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Abstract— This paper presents an adaptive robot hand that is
capable of performing selective interdigitation, robust grasping,
and dexterous, in-hand manipulation. The design consists of
underactuated, compliant, anthropomorphic robot fingers that
are implemented with flexure joints based on elastomer mate-
rials (urethane rubber). The metacarpophalangeal (MCP) joint
of each finger can achieve both flexion/extension and abduc-
tion/adduction. The use of differential mechanisms simplifies
the actuation scheme, as we utilize only two actuators for
four fingers, achieving affordable dexterity. The two actuators
offer increased power transmission during the execution of
grasping and manipulation tasks. The importance of the thumb
is highlighted with the use of two individual tendon-routing
systems for its control. An analytical model is employed to
derive the rotational stiffness of the finger flexure joints and
select appropriate actuators. Selective interdigitation allows
the robot hand to switch from pinch grasp configurations
to power grasp configurations optimizing the performance of
the device for specific objects. The design can be fabricated
with off-the-shelf materials and rapid prototyping techniques,
while its efficiency has been validated using an extensive set of
experimental paradigms that involved the execution of complex
tasks with everyday life objects.

I. INTRODUCTION

Robot grasping and dexterous, in-hand manipulation have
received an increased attention over the last decades, as
they are the means of intelligent robots to interact with
their environment and assist or collaborate with humans in
the execution of complex tasks. Robotisists tend to design
robot hands seeking inspiration from Nature and try to
reproduce the capabilities of the human hand through the
development of bio-inspired designs [1]-[4]. This is due to
the fact that the human hand is the most dexterous end-
effector known, consisting of 29 joints, 27 bones, and more
than 123 ligaments that are actuated by more than 30 muscles
in a synergistic fashion [5]. The objective of this work is to
design and develop an adaptive, anthropomorphic robot hand
with a novel actuation mechanism that allows the execution
of robust grasping and dexterous in-hand manipulation tasks.
We are particularly interested in robot hands that maintain the
actuators to fingers ratio below one and yet execute complex,
dexterous, in-hand manipulation tasks.
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Related work: In robotics, several works of multi-
fingered, rigid, fully actuated, humanlike robot hands have
focused on grasping and dexterous, in-hand manipula-
tion [6]—[8]. However, such devices have certain limitations
being heavy, expensive, and difficult to build and maintain.
Moreover, these devices require sophisticated sensing ele-
ments and complicated control laws. For the control of hand
posture, a study [9] revealed that during grasping actions,
a higher-level coordination (coupling) in the human hand
fingers’ motion exists. This study concluded that the first two
principal components of the grasp covariance matrix account
for approximately 80% of the variance of the total human
hand grasping actions. The particular finding inspired new
designs of robot hands and control schemes that simplify
the execution of everyday grasps. In [10]-[12], the authors
presented synergy-based robotic hands for humanlike grasp-
ing, where each actuator could trigger a single synergy. This
means that the weight of the robotic hand in all cases was
increased, while the final force transmitted to the fingers
for grasping and manipulation was restricted. In addition,
several researchers have relied on dimensionality reduction
techniques and other learning methods to simplify the robot
hands’ operation. In [13], the authors used a similar approach
in order to implement synergies in robotics, introducing new
representative robot hand grasping strategies called eigen-
grasps. More precisely, the authors used a dimensionality
reduction technique in order to represent the robot hand
motion capabilities in low-d manifolds, where the control
requirements are relaxed and the task execution is simplified.
The derived strategies account again for most of the grasping
actions variance and are useful for solving online grasp
planning problems.

An alternative to the fully actuated, rigid robot hands is
the new class of adaptive robot grippers and hands [14]-
[19] that simplify the extraction of robust grasps using
structural compliance and underactuation. Adaptive hands
can be developed either with flexure joints or with spring
loaded pin joints. The elastic elements in the finger structure
are typically used for passive extension and the implementa-
tion of compliant fingerpads. Although adaptive hands have
been extensively used for robust grasping, only few studies
have employed them for complex, in-hand manipulation
tasks. In [20], the authors proposed the i-HY, an adaptive
robot hand that was developed specifically for dexterous
manipulation. In this work, the authors achieved dexterous
finger interdigitation and finger pivoting, by employing five
actuators to control three fingers. This leads to a ratio of
1.66 actuators per finger. The Pisa/IIT SoftHand 2 [21],



an anthropomorphic adaptive robot hand employs only two
motors, having a ratio of actuators per finger of 0.4. Their
design produces motions based on postural synergies [9],
manipulation synergies [22], and postural synergies during
environmental constraint exploitation [23]. Yet the in-hand
manipulation capabilities were limited to rolling of various
objects. The work presented in [24] proposes the GR2,
a two-fingered adaptive robot hand that performs planar
in-hand manipulation, e.g., object rolling and equilibrium
point manipulation, with two actuators. The authors in [25]
studied in-hand manipulation using a robot hand with a single
actuator that exploits extrinsic to the hand resources, such
as gravity. Unambiguously, the thumb is the most important
finger in grasping and in-hand manipulation tasks [5], [26].
Even hand taxonomies classify human grasp types based on
the thumb abduction/adduction [27]. A review that highlights
the significance of human thumb is presented in [28].

Contributions: In this paper, we propose a new adap-
tive, humanlike robot hand that can achieve robust grasp-
ing, dexterous, in-hand manipulation (e.g., equilibrium point
manipulation and finger pivoting), and selective interdigita-
tion. Interdigitation allows the hand to switch from pinch
grasps to power grasps and provide robust grasping per-
formance for specific objects. The robot hand consists of
monolithic fingers that make use of flexure joints based on
elastomer materials (urethane rubber, Smooth-On PMC-780).
The proposed actuation scheme has the ability to perform
concurrently flexion/extension and abduction/adduction by
employing two actuators in a synergistic fashion. We also
compute the rotational stiffness of flexure joints with an
analytical model to select the most appropriate actuators.
The efficiency of the proposed designs and methods has been
validated using a wide range of experiments.

Structure: The remainder of this paper is organized as
follows. Section II focuses on the design of the proposed
adaptive, humanlike robot hand, Section III discusses the
fabrication process of the robot hand, Section IV presents
the results of the experimental validation, while section V
concludes the paper.

II. ROBOT HAND STRUCTURE

In this section, we focus on the structure of the proposed
adaptive, humanlike robot hand. First, we discuss the finger
structure and its tendon-routing system. Then, we provide
details on the parallel differential mechanisms, that allow
for flexion/extension and abduction/adduction on the MCP
joint of the four fingers'. Next, we present the procedure
to achieve anthropomorphism in the proposed robot hand.
Moreover, an analytical flexure model is employed for the
computation of the rotational flexure joint stiffness.

A. Finger Structure

The structure of the robotic finger is bio-inspired as it
uses cables that act as artificial tendons. A comprehen-
sive presentation, modeling, and analysis of the fingers
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Fig. 1. The finger structure and the tendon-routing system structure. Right-
side anchor points enforce clockwise adduction. Left-side anchor points
impose counterclockwise adduction. Both sides anchor points allow for bi-
directional motion.

incorporated into the proposed robot hand can be found
in [29], [30]. The four fingers consist of distal, middle,
and proximal phalanges, while the thumb comprises of a
distal and a proximal phalange, as shown in Fig. 1. The
portions of fingers with smaller width, which are illustrated
in white, represent the flexure joints. These joints realize
the flexion/extension motion. The circular base allows for
abduction/adduction on the MCP joint. A torsional spring
is responsible for keeping the finger to its rest position and
for mechanically implementing the abduction motion. The
fingers are attached to the hand through the MCP joint. This
is achieved with a single bolt-nut set for each finger, which
makes the design modular. The second actuation system
of the index, ring, and pinky fingers accomplishes initially
the adduction/abduction motion of the MCP joint and then
triggers the flexion/extension of each finger. This twofold
contribution of the second actuation system is due to the
design choice to place the anchor point at the side of the
distal phalange.

Anchor points and moment arm pulleys for each sepa-
rate tendon-routing system were selected according to the
mechanical behavior desired. One can notice that from the
natural position of the human hand, index’s adduction has
an opposite movement from ring and pinky fingers. The
adduction motion from the natural position of the middle
finger can be neglected since it is relatively small. On the
other hand, the thumb’s motion includes bidirectional abduc-
tion/adduction. Therefore, for the anthropomorphic (right)
hand we are able to produce 3 different MCP joint move-
ments with respect to the human hand’s motion. For this
purpose, we employ right-side anchor points for clockwise
motion, left-side anchor points for counterclockwise motion,
and both-sides anchor points for bidirectional rotation. In
case we pursue single side rotation, central anchor points
utilization is imposed to actuate the finger’s flexion/extension
movements. The significance of the thumb is emphasized
with two individual tendon-routing systems that achieve
both concurrently and individually flexion/extension and ab-
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Fig. 2. The actuation scheme of the robot hand. One differential mechanism
implements flexion/extension to the four fingers. Another differential mech-
anism realizes abduction/adduction on the MCP joint of the four fingers.
Individual motors are assigned to the adduction and abduction motions of
the thumb. Simultaneous actuation of the differential mechanisms results to
flexion at the current adduction angle. Similarly, concurrent actuation of the
thumb motors realizes flexion at the specific adduction angle.

duction/adduction. Since the thumb employs two individual
tendon-routing systems, no torsional spring is required.

B. Actuation Scheme

We equip the robot hand with an actuation scheme that
comprises of four tendon-routing systems and two parallel
differential mechanisms based on the Whiffletree, as pre-
sented in Fig. 2. More specifically, we employ one differ-
ential mechanism for the flexion/extension of the four digits
and another parallel differential mechanism for the abduc-
tion/adduction of the four digits. The second differential
mechanism is based on the lockable Whiffletree as presented
in [17] and it also endows the flexion after the maximum
adduction of the MCP joint. The contribution of the second
motor to the flexion motion augments the force distribution
among fingers. We select a three-bar structure and not a two-
bar (i.e. index directly connected to the main bar), because
we seek to distribute the exerted forces to the three fingers. In
case of a two-bar differential mechanism the exerted force of
the index would be similar with the cumulative exerted forces
of the ring and pinky. Note that in this work we employ a
pin to constantly block the abduction/adduction of the middle
finger, rather than using buttons to selectively lock the finger
motion [17]. We select lever-based differential mechanisms
because they are simple to design, easy to fabricate, and
lightweight comparing to gear-based mechanisms. The rest
two tendon-routing systems are dedicated to the thumb
abduction and the thumb adduction. The ratio of actuators
per finger is 0.8. That is higher from the Pisa/IIT Soft Hand
2 which has 0.4 [21] and lower than the i-HY hand which
has 1.66 [20].

The synergistic collaboration of actuators switches be-
tween flexion and adduction motions. More precisely, when
both tendon-routing systems of the thumb are simultane-
ously actuated, then thumb flexion occurs preserving the

desired adduction angle. Similarly, when both differential
mechanisms are simultaneously actuated, then flexion of the
four fingers occurs at the current adduction angle. Note that
the lateral motion is not purely adduction but also includes
some flexion. In particular, the fingers first perform adduction
and then a combination of adduction and flexion motions.
Therefore, the differential mechanism for adduction can be
used for precision grasping without even actuating the middle
finger, as it is blocked in that motion. That is a useful
functionality for in-hand manipulation actions. A detailed
analysis of the reachable workspace for a single finger with
the employed actuation mechanism is presented in [30].

The flexion/extension is the dominant motion of the fingers
for the vast majority of grasping and in-hand manipulation
tasks. Thus, we design the actuation scheme in a way that
allows flexion/extension at every configuration. In addition,
we equip the robot hand with fingers capable of performing
lateral motion on the MCP joint, which prevails in various
hand synergies. The abduction/adduction motion on the MCP
joint highly appears in both the first and the second principal
components as presented in [9]. Another study of hand
synergies during environmental exploitation [23] reports that
the abduction/adduction of the MCP joint of the four fingers
and the thumb is realized with the first and the second
synergy respectively. Interestingly, the underlying synergies
for in-hand manipulation tasks vary significantly, depending
on the task [22]. Yet, a combination of abduction/adduction
on the MCP joint appears in the first and the second synergies
of all the in-hand manipulation tasks. In fact, this reveals that
the lateral motion of the MCP joint is valuable not only for
robust grasping, but also for dexterous, in-hand manipulation
tasks.

C. Anthropomorphism

The proposed robot hand is anthropomorphic both in
structure and in kinematics. For the hand structure we use
anthropometry studies while for the kinematics we utilize
human hand medical tests (Kapandji test). Moreover, we
design the finger joints such that their range of motion is
similar with the human hand. The structure of the robot
hand was derived by using hand anthropometry studies [31].
This work provides an estimation of the human hand joint
centers, the bone lengths, the spatial location of the MCP
joint for the four fingers, and the spatial location of the thumb
carpometacarpal (CMC) joint based on the hand dimensions.
The required hand dimensions are the hand length and the
hand breadth. First, the joint centers and the bone lengths
were used to derive the finger dimensions. Then, the spatial
location of the four fingers along with the hand length and the
hand breadth were employed to design the palm. The thumb
structure follows the paradigm presented in our previous
work [17], [32].

The kinematics of the robot hand depend on the motion
of the fingers. We design the joints in a way that conforms
to the Kapandji test [5]. More specifically, the Kapandji test
consists of two stages: 1) the thumb’s fingertip must be able
to contact with the MCP base frames of the index, middle,



TABLE I
FINGER STRUCTURE OF ROBOT HAND

TABLE I
FINGER JOINT ROTATIONAL FLEXURE STIFFNESS

Weight Breadth Width Adduction

Finger Length Stiffness [Ndmm] Index Middle Ring Pinky  Thumb
Index 25g 8 mm 16.2mm 15 mm 27.3° _deg
Middle 25g 98mm 162mm 15mm  Fixed DIP - Flexion 125 125 125 1.25 1.25
Ring 2%5¢ 95mm 162mm 15mm  -18.2° PIP - Flexion .25  1.25  1.25 125 0.65
Pinky 20 ¢ 76 mm 16.2 mm 15 mm -30.1° MCP - Flex10n' 0.65 0.65 0.65 0.65 o
Thumb 20 g 68 mm  16.2 mm 15 mm 4165° MCP - Adduction 0.50 0.50 0.50 0.50  Bidirection
. . , . the first element in (2) which results to,

ring, and pinky fingers; and 2) the thumb’s fingertip must be .

able to contact the index and pinky fingertips, without any ot 12 — 72 Epex 2 00148 Epexbh® 3)

flexion on the proximal interphalangeal (PIP) joint and the flex =12 Laex Lpex

distal interphalangeal (DIP) joint. This test is developed for
evaluating the post-surgery dexterity of a human hand and
provides a quick and robust experimental validation of the
human hand function.

D. Smooth Curvature Model

The proposed robot hand comprises of 14 flexure joints
and 5 pin joints. The flexure joints are responsible for the
flexion/extension, while the pin joints realize the abduc-
tion/adduction in all fingers. The flexure joints introduce
compliance to the design and thus they are critical for
the adaptability of the hand. Pin joints for underactuated
fingers were extensively studied in the literature [33]. Yet,
the modeling of flexure joints is more challenging.

For the stiffness computation of the flexure joints we use
the smooth curvature model [34] that is an approximation
of the Euler-Bernoulli large bending model and make use
of only three parameters. An analytical example of the
rotational stiffness flexure joint computation is provided in
[30]. We consider the case of a flexure joint being subject
to large loads and buckling. Although we do not have an
external load to apply vertical forces to the fingers, the tendon
develops such forces due to its routing. The Euler’s critical
load equation describes the buckling as,

2 EfexIfiex
412 ’

flex

P, = (D
where Fjgex is the Young’s modulus, Igex is the moment
of inertia, and Lge is the length of the flexure joint. The
moment of inertia of a rectangular area is given by, Igex =
%, where b is the flexure width and h is the flexure
thickness. We assume that the Young’s modulus is constant.
Therefore, the symmetric global stiffness matrix yields,

12—72 1 1
K o EﬂexIﬂex 112 360137r2 600 (2)
flex = 12 360 :
flex 1 0 4200—72
60 4200

To associate the rotational flexure stiffness to the global
stiffness matrix Kgex and without loss of generality, we
assume straight curvature x = 0 when then flexure joint is
flexed in the free space [35]. To this end, the final rotational
flexure stiffness under large load and buckling is related to

The effect of the flexure joint thickness A is of paramount
importance to the stiffness kf,, as it is proportional to its
cubic order.

III. INFORMED DESIGN AND FABRICATION PROCESS

In this section, we compute specific characteristics of the
proposed device using methods that where described in the
previous section. Next, we present the process to fabricate
the robot hand as well as its final characteristics.

A. Hand Design

We develop a robot hand based on hand length Ly = 185
mm and hand breadth By = 90 mm. The link lengths of
the fingers follow the anthropometric models described in
[31]. The finger dimensions are provided in Table I. We
approximate the finger weight from the urethane rubber
specifications given by the manufacturer (Smooth-On PMC-
780). The total weight of each finger varies from 20 g to
25 g. Next, we place the moment arm pulleys to produce
the desired adduction angles [36]. The moment arm pulley
position analysis is discussed in [30].

The kinematics of the fingers depend on the width of the
the PIP, the DIP, and the MCP flexure joint. We select the
width of the joints experimentally, by following the Kapandji
test [5]. Since we have already selected the finger width we
follow the analysis in Subsection II-D to derive the stiffness
of each joint. The final results are depicted in Table II. Then,
we relate the stiffness of the flexure joints with the stiffness
of the torsional spring. More specifically, the torsional spring
needs to be have enough stiffness to mechanically rebound
the finger to its initial position and to concurrently counteract
gravity. On the other hand, it should be soft enough to
allow the abduction/adduction when the tendon shifts, other-
wise the flexion/extension dominates. The resulting torsional
spring stiffness follows the analysis in [30]. The MCP joint
of the thumb performs abduction/adduction without the need
of a torsional spring, as we employ side anchor points for
the tendon-routing systems.

B. Fabrication Process

For the fabrication process of the proposed adaptive robot
hand, we employed exclusively off-the-shelf materials that
can be easily found in hardware stores around the world. The
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Fig. 3. The five fingers during the curing phase of the elastomer material.
We used the Hybrid Deposition Manufacturing technique that combines 3D
printed and elastomer materials. The fingers are monolithic and made out
of urethane rubber, while the rotating base is made out of ABS material.

anthropomorphic fingers are monolithic and they are fabri-
cated with urethane rubber of shore hardness 80 A (Smooth-
On PMC-780), using the Hybrid Deposition Manufacturing
(HDM) technique [37]. The HDM makes use of a reusable
mold (blue), a rotating base (white), and a sacrificial mold
(blue with white tape), as presented in Fig. 3. The reusable
mold accommodates the sacrificial mold and the rotating base
to prevent elastomer leakage during the curing phase. The
design incorporates modular fingers into the hand.

In Fig. 4, we present the adaptive robot hand in four views.
The side view depicts the two parallel differential mecha-
nisms for the flexion/extension and abduction/adduction of
the four fingers. The rotating base of the MCP joint is shown
in white in the back view. In Table III, the characteristics of
the robot hand are presented. The palm was exclusively fabri-
cated from 3D printed ABS material. The total weight of the
proposed hand including the motors is 650 g. The net weight
of the hand without the motors is 360 g, allowing for further
weight reduction. The adaptive hand is lightweight due to
the monolithic elastomer fingers, the lever-based differential
mechanisms, and the underactuated structure. The actuation
scheme provides a variety of motions to the robot hand. More
specifically, for a right hand, the thumb achieves clockwise
(CW) and counterclockwise (CCW) abduction/adduction
(A/A) and flexion/extension (F/E), the index CW abduc-
tion/adduction and flexion/extension, the ring and the pinky
CCW abduction/adduction and flexion/extension, and the
middle flexion/extension. The design is open-source and all
the files that are required for the replication and the control
of the proposed actuation mechanism are freely available
through the OpenBionics initiative website 2.

C. Actuator Selection

Next, we compute the required tendon force for each
actuator by utilizing the analysis in [30]. The required tendon
force for flexion and adduction takes the form of,
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Fig. 4.  The adaptive robot hand in various views. The two parallel
differential mechanisms for flexion/extension and abduction/adduction are
demonstrated in the side view. Lever-based differential mechanisms reduce
the fabrication complexity and the weight. The rotating bases of the MCP
joint for the abduction/adduction are illustrated in white.

where kg, kp, Kim, k¢ are the stiffness of the DIP, the PIP,
the flexion MCP, and the adduction MCP joint respectively.
The ABy Ab,, Abin, Abucp are the configurations of the
DIP, the PIP, the flexion MCP, and the adduction MCP joint
respectively. The rq, rp, rfm, and 7y, are the pulley radii
of the DIP, PIP, flexion MCP, and adduction MCP joints
respectively. The desired flexion angles of each joint are 77°
for the DIP joint, 93° for the PIP joint, and 72° for the
flexion MCP joint, as presented in [38]. Yet, due to palm
restrictions the maximum attained MCP joint angle is 60°.
Also, we employ by design a DIP rest angle of 20° from [5].
To this end the DIP joint operates from 20° to 90°, i.e. 70°.
Therefore, the achieved angles are 70° for the DIP joint, 90°
for the PIP joint, and 60° for the flexion MCP joint. The
attained adduction angles are provided in Table I.

TABLE III
ROBOT HAND CHARACTERISTICS

Dimensions Ly = 185 mm, By = 90 mm

Weight 650 g (with motors), 360 g (net)

Motors 4 Dynamixel RX-28, 2.8 Nm at 12V

Software ROS

Materials 3D printed ABS; Smooth-On PMC-780

Availability Open-source

Cost $ 1,000

Motions ThumbA: CW - CCW A/A, F_/E; Index: CW A/A, F/E;
Middle: F/E; Ring & Pinky: CCW A/A, F/E
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Grasping postures and gestures executed by the proposed adaptive robot hand. The abduction/adduction capabilities are depicted in the first four
images. The last four images show the implementation of the Kapandji test.
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The proposed adaptive robot hand while performing grasping experiments with various everyday life objects. More precisely, the grasps involve

an egg, a large rectangular object, a plastic cylindrical object, a ruler, a pair of sunglasses, a small plastic ball, a banana, and a bottle of water.

The required force for the flexion of the four fingers is,
[ aftotal f afindex T f. af middle T f. af ring T [ A pinky 70 N,
where for each finger f ar, = Jag,pip T Jag, pp Tt Jag, mce
Similarly, the required tendon force for the adduction of the
three ﬁngers iS, faa,lotal = faa,index + faa,ring + faa,pinky =8N,
where for each finger f,,, = faa’i,MCP. We equip the robot
hand with 4 Dynamixel RX-28 servo motors with torque
Tm = 2.8 Nm at 12V and outer shaft diameter D,, = 0.0025
m. We place a pulley to the outer shaft with diameter D, =
0.0500 m. The resulting tendon force of each actuator is
fa = 112 N. Since two actuators are contributing to the
flexion, the four fingers can easily perform full flexion. It
must be noted that we use high torque motors to achieve
significant exerted forces at every configuration.

IV. RESULTS AND EXPERIMENTS

In this section, we present various experiments to validate
the efficiency of the proposed adaptive robot hand. First,
we show the feasible robot hand gestures and we perform
a medical test to validate the humanlikeness of the design.
Next, we conduct extended grasping experiments with ev-
eryday life objects. Finally, we perform equilibrium point
manipulation and finger pivoting experiments to demonstrate
the in-hand manipulation capabilities of the proposed device.
All experiments were recorded and can be found in [39].

A. Hand Postures and Gestures

In this subsection, we perform experiments with the devel-
oped robot hand to examine its anthropomorphic character-
istics. In the first four images of Fig. 5, all the possible robot
hand grasping postures and gestures are presented, while in
the last four images of Fig. 5, we present the results of the
Kapandji test [5]. It can be easily noticed, that the fingertip
of the thumb is able to contact the fingertips of the index
and the pinky fingers, as well as their base frames, thus the
Kapandji test was successfully performed. In Fig. 7, we show

Fig. 7. Finger interdigitation of the thumb with the index and middle
fingers. The adduction of the MCP joint in the four fingers is shown in the
first two images. This allows the finger interdigitation of the thumb with
the index and middle fingers, as presented in the last two images.

Fig. 8.
the pinch grasp and the last two images the power grasp. The execution of
this task is facilitated by the finger interdigitation.

A switch from pinch to power grasp. The first two images depict

the interdigitation capabilities of the robot hand. Particularly,
the adduction of the MCP joint of the four fingers (first two
images of the Fig. 7) allows the placement of the thumb
finger at the intermediate to the index and the middle fingers
as shown in the first two columns of Fig. 7. This is a powerful
motion that allows switching from pinch to power grasps.

B. Grasping Everyday Life Objects

In order to experimentally validate the efficiency of the
proposed adaptive robot hand and assess its grasping capa-
bilities, we chose to conduct a wide range of experiments
involving a series of everyday objects such as an egg, a
3D printed rectangular shape, a plastic cylindrical shape, a
ruler, a pair of sunglasses, a small plastic ball, a banana,
and bottle of water. Representative grasps with the examined
set of objects are presented in Fig. 6. It is evident that the
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Fig. 9.
proposed robot hand. The robot hand successfully grasps a spherical object
and then performs rolling of the object that results to an equilibrium point
motion.

An equilibrium point manipulation experiment executed with the

underactuation and the structural compliance of the proposed
adaptive robot hand facilitates the grasping and handling of
delicate and/or fragile objects, e.g., the raw egg and the pair
of sunglasses, without breaking them.

C. Dexterous Manipulation

The proposed adaptive, humanlike robot hand is capable of
executing not only robust grasps but also dexterous, in-hand
manipulation tasks using only four actuators. In particular,
the hand is able to perform equilibrium point manipulation
motions as well as finger pivoting motions. An example
of an equilibrium point manipulation task executed with a
small plastic ball, is depicted in Fig. 9. The robot hand
rolls the object, yet the rolling is not simple and results
also to equilibrium point manipulation motion. The initial
equilibrium point position is illustrated in white. The first
equilibrium point motion is depicted in pink as shown in the
second column of Fig. 9. The major equilibrium point motion
is illustrated in green in the last column of Fig. 9. In Fig. 10,
the finger pivoting of a highlighter pen is presented. First, the
highlighter pen is grasped with the index and thumb fingers,
yet without any contact of the rest fingers as shown in the first
two images of Fig. 10. This can be achieved by mainly using
the adduction differential mechanism for flexion as noted in
Subsection II-B. Then, the pen is pivoted by the flexion of
the middle and ring fingers as depicted in the third image
of Fig. 10. Lastly, the pen is re-oriented within the hand by
utilizing the adduction differential mechanism and the thumb.
Finger pivoting is one of the most challenging dexterous in-
hand manipulation tasks.

V. CONCLUSIONS

This paper focused on the modeling, analysis, and de-
velopment of an adaptive, humanlike robot hand that is
able to achieve selective interdigitation, robust grasping and
dexterous, in-hand manipulation of everyday objects. The
hand consists of adaptive, anthropomorphic robot fingers
implemented with flexure joints and an MCP spring loaded
joint that can implement both flexion/extension and ab-
duction/adduction concurrently. Differential mechanisms are

Fig. 10. The finger pivoting is responsible for the internal rotation of the
highlighter pen. The proposed device has also the ability to re-orient objects
within the hand.

used to simplify the actuation scheme, utilizing only two
actuators for four fingers. An analytical model is proposed
for the computation of the finger flexure joint rotational
stiffness and the selection of the actuators. The hand can be
replicated using off-the-shelf materials and rapid prototyping
techniques, while its efficiency has been validated using an
extensive set of experimental paradigms. Selective interdigi-
tation allows the proposed adaptive robot hand to switch from
pinch to power grasp configurations highlighting its grasping
performance for various objects. The anthropomorphic adap-
tive robot hand maintains an actuators to fingers ratio below
one, achieving rolling with equilibrium point manipulation
and finger pivoting with object re-orientation. The latter is
considered as one of the most complex dexterous, in-hand
manipulation tasks.
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