint pos-
ture.One approach for integrating compliance into the hands, is to integrate compliant
joints and soft skin into the hand. Pisa-IIT Softhand [4], ISR-Softhand [5], Flexirigid
[6], SDM hands [7] and the UB hand [8] are examples of recent development of soft
hands that directly integrate the compliance into the joints. In Pisa-IIT Softhand sev-
eral elements are interconnected with elastic elements, while in UB hand the joint
compliance is achieved by integration of springs into the joints.

One development of our group was ISR-Softhand. ISR-Softhand is a low cost and
highly adaptive hand system that embeds elastic joints and soft elements. For more
information, readers are invited to see [5].

Figure1 shows the first prototype of the ISR-Softhand. Except the thumb palmar
abduction joint (actuatedmanually), all other joints are composed of elasticmaterials.
Each finger has a single tendon, which drives theMCP and PIP joints simultaneously
in order to perform the finger flexion. The PIP joint is designed with a higher stiffness
compared to the MCP joint. In this way, if the MCP joint is blocked (meaning that
the first contact with the object is established) the tendon force is applied to the PIP
joint and thereby the PIP closes until surrounding the object. With only 3 actuators
for flexion of the thumb, the index finger and the other 3 fingers, ISR-Softhand can
imitate 21 out of the 33 grasp forms that humans perform in their daily activity (from
the feix taxonomy [9], and for more 10 grasp posture, ISR-Softhand can perform an
approximate posture to the one of the human (Fig. 1) [10].

Another example of a soft anthropomorphic hand is the UC-Soft hand (Figs. 2
and 3) [11]. The UC-Softhand is also composed of soft digits, but also benefits
from an innovative twisted string actuator, which is low-cost, light weight and non-
backdrivable. We modelled and developed a novel twisted string actuation scheme
that can fit into the palm of a human [12]. While the number of actuators is same
as the ISR-Softhand, the actuation strategy is different. Here, the thumb’s Palmar
abduction is actuated by scarficing the independent flexion of the thumb and index
finger (coupled together).
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Fig. 1 ISR-Softhand can perform 31 grasps out of the 33 grasps that humans achieve on their daily
activities

In fact, this decision was the result of two independent and comprehensive analy-
sis: on the actuation strategy of an anthropomorphic hand for a better anthropo-
morphism [13], and the other one on the actuation strategy for better functionality
[10]. Selection of the actuation strategy for prosthetic hands is indeed one of the
most important stages of optimization for the design of prosthetic hands. Therefore,
in these two comprehensive analyses [10, 13], we showed how different actuation
strategies can affect the functionality and anthropomorphism of the hand (in terms
of grasping postures). These two benchmarks and the related analysis (anthropomor-
phism and functionality), helps a designer to choose the best actuation strategy for
a prosthetic hand. For instance, both analysis showed the importance of the Palmar
abduction in increasing both indices of anthropomorphism and functionality.

3 Soft Electronic Skin for Prosthetic Hands

For three main reasons we are interested in integration of an electronic skin into the
hand.

• First, since a sense of touch is an important, but a missing factor in the today’s
prosthetic hands. The sense of touch, brings the feeling that the prosthetic terminal
is a part of the body and not an external machine.
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Fig. 2 UC-Softhand is composed of a twisted string actuator scheme, making it very low cost,
simple and light-weight

Fig. 3 UC-Softhand has an independent actuator dedicated for rotation of the thumb

Fig. 4 Body-actuated hand with soft digits

• Second, because sensing the contact pressure, allows us to make a closed-loop
control of the hand, thus we reduce the control effort from the amputee, and
facilitate its usage

• Third, since the bending profile of a soft and under-actuated finger, does not always
correspond to the position of its tendon/ pulley, and depends on the shape of the
object. Therefore, an encoder installed on the pulley does not provide the control
system, precise information regarding the bending profile of the digits. Therefore
a bend sensor integrated directly into the joints of the soft fingers is very beneficial
(Fig. 4)

Details of the design and implementation of the electronic skin is out of focus of
this article. But as can be seen in Fig. 5, the skin is composed of pressure sensors
embedded in the finger tips and bend sensors that are embedded in the joints. The
sensors are made from Ecoflex-30 (smooth-on) which is a biomedical grade silicone
with mechanical properties similar to those of the human skin. The conductive layers
of the sensors can be made by a stretchable silicone (e.g. Sylgard 184 or Ecoflex)
dopped with conductive particles (usually silver or carbon). To pattern the specific
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Fig. 5 An electronic skin composed of soft pressure sensors and bend sensors are embedded on
the digits of soft-hand

shape of the sensor, several methods can be used, including screen printing, Laser
patterning and lifting [14].

Integration of these sensors helps to make the hand more autonomous and less
dependant to the amputee. For instance, closing the control loop of the hand with the
force feedback feature, makes the hand more autonomous. Furthermore, the sense
of touch can be transmitted to the amputee. Finally, this is a low-cost method that
does not require integration of expensive pressure sensors.

4 Conclusions

Integration of compliance into robotic hands for prosthetic applications brings many
advantages which were not possible with rigid hands. First, a better adaptability to
objects on underactuated digits of the hand is possible, simply by an appropriate
design of the elastic properties of each of the joints. Second, a soft skin can improve
highly thequality of the contact between theobject and thefingers (bigger contact area
and higher contact friction). Third, with the recent advances on soft and stretchable
electronics, it is possible to embed low cost pressure and bend sensors into the fingers.
As a result of these sensors, the sense of touch can be transferred to the amputees
and the control of the hand can be simpler for them.
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