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A Low-cost Linkage-Spring-Tendon-Integrated Compliant
Anthropomorphic Robotic Hand: MCR-Hand III
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Abstract

This paper presents the design, analysis and development of an anthropomorphic robotic hand,
i.e. MCR-Hand III. Based on the investigation of human hand anatomical structure and the related
existing robotic hands, mechanical design of the MCR-Hand IlI is presented, and a detailed intro-
duction for mechanical compliance of the hand, which is achieved through the combinations of
springs with four-bar 4R linkages and tendons, is provided. Using D-H convention, kinematics and
force analysis of the hand are formulated and illustrated with numerical simulations, laying back-
ground for comparison and evaluation. Subsequently, prototype of the proposed robotic hand is
developed, and fingertip force calibration and validation are conducted. Further, a three-stage al-
gorithm for object stiffness identification and adaptive grasping is proposed and evaluated, and
grasping evaluation based on Cutkosky taxonomy with additional deformable object lifting opera-
tion and piano manipulation is carried out. The proposed MCR-Hand III costs less than $800 and
is hence affordable for wider applications. The experimental results indicate that the proposed
hands are capable of implementing the grasp and manipulation for most of the objects used in
daily life.

Keywords: Robotic hand, anthropomorphic hand, linkage-tendon-hybrid-driven, mechanical
compliance, object stiffness identification

1. Introduction

The human hand is the most dexterous known end-effector, consisting of 29 joints and 27
bones. It can be considered as the crucial organ for exploration and adaptation of the external
environment for the human being. It plays a vital role in human’s perception, prehension and ma-
nipulation in daily life tasks. Because of its complexity, building an artificial hand capable of repli-
cating the functionalities of the human hand remains one of the biggest challenges in robotics.
‘Berlichingen hand’ in the 16th century could be seen as the first attempt of the design and de-
velopment of the functional robotic hand and it has been over a half-century since the modern
research in robotic hand emerged [1]. Over the years, several design methods and prototypes have
been proposed. A rather comprehensive review on the design of robotic hand in the past century
was recently presented by Piazza et al. [2].

In the development of early robotic hands, due to the limitation of actuator and manufacturing
process, the robotic hands were simplified into grippers with specific functions for industrial ap-
plications [3]. In addition, early anthropomorphic robotic hands were simplified in both structure
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and function, providing grasping functions for prosthetic use such as the Belgrade hand [4}1]. The
Okada hand [5] and the later on Utah/MIT hand [6] were considered as the cornerstone for design
and development of dexterous robotic hands. After that, researchers have continuously been im-
proving the design strategy of robotic hands in both structure and control methods[2]. One of the
trends in dexterous robotic hand research is to develop anthropomorphic robotic hands that can
closely mimic the salient biological features of the human hand, aiming at being able to perform
complex tasks and manipulations. Such anthropomorphic robotic hands include, to mention but
a few, the Hitachi Hand [7], the DIST hand [8], the DLR Hand I and II [9} 10], the Robonaut 1
and 2 hands [11, [12], the Metamorphic hand [13, 14, 15], and the Shadow Hand®. In the design
of these anthropomorphic robotic hands including the underactuated hands [16, [17] (except for
the recent development of soft-material-based anthropomorphic robotic hands [18,19}20], which
provide better adaptability for dexterous grasping but lack of full versatile in-hand manipulabil-
ity comparing to human hand), a variety of transmission systems including linkages, tendons,
gear trains and belts were used. Among these driven systems, the tendon and linkage systems are
the two transmissions system that have been mostly implemented. The tendon-driven robotic
hands normally use remotely located actuators for the purpose of providing better inertia prop-
erty with higher power; it can also reduce the weight and dimensions of the robotic hands. The
well-known tendon-driven anthropomorphic robotic hands are the Stanford/JPL hand [21], the
Utah/MIT hand [6], the Shadow Hand®, the ACT hand [22] and the DEXMART hand [23]. The
linkage-driven robotic hands can provide accuracy in control and allow bidirectional control. On
the other hand, it also limits the size of the actuators and increases the weight and dimensions of
the phalanges. Typical linkage-driven anthropomorphic robotic hands are the Gifu hand III [24],
the NAIST Hand [25] and the Robonaut 2 hand [12]. In addition to these, robotic hand using fewer
actuators with opportunely designed tendon-driven differential mechanism was also recently de-
veloped [26)} 27].

In human hand grasp, it is found that the passive behaviour of the human body due to the
parallel and series compliance helps human hand achieve better and stable performance [28]. In-
spired by human body, robotic systems and hands with variable stiffness/compliance have been
designed and developed. Such design and development were mainly achieved through the con-
struction of compliant actuators [29, 30, 31] and the introduction of stiffness variable joints [32}
33]. It has been shown that robotic hand with variable stiffness or compliance could improve
stability and simplify control during grasp and manipulation [34,35]. However, mechanical com-
pliance realized through the transmission systems in robotic design has rarely been reported.

Further, it has been noticed that except for some prosthetic hands [36,37], most of the anthro-
pomorphic robotic hands are expensive due to the high costs of component fabrication, actuators,
and sensory and control systems, and thus applications of these robotic hands are limited. The
emerging 3D printing technology has made the design and development of robotic hand conve-
nient and affordable. Using such rapid prototyping technology, a great number of robotic hands
have been presented [23}[17,38], and a number of open-source initiatives such as the Open Hand
Project [39] and the OpenBionics platform [40] were established for supporting such a develop-
ment.

From the literature, we noticed that in most of the cases either tendon-driven or linkage-driven
method was implemented in the design of most rigid-body-based anthropomorphic robotic hands,
hence these hands either have remotely located actuators or are too big in size. In this paper, we
aim to design a low-cost 3D-printed anthropomorphic robotic hand by using a linkage and ten-
don combined transmission system, low-cost servomotors with sufficient driving power are used
as actuators integrated with economical sensors and micro-controllers. In addition, mechanical
compliance through the transmission systems is introduced in the hand design, which is achieved
by integrating springs with linkage-driven and tendon-driven systems. It is expected that: 1) the
proposed hand is approximately in the size of an adult human hand; 2) each finger and the thumb
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can generate up to 7N controllable fingertip force (to be validated by experiment); 3) the overall
weight of the hand is within 500g by applying 3D printing technology (excluding power supply);
and 4) is under an affordable cost, less than $800 ($600 for material cost including motors, sen-
sors, controllers, and other mechanical and electronic components, $200 for 3D printing cost).
Hence, compared with the existing robotic hands, this paper presents a full-functional affordable
linkage-and-tendon hybrid-driven anthropomorphic robotic hand with mechanical compliance
for better grasping and manipulation. It is suitable for lightweight robotic system integration with
potential applications in the fields such as fruit and food processing, human-robot interaction,
and autonomous product assembly.

The rest of this paper is organized as follows. Section [2| describes the mechanical design of
the MCR-Hand III including the compliant transmission system design, and Section |3| presents
kinematics and force analysis of the robotic hand which covers workspace, manipulability and
fingertip force analysis. Then, prototype, electronics, sensory and control systems are addressed
and explained in Section 4| with the focus on an approach for object stiffness identification and
smart grasping. Section [5|presents empirical study and evaluation of the proposed robotic hand,
and brief conclusions with results achieved in this paper are drawn in Section |6

2. Mechanical Design of the MCR-Hand III

Figure[l]shows mechanical structure of the MCR-hand II, it contains five fingers and a split ar-
ticulated palm (the distribution of degrees of freedom will be shown in Figure[5). All the digits have
four degrees of freedom which are actuated by three servo motors through linkage-and-tendon hy-
brid transmission systems. The palm is split into two sections along joint axis PL, as indicated in
Fig.|1/(a) and (b), providing flex for the ring and little fingers. Joint PL is actuated by a servo motor
SM-P/F through a four-bar linkage denoted as “Linkage P/F". The detailed structure for actuat-
ing the split palm is illustrated in Fig. [I{c), there is a dual-spring system inside the linkage P/F to
absorb axial load from both sides, providing compliance for the palm. In this design, the robotic
hand is driven by totally 16 four-bar 4R linkages and five tendons associated with return springs
(elastic wires). This is a robotic hand with twenty-one degrees of freedom that is driven by sixteen
actuators.

Linkage-and-tendon hybrid transmission systems and modular design scheme are used in the
design of the MCR-hand III. The advantage of such design is the compact size of the proposed
robotic hand, actuators for the PIP/DIP (IP/MCP for the thumb) joints are located inside the prox-
imal phalanges, and actuators for the MCP (CMC) joints are located inside the palm. Hence, there
is no need for a forearm to accommodating the actuators and electronic components. In this de-
sign, since the actuating for MCP and PIP/DIP joints are independent, the problems caused by
mutual influence in the traditional tendon-driven robotic hand can be eliminated. In addition,
the modular design makes the assembly and maintenance of the proposed robotic hand conve-
nient, each finger is independent of the other fingers and the palm. Further, in order to provide
the finger joints compliance, springs are used integrating with the traditional four-bar linkages
and the tendons, leading to the compliant linkage and tendon transmission systems which will be
detailed in the following sections. Moreover, in order to reduce friction, ball bearings are used in
all the finger joints.

Further, by adapting the data from cadaver hands [41] size of the proposed robotic hand is
close to an adult male hand (the hand length was described as the distance from the distal wrist
crease to the tip of the long finger with the hand in full extension). In the proposed design, the
overall length and width of the robotic hand are about 205mm and 110mm, respectively, and the
thickness is about 34mm. Dimensions of phalanges in the robotic hand are listed in Table[I]
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Figure 1: The mechanical structure of the MCR-Hand III. a) The front view: the blue line represents the routine of the
tendon that drives the MCP-1 joint, partially through the palm; the red arrow on the palm indicates the direction in
which the reel rotates when the MCP-1 joint flex. b) The rear view: the palm is split into two sections along joint axis
PL. c) The A-A section view: the right palm can be driven by the motor through the linkage P/F to form an angle with
the left palm; dual-spring linkage P/F can provide compliance for the palm.

2.1. The Compliant Linkage-and-Tendon Driven Robotic Finger

Modular design approach is implemented in the design of the MCR-hand III. The index, mid-
dle, ring and little fingers share the same type of module whose detailed mechanical structure is
illustrated in Fig. [2|(a). This finger module contains three phalanges including the proximal, mid-
dle and distal phalanges, and three joints including a 1-DoF DIP (distal interphalangeal) joint, a
1-DoF PIP (proximal interphalangeal) joint, and a 2-DoF MCP (metacarpophalangeal) joint, which
is denoted as MCP-1 and MCP-2 respectively forming a universal joint. The proximal phalanx of
the finger is composed of two separable parts (see Fig. |2| (b)). The electronic components and
motors inside the middle and distal phalanges of the finger are connected to the palm through the
male and female connectors above the proximal phalanx. The separated proximal phalanx can
be connected to the upper fixing plate by screws (see Fig. [2| (a)). In order to mimic the function
of human finger, motion of the DIP joint is coupled with that of the PIP joint through a four-bar
linkage, denoted as DIP coupling linkage as shown in Fig. [2a). The four-bar mechanism allows
the maximum joint angle of DIP to be about 80% of that of the PIP joint [42} 43, |44]. In order to
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Table 1: Lengths of phalanges in the MCR-Hand III (in mm)

Digit Proximal Middle  Distal Total length

Index  53.31 28.28 18.85 100.44
Middle 57.30 32.28 18.73 108.31
Ring 53.50 29.28 18.78 101.56
Little 52.32 22.28 18.79 93.39
Thumb Metacarpal Proximal Distal

46.41 49.39 21.75 117.55

embed the motor in the finger, another four-bar linkage denoted as PIP driving spring linkage is
used to transmit torque from Motor 1 to the PIP joint.

The MCP-1 joint is a tendon-driven joint, with the tendon indicated in blue line in the figure,
one end of the cable is connected at the end of a linear spring that is fixed inside the proximal pha-
lanx, and the other end of the cable is connected to the pulley mounted on Motor 3. The tendon
provides one-direction actuation for the flexion of the MCP joint, and the extension of MCP joint
is achieved by the passive elastic wire as indicated in green in the figure, which simplifies tendon
routing and therefore reduce number of actuators. In addition, the adduction and abduction of
the MCP joint, i.e. MCP-2 is actuated through a third four-bar linkage, denoted as MCP-2 driv-
ing spring linkage, driven by a servo Motor 2. Position sensors are embedded on the joints and
fingertip force sensor is mounted inside the pad of distal phalanx with the detailed structure illus-
trated in Fig. 2(a). All the linkages used for the transmission are link-spring integrated compliant
linkages.

(a) Rotary sensor Motor 3

DIP coupling
linkage

- 000 m.
m [
o /——!

Separated proximal phalanx

Figure 2: a) The mechanical structure of the fingers, including the index, middle, ring and little fingers. Each finger
includes a 2-DOF MCP joint, a 1-DOF PIP joint and a 1-DOF DIP joint. PIP joint and MCP-2 joint are driven by motor
1 and motor 2 though spring linkages. DIP joint is coupled with PIP joint thought coupling linkage. MCP-1 joint is
driven by motor 1 through tendon, and the extension is achieved by the elastic wire. The cross-section of the proximal
phalange of the finger is used to show the tendon-spring system of the MCP-1 joint in detail. Rotary sensors are used
in each joint excluding DIP joint. b) The finger separated from the palm by the separated proximal phalanx.

Further, mechanical structure of the thumb module is shown in Fig. It contains a distal
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phalanx, a proximal phalanx and a metacarpal bone, connected by the IP joint, MCP joint and
a 2-DoF CMC joint. The IP joint is coupled with the MCP joint, driven by one motor (Motor 1)
through two compliant four-bar linkages denoted as “IP joint linkage" and “MCP joint linkage",
respectively. The CMC-2 joint is actuated by Motor 2 through another compliant four-bar linkage
denoted as “CMC-2 joint linkage". And the CMC-1 joint is directly driven by Motor 3 through a
resilient coupling system indicated in Fig. [3|c). The resilient coupler is composed of an input
coupling, an output coupling, a torsion spring, and bearings. Similar to the fingers, the thumb can
also be separated from the palm of the robotic hand through the separated proximal phalanx (see

Fig. 3] (d)).
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Figure 3: The mechanical structure of the thumb. a) side view, b) rear view, and c) resilient coupling system for the
CMC joint. d) The finger separated from the palm by the separated proximal phalanx. The thumb including a 2-DOF
CMC joint, a 1-DOF MCP joint and a 1-DOF IP joint. CMC-2 and IP joint are driven by motor 1 and motor 2 through
spring linkages. CMC-1 joint is directly driven by motor 3 thought the resilient coupling system.

2.2. The LST and TST Compliant Transmission Systems

In the finger and palm design, in order to introduce mechanical compliance, as shown in Figs.
and3} the coupler link in the traditional four-bar linkage is replaced by a linear spring such that the
linkage becomes a link-spring-integrated four-bar four-R (R stands for revolute joint) linkage, or
simply a compliant four-bar linkage. In such a linkage, the motor rotation angle and joint angle can
still be deduced using the classical 4R linkage transmission equations. By replacing the coupler

6
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link with an linear spring, it introduces a new variable for the equations, i.e deformation of the
coupler link and thus the variable joint torque of the output link. Since the linear spring is used
and integrated in the linkage driven system, we call this system linkage-spring-transmission (LST)
system.

In addition, in order to implement mechanical compliance on the tendon-driven joints, linear
springs are attached to the tendons, as shown in the design of MCP-1 joint in the fingers indicated
in Fig. [2(a), and we call this system tendon-spring-transmission (TST) system.

© single-DOF joint
© 2-DOF joint

a (o)

Approaching and initial contact stage @ Motor with rudder
== Elastic wire
we Tendon
—— Coupling linkage
M Compression spring
—#~_Extension spring

Figure 4: Working principle of the LST and TST systems in the hand. a) The finger approaching and initial contact
stage, b) grasping stage.

Figure[d]illustrates the working principle of the LST and TST systems. They work in two stages,
i.e. the approaching and initial contact stage and the grasping stage. In the approaching and initial
contact stage, the finger surface contact the object but no contact force is generated, and hence
at this stage the four-bar linkages and the tendon-driven systems work like the traditional ones.
When the joints rotate further, joint rotation is restricted and it enters the grasping stage. In this
stage, when the joints continues to rotate, the tension spring in the LST system is stretched, and
in the TST system the compression spring is compressed; and thus the joint torque increases and
a contact force is generated.

The LST and TST transmission systems introduced mechanical compliance and thus variable

170 joint torque in the mechanical design, which makes joint torque control easier and more accurate.

175

For the LST and TST structures, there are relations among the joint torque, finger joint angle and
its associated servo joint angle. These relations are to be addressed in detail in Section[3.3] Further,
it can be shown in Section[d]that by using the LST and TST systems, a single grasping synergy can
be used to grasp objects of different shapes and stiffness.

In addition, the introduction of mechanical compliance helps improve hardware safety. Some
robotic hands use sensors to detect unexpected external forces to protect the hardware, which
requires advance algorithms and high response speeds. However, in the proposed LST and TST
systems, by adding the springs to the structures as filters, unexpected external forces can be di-
rectly absorbed by the springs, thereby achieving hardware safety.
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Figure 5: Schematic structure and coordinate systems of MCR-hand III. MCP: Metacarpophalangeal joint, PIP: Prox-
imal interphalangeal joint, DIP: Distal interphalangeal joint, PL: Palm joint, CMC: Carpometacarpal joint, IP: Inter-
phalangeal joint.

Schematic structure of the proposed MCR-hand I1I is illustrated in Fig. |5l The digits are num-
bered I, II, I1I, IV and V from the right to left corresponding to the thumb, and the index, middle,
ring and little fingers. All the digits have four degrees of freedom, and the palm provides a flex for
the ring and little fingers about axis PL. According to the D-H convention [45], coordinate frames
are attached to the joints and fingertips of the hand as shown in the figure. Joint angles are denoted
as 6;; with subscripts i =1, 2, 3, 4 and 5 corresponding to number of the digits and j standing for
the joint number in each individual digit. Joint angles for the DIP (IP) joints are coupled with that
of the PIP(MCP) joints, and the other joints in the hand are independently actuated. Based on the
geometry shown in Fig. |5} kinematics and force analysis of the hand are studied in this section.

3.1. Kinematics of the Linkages in MCR-Hand II1

The present MCR-Hand III is a linkage and tendon hybrid driven anthropomorphic robotic
hand. Linkages are used in design of the digits and splitting palm. The four-bar 4R linkages are
used in coupling the rotation between DIP and PIP joints in the fingers (IP and MCP joints in the
thumb), and in driving the PIP and MCP-2 joints in the fingers, the MCP, CMC-2 joints in the thumb
and the splitting joint in the palm.

Considering all the four-bar 4R linkages in the hand, let the driving joint be labelled as D, the
driven joint as A, and the two joints on the coupler as B and C with B adjacent to A and C next to
D. Lengths of links AD, AB, BC and CD are denoted as [y, I3, I, and I3, respectively. Further, let the
driving joint angle associated with joint A be 6; and the driven joint angle at joint D be 83, based on
the classical formulation for a four-bar-4R linkage, the relation between 6; and 63 can be obtained
as:

1)

B+VA?2+B%+(C?
03 = f1(01) = 2arctan( )

A-C

8
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With A= lp— I, cosfy, B=—1;sinf; and C = (A*+ B>+ I5 - 3)/213.
Due to rotation limitation of the servo motors, only the positive solution is valid. Once the
angle 03 is obtained, the coupler joint 6, can be derived as

B+ I3sinf3 ) @)

0, = arctan
2 ( A+ I3cos03

Using these equations, the linkage-driven joint angles in the fingers can be explicitly obtained
by given the servo joint angles.

3.2. Finger and Thumb Kinematics

All fingers have the same kinematic structure and the thumb has a slightly different one. In this
subsection, the kinematic of the fingers will be analysed. The coupled joints PIP/DIP will be first
calculated, followed by the workspace analysis of fingers and the hand.
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|2 = |20+A|2

Figure 6: Structure, geometry, force and torque in a finger. a) four-bar 4R linkages systems in DIP/PIP joint and
Tendon-Spring system in MCP-1 joint when the finger is in full extension. The solid part indicates the consolidation
between the linkages. In this case, Op;p = 0, Oprp = 0, N-M-P-Q represents the path and position of tendon when
Orcp=0, N'-M’-P-Q’ represents the path and position of tendon when 0y;cp > 0 and F; > 0. b) four-bar 4R linkage
systems in DIP/PIP joint when flexion and force applied on fingertip, where Op;p > 0, Oprp > 0, Al > 0. c¢) tendon-
spring system in MCP-1 joint when finger flexion, where 8,¢cp > 0.

For the fingers designed in the MCR-hand III, the DIP joint angle 6p;p is coupled with the
PIP joint angle 6p;p. As shown in Fig. [f[(a), which gives the natural and initial configuration of a
finger, geometry of the linkages and angles are presented. In the four-bar 4R linkage (A-B-C-D),
the input angle of the linkage is 0;, hence, using the general relation in Eq. (I), according to Fig.
@](b), rotation angle of the PIP joint is

Opip =030 — 05 =030 — f1(61) ©)
where 03 is the initial angle of 5. Op;p can be expressed by the rotation angle of linkage DC or
linkage A'D’.

Thus the input angle 0y in linkage A'-B’-C’-D’ can be deduced from Fig. [|(b) as

0y =0prp+m “4)



205

210

215

220

225

Then in linkage A’-B’-C’-D’, angle 03 can be obtained by using Eq. (1) as

03 = f1(01) (5)
and thus from Fig. [f|(b), joint angle of the DIP joint can be deduced as

Oprp =71 —03 — 03y (6)

where angle 63y equals the value of angle ZA’D’'C’ at the initial configuration of the finger which
is indicated in Fig. [6{(a).

Hence, from the above derivation the DIP joint angle is coupled with the PIP joint angle.

Referring to Fig. |5 the angles Op;p and Op;p correspond to joint angles 8;4 and 0;5, respectively
for the index and middle fingers with i = 2 and 3, and to joint angles 8;5 and 0;¢ respectively for
the ring and little fingers with i = 4 and 5. Further, extension and flexion of the MCP joint is inde-
pendently driven by tendon which is denoted by angle 0;3 for the index and middle fingers, and
0,4 for the ring and little fingers. Adduction and abduction of the MCP joint is separately driven by
another four-bar linkage given by angle 6;, for the index and middle fingers, and 0;3 for the ring
and little fingers.

Considering the thumb, the IP joint is coupled with the MCP joint, such that angle 6, can be
related to angle 615 by using Eq. similar to the derivations shown in Eq. to Eq. (B). The
CMC-1 joint is driven directly by a motor and CMC-2 is driven through a four-bar linkage. Joint
angles for these two joints are given as 0, and 014, respectively.

Then based on the D-H parameters (see Appendix A) obtained according to the coordinate
frames in Fig. |5, postures of the tips of the fingers and thumb can be obtained as:

0 _ 0l -1

where the matrix T?i = (p;?l., R;?l.) € SE(3) is the homogeneous matrix giving both position and
orientation of frame j with respect to frame k, with i denoting the finger number. n is the number
of frames associated to finger i: for the thumb, n = 7; for the index and middle finger, n = 6; and
for the ring and little fingers, n = 7. Using Eq. (7), workspace of the fingers and thumb can be
computed.

Following Eq. (7), Jacobian [46] of each finger can be formulated as

(J21 Ja1 J51], for thumb (i =1)
=1 U2 J3i Jail, for index and middle finger (i = 2,3) (8)
[J1i Jsi Jai J5i1, forring and little finger (i = 4,5)

0 o (10 40
zjix(pni pji)
0

where ]ji = [
z

. 0 . . . . . . .
) ] with z ii being a unit vector along the axis of joint ji (j stands
Ji 6x1
for the joint number, and i for the finger number) expressed in the base frame {0}, which can

be derived as z(}l. = R‘l)l.R;l....Rj.l._lzo givenzy=[0 0 1] The terms p°. and p?l. are position
vectors of the fingertip and frame j, respectively in finger number i, expressed in the base frame
{0}. It should be pointed out that the terms J5;, J4; and J5; in Eq. carry kinematic information
for both the coupled DIP and PIP joints in the fingers and thumb.

From the Jacobian formulated above, manipulability [47] of the fingers and thumb, which pre-
dicts the dexterity to move and apply forces in arbitrary directions, can be derived and expressed

in Frobenius norm form as

1 1
= with =/ =tr(T 9
W= wi Te=1/— r(J17) ©)

10
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Table 2: Motion range of the joints in the digits (in °)

Joint Index Middle Ring Little Thumb
MCP-1/CMC-1 0-90 0-90 0-90 0-90 0-90
(—22-83) (—=22-90) (-23-88) (—34-90) (0-53)
MCP-2/CMC-2 -30-0 —25-25 0-30 0-30 0-90
(-21-21) (—20-20) (-21-21) (—24-24) (0-42)
PIP/MCP 0-97 0-97 0-97 0-97 0-90
(-10-101) (-11-103) (—12-105) (-7-103) (0-45)
DIP/IP 0-81 0-81 0-81 0-81 0-81

(=11-73) (-11-80) (-12-75) (-12-78) (0-100)

The data shown in parentheses is for the human hand, all the data is col-
lected from [48} 49, 50] and rounded. Data for the thumb are only the
overall range of motion.

where 77 (JJ7) is the trace of matrix JJ”, and m denotes degrees of freedom of the finger.

By carefully assigning the link lengths of the four-bar linkages according to the sizes of the
phalanges listed in Table[I|and using Eq. (1), the rotation ranges of the finger joints are obtained
and listed in Table [2| Additionally, the rotation range of the palm splitting joint PL is 0° — 55.5°
driven by a servo motor of rotation range 0° —44.9°.

Then using the kinematic analysis results obtained above, and range of motion for the joints
presented in Table[2) workspace and manipulability of the digits can be computed and illustrated
as shown in Fig. [7| The colour of the point represents the value of manipulability w in this point
(close to red means better manipulability, w close to 1; close to black means less manipulability,
w close to 0).

From the figure, it can be seen that workspace of the ring finger is larger than that of the one
with a rigid palm: workspace for ring finger with a splitting palm is 500 cm?, while that of the rigid
palm is 184 cm3, about 270 % greater. In addition, workspace of the little finger is 316% larger than
that of one with rigid palm. Manipulability of the hand is very close with that of a human hand.

3.3. Finger Force Analysis

Mechanical compliance is introduced in the MCR-hand III, and all the joints are driven by
either linkage-spring-integrated (LST) or tendon-spring-integrated (TST) transmission systems
such that the joint torques are controllable. This feature is important in grasping soft objects and
manipulating fragile objects. In this section, the relation between joint angle, motor rotation angle,
and joint torque for the fingers will be deduced. The relations are useful for detecting contacting
and realizing fingertip force control in Section[4.3] It should be noted that friction from the driving
tendon of is affected by complex facts, such as printing materials, printing accuracy, tendon ma-
terial, changes in tendon guide holes, load, and tendon wear status. These factors are difficult to
quantify, and hence friction is not considered in the mathematical model. However, in the design
process of the robotic hand, we try to ensure that tendon is tangent to the guide hole and to direc-
tion change of the guide hole is minimum. In addition, the use of bearings in each joint further
reduces friction.

3.3.1. Torque analysis for the LST system

The transmission system of the proposed MCR-hand III is achieved through the combination
of linkage and tendon driven system integrated with springs which introduces mechanical com-
pliance. Hence, the forces and torques in the hand need to be calculated in two stages, i.e. one
stage that the springs are not in action, and the other stage that the springs are in action.
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Figure 7: Workspace and manipulability for the fingers and thumb. a) the index finger, b) the ring finger, c) the little
finger, d) the thumb. The colour of the point represents the value of manipulability w in this point (close to red means
better manipulability, w close to 1, close to black means less manipulability, w close to 0).

For the linkage-spring-transmission (LST) system, we investigate the torque transmission by
taking the linkage in the PIP joint as shown in Fig. [6|(a) as an example. In the stage that the springs
are not in action, corresponding to the approaching and initial contact stage describe in Section
based on the same joint and structure parameter assumptions proposed for Eq. (1), the output
torque (associated with the driven joint angle 03) in a four-bar linkage can be represented by the
input torque (i.e. torque from the servo) which is associated with the driving angle 0, as

lg sin (93 - 92)

10
ll sin(91 —Bz)Tl ( )

3= fo(T1) =

where angles 6, and 65 are formulated in Eq. (I).

In the stage that the springs (mechanical compliance) are in action (see Fig. |§| (b)), when the
hand exert forces on object for grasping and manipulation, the output torque needs to be cal-
culated by considering deformation of the spring, which acts as the coupler link in the four-bar
linkage. Referring to Figs. [6[@) and (b), in this case length of the coupler link, i.e. I, is an variable
which need to be calculated. In the finger design, position sensors are embedded in the servo and
PIP joint, hence the joint angles 6, and 03 can be read from the sensors. Using these two joint
angles, through simple geometric operation, the real-time length of /, can be expressed as

Iy = \/(lg cos0yr — I, cosO31)? + (I38in@yn — 1 sinO3r)? 1n

where 60,7 and 03 stand for the measured angles for 8, and 6s.
Let the original length of the spring be Iy such that the deformation of the spring Al is

Al =l — Iy (12)
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Then considering the torque exerted on link s, referring to Figs. [6|(b), there exists the following
relation between the input torque 71/ and the deformation,

T =Tg1 = k1Al l3cosa; (13)

where k is the spring stiffness for springs in the linkages with k; = 4.48 N/mm, 7, denotes torque
of the servo for driving the linkage, and the angle a; as indicated in Figs. [6[a) and (b). By using
cosines law, a; can be expressed as

l2

o + l?f - (lg + l% —2l()ll COSQl)

21515

a1 = /2 —arccos

Subsequently, the output torque on the PIP joint 73 can be calculated through Eq. as
13 sin (93" - 92") -
l] sin (91" - 92")

where angle 6} needs to be calculated through Eq. (2) by using L obtained in Eq. (11).

T3 = fo(T1) = 1 (14)

3.3.2. Torque analysis for TST system

MCP-1 joint in the proposed MCR-hand III is driven through the tendon-spring-integrated
transmission system. As shown in Fig. @](a), one end of the tendon, indicated in blue, is connected
to a pulley on the output shaft of the motor, diameter of the pulley is denoted as D. The other end
of the tendon is fixed on the distal end of a linear spring knotted at point N. MCP joint angle is de-
noted as 0;cp around joint centre O, which is represented by the rotation angle of OM as shown
in Fig. [6[@) and (c). When the finger is in approaching and initial contact stage, the pulley rotates
an angle 0, and the tendon is pulled from M to M’, the spring is not in action (the end of the ten-
don is located at point V). When the finger is in grasping stage, spring connected to the tendon
is in action and deforms (from N to N') when the motor continue to rotates an angle Af;. Hence,
the motor rotation angle 0, contains two parts: 0’ for the case that the spring is not in action, and
A8 when the spring is in action, i.e. 65 = 0’ + Af;.

In the case that the spring is not in action, referring to Fig. [f[(@) and (c), by using cosines law,
length of the tendon /; can be expressed with respect to the joint angle 0,cp as

I, = \/az+b2—2abcos(n—90—60r—9Mcp) (15)

where a = OM and b = OP, and angles 6, and 6 (see Fig. @(a)) are the initial angles between OM
and OP, respectively and the horizontal line passing through point O, when 8y;cp = 0 (The tendon
is represented by N-M-Q). When the MCP-1 joint is at its initial position with 8;cp = 0, the tendon
length is 1,y = \/a? + b2 — 2abcos (1 — 0y — O).

Assuming that the deformation of the tendon due to external force is negligible, relation be-
tween the tendon length and the servo rotation can be formulated as

lio— 1, = DO, (16)

where D is diameter of the pulley mounted on the servo shaft. The toque generated form the
elastic wire is not considered in this step.

Further, in the case that the spring is in action in the gasping stage, the MCP-1 joint stops
rotating and the servo continues to rotate so as to generate force for object grasping, and the spring
deformed. At this stage, rotation angle of the servo is Af, hence deformation of the spring can be
derived as

Al = DA 17)
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Hence the compression force on the spring and thus tension force on the tendon is

where k; is spring stiffness for the spring integrated with the tendon (k, =9.98 N/mm in the sim-
ulation).
Therefore the actuation torque from the servo is

T = F,D = kyD?* A, (19)

where Af; can be obtained from the joint sensor in the servo, and the torque generated at the
MCP-1 joint is
Tymcep1 = Fracosa' =1, = koDAOsacosas — T, (20)

where, 7, refers to the torque generated from the elastic wire that 7, = kor0a;cp, with ko (ko < 0.1k»)

being the stiffness of the elastic wire, r being the force arm of the elastic force. Referring to Fig. [6{(a),

angle a» can be deduced by using the sine law as a, = arccos (l—lz sin(m—6g—0y —0 Mcp)). It should

be noted that in this stage, the friction is not considered.
Further, for the CMC-1 joint in the thumb, since a torsional spring is used to connect the input
and output couplings, when the spring is in action joint torque 7cpsc1 can be derived as

Tcmcl = k3 (053 —0cmct) 21)

where ks is spring stiffness of the torsion spring, 0; is joint angle of the servo for CMC-1 joint, and
Ocnic is the CMC-1 joint angle which can be read from the position sensor embedded in the joint.

Based on the above derivation, torque at each active finger joint can be calculated which leads
to the fingertip force analysis in the following section.

3.3.3. Fingertip force analysis and simulation
By using the Jacobian matrix derived in Eq. (8), fingertip wrench for each of the fingers can be
formulated as
Fri=00) "7, @

where Ff; = (Fxi, Fyi, Fzi, Mxi, My, Mz;), J; is Jacobian for the ith finger obtained in Eq. ;
and T; = (TMCPZ,TMcpl,Tp[p) for the index and middle ﬁngers, T; = (TpL,TMcpg,TMcpl,Tp[p) for
the ring and little fingers, and =; = (Tcpc1, Temcee, T mcp) for the thumb.

From the torque analysis in Sections[3.3.1|and|3.3.2} and the wrench for the fingertip presented
in Eq. , given joint angle 6; ; (where subscript s stands for servo, i denotes finger number and j
joint number in that finger) of the servo that drives an active finger joint, the corresponding finger
joint angle 6;; and fingertip force f;; contributed from this joint can be calculated and predicted.
This is very useful for controlling the finger for grasping when the fingertip force is obtained from
the tactile sensor mounted at the fingertip.

Taking the index finger as an example and for demonstration purpose considering only nor-
mal force on pad of the fingertip, given joint angle for the servo at the PIP joint 04 within its
motion range, joint angle for the PIP joint, i.e. 624 and the corresponding normal force f;,24, where
subscript n stands for normal force, can be computed by using the equations derived above and
illustrated in Fig.

From Figs. [8f@) and (b), it can be seen that when 6y, is over a specific angle, e.g. 50°, the servo
motor cannot deliver maximum torque as it reaches its maximum angle. This phenomenon is
more obvious when 6,4 is over 80° in which the fingertip force is limited to under 2 N. When 6,4
is below 50°, the fingertip force is limited mainly by the moment arm. The maximum achievable
fingertip force occurs at around 0,4 = 50°, which is approximately 7 N. It is noted that limitations
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Figure 8: a) Relationship between 0,4, 824 and f,24; b) relation between 6,4 and f;24; c) relation between 6,3, 624 and
maximum of f};24; and d) relation between 6,4 and maximum of f;;24 when the MCP-1 joint is in action.

from the servos and springs used at the PIP joint in this design are: 1) 054 < 135°% 2) A; <7 mm
(the maximum elongation of the spring is 7 mm); and 3) 7,0 <310 Nmm (the maximum output
toque of motor is 310 Nmm).

Similarly, with the mechanical limitations that 83 < 135°, A; < 5.6 mm (the maximum elonga-
tion of the spring is 5.6 mm), and 7., < 750 Nmm (the maximum output toque of motor is 750
Nmm), the relationship can be obtained. Figures (c) and (d) indicate the normal fingertip force
when both the MCP-1 and PIP joints are in action. It can be found that the MCP-1 joint cannot
provide normal fingertip force when 0,4 is over 84°, as the MCP-1 joint rotation causes fingertips
to move towards the rear side of the finger. The maximum fingertip force under the action of both
the MCP-1 and PIP joints occurs when 654 is relatively small, which is about 6 N.

Through the same computing and simulation approach presented above, the relation between
finger joint angle 0, j, servo joint angle 0y, j, and fingertip normal force f; for the thumb can be
also obtained. The results show that in this design the maximum fingertip normal force is around
9.5 N when both the MCP and CMC joints are in action.

From the above derivation, the mappings among the active finger joint 6; ;, the actuation servo
joint angle 6;;; and the corresponding fingertip normal force generated from this referred joint
fnij can be obtained such that given any two of them, the other one can be identified. This can be
expressed as

0ij =81 (fnij Osij)
fnij =& (0i),0si)) (23)
Osij=83(0i, fnij)

From Eq. (23), it can be seen that variables in the LST and TST systems are joint angles, motor
rotation angles and joint torques. Structure parameters are the elastic coefficient of the spring
which serves as coupler link and lengths of the three links in the four-bar linkage. These three
variables are related in three functions such that by given any two of the variables, the third one can
be calculated. Hence, knowing the required joint angle and joint torque, we can get the required
motor rotation angle. The joint angle is measured by a rotation sensor installed in each finger
joint, so the relation for joint torque and motor rotation angle can be confirmed. Eq. can be
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directly applied in coding to control joint torque. Compared with other solutions, this approach
can reduce programming difficulty and the number of sensors.

Hence, from this section kinematics and fingertip forces are characterized and revealed. The
results obtained from this section can be verified using experiments based on a physical prototype
and can be used for control of the proposed robotic hand.

4. Prototype, Electronics, Sensors and Control

4.1. Prototype, Electronics and Sensors
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Figure 9: Prototype, electronics, sensing and control of the MCR-Hand III. A total of 5 force sensors and 16 angle
sensors are used in MCR-Hand III. The cross-sectional views show the force sensors built inside the fingertips and the
rotary sensor built inside the palm, which is used to read the angle of the split palm. The robotic hand can interact
with a PC or run programs independently.

Based on the design and analysis presented in the previous sections, physical prototype of
the MCR-Hand III was developed as illustrated in Fig. [9] It was mainly fabricated through 3D
printing technology. Economical actuators, sensors and controllers are integrated in the hand to
keep it affordable for the public. In the prototype, all the driven joints in the MCR-Hand III are
equipped with rotary sensors (Bourns 3382G-1-103G, with +2% linearity) that are connected to
a 16-channel sensor shield, which is further connected to the controller (Arduino’ Nano Every).
The rotation sensor for the palm joint is shown in the section view (B-B) in Fig. @ There are 16
servos (3 Bluebird® BMS-207WV servos, 13 MKS® HV6100 servos) and 16 rotary sensors in total.
Each fingertip is equipped with a force sensor Interlink Electronics® FSRTM 400 (the standard
400 sensor is a round sensor of 7.62mm in diameter and 0.35mm in thickness) directly connected
to the controller. The force sensor applied has ability to measure 0 — 10 N normal force, which
is selected based on the peak force calculated. As shown in the section view (A-A) in the figure,
force sensor is covered with rubber-based tip to increasing friction during object grasping. All
the wires are embedded inside the phalanges and palm. 18 springs are used in the prototype: 4
compression springs with a stiffness k; = 9.98 N/mm and 12.7 mm free length for the MCP-2 joint;
2 compression spring with a stiffness 4.99 N/mm and 6.4 mm free length for the palm joint linkage
P/F; 10 extension springs with a stiffness k; =4.98 N/mm and 21.6 mm free length; and a torsion
spring with a stiffness k3 = 47.8 N/rad.

16



365

370

375

380

In order to keep the size of the proposed robotic hand close to the size of an adult human hand,
aservo controller Maestros® was used to drive all the servos. This is a controller with eighteen mul-
tiple function channels which allow PWM (pulse-width modulation) output and analogue input,
its precise and high-resolution servo pulses make the controller well fit high-performance robots.
The built-in speed and acceleration controller make it easy to achieve smooth movements. In
addition, as aforementioned, Arduino™ Nano Every is chosen to drive the 16-channel expansion
sensor shield and 18-channel maestro servo controller.

Further, an intuitive control diagram is proposed, which contains two control schemes. The
first scheme is through direct PC control. In this scheme, the servo controller (Maestros) receives
digital signals including joint angles, and angular speeds and accelerations from the software in-
terface on the PC and sends PWM signals to the servo motors, leading to the motion of the robotic
hand. The current positions of the joints are fed back to the Arduino then to the PC. The second
control scheme is identifying the grasping state and the output force automatically, through the
sensor reading and the relations between servo, joint angle and fingertip force. The derivation
was described in the previous section, and the grasping strategies will be detailed in the following
sections.

Moreover, for off-line application a button, a potentiometer and a 1.54-inch screen (with 200 x
200 resolution) form a built-in user interface system in the hand. The screen is programmed to
display the joint position and force sensor reading to provide real-time information of the hand.

Cost for the prototype of MCR-Hand III developed in this paper is approximate $800. Com-
paring with the commercially available robotic hands listed in Table |3} it can be found that the
MCR-Hand III is a low-cost light-weight robotic hand with mechanical compliance, and can pro-
vide capabilities for manipulations that require the closest approximation of the human hand.

Table 3: Some commercial robotic hands and the MCR-Hand III

Name DoF AN! Weight (kg) Size’ Payload (kg) FCXN) MC* Price US$
Shadow Hand 24 20 4.3 1.2 4 - N  >60,000
Hand-Lite 16 13 2.4 1.2 4 10 N  >10,000
DLR-HIT HandII 15 10 1.5 1.0 - 10 N  >14,000
SchunkHand 20 9 1.3 1.0 - 5 N 54,000
MCR-HandIII 21 16 <0.5 1.2 2.5 7 Y <800

1 AN stands for Actuator Number

2 Here size is the ratio between size of robotic hand and that of an adult human hand.
3 FC stands for fingertip force

4 MC stands for Mechanical compliance

4.2. Fingertip Force Calibration and Validation

In MCR-Hand I1I, each fingertip of fingers and thumb is supplied with a force sensor, which is
covered with rubber tip and connected to 3.3V DC power through resistance. In order to function-
alize the sensor, calibration is carried out with the set-up illustrated in Fig. (a). In the calibration
process, the sensor is placed on a precision scale, then by applying specified loads on the sensor
(which will simultaneously exerted on the scale), and reading the values from both the scale and
sensor, the characteristic curve that maps the sensor reading to the corresponding force value can
be obtained as shown in Fig. [10[(b). From the figure, it can be seen that the curve is approximately
composed of two straight lines cornered at a point in which the reading is 90. Hence, from the
curve sensor force can be expressed by the sensor reading as

0.01 x3.33 x N, (N), for N, <90
f:{ - (V) p 04

0.01 x (1.84 x N, +135.2) (N), for N, >90
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where N, stands for the value from reading of the sensor.
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Figure 10: (a) Force sensor calibration set-up; (b) relation between sensor reading and contact force; (c) Theoretical
relation between f,,24 and 8,4 when 0,4 is fixed at 130° of the index finger; (d) Experimental relation between f24
and 0,4 when B4 is fixed at 130° of the index finger; (e) Theoretical relation between f;;24 and 0524 when 6,4 is fixed
at 20° of the index finger; (f) Experimental relation between f;,24 and 624 when 6,4 is fixed at 20° of the index finger.

By using the force sensor attached on the fingertip, the fingertip reading force from the sensor
can be compared and verified with the theoretical results obtained with the derivations in the
finger force analysis in Section

Taking the action of the PIP joint in the index finger as an example, when the servo joint angle
0524 is fixed at 130°, the theoretical relation between the PIP joint angle 0,4 and the normal force
contributed from this joint f;24 as obtained with Eq. is illustrated in Fig. (c), and the ex-
perimental results with the same servo joint angle setting (6524 = 130°) and different joint angles
(ranging from 62° to 75°) is illustrated in Fig. [10[d). Note that, in order to protect the motor and
spring, the joint angle has only changed by 13° during the test. It can be found that the experimen-
tal curve is very close with the theoretical one, while, the experimental fingertip force is about 0.5N
less than the theoretical result, it may due to the friction. In addition, Figs. (e) and (f) show the
theoretical and experimental results relating the fingertip force f,24 and the servo joint angle 04
in the PIP joint. In this case, for the theoretical results, the PIP joint angle 0,4 is fixed at 20°, and re-
lation between 64 and f;;24 is calculated with Eq. . For the experimental results, the PIP joint
angle 0,4 is fixed at 20°, the fingertip force is recorded while increasing the motor joint angle 6,4
from 70° to 90°. It can be seen that there is still 0.5N difference for the fingertip force between the
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theoretical and experimental results, which indicated that the error source is similar and stable,
and thus be compensated. The calibration between the finger joint angles and fingertip forces can
then be further used for hybrid position and force control in further study. In addition, through
test, we found that the fingertip force of the MCR-Hand III could reach a controllable value of
approximately 7N with the servo motor used in the prototype.

4.3. Object Stiffness Identification and Grasping Force Control

In manipulation, stiffness of the targeted objects is an important parameter that must be con-
sidered when the robot hand is to grasp an object. There are several ways to determine stiffness of
objects, e.g. using external camera with image processing [51], analyzing the force sensor feedback
curve from different objects to determine the stiffness [52]. In this section, the process of identi-
fying object stiffness using the compliant transmission systems from MCR-Hand III is presented,
together with different strategies for object grasping.

The process for identifying object stiffness and grasping is summarised in the flowchart as
shown in Fig. it consists of three stages, i.e. the approaching and contacting stage, measur-
ing stage, and grasping stage.

4.3.1. Approaching and Contacting Stage

In the approaching and contacting stage, the robotic finger and thumb will flex to the targeted
object from fully extended until the contacting is detected. There are two schemes for the MCR-
Hand III to identify object contact as follows.

The first, by using force feedback at the fingertips. For PIP/DIP, MCP-1 joint in the fingers, and
IP and CMC-1 joints in the thumb, flexion of these joints may cause an increase in the fingertip
normal force. Hence force sensors at the fingertips are used to detect contact based on the sensor
reading, which may reaches a value above specified threshold (f > finreshoia)- Once the system
detects contact force (e.g. f;i ) from sensor reading, which can be considered as the finger has
touched the object, the corresponding motor stops rotating.

The second, for the joints which force feedback at the fingertips can not be used, e.g. the CMC-
2 joint, flexion of these joints causes no change in fingertip normal force. In this case the contact
identification process relies on the relationship between servo joint angle 6;; and joint angle 0,
when the normal fingertip force f,;; = 0. At the stage if fingers and thumb flex, joint angles 0y;
and 0;; are compared real-time. When there is no contact force applied, i.e. f;; =0, 05;; and 0;;
has the following relationship according to Eq. (23),

0ij=g1(fnij=0,0si) (25)

After the fingers and thumb touch the object, the motors continue to rotate. This leads to the de-
formation of springs in the LST and TST systems such that 6;; and 6y;; no longer have the relation
in Eq. (25), 0;; is smaller than the one obtained from Eq. as

0ij <e-g1(fnij=0,0sij) (26)

Here, a sensitivity coefficient e satisfying 0 < e < 1 is introduced to avoid misjudgement. Once
all the fingers and thumb are in contact with the object, further motion of the finger and thumb
is forbidden, and the hand enters measuring stage. If the joint angles reach their maximum, the
servos stop and the process ends.

4.3.2. Measuring stage

The measuring stage aims at estimating stiffness of the object grasped by the hand. After the
fingers contact the object, further motion of the servos lead to deformation of the springs, resulting
in the increase of contact force, deformation of the object follows subsequently if the objects is
deformable.
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Figure 11: Flowchart for grasping based on object stiffness. The process is divided into three stages, i.e. contacting,
measuring and grasping stage. In the contacting stage, the robotic finger touches the object’s surface and the contact
is detected. In the measuring stage, the robotic hand will apply a certain force, to calculates the stiffness factor S of
the object, and evaluate its softness. In the grasping stage, different grasping forces are applied according to different
stiffness factors.

The amount of deformation of the target object is positively related to the finger joint angle
0;; and substantially change of the associated servo joint angle Afy;; (e.g., if the target object is

20



440

445

450

455

deformable, after the fingers and thumb contact the object, as the motor continues rotating an
angle Afy; j, the fingertip force increases and the target object deforms due to the force, simulta-
neously in the process joint angles of the fingers and thumb increase). For objects with different
stiffness, the deformation is different, and so are increases of joint angles. Therefore, deformation
of the objects can be quantified by the joint angle difference under the same Afy;; (Note that here
we consider that the size of different objects are similar. Otherwise, the deformation should be
positively related to the distance change of the fingertip). To distinguish the different stiffness, a
stiffness factor S is introduced. This factor is expressed as the ratio between the joint angle dif-
ference A6;; and the fingertip force difference A f;;; when the servo continues to rotate an angle
Afg; j after contacting,

£6;; 050

Afnij fzfz’j _fnlij
where 0 11 i and 6? jare the joint angles before and after the motor continues to rotate by angle Af; ;,
and f;i i and fgi jare the fingertip force before and after the same rotation of the motor.

Deformation of the grasped object is proportional to factor S. It is understandable that under
the same fingertip force, if the object is formed of soft material, factor S is greater, and on the
contrast, S is smaller if the object is made of rigid material.

In addition, before the measuring process the servo joint angle Afy; ; for each finger joint needs
to be specified so that the fingers perform further grasping for measuring the stiffness of the tar-
geted object. After the approaching and contacting stage, the MCP-1 and PIP/DIP joints are held at
the same time so as to provide grasping force at fingertip. During the measurement of object stiff-
ness factor, fingertip forces generated by the MCP-1 joint and the PIP/DIP joint maintain equal;
in the meanwhile, the resultant force generated by multiple fingers and force from the thumb are
equal.

To start with, we define an abbreviation MCRA for the angle that motor/servo continues to
rotate after the contact stage, i.e. Af;;. Further, superscript 1 stands for the angle before mea-
suring, and superscript 2 for the joint angle after measuring. Then, object stiffness factor S can be
identified and estimated through the following steps.

Step 1: For the fingers, through a series of tests and experiments according to objects to be
grasped, we first set and specify MCRA of the PIP joint as Af;;4, then MCRA for the MCP-1 joint
ABg;3 in the same finger is calculated in terms of Af;4 as follows.

In the PIP joint, let the driving servo joint angle be 0 ; ;4 When the finger contacts with object,
after the motor continues to rotate by Af;4, the new motor joint angle 6? 14 18

27)

62

si4

=04+ AOsi4 (28)
With 9? ;4> the normal fingertip force from the PIP/DIP joint after the measuring, i.e. f, ,f ;4 can
be estimated by using Eq. as
Fia = 82(030,054) (29)
Note that herein the joint angle at contacting stage 0}4 is used to estimate the fingertip force be-
cause the joint angle after the measuring stage 9124 is unknown.
As aforementioned, fingertip normal force generated from the PIP joint f,fl. and MCP-1 joint
2 5 after measuring are equal such that it has f2,, = f2,. With f7.., using Eq. (23) the MCRA for
the MCP-1 joint, Af;3 can be calculated as follows:

0% =83 (03 [i3) (30)

and hence
ABsi3 = O3 = O35 (31)
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Where 9}3 is the MCP-1 joint angle at contacting stage.

In the above calculations, angles 9}4 and 6}3 at the contacting stage are read from sensors.
The motors driving the MCP-1 and PIP joints rotate simultaneously, and fingers involved in the
grasping performance share the same Af;;4, and Afg;3.

Step 2: For the thumb, the MCRA Af; ; is calculated in terms of that of the fingers Af;4 as the

force provided by the thumb f,fl i is opposite and equal to the resultant force generated by all the
fingers involved. That is

nl] me4 (32)

Where f 51]' and frfl. , refer to the fingertip force of thumb and a single finger, respectively. N refers
to the number of fingers involved.
Then, MCRA for the thumb A6y, ; can be calculated by using Eq. as

9?1;‘ =83 (Q%j’f;glj) (33)

and thus

AOs1j =05, —6; (34)

slj

Where 9% i is the joint angle at contacting stage, and 9;1 i is the motor joint angle for the thumb at
contacting stage.

Subsequently, using Eq. the MCRA at each joint in the thumb Afy;; can be determined.
The motors involved in the grasping hence rotate the corresponding angle Afl;; to generate the
contact forces for the test object. The targeted object then deforms due to the contact forces, and
the joint angles of the fingers and thumb increase due to the deformation. Changes of the joint
angles can be read directly from the rotation sensors, which leads to the calculation of stiffness
factor of the object through Eq. (27).

Step 3: In order to obtain S in Eq. , the next step is to calculate the change of fingertip
normal force A fnij-

For the joints that can use force feedback from fingertip, such as the PIP/DIP, MCP-1 joints
in the fingers, and the IP, CMC-1 joints in the thumb, flexion of these joints cause increases in
fingertip normal force. Hence, the reading from fingertip force sensor before and after the mea-
suring stage can be directly used to calculate the fingertip force increase. On the other hand, for
the joints that cannot use force feedback, such as the CMC-2 joint in the thumb, fingertip normal
force change caused by this joint needs to be calculated by using Eq. (23). The fingertip force from
this joint before and after the measuring stage are

fnz] 82 (6111’9;1]) and fm] (efj’eil]) (35)

and hence from the above the fingertip force difference can be obtained as
Af’“] fm] nlij (36)

where 91 and 92 are the joint angles before and after measuring stage, which can be read from

the joint sensors 91 and 92 are motor joint angles before and after measuring which are known
from the previous step
Step 4: Based on the above derivation, stiffness factor of the object can be calculated using Eq.
(7). For example, if we use PIP joint in the index finger to calculate the stiffness factor of the
object, it has:
9%4 ~ 9%4

S =
2
fn24_f11124

(37)
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In the daily life manipulation, objects are of various stiffness. In this study, based on a series of
grasping tests (the stiffness factors for different objects were measured using Eq. (37), i.e. a cake,
a cup, etc.), they are roughly divided into three categories according to their stiffness from rigid to
soft. Object with S <1 is defined as rigid; with 1 < S <5 is semi-soft; and with S > 5 is soft. In this
stage, we assume that the object’s stiffness is uniform.

4.3.3. Grasping stage

After the measuring stage which identifies stiffness of the targeted object, it is grasping stage.
In this stage, in order to grasp the object, servos in the fingers which are involved in the grasp need
to rotate further. Similar to the previous section, in order to find the rotation angels for each servo
in the fingers and thumb, the further angle change in the PIP joint in a finger needs to be identified
and specified. Herein, the further motor rotation at the PIP joint of a finger is denoted as AQ?E.C},
with A stands for grasping stage and r = 1, 2 and 3 for the cases that the object is rigid, semi-soft
and soft, respectively. For objects of different stiffness, the value AQ?ZQ are different. Based on a
series of tests, the approximate values of AG?IQ for different objects are AG?}4 = 10°, Aeﬁ =6°
and AH@ = 4°. Using the specified angle AB?A, further servo rotation angle at joints in the fingers
and thumb involved in the grasping can be calculated based on the same equations derived in the

measuring stage.

4.3.4. Autonomous grasping tests

In this section, in order to demonstrate the use of sensory systems and the real-time object
stiffness identification and control approach presented above, autonomous grasping tests are con-
ducted. The index, middle fingers and the thumb are involved in this test. Motions from PIP/DIP
and MCP joints (which are associated with fingertip force feedback) in the finger are mainly con-
sidered, while CMC-2 joint (without force feedback) in thumb is used to assist completing the
grasping. Further, to identify contact, the threshold for force sensor is set to 20, with the sensitivity
coefficient e = 0.9, and the measuring time is set as 2 s (to calculate the average value during the
measuring time). To simplify the algorithm, only the rotation sensor and force sensor in the index
finger is used to calculate the stiffness factor.

Three different objects with three stiffness factors, i.e. a cake (see Fig. (a)), a plastic cup (see
Fig. [I2|(b)) and a glass cup (see Fig. [12](c)), are used for the autonomous grasping tests, sizes of
the cups are similar. In all the tests, once the grasping stage is accomplished, the MCR-Hand III is
raised by a 1-DOF customised supporting arm.

Throughout the tests, fingertip forces and joint angles for the PIP, MCP, and CMC-2 joints are
recorded. Each test was repeated for 10 times. For the soft and medium stiffness objects, every test
was successful and the targeted objects were lifted by the arm successfully without damage (could
return to its original shape after grasping). However, 3 out of 10 tests failed for the rigid object,
the targeted object slipped out of the hand during the tests. This occurs because for objects with
high stiffness, due to the smaller deformation, the contact area is small, and thus contact with the
robotic hand is close to point contact. When only the tips of the finger and thumb are in contact
with the objects, it cannot provide a stable force to keep the targeted object in balance while lifting,
and thus the object deflects and slips off. For all the tests, joint angles and fingertip forces for the
approaching and contacting stage, measuring stage and grasping stage, are shown in Fig. It can
be found from the figure that, stiffness factor detected for the cupcake is S = 9.65 and the grasping
force used is 1.9 N; stiffness factor measured for the plastic cup is S = 2.62 and the grasping force
is 3.8 N; and stiffness factor for the glass cup is S = 0.465 with grasping force 5.9 N.

Through these tests, it demonstrates that the LST, TST systems proposed in this paper are effi-
cient and feasible for detecting contact and for measuring stiffness of the targeted object without
introducing extra sensors. However, avoiding slippage in rigid object grasping is issue to be con-
sidered for future design.
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Figure 12: Joint angle and fingertip force during autonomous grasping tests. Through the measuring stage, the stiff-
ness factors S of the three objects are 9.65, 2.62, 0.465, respectively, which are evaluated as soft (a), Semi-soft (b), and
rigid (c). Therefore, three different gripping forces are applied to the grasping stage.

5. Empirical Study and Evaluation

5.1. Grasping Evaluation Based on Cutkosky Taxonomy

One of the main functions of robotic hands is to assist human for work in factories and the
other civilian daily life operations, hence in this section the Cutkosky Taxonomy is used to
evaluate the performance of the proposed robotic hand. There are 16 different types of grasping
poses in the Cutkosky taxonomy, which are divided into power grasping and precision grasping.
By using the MCR-Hand 11, a static evaluation was conducted by determining whether the hand
can complete the grasping poses listed in the Cutkosky taxonomy, and the experimental results are
presented in Fig. From Fig. it can be seen that the MCR-Hand is capable of implementing
both power and precision grasp including heavy wrap, thumb-index finger grip, spherical power
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Figure 13: Grasping performance of the MCR-Hand III according to Cutkosky taxonomy.

grasp, medium wrap, and lateral pinch grip. The more grasping and manipulation studies can be
conducted further for various applications.

5.2. Grasping with Deformable Object

In this section, the robotic hand will be tested to grasp a thin plastic cup filled with 80% of its
volume by water of about 150 g, the grasps will be conducted by using different combination of
fingertip forces. The purposed of this test is to check whether the hand is capable of automatically
generating adaptable force that is suitable for grasping medium soft objects.

The setting-up of this test is shown in Fig. a), the robotic hand is attached to a 1-DOF robotic
arm. The plastic cup is placed on a platform, locations of the platform and cup are fixed to the
same position throughout the test. In this test, only the index and middle fingers, and the thumb
participate. The PIP and MCP-1 joints of the fingers, and the CMC-2 joint of the thumb are actu-
ated to generate sufficient fingertip forces.

In the test, finger joint and servo angles were recorded (with sensors at the joints) when the
finger touched the cup surface. Then we increased angles of the servos (by 3° for the PIP joint, 2°
for the MCP joint, and 4° for the CMC-2 joint) to increase the contact forces between the fingertips
and cup. Following this, the robotic arm lifted the robotic hand. Readings from servo angle, force
sensor, grasp state, deformed situation of plastic cup were all recorded. The test was repeated until
the cup was totally deformed.
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Figure 14: Grasping performance with force control. (a) Experiment set-up for test of lifting a cup; (b) Experiment
results for cup lifting test.

The test was repeated seven times, and the results are shown in Fig. (b). The first test was car-
ried out at the initial servo angles when fingertips touched the cup surface, results show the slip-
page occurred during the lifting process (indicated in downward arrow in Fig.[14|(b)) and hence the
first experiment was considered failure. Servo angles in the second and third tests were increased,
where the increment of servo angles in the finger joints are shown in Fig. [I4|(b). In these two tests,
the cup was still not firmly held during lift, and thus they were considered failed. Then, with the
joint angles in the fingers continued to increases, tests indicated that the cup could be held firmly
with no deformation when the servo angles reached the specified values, as shown in the fourth
and fifth tests in Fig. (14| (b). Further increasing the servo angles, as the sixth and seventh tests in
Fig. [14]b), lead to severe deformation of the cup such that the cup could not return to its original
shape after the grasping, thus these two tests were also considered failed.

These tests indicate that it is important to have the grasping force controlled while handling
soft material-based objects, like cakes, flowers and jelly. The proposed robotic hand can fulfil such
an operation.

5.3. Further Dexterous Manipulation Test

Other than grasping objects, robotic hands are required to complete manipulation tasks for the
highly demands in industry and domestic use. There is no single standard to distinguish the ma-
nipulability of a robotic hand especially for dexterity ones. In order to demonstrate manipulability
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an electronic piano as illustrated in Fig. then with pre-programmed sequences, the proposed
robotic hand successfully played a short section of a piece. The performance was implemented
and recorded as shown in the video attached.
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Figure 15: The MCR-Hand III in piano manipulation.

6. Conclusions

In this paper, a low-cost anthropomorphic robotic hand, MCR-Hand III, was for the first time
presented. This novel robotic hand has a hybrid transmission system that combines both tendon-
driven and linkage-driven systems, which leads to the design of a robotic hand that is close to
the size of an adult human hand and can imitate all DOFs of a human hand. Mechanical compli-
ance was also introduced by integrating mechanical springs with the linkage- and tendon-driven
systems. Such compliance not only secures the robotic hand from unexpected external distur-
bance and force, but also provides the hand with functions of contact detection, object stiffness
identification, and better grasping and manipulation performance. Kinematics and force analysis
of the proposed robotic hand were presented supported by numerical simulation results, laying
background for comparison and evaluating the features of the proposed hand. By using 3D print-
ing technology, prototype of the proposed hand was developed integrated with economic sensory
and control systems, leading to an affordable full functional robotic hand. Using the prototype,
calibration and validation of the sensory systems were accomplished, and an object stiffness iden-
tification and grasping force control algorithm was developed, tested and evaluated. Then, based
on the Cutkosky taxonomy, grasping and manipulation performance of the MCR-Hand III was
verified, with extended experiments in deformable object grasping and piano piece playing.
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The proposed robotic hand can generate up to 7 N controllable fingertip force. The overall
weight of the hand is only about 490 g. The hand is in the size that is similar to a male adult hand,
and the prototype hand costs less than $800 which makes it affordable for the wider public in
various applications.

This paper hence has presented an affordable full-functional lightweight robotic hand which
is suitable for lightweight robotic system integration with applications in the fields such as fruit
and food processing, human-robot interaction, and autonomous product assembly.
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740 Appendix A. D-H parameters of the MCR-Hand III

In the tables, angles are in radian and lengths are in millimetres.
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Table A.4: D-H parameters of the Thumb

I a1 a1 di  0;
1 #n/2 -20.62 0 0

2 0 0 30.25 043
3 —m/2 -10.66 0 012
4 m/2 44.2 0 013
5 0 39.7 0 014
6 0 21.2 0 0

Table A.5: D-H parameters of the index finger

I a1 a1 d; 0;

1 0 0 0 0.364

2 0 -30.07 O —7/2

3 0 87.09 0 -m/2-05
4 w/2 0 0 02

5 0 46.4 0 053

6 0 33.2 0 054

7 0 25.2 0 0

Table A.6: D-H parameters of the middle finger

i a1 a1 di 0

1 0 0 0 0.364
2 0 -4.07 0 -—-m/2
3 #n/2 91.5 0 031
4 0 544 0 O3
5 0 3824 0 0O
6 0 28.2 0 0

Table A.7: D-H parameters of the ring finger

I a1 a1 d; 0i

1 0 0 0 0.209

2 m/2 2013 O 041

3 —=n/2 1024 O 0

4 0 7264 0 1.466+04
5 /2 0 0 943

6 0 51.4 0 044

7 0 38.2 0 045

8 0 25.2 0 0
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Table A.8: D-H parameters of the little finger

I a1 a1 d; 0;

1 0 0 0 0.209

2 #wl/2 2013 O 051

3 —=n/2 3378 0 0

4 0 87.63 0 1.466+0s5,
5 /2 0 0 653

6 0 422 0 0s,4

7 0 29.2 0 Oss5

8 0 21.2 0 0
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