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Abstract. Although substantial progresses have been made in building anthro-
pomorphic robotic hands, lack of mechanical robustness, dexterity and force sen-
sation still restrain wide adoption of robotic prostheses. This paper presents the
design and preliminary evaluation of the PRISMA hand II, which is a mechan-
ically robust anthropomorphic hand developed at the PRISMA Lab of the Uni-
versity of Naples Federico II. The hand is highly underactuated, as the 19 finger
joints are driven by three motors via elastic tendons. Nevertheless, the hand can
performs not only adaptive grasps but also in-hand manipulation. The hand uses
rolling contact joints, which is compliant in multiple directions. Force sensors
are integrated to each fingertip in order to provide force feedback during grasp-
ing and manipulation. Preliminary experiments have been performed to evaluate
the hand. The results show that the hand can perform various grasps and in-hand
manipulation, while the structure can withstand severe disarticulation. This sug-
gests that the proposed design can be a viable solution for robust and dexterous
prosthetic hands.
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1 Introduction

Substantial progresses have been made in building anthropomorphic prosthetic hands
in the past two decades using emerging technologies. Currently, there are several an-
thropomorphic hands available in the market, such as the Bebionic Hand (Ottobock
GmbH.), the i-Limb Hand (Touch Bionics Ltd.) and the Brunel Hand (Openbionics Lt-
d.). Research results were also obtained in academia, including the prosthetic hands
presented in [1–5].

However, one of the major complaints from prosthetic hand users is the lack of
mechanical robustness [6, 7], which leads to the rejection of the prosthesis. Repeated
mechanical failure and the high cost of repair and replacement are the major reasons
of abandonment of upper-limb prostheses as reported in [8]. Particularly, workers in
labor-intensive or outdoor occupations do not frequently use robotic prostheses, since
these hands are susceptible to damage during working [9].

To solve this problem, strong hand structure can be adopted to achieve a robust de-
sign. For example, the HERI II hand designed for humanoid robot is robust and adaptive
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to impacts when interacting with objects and environment [10]. But for prosthetic hand
application, bulky rigid parts maybe not suitable as they increase the weight of a hand.
Moreover, from the point of view of anthropomorphism, a rigid-bodied robotic hand
does not coincide with the distinguishing feature of human hand, which is inherently
compliant.

Inspired by human hand, compliance has been introduced to robotic hands (mainly
to the fingers) in different manners, to improve the robustness by absorbing external
impact.

Elastic actuation have been introduced, for example series elastic tendon [11] and
compliant link made from steel layers [12]. Elastic finger joints, including flexure-
based [13,14] and spring-based [15] compliant joint were also attempted. The PISA/IIT
SoftHand [1] using COmpliant Rolling-contact Elements (CORE) joint, are particularly
interesting to our design.

In company with the progresses in soft robotics, fingers using continuum or soft
structure were also designed. Spring-based continuum finger was used in robotic hand
designs in [16, 17], while soft fingers driven by compliant linkage mechanism [12],
by pneumatic [18–20] and hydraulic power [21] were also proposed. Although soft
material allows large deformation, concerns may still stem from the increased structural
complexity and inadequate grasp force.

As the grasping capability of robotic hand is steadily improving and approaching
human performance, one of the remaining gaps between human hand and prosthetic
counterpart is dexterity, particularly in-hand manipulation dexterity. The capability of
in-hand manipulation brings better accuracy, efficiency and also kinematic redundancy
to the upper-limb, as observed from human upper-limb.

Recently developed fully-actuated hand, such as the Shadow Dexterous Hand (Shad-
ow Robot Company LTD.), the KITECH hand [22] and the BCL-13 hand [20], have
demonstrated some level of in-hand manipulation dexterity, benefiting from indepen-
dently driven finger joints. However, it is challenging to integrate a large number of
(usually over ten) actuators in an anthropomorphic design. Beside the difficulty on de-
sign, fully-actuated hand is also challenging in control, given that limited bandwidth of
bio-signal interfaces can be utilized for control of the prosthesis.

Underactuated hands have been proved efficient in grasping [1,2,13]. As less degree
of actuation (DoA) is used to drive higher degree of freedom (DOF), the design of the
hand can be largely simplified. Due to the adaptivity introduce buy the underactuation
mechanism, the hand can adaptively grasp objects, without actively control every finger
joint. Different underactuation mechanism, including pulley, linkage, fluid, gears and
continuum differential mechanism [23] have been attempted in various hand designs.

Recently, underactuated hands have been exploited for in-hand manipulation, by u-
tilizing the elasticity of underactuated fingers [24]. Several robotic hands with in-hand
manipulation capabilities have been introduced, including the iRobot-Harvard-Yale (i-
HY) hand [25], the GR2 gripper [26, 27], the caging manipulation gripper [28], the
Pisa/IIT SoftHand 2 [29] and a single-actuator gripper in [30]. It can be seen from the
above examples that underactuated hand can perform also in-hand manipulation if well
designed.
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Fig. 1. The developed PRISMA hand II

Based on the research result obtained in [31], the PRISMA hand II was developed at
the PRISMA (Projects of Industrial and Service Robotics, Mechatronics and Automa-
tion) Lab of the University of Naples Federico II. As shown in Fig. 1, the PRISMA
hand II is a sensorized robust anthropomorphic hand, which has 19 joints driven by
only three motors. The length of the hand (measured from the tip of the middle finger
to the wrist) is 210 mm, while the width of the palm is 80 mm. Underactuated trans-
mission, different from the approach in [1, 29], was adopted to achieve adaptive grasp
and in-hand manipulation. Compliant rolling joints with notable compliance in multiple
directions was implemented as finger joints of the hand. In addition, the hand has one
force sensor on each of its five fingertip to provide grasp force feedback during grasping
and in-hand manipulation. Experiments have verified that the hand can perform various
adaptive grasps and also in-hand manipulation. Tests were also conducted to show that
the hand can tolerate severe disarticulation, demonstrating the robustness of the design.

This paper is organized as follows. In Section 2, the underactuated design of the
hand is presented. Section 3 describes the design and calibration of the sensors. Ex-
perimental characterizations are reported in Section 5 with the conclusions and future
directions.

2 Underactuated Hand Design

This section presents the actuation strategy of the hand at first, followed by the design
details of the adaptive fingers.
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Fig. 2. Design of the hand: (a) The finger joints and tendon transmission of the hand. (b) The
motors of the hand.

2.1 Actuation Strategy

The PRISMA hand II has 19 joints in total, as shown in Fig. 2(a). Each finger has
four joints, except the middle finger that has only three. The thumb has three flex-
ion/extension joints made from compliant rolling joints and one rotation joint which is
a conventional revolute joint. Each of the index, the ring and the little finger has three
compliant rolling flexion/extension joints and one revolute abduction/adduction joint.
For the middle finger, the abduction/adduction joint is canceled. Letters T and I before
the underscore indicate the joints for the thumb and the index finger respectively, as
shown in Fig. 2. Abbreviations of rot, abd, mcp, ip, pip and dip indicate the rotation
joint, the abduction/adduction joint, the metacarpophalangeal joint, the interphalangeal
joint, the proximal and the distal interphalangeal joint, respectively.

The T rot joint of the thumb is independently driven by Motor-1 (Maxon DCX12s
2.32W with 231:1 gearbox and ENX 10 EASY encoder) via two antagonistic tendons,
as shown in Fig. 2(b). The tendons are elastic and preloaded, thus no extra pretensioner
is needed. The three flexion joints (i.e. T abd, T ip and T dip) of the thumb are driven by
Motor-2 (Maxon DCX16s 7.91W with 231:1 gearbox and ENX 10 EASY encoder). The
flexion of all fingers (except the thumb) were decided to be driven by Motor-3 (Maxon
DCX16s 7.91W with 231:1 gearbox), as evidence showed strong correlation between
flexion of all fingers [32]. Since the driving tendons are elastic, the fingers can adapt
to grasped object therefore adaptive hand configuration can be formed. Three Maxon
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motor drivers (EPOS2 24/2 530239), contained inside the electronic box shown in Fig.
1, receive motor position commands from a desktop and drive the motors accordingly.

The idea of using coordinated motions is inspired by the human hand. It is demon-
strated to be the cornerstone towards smart hands simple to build and control while
retaining much of the human hand functionality and skills [29, 33]. In general, the use
of synergies creates a valid alternative that overcomes the limits of model-based meth-
ods for control and full-actuation trends for design [34–36].

Studies on fully actuated robotic hands demonstrate that thumb rotation depends
especially from the third synergy that is responsible of successful precision grasps [37–
41]. Considering the important role of the thumb on grasp stability, the rotation and
flexion of the thumb are designed to be independently driven by Motor-1 and Motor-2,
respectively. Although single-actuator hands (e.g. the Pisa/IIT hand [1] and hands with
passive thumb rotation (e.g. the Bebionic V3 Hand and the hand in [2]) could perform
various grasps, independent rotation and flexion of the thumb can further enhance grasp
versatility and in-hand manipulation dexterity.

Underactuation based on compliant transmission has been used in robotic hand de-
signs, for example in the TBM hand [42] and the Michlangelo Hand (Ottobock Gmb-
H.). For actuation of the flexion of the fingers (except the thumb), the PRISMA hand
II adopted a simpler design by using one motor to drive four elastic tendons of four
fingers, as shown in Fig. 2(a). Therefore, no additional mechanism (e.g. spring, pul-
ley or linkage) is needed. The PRISMA hand II is expected to have better robustness,
benefiting from this structural simplicity.

2.2 Adaptive Finger Design

Compliant rolling contact joint [43] consists of a pair of surfaces in rolling contact
with each other, with elastic elements holding them together. Several rolling joints were
proposed, including the joints patented in [44, 45] and the joint used in the PISA/IIT
SoftHand [1].

The PRISMA hand II adopted rolling contact joints as finger flexion joints. As
shown in Fig. 3(a), each joint consists of a base link, a distal link, two ligaments and
a tendon. The ligaments, made of elastic string, are attached to the base link and the
distal link. The tendon, which is made from the same elastic string, is anchored to the
distal link and threaded through the hole of the base link. At the extended configuration
shown in Fig. 3(a), two facets of the links were held together by the elastic ligaments.

By pulling the tendon, the distal link is actuated and rolled on the cylindrical sur-
face of the base link, as shown in Fig. 3(b). Once the driving tendon is released, the
elastic ligaments return the distal link to the extended position, similar to a torsion-
al spring in a conventional pin joint. The elastic tendon and ligaments bring the joint
multi-directional compliance, by allowing various disarticulation, including backward
bend, sideway bend, twist and dislocation.

In this research, the tendons and ligaments were made from low-cost elastic string
with a diameter of 2.5 mm, which is originally for clothing industry. It is composed of
rubber strands forming a core, wrapped in polypropylene braided covering.

The PRISMA hand II has five fingers with similar joint design, as each finger has
one conventional revolute joint and three serially connected rolling contact joints driven
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Fig. 3. The rolling contact joint in (a) extended configuration and (b) bent configuration. (c) De-
sign of the index finger using the rolling contact joints.

by one elastic tendon. Take the index finger shown in 3(c) as an example, the I abd,
I mcp, I pip and I dip joints are driven by one elastic tendon. When the driving tendon
is pulled, the three rolling joints flex simultaneously. The structure parameters of the
phalanges are designed to ensure the I mcp joint flexes faster than the I pip and the I dip
joint. Therefore the proximal phalanx will encounters an object first during power grasp.
Then continuing to pull the tendon will close the I pip and I dip joints, thus conforming
finger configuration can be formed. Finger parameters realizing such adaptive grasp can
be found in [31].

3 Sensorization

This section introduces the design and calibration of the fingertip force sensor of the
hand.

3.1 Sensing Principle

Recent progresses on sensor technology [46, 47] enabled multiple force/tactile sensor
solutions for robotic applications, including magnetic [48, 49], capacitive [50, 51], re-
sistive [52,53] and optical [18,54–58]. Considering the limited space of the fingertip, a
force sensing technology proposed in [59] based on optical components and deformable
material was adopted. The method used multiple optical sensible points (called “taxel-
s”) to measure the deformation of the elastic layer over the points. After a calibration,
the signals provided by the taxels can be used to estimate the force applied on the de-
formable layer.

The developed fingertip force sensor is shown in Fig. 4(a), with a one-EUR coin for
reference. The fingertip measures 25 × 17 × 15 mm. As shown in Fig. 4(b), a printed
circuit board assembly (PCBA) is installed inside a 3D-printed fingertip. On the PCBA,
four photo reflectors (NJL5908AR by NJR Corporation, San Jose, CA, USA) are placed
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Fig. 4. The 3-axis force sensor of the PRISMA hand II. (a) The sensor dimensions. (b) The com-
ponents of one sensor. (c) The deformable silicone pad.

evenly with 3.4 mm separation. The photo reflector integrates a emitter and a receiver
in the same package, which is an infrared Light Emitting Diode (LED) with a peak
wavelength at 920 nm and a PhotoTransistor (PT) with a peak wavelength at 880 nm,
respectively.

As an object is placed near a photo reflector, the voltage output of the receiver
changes according to the distance between the object and the upper surface of the re-
flector. This relationship is non-monotonic according to the datasheet of the reflector.
As the distance reduces, the voltage first goes up and reaches highest voltage at 0.25
mm distance. As the distance further decreases, the voltage drops. To avoid the non-
monotonicity, a rigid 3D-printed grid is introduced between the PCBA and the silicone
pad, to prevent the distance of reflection surface reaches 0.25 mm. The rigid grid is
printed by black material to reduce crosstalk.

The silicone pad was cast using silicone molding technology. Fig. 4(c) shows the
bottom side of the pad, which has four cells to house the four photo reflectors. The
walls are also black to reduce the crosstalk between taxels while the ceilings are white
to facilitate reflection of infrared light. When an external force is applied on the silicone
pad, the pad deforms and the distance between the white surface and the photo reflector
changes. Therefore the intensity of the reflected light varies accordingly and the voltage
output of the photo reflector changes.

An Arduino Nano and an Adafruit TCA9548A multiplexer, installed inside the elec-
tronic box shown in Fig. 1, were used to read the voltage change of the sensors and send
to a desktop via serial connection.
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Fig. 5. (a) The setup for collecting data for sensor calibration. (b) 20 seconds of signal recorded
from the four taxels of the sensor during data collection

3.2 Calibration

To calibrate the sensors, i.e. to obtain the relationship between applied force and voltage
outputs of the photo reflector, sufficient data (≈ 30000 pairs of force and voltage data)
were collected and then neural network was adopted to learn the relationship.

Data were collected using the setup shown in Fig. 5(a). The developed fingertip is
installed to a reference force sensor (ATI NANO 17 F/T Sensor) by an adapter. Then
the silicone pad is pushed from various directions, using a flat surface of a rigid object.
The force measurements of the reference sensor and the voltage signals of the PRISMA
hand II sensor are both recorded, at a sample rate of 180 Hz. For calibration of each
fingertip sensor, about 180 seconds of measurement are recorded. Fig. 5(b) shows 20
seconds of the voltage signals from the four taxels of the thumb. The voltage output of
the taxels is about 1.2V when no force is applied. When force is applied, the voltage
rises.

A Neural Network is built and trained using the Neural Networks Toolbox in MAT-
LAB for each sensor. All of the networks for the sensors have the same architecture,
chosen experimentally and consisting of one hidden layer with ten neurons and one
output layer with three neurons (corresponding to three directions of the contact force).
The data of recorded force and voltage are randomly divided into training, validation,
and test subsets comprising 70%, 15%, and 15%, respectively. The weights are random-
ly initialized using the Nguyen-Widrow rule, and the Levenberg-Marquadt algorithm is
used for training.

Fig. 6 (a), (b) and (c) shows the same 20 seconds of force measured by the Finger-
1 sensor and the reference ATI sensor on the x-, y- and z-direction, respectively. As
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indicated by the calibration result, the sensor has better accuracy and larger range (about
12N) on normal direction.

4 Experiment

This section presents preliminary experimentation of the PRISMA hand II.

4.1 Grasping

To evaluate its grasping capability, the PRISMA hand II was commanded to grasp vari-
ous objects. The hand could perform grasp patterns including lateral grasp, pinch grasp
and power grasp, as shown in Fig. 7(a), (b) and (c), respectively.

For the lateral grasps shown in Fig. 7(a), the thumb was configured to the lateral
position, the hand grasped the objects by the tip of the thumb and the lateral of the
index finger. For the pinch and power grasps shown in Fig. 7(b) and (c), the thumb was
at the position opposites the palm.

The contribution of the elastic tendon transmission is mostly notable in the pinch
grasps shown in Fig 7(b), as the hand is holding small objects with only the fingertips
of the thumb, index and middle finger. When the index and middle finger were stopped
by the object, the ring and little finger continued to flex until the adaptive grasp formed.

The fingers also adapted to different shapes of the objects, due to the underactuated
finger design. Take the power grasps shown in Fig. 7(c) as examples, once the proximal
phalanges were stopped by the object, continuing to pull the tendons closes the pip and
then the dip joints, thus conforming finger configuration is formed.

4.2 In-Hand Manipulation

The PRISMA hand II was commanded to perform in-hand manipulation as shown in
Fig. 8.

Fig. 8(a) shows the manipulation of a φ60mm foam ball using the thumb, index,
middle and ring finger, while Fig. 8(b) shows the manipulation of and a φ50mm plastic
cup using the thumb, index and middle finger. The Motor-2 releases while Motor-3
pulls the tendons, thus the objects were move downward. Usually finger joints of a
fully-actuated hand need to be coordinately controlled to maintain constant contact with
an object, during in-hand manipulation. However, the compliant transmission based on
elastic tendons of the PRISMA hand II alleviated the demand of complicated control.

Fig. 8(c) shows the manipulation of a φ12mm cylinder. The cylinder was rolled
from the initial grasp configuration shown in the leftest photo, to the manipulation con-
figuration shown in the middle photo and the end grasp configuration shown in the
rightest photo. The normal force (z-direction) measured by the fingertip force sensors
during the manipulation were recorded, as shown in Fig. 8(d). The force measured by
the thumb sensor was the largest and changed most significantly, as the sensor opposites
the index, the middle and the ring finger.
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Fig. 6. The comparison of measurements by the reference sensor and the developed PRISMA
hand II sensor on (a) x-direction, (b) y-direction and (c) z-direction
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Fig. 7. Grasping experiments: (a) power grasps, (b) pinches and (c) lateral grasps experiments

4.3 Test of Robustness

To verify the mechanical robustness of the PRISMA hand II, the fingers were inten-
tionally disarticulated, including backward bend, sideway bend, twist and dislocation,
as shown in Fig. 9(a)∼(d), respectively. The phalanges restored their correct position-
s, after the removal of external force. The tests caused no damage to the joints or the
elastic strings. As demonstrated by the tests, the fingers of the PRISMA hand II could
withstand various deformation due to the compliant joint design. This feature would
be valuable when the hand is used in interaction with unstructured environment, for
example being used as a prosthetic hand.

5 Conclusion and Future Work

Aimed at a sensorized robust anthropomorphic hand with adaptive grasp and in-hand
manipulation capability, the PRISMA hand II was designed. Underactuation were adopt-
ed thus the hand with 19 joints can be driven by only three motors. Compliant rolling
contact joints were implemented as finger flexion joints, therefore the PRISMA hand II
is robust to impact. In addition, force sensors based on optoelectronic technology were
integrated to fingertips to provide force feedback. Preliminary experiments showed that
the hand could perform adaptive grasp and in-hand manipulation, while the fingertip
sensors successfully provided contact force information. Additional test on robustness
suggests that the proposed design might be a viable solution for robust and dexterous
prosthetic hand.

Further investigation will be directed to a comprehensive study on in-hand manip-
ulation using the PRISMA hand II, including deriving the manipulation primitives and
exploring manipulation workspace of the hand. Standard protocol and more quantitative
evaluation will be adopted to thoroughly assess the functionality of the hand. Control
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Fig. 8. The PRISMA hand II manipulating (a) a φ60mm foam ball, (b) a φ50mm plastic cup and
(c) a φ12mm cylinder. (d) The force recorded while manipulating the cylinder
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Fig. 9. Test of robustness of the PRISMA hand II. (a) Backward bend of the fingers. (b) Sideway
bend of the ring and little finger. (c) Twist of the fingers. (d) Dislocation of the joints of the thumb.

strategy utilizing contact force information will also be investigated, to achieve stable
and precision in-hand manipulation of objects.
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