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Preface

MEDER 2015, IFToMM International Symposium on Mechanism Design for
Robotics, is the third event of a series that started in 2010 as a specific conference
activity on mechanisms for robots. The first event was held at Universidad
Panamericana de Ciudad de Mexico, Mexico in September 2010 and the second
was held at Beihang University, Beijing, China in October 2012.

The aim of the MEDER Symposium is to bring together researchers, industry
professionals and students from broad ranges of disciplines dealing with mecha-
nism for robots, in an intimate, collegial and stimulating environment. Again, in the
2015 MEDER the event received increased attention, since the proceedings contain
contributions by authors from all over the world.

The proceedings of MEDER 2015 Symposium contains 42 papers, which were
selected after review for oral presentation. These papers cover several aspects of the
wide field of Mechanism Design for Robotics, from theoretical studies up to
practical applications through new robot designs and prototypes. They are authored
mainly from the IFToMM community coming from China, Denmark, France,
Germany, Italy, Japan, Mexico, The Netherlands, Norway, Russia, Singapore,
Spain, UK and USA.

We express grateful thanks to the MEDER Symposium International Scientific
Committee members including Marco Ceccarelli, Chair (University of Cassino,
Italy), Juan Carretero (University of New Brunswick, Canada), Lu Zhen (Beihang
University, China), Pierre Larochelle (Florida Institute of Technology, USA), Ding
Xilun (Beihang University, China), Grigore Gogu (French Institute for Advanced
Mechanics, France), I-Ming Chen (Nanyang Technological University, Singapore),
Mario Acevedo (Panamerican University, Mexico), Teresa Zielinska (Warsaw
University of Technology, Poland), Joseph Rooney (Open University, UK), Atsuo
Takanishi (Waseda University, Japan), Alfonso Hernandez (Bilbao University,
Spain) for cooperating enthusiastically for the success of the MEDER 2015 event.

We thank the authors who contributed with very interesting papers on several
subjects, covering many fields of Mechanism Design for Robotics and additionally
for their cooperation in revising papers in due time in agreement with the reviewers’
comments. We are grateful to the reviewers for the time and efforts they spent in

v



evaluating the papers within a given schedule that has permitted the publication of
this proceedings volume. These reviewers are Zheng-Hua Tan (Aalborg University,
Denmark), Xuping Zhang (Aarhus University, Denmark), Marco Ceccarelli and
Giuseppe Carbone (University of Cassino and South Latium, Italy), Juan Antonio
Carretero (University of New Brunswick, Canada), Grigore GOGU (French
Institute of Advanced Mechanics in Clermont-Ferrand, France), John Hayes
(Carleton University, Canada), Ronghua Li (Dalian Jiaotong University, China),
Carl Nelson (University of Nebraska–Lincoln, USA), Latifah Nurahmi (IRCCyN,
France), Alba Perez Gracia (Idaho State University, USA), Teresa Zielinsks
(Warsaw University of Technology, Poland), Alfonso Hernandez (University of the
Basque Country, Spain), Volkert van der Wijk (University of Twente, The
Netherlands) and Tao Li (Institute of Advanced Manufacturing Technology,
China).

We thank Aalborg University (AAU), in particular, the Department of
Mechanical and Manufacturing Engineering and Aalborg U Robotics, for having
hosted the MEDER 2015 event. We would like to thank our colleagues at AAU for
their efforts and support in the symposium organizing. We thank the local orga-
nizing committee members including Ole Madsen, Jørgen Kepler, Guanglei Wu,
Ewa Kolakowska and Christoffer Eg Sloth, who put their prestigious time into the
event to make it successful. We also extend our thanks for help by the LARM
Laboratory of Robotics and Mechatronics of University of Cassino.

We thank The IFToMM (International Federation for the Promotion of
Mechanism and Machine Science) for sponsorship of two Young Delegation Travel
grants. The symposium received generous support from local sponsors, namely the
Thomas B. Thriges Fund and the Danish RoboCluster, which were critical to make
this symposium of low registration cost possible.

We thank the publisher Springer and its Editorial staff for accepting and helping
in the publication of this Proceedings volume, since its early steps in 2014.

We are grateful to our families, as without their patience and comprehension it
would not have been possible for us to organize MEDER 2015, IFToMM
International Symposium on Mechanism Design for Robotics and this Proceedings
volume.

Aalborg Shaoping Bai
Cassino Marco Ceccarelli
March 2015

vi Preface



Contents

Part I Linkage and Manipulators

Finger Mechanisms for Robotic Hands . . . . . . . . . . . . . . . . . . . . . . . . 3
M. Ceccarelli

Dimensional Synthesis of One-Jointed Multi-fingered Hands . . . . . . . . 15
Alba Perez-Gracia

A Modular Shape-Adaptive Mechanism for Robust
Robotic Grasping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
Carl A. Nelson

Mass Equivalent Dyads . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
V. van der Wijk

A Light Weight Arm Designed with Modular Joints . . . . . . . . . . . . . . 47
Honggen Fang, Lijie Guo and Shaoping Bai

Dynamic Balancing Conditions of Planar Parallel Manipulators . . . . . 55
Mario Acevedo and José María Reyes

Design and Characterization of a New 5-DOF Arc
Welding Robot . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
T. Li, F.Y. Guo, M.Z. Luo, M. Ceccarelli, X. Liu,
S.X. Chen and L. Fu

Optimization of Grinding Parameters for Twist Drill
in Biglide Parallel Machine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
M.I. Kim and Ping Zou

vii

http://dx.doi.org/10.1007/978-3-319-18126-4_1
http://dx.doi.org/10.1007/978-3-319-18126-4_2
http://dx.doi.org/10.1007/978-3-319-18126-4_3
http://dx.doi.org/10.1007/978-3-319-18126-4_3
http://dx.doi.org/10.1007/978-3-319-18126-4_4
http://dx.doi.org/10.1007/978-3-319-18126-4_5
http://dx.doi.org/10.1007/978-3-319-18126-4_6
http://dx.doi.org/10.1007/978-3-319-18126-4_7
http://dx.doi.org/10.1007/978-3-319-18126-4_7
http://dx.doi.org/10.1007/978-3-319-18126-4_8
http://dx.doi.org/10.1007/978-3-319-18126-4_8


Kinematics and Singularity Analysis of a 3-RRR
Planar Hybrid Mechanism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
Ruiqin Li, Shuiqin He and Yaohong Zhao

A Method to Estimate the Encoder Dependent Repeatability
of General Serial Manipulators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
M. Brandstötter, Christoph Gruber and M. Hofbaur

Part II Innovative Mechanism/Robot and Their Applications

Designing and Implementing an Interactive Social
Robot from Off-the-Shelf Components . . . . . . . . . . . . . . . . . . . . . . . . 113
Zheng-Hua Tan, Nicolai Bæk Thomsen and Xiaodong Duan

Portable Design and Range of Motion Control
for an Ankle Rehabilitation Mechanism Capable
of Adjusting to Changes in Joint Axis. . . . . . . . . . . . . . . . . . . . . . . . . 123
A. Szigeti, Y. Takeda and D. Matsuura

Dynamic Modeling and Torque Distribution
of a Climbing Hexapod Robot . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
Dong Liu, Weihai Chen, Zhongcai Pei, Jianhua Wang
and Xingming Wu

Development and Simulation of an Automated Twistlock
Handling Robot System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145
C. Liang, Y. Zou, I.-M. Chen and M. Ceccarelli

Grinding Methodology Research for Helical Drill
Based on the Biglide Parallel Grinder. . . . . . . . . . . . . . . . . . . . . . . . . 155
P. Zou, R. Lv, X.J. Gao and F. Li

Part III Actuators and Control

Towards Safe Robotic Surgical Systems . . . . . . . . . . . . . . . . . . . . . . . 165
C. Sloth and R. Wisniewski

A Comprehensive Analytical Model and Experimental
Validation of Z-shaped Electrothermal Microactuators . . . . . . . . . . . . 177
Zhuo Zhang, Weize Zhang, Qiyang Wu, Yueqing Yu,
Xinyu Liu and Xuping Zhang

viii Contents

http://dx.doi.org/10.1007/978-3-319-18126-4_9
http://dx.doi.org/10.1007/978-3-319-18126-4_9
http://dx.doi.org/10.1007/978-3-319-18126-4_10
http://dx.doi.org/10.1007/978-3-319-18126-4_10
http://dx.doi.org/10.1007/978-3-319-18126-4_11
http://dx.doi.org/10.1007/978-3-319-18126-4_11
http://dx.doi.org/10.1007/978-3-319-18126-4_12
http://dx.doi.org/10.1007/978-3-319-18126-4_12
http://dx.doi.org/10.1007/978-3-319-18126-4_12
http://dx.doi.org/10.1007/978-3-319-18126-4_13
http://dx.doi.org/10.1007/978-3-319-18126-4_13
http://dx.doi.org/10.1007/978-3-319-18126-4_14
http://dx.doi.org/10.1007/978-3-319-18126-4_14
http://dx.doi.org/10.1007/978-3-319-18126-4_15
http://dx.doi.org/10.1007/978-3-319-18126-4_15
http://dx.doi.org/10.1007/978-3-319-18126-4_17
http://dx.doi.org/10.1007/978-3-319-18126-4_17
http://dx.doi.org/10.1007/978-3-319-18126-4_17


Optimising Configurations of KUKA LWR4+
Manipulator for Calibration with Optical CMM . . . . . . . . . . . . . . . . . 189
Sergey A. Kolyubin, Leonid Paramonov and Anton S. Shiriaev

Key Parameters Optimization of a Novel Tubular Double
Excitation Windings Linear Switched Reluctance Motor . . . . . . . . . . . 201
Liang Yan, Wei Li, Zongxia Jiao, Chin-Yi Chen and I-Ming Chen

Optimizing Tracking Performance of XY Repositioning
System with ILC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 207
Sigurd Villumsen and Casper Schou

Part IV Mechanism Design

Shift Strategy for Railway Vehicle Transmissions . . . . . . . . . . . . . . . . 221
Xiaodong Tan, Siyu Bo and Yanlei Lei

Research and Analysis on Transmission Error of RV
Reducer Used in Robot . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 231
Weidong He and Lijun Shan

Structural Design and Kinematic Analysis of Moving
Mechanism of Insulator Inspection Robot . . . . . . . . . . . . . . . . . . . . . . 239
S.J. Li, Q. Yang, M. Geng, H.G. Wang and X.P. Li

Atlas Motion Platform Full-Scale Prototype Design . . . . . . . . . . . . . . . 249
Z. Copeland, B. Jung, M.J.D. Hayes and R.G. Langlois

Simulation of Kinematic Pairs in the Calculation
Mechanisms by Finite Element Method . . . . . . . . . . . . . . . . . . . . . . . 261
Y.S. Temirbekov

Part V Mechanics of Robots

Compliance Control and Design for Intelligent Lunar Robot . . . . . . . . 275
R.H. Li, Q.L. Fan, X.J. Zhang and Y. Zhang

Design Analysis and Dynamic Modeling of a High-Speed
3T1R Pick-and-Place Parallel Robot . . . . . . . . . . . . . . . . . . . . . . . . . . 285
Guanglei Wu, Shaoping Bai and Preben Hjørnet

Contents ix

http://dx.doi.org/10.1007/978-3-319-18126-4_18
http://dx.doi.org/10.1007/978-3-319-18126-4_18
http://dx.doi.org/10.1007/978-3-319-18126-4_19
http://dx.doi.org/10.1007/978-3-319-18126-4_19
http://dx.doi.org/10.1007/978-3-319-18126-4_20
http://dx.doi.org/10.1007/978-3-319-18126-4_20
http://dx.doi.org/10.1007/978-3-319-18126-4_21
http://dx.doi.org/10.1007/978-3-319-18126-4_22
http://dx.doi.org/10.1007/978-3-319-18126-4_22
http://dx.doi.org/10.1007/978-3-319-18126-4_23
http://dx.doi.org/10.1007/978-3-319-18126-4_23
http://dx.doi.org/10.1007/978-3-319-18126-4_24
http://dx.doi.org/10.1007/978-3-319-18126-4_25
http://dx.doi.org/10.1007/978-3-319-18126-4_25
http://dx.doi.org/10.1007/978-3-319-18126-4_26
http://dx.doi.org/10.1007/978-3-319-18126-4_27
http://dx.doi.org/10.1007/978-3-319-18126-4_27


Dynamic Characteristics of Two Cylinders’ Joint
Surfaces Based on Fractal Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . 297
Xiaopeng Li, Xue Wang, Jiasheng Li, Muyan Li and Shujun Li

Modular System with Varying Contact Elements
for a Reconfigurable Parallel Robot . . . . . . . . . . . . . . . . . . . . . . . . . . 307
S. Kurtenbach, M. Hüsing and B. Corves

Study on Nonlinear Dynamics of RV Transmission System
Used in Robot Joints . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 317
Lijun Shan and Weidong He

Compliance Modeling and Error Compensation
of a 3-Parallelogram Lightweight Robotic Arm . . . . . . . . . . . . . . . . . . 325
Guanglei Wu, Sheng Guo and Shaoping Bai

A Design Method of Thin-Walled and Four-Point
Contact Ball Bearings of Industrial Robots . . . . . . . . . . . . . . . . . . . . . 337
Xiujuan Zhang, Shuangchun Luo, Ronghua Li and Yi Tian

On the Elastostatics of Spherical Parallel Machines
with Curved Links. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 347
A. Cammarata and R. Sinatra

Accuracy Analysis of a Tripod Parallel Grinder . . . . . . . . . . . . . . . . . 357
P. Zou, F. Liu, X.J. Gao, X.L. Yang and M.Z. Ai

General Purpose Software to Solve the Inverse Dynamics
and Compute the Internal Efforts of Non-redundant
Planar Mechanisms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 365
Erik Macho, Victor Petuya, Monica Urizar and Alfonso Hernandez

Dynamic Modeling of Flexible Robot Manipulators:
Acceleration-Based Discrete Time Transfer Matrix Method . . . . . . . . . 377
Rasmus Srensen, Mathias Rahbek Iversen and Xuping Zhang

Comparative Study on the Kinematic and Static
Performance of Two 1T2R Parallel Manipulators . . . . . . . . . . . . . . . . 387
Binbin Lian, Hélène Chanal and Yan Jin

x Contents

http://dx.doi.org/10.1007/978-3-319-18126-4_28
http://dx.doi.org/10.1007/978-3-319-18126-4_28
http://dx.doi.org/10.1007/978-3-319-18126-4_29
http://dx.doi.org/10.1007/978-3-319-18126-4_29
http://dx.doi.org/10.1007/978-3-319-18126-4_30
http://dx.doi.org/10.1007/978-3-319-18126-4_30
http://dx.doi.org/10.1007/978-3-319-18126-4_31
http://dx.doi.org/10.1007/978-3-319-18126-4_31
http://dx.doi.org/10.1007/978-3-319-18126-4_32
http://dx.doi.org/10.1007/978-3-319-18126-4_32
http://dx.doi.org/10.1007/978-3-319-18126-4_33
http://dx.doi.org/10.1007/978-3-319-18126-4_33
http://dx.doi.org/10.1007/978-3-319-18126-4_34
http://dx.doi.org/10.1007/978-3-319-18126-4_35
http://dx.doi.org/10.1007/978-3-319-18126-4_35
http://dx.doi.org/10.1007/978-3-319-18126-4_35
http://dx.doi.org/10.1007/978-3-319-18126-4_36
http://dx.doi.org/10.1007/978-3-319-18126-4_36
http://dx.doi.org/10.1007/978-3-319-18126-4_37
http://dx.doi.org/10.1007/978-3-319-18126-4_37


Part VI Parallel Manipulators

Forward Kinematic Model of a New Spherical Parallel
Manipulator Used as a Master Device . . . . . . . . . . . . . . . . . . . . . . . . 399
H. Saafi, M.A. Laribi, M. Arsicault and S. Zeghloul

Kinematics of a 6 DOFs Manipulator with Interchangeable
Translation and Rotation Motions . . . . . . . . . . . . . . . . . . . . . . . . . . . 407
V. Glazunov, N. Nosova and M. Ceccarelli

Operation Modes and Self-motions of a 2-RUU
Parallel Manipulator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 417
Latifah Nurahmi, Stéphane Caro and Philippe Wenger

Singularity Analysis of 2R1P Spherical Parallel Mechanisms . . . . . . . . 427
Yaohong Zhao, Ruiqin Li, Shaoping Bai and Lei Sui

Kinematics Analysis of 5-Rod Car Suspension
Mechanism with Singularities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 435
S. Yu Misyurin and A.P. Nelyubin

Contents xi

http://dx.doi.org/10.1007/978-3-319-18126-4_38
http://dx.doi.org/10.1007/978-3-319-18126-4_38
http://dx.doi.org/10.1007/978-3-319-18126-4_39
http://dx.doi.org/10.1007/978-3-319-18126-4_39
http://dx.doi.org/10.1007/978-3-319-18126-4_40
http://dx.doi.org/10.1007/978-3-319-18126-4_40
http://dx.doi.org/10.1007/978-3-319-18126-4_41
http://dx.doi.org/10.1007/978-3-319-18126-4_42
http://dx.doi.org/10.1007/978-3-319-18126-4_42


Part I
Linkage and Manipulators



Finger Mechanisms for Robotic Hands

M. Ceccarelli

Abstract The problem of grasping with robots is solved by using suitable finger
mechanisms that are inspired from structures in nature. A variety of solutions have
been experienced and are used in a variety of designs all around the world. This
paper discusses a survey of possibilities by addressing attention to characteristics
and problems in the design and operation of those finger mechanisms. The author’s
experience with LARM hand is reported to show practical results in attaching the
problem of improving efficient solutions with better finger mechanisms.

Keywords Artificial hands � Finger anatomy � Finger mechanisms � Kinematic
design

1 Introduction

Manipulation of objects with fingered robotic hands is an aspect which can be used
in many applications, [6], also in industry and service contexts and it attracts still
great interest as indicated in [1, 4, 16].

Since a recent past, in order to develop anthropomorphic finger mechanisms
researchers have used two different approaches: complex mechanisms in order to
perform manipulation tasks with high dexterity, or design of mechanisms with a
reduced number of degrees of freedoms (DOFs) and actuators with less perfor-
mances but a fairly simplified device operation.

Using underactuated mechanisms it is possible to achieve an adaptive grasp that
mimics the human grasping action for which it is possible to consider two kinds of
structures, namely using flexibility of links or designing underactuated mechanisms
as pointed out in [8]. A mechanism is defined underactuated when its number of

M. Ceccarelli (&)
LARM: Laboratory of Robotics and Mechatronics, University of Cassino and South Latium,
Cassino (Fr), Italy
e-mail: ceccarelli@unicas.it

© Springer International Publishing Switzerland 2015
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actuators is smaller than the number of degrees of freedom of the mechanism. It is
possible to identify two types of underactuated finger mechanisms, depending on
whatever a tendon or a link transmission is used. Example of tendon finger
mechanisms is presented in [2], and a pulley-cable solution is described in [3].

When large grasping forces are required, underactuated linkage mechanisms are
usually preferred, like in [2] where a 1-DOF mechanism with suitable four-bar
linkages and flexible elements is used to move all phalanxes of fingers, in [17]
where an underactuated linkage with force control is studied or in [19] where a 5
fingered underactuated prosthetic hand is reported.

Since the end of 1990s at LARM in Cassino design and research activities have
been carried out in order to design a low-cost easy-operation robotic hand with
anthropomorphic fingers, denominated LARM Hand [5].

In this paper the design of a new underactuated finger mechanism has been
proposed for LARM Hand, as focused on requirements referring to 1-DOF,
anthropomorphic grasp, and mechanism’s compact size.

2 Fingers in Nature

Fingers in nature are related to hands and feet when considering a grasp in a broad
sense as a task by which interaction is with an object to be manipulated or with the
ground to be in contact with, respectively.

Such a variety of task configurations has generated a variety of finger anatomy
but with solutions that still show a common structure. The anatomy of fingers in
hands both in humans and primates is illustrated in the example in Fig. 1, [11]. The
anatomy is characterized by a bone structure with a serial kinematic configuration
and a muscle complex system by which each bone is moved through two or more
counteracting muscular tendons. The main terminology of human anatomy is
reported in Fig. 1 and it is usually used also for artificial hands.

In Fig. 2, examples of finger configurations are reported as referring to horses
and cats with a structure that still shows sequential bones and parallel architecture
muscle system. The similarity with human anatomy is recalled by the similar ter-
minology of the parts in those other fingers.

Summarizing, the anatomy of fingers in nature shows the following design
characteristics:

• A serial bone-link structure whose main purpose is rigidity and load capability
• An actuation muscle system aiming to rotate each bone-link independently but

with coordinated movements with other finger links

The operation of fingers in nature is devoted to grasp and interaction with objects
by exerting proper force during a proper motion for pure mechanical purposes.

4 M. Ceccarelli



3 Requirements for Artificial Fingers

Artificial fingers are conceived to replicate the design and operation of fingers in
nature for performing grasping actions at the most. Artificial fingers are developed
for automatic machinery, and recently mainly for robotic systems, [6]. Some

Fig. 1 Anatomy of human fingers, [11]

Fig. 2 Anatomy structures in: a horse fingers, [9]; b cat fingers, [12]

Finger Mechanisms for Robotic Hands 5



applications are also directed to prosthesis implementations. In this paper attention
is focused on artificial fingers for robots.

Requirements can be outlined by looking both to the mimicking design purposes
and operation peculiarities. However, in general common requirements can be
identified mainly in the aspects for:

1. Motion properties in:

– Grasping configurations
– Smooth approaching motion
– Adaptable motion configuration to object shapes
– Reconfigurable grasping configurations
– Workspace ranges
– Limited motion impacts again objects to be grasped

2. Force capability in:

– Stable grasping configurations
– Efficient transmission of input power to grasping forces
– Distribution of grasping forces among several contacts with grasped object
– Positions of application points of the grasping forces
– Adjustable grasping forces

3. Mechanical design in:

– Stiff or compliant structure at grasp
– Phalanx shape for adaptability to object shape
– Room for sensors
– Compact design versus human-like solutions
– Lightweight solution with smart or traditional materials
– Low-friction joints
– Location of power source

In general, the size of grasping devices for robots is designed as function of
prescribed grasps with a given set of objects. In particular, for humanoid robots
artificial hands are usually of hum-like size but different smaller or larger solutions
can be required in other robotic systems and manipulators.

The above-mentioned aspects can be considered with proper numerical ranges of
requirements after a careful analysis of peculiarities and aims in design procedures
for the adopted finger solution structure. A general procedure can be outlined as in
the block diagram of Fig. 3 where the core procedure application of mechanism
design procedures with specific algorithms taking into account the grasping pur-
poses and features.

6 M. Ceccarelli



4 Mechanisms for Fingers

Artificial fingers are conceived as inspired by natural solutions so that in general
they show structures with phalanx bodies with serial chain configuration. Figure 4
summarizes such an inspiration by looking also at the phalanx actuation with
motion joint angles θi (i = 1, …, 3) and joint torque τi (i = 1, …, 3) with serial
design, Fig. 4a or parallel architectures, Fig. 4b. Indeed a variety of actuating
mechanisms are used to obtain actuation solutions with phalanx bodies that are even
part of them.

Examples of the most used mechanisms for finger design are reported in Figs. 5,
6, 7 as referring to design finger structures which are based on linkages, tendons, or
direct drives, respectively.

In Fig. 5 an artificial human hand is shown with the fingers that are designed
with linkages as a product that is available in the market even at very low cost and
fairly easy robot implementation, [15]. Phalanxes are links of the linkage and the
finger mechanism shows a kinematic chain that can have 1 or more DOFs. In
general linkages are used in finger structures to obtain 1 DOF finger mechanism
whose actuator can be active on the first joint like in the example in Fig. 5.

Figure 6 shows a general scheme of tendon driven finger design where each
phalanx body is actuated by two antagonist cables whose pulling gives motion and
force to the phalanxes, [14]. This solution is clearly inspired from the human
anatomy and it is the most common used structure in robotic hand for humanoid

choice 
of finger kinematic design

motion
design

dimensional
synthesis

force transmission
design

grasp
analysis

elaboration of
mechanical design

task data
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q u

ire
m

en
t s

&
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n s
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a i

nt
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OK? no

Fig. 3 A flowchart for design procedure of finger mechanisms
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robots. Complexity refers to the multiple actuators that are needed to act in coor-
dination for the antagonism operations.

Figure 7 shows examples in which the phalanx body is the main issue to obtain
grasping adaptability to object characteristics. In Fig. 7a, [13], deformable material

Fig. 4 Kinematic main structures for finger mechanisms: a serial chain as inspired by bone
structure; b parallel architecture as inspired by muscle actuators

Fig. 5 Finger linkage mechanisms with rigid links in an artificial hand, [15]

Fig. 6 A scheme of finger mechanism with tendon/cable actuation of the phalanxes, [14]
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is used as active cover of phalanx bodies where as in Fig. 7b, [10], rigid link
fingertip is used in a gripper for grasping rigid bodies with possibility to shape its
geometry to facilitate multiple contacts with grasped objects.

5 LARM Solutions and New Designs

A last version of LARM Hand is reported in Fig. 8a, with three 1-DOF fingers, a
palm, and a standard flange for connection with robots [5]. The size of this pro-
totype is 1.2 times larger than an average human hand as summarized in Table 1
[7]. The actuation system consists of three DC motors with a reduction gear train on
each axis. The 1-DOF human-like finger mechanism for LARM Hand is designed
according to the scheme in Fig. 8b. Each finger is composed of two cross two

Fig. 7 Examples of finger mechanisms with phalanx bodies: a as deformable body, [13]; b as
rigid link, [10]

Fig. 8 LARM Hand IV: a prototype built in 2007; b finger mechanism’s scheme [5]
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four-bar linkages. Phalanx 1 is the input bar of the first four-bar linkage and is also
the base frame of the second four-bar linkage. Phalanx 2 is the input bar of the
second four-bar linkage and it is also the coupler of the first four-bar linkage.
Phalanx 3 is the coupler of the second four-linkage. The linkage design is
characterized by a limited grasping adaptability that is determined by the linkage
proportions for the finger configurations. In order to improve the capability of
grasping objects with different sizes and shapes, solutions with underactuated
mechanisms have been considered in previous works, [17, 18, 20].

Underactuation with spring elements as passive joints can be considered as
convenient solution for artificial finger designs, [2]. Thus, at LARM attempts have
been worked out to define suitable solutions with slight modifications of the ori-
ginal LARM finger design with the aim to improve the grasping adaptability to
object shapes but by preserving the original features of 1 DOF actuation and linkage
configurations within the finger body.

In particular, Fig. 9 shows a solution with torsional springs in order to obtain
underactuated behavior of the four-bar linkages, [18]. Figure 10 refers to a first
design for underactuating the LARM finger mechanism by using a linear spring
within the body of phalanx 2, [17].

In order to design a new 1-DOF underactuated finger for LARM Hand, new
kinematic solutions have been developed by using considerations in [8]. In [20] in
order to obtain a new underactuated finger mechanism for LARM Hand a mech-
anism search has been worked out to identify several possible solutions.

The selected solution for a new finger mechanism is shown in Fig. 11. It is
composed by 8 links and 9 revolute joints. Phalanxes are respectively links 2, 6 and
8. This mechanism has a limited manufacturing complexity because of the reduced
number of bodies and linkage structure. Because of underactuation this mechanism
is able to grasp objects with different shapes remaining within the finger body
during its movement.

The mechanism operation can be described according to characteristic config-
urations for specific contacts by using suitable virtual equivalent mechanisms that
have been used in [17, 18] to characterize the underactuated behavior of a finger

Table 1 Structural parameters of the LARM Hand IV in Fig. 8

(mm) (deg)

l1 l21 l22 l3 l51 l52 l6 l8 δ1 δ2 δ5
8.8 24.1 3.9 28.5 6 19.9 25 6.9 83.5 51 129

A

B

C

D
G

Phalanx 1 Phalanx 2 Phalanx 3

L2
L1 L3

L4

L5
L6

L7

L8
L9

E F H

Fig. 9 Underactuated LARM finger mechanism with torsional springs, [18]
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mechanism. Namely, equivalent mechanisms can be identified for the cases: no
phalanxes in contact; only phalanx 1 in contact with an object; phalanxes 1 and 2 in
contact. Referring to the first situation, a phalanx is free when there is no contact
force and a torque acts on it. Generally a phalanx is free before it will touch an
object. In this case, links that are connected by spring can be considered as a single
virtual link. Here links 3 and 4 can be considered as acting as one virtual link 9 as
shown by dashed line segment BD in Fig. 11b. Link 6 and 7 can be considered as
another virtual link 10 through segment FI. Therefore, the proposed finger mech-
anism can be simplified as the equivalent mechanism of Fig. 11b, which recall the
original linkage in LARM Hand, shown in Fig. 8b. In the second situation, phalanx
1 is stopped while phalanxes 2 and 3 are free. In this case, link 2 and joints E and F
are fixed and they act as a virtual base as shown in Fig. 11b. Spring 1 will start to be
deformed because of motor push. But spring 2 will be not activated because pha-
lanxes 2 and 3 are free. Links 6 and 7 can still be considered as one single virtual
link 10. Thus, the finger mechanism can be simplified as the equivalent mechanism
in Fig. 11b. When phalanx 2 is stopped because in contact with object, link 6 and
joints E, F and G are fixed and phalanxes 1 and 2 act as a virtual base. Thus, also
spring 2 will start to be deformed.

B

C

D

E

F

G
H

spring 1
spring 2

I

1

2
(phalanx 1)

3

5
7

4

A

6
(phalanx 2)

8
(phalanx 3)

Fig. 10 Underactuated LARM finger mechanism with a linear spring, [17]

Fig. 11 A new underactuated solution for LARM Hand fingers: a a scheme with structural
parameters; b an equivalent mechanisms during functioning
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The experience of LARM finger designs with underactuated linkages has been
developed satisfactorily by considering requirements in a procedure like in Fig. 3
and by preserving the peculiarities of the original LARM design. Nevertheless,
although underactuated linkages with springs shows feasible operations, practical
mechanical design with convenient handsome features is still a problem and further
design research is under development.

6 Conclusions

In this paper finger design has been approached by looking at the mechanism design
for finger structures that can be also the driving systems as inspired from anatomy
of fingers in nature. The role of the finger mechanism is outlined by discussing
requirements and peculiarities for the grasping tasks and by referring to the com-
mon general topologies that are used in artificial robot hands. In particular the
experiences with LARM Hand are reported to outline future developments with
solutions that can be based on underactuated linkages.
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Dimensional Synthesis of One-Jointed
Multi-fingered Hands

Alba Perez-Gracia

Abstract Wristed, multi-fingered hands can be designed for specific tasks, leading
to an optimized performance and simplicity. In this work we present the design of
the simplest family of multi-fingered hands, with one revolute joint at the wrist and
a set of fingers attached to the palm with a single revolute joint each. It is shown that
hands with two to five fingers can be designed for meaningful tasks, and that two
arbitrary positions can be defined at most for these hands, yielding a good tool for
pick-and-place, or grasp-and-release, tasks. For each of those possible designs,
dimensional synthesis is performed and an algebraic solution is derived. It is proved
that two solutions exist for the general case of this family of hands. Coupled
actuation for the grasp-and-release task can be easily implemented for these hands,
to create an underactuated design able to be driven with a single actuator. Some
examples are presented.

Keywords Robotic hands � Kinematic synthesis

1 Introduction

Kinematic chains with a tree topology consist of several common joints that branch
to a number of serial chains, each of them corresponding to a different end-effector.
A typical example of a kinematic chain with a tree topology is a wristed, multi-
fingered hand.

Compared to other topologies, the tree topologies have not been so widely
studied. Kinematic analysis for applications in modular robots and robotic hands
can be found in [1, 10, 11], and dynamic analysis is found in [2, 3]. Structural
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synthesis for multiple fingers with no wrist, considering grasping and manipulation
requirements, are found in [4]. The first reference to kinematic design of tree
topologies is found in [7].

The kinematic synthesis of these topologies presents particular challenges that
are different of those that appear in single serial chains or in closed-loop systems.
In particular, the kinematic synthesis of multi-fingered hands has been explored also
in [9] and more extensively in [8].

When dealing with exact kinematic synthesis, one of the first steps is to define
the task in order to size the workspace of the system. In particular, we consider
revolute joints without joint limits. In the case of tree topologies, consider a task
having the same number of positions for each of the multiple end-effectors; this
means that we are dealing with a coordinated action of all those fingertips, denoted
as a simultaneous task. It has been proved [5] that not all tasks are possible for all
fingers, as the relative motion between fingers needs to be considered.

In [5], a chart of solvable multi-fingered hands with identical fingers was pre-
sented. Here we focus on the simplest case of that chart, a family of hands with one
revolute joint at the wrist and a series of fingers, joined to a single palm by one
revolute joint each. For this family of hands, it is possible to obtain a closed,
algebraic solution for the design equations. This provides a fast calculation method,
as well as information on the number of solutions and the effect of pre-defined
constraints. The method is demonstrated with an example.

2 Multi-fingered Hands

A tree topology for a kinematic chain has a set of common joints splitting on
several chains, possibly in several stages, and ending in multiple end-effectors [6].
The tree topology is represented as a rooted tree graph; for this we follow the
approach of Tsai [13], the root vertex being fixed with respect to a reference system.
In tree topologies, a vertex can be connected to several edges defining several
branches.

Wristed, multi-fingered hands are kinematic chains with a tree or hybrid
topology. For our synthesis formulation, the internal loops in the hand structure are
substituted using a reduction process [8], so that the hand has a tree topology with
links that are ternary or above.

Tree topologies are denoted as W � B1;B2; . . .;Bbð Þ, where W are the common
joints and the dash indicates a branching or splitting stage, with the branches
contained in the parenthesis, each branch Bi characterized by its type and number of
joints. In the case of using just revolute joints, the joint type is dropped and only
the number of joints is indicated. Figure 1 shows the compacted graph for the
R� R;R;R;R;Rð Þ, or 1� 1; 1; 1; 1; 1ð Þ chain. This is one of the member of the
one-jointed hand family, in particular the five-fingered hand. The root vertex is
indicated with a double circle.
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3 Dimensional Synthesis of Multi-fingered Hands

Given a desired hand topology with b branches and joint axes Si, and a simulta-
neous task for each fingertip, characterized by a set of mp finite positions P̂b

1k and mv

velocities _P
b
k , kinematic synthesis is applied by equating the forward kinematics

equations of each branch to the relative displacement of the corresponding
fingertip. Similarly, velocities can be defined for some of those task positions,

F S ;Dh; _h
� �

¼
P̂c
1k �

Ync
i¼1

e
Dhk

i;c
2 S i;c ;

k ¼ 2; . . .;mp

c ¼ 1; . . .; b

_P c
k �

Xnc
i¼1

_hki;cS
k
i;c;

k ¼ 1; . . .;mv

c ¼ 1; . . .; b

8>>>><
>>>>:

ð1Þ

In most of the cases, this set of equations is solved using numerical methods to
obtain a kinematic design.

4 Single-Jointed, Single-Branching Hands

The solvability of this family of hands was studied in [5]. In Table 1, all possible
one-jointed trees consisting of revolute joints and able to perform a meaningful task
are presented. The first row in the table contains the serial R� R robot, which is
known [12] to be solvable for m ¼ 3 positions, yielding two real solutions. The last
row presents the 1� 1; 1; 1; 1; 1ð Þ hand, with five fingers. Notice that any general
hand of these characteristics with more than five fingers will not be solvable for a
useful task, as it will not be able to reach an initial and final positions. For all the
cases in the middle, from two to four fingers, the hand will be able to reach an initial
and a final position, as their solvability calculations show two plus one incom-
pletely specified position.

Fig. 1 The tree graph of the
1� 1; 1; 1; 1; 1ð Þ hand, left;
the kinematic sketch, right
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5 Dimensional Synthesis for the 1 − (1, 1, 1, 1, 1) Hand

The 1� 1; 1; 1; 1; 1ð Þ hand consists of a single revolute joint at the wrist and a palm
spanning five fingers, each of them being a fingertip link connected to the palm by a
single revolute joint. Figure 1 shows the reduced tree graph for the hand and the
kinematic sketch with the notation used for the axes.

The six joints have Plucker coordinates S i ¼ s i þ esi0, for i ¼ 0; . . .; 5. The
rotation angle about each joint is hi.

As stated in Table 1, this kinematic system can be solved for exact dimensional
synthesis for m ¼ 2 positions. In what follows, the algebraic solution is derived.

Table 1 Topologies with 1 common joint and 1-jointed branches, single branching

Topology Graph Graph solvability

1� 1ð Þ Solvable, m ¼ 3

1� 1; 1ð Þ Solvable, m ¼ 2:33

1� 1; 1; 1ð Þ Solvable, m ¼ 2:14

1� ð1; 1; 1; 1Þ Solvable, m ¼ 2:05

1� ð1; 1; 1; 1; 1Þ Solvable, m ¼ 2
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5.1 Design Equations

Let P̂ij be the ith displacement assigned to finger j. For this robot, i ¼ 1; 2 and
j ¼ 1; . . .; 5. Construct the relative displacements from first to second position for
each finger j, P̂j ¼ P̂2jP̂�1

1j , j ¼ 1; . . .; 5, where the composition of displacements is
used.

The forward kinematics equations for relative displacements are constructed, for
each finger, as the composition of screw displacements about each joint axes along
the serial chain. The screw displacements about the joint axes are easily computed
as the exponential of the unit twist, and so the product of exponentials is

eŜ0
Dh0
2 eŜj

Dhj
2 ; j ¼ 1; . . .; 5; ð2Þ

where Dhj ¼ h2j � h1j is the relative angle to transform from first to second position,
for each finger j.

Impose now that each of the fingers has to be able to perform the desired relative
displacement P̂j from first to second position, to create a set of equations to solve
for the design parameters of the robotic hand,

eŜ0
Dh0
2 eŜj

Dhj
2 ¼ P̂j; j ¼ 1; . . .; 5: ð3Þ

This is a set of six independent equations per finger times five fingers, for a total
of 30 independent equations. When using unit dual quaternions to express the
displacements, the total set has 40 equations. The parameters to solve for are the
Plucker coordinates of the axes and the relative joint angles to reach the relative
transformation.

5.2 Algebraic Solution

A revolute joint has five independent parameters, and is unable to perform a general
displacement. Each finger of the 1� 1; 1; 1; 1; 1ð Þ hand is a serial R� R chain in
which the first joint cannot be fully arbitrary. This hand can be seen as five R� R
chains in which each chain needs to fully define the second joint axis and a single
parameter of the common first joint axes, in order to perform a general
displacement.

Using this rationale, solve for the second joint axes of each finger serial chain,

eŜj
Dhj
2 ¼ eŜ0

Dh0
2

� �
�P̂j; j ¼ 1; . . .; 5; ð4Þ
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where � denotes the conjugate unit dual quaternion. The expansion of this equation
in dual quaternion form yields:

cos
Dhj
2

þ e sin
Dhj
2

� �
Ŝj

¼ cos
Dh0
2

� sin
Dh0
2

S0

� �
pj0 þ j7 þ P j
� �

; j ¼ 1; . . .; 5;
ð5Þ

where,

Ŝj ¼ 0þ e0þ S j ¼ 0þ sjxiþ sjyjþ sjzk þ e s0jxiþ s0jyjþ s0jzk þ 0
� �

ð6Þ

is the pure dual quaternion that represents a geometric line in the Clifford algebra.
The solution for all S j ; j ¼ 1; . . .; 5, is obtained as a function of the first, common
joint axis, S0. These equations are also used to fully define this first axes.

Notice that the last component of the dual quaternion must be equal to zero for

each joint solution, according to Eq. (5). This forces the product eŜ0
Dh0
2

� �
�P̂j to have

also last component equal to zero, and creates one equation on the parameters of the
first axis S0 from each finger equations,

cos
Dh0
2

pj7 þ sin
Dh0
2

s0 � p0
j þ s00 � p j

� �
¼ 0; j ¼ 1; . . .; 5: ð7Þ

These are five equations in the five independent unknowns of the rotation about
S0 byDh0. Imposing that the joint angle has to be the same for the simultaneous task,

cot
Dh0
2

¼ �ðs0 � p0j þ s00 � p jÞ
pj7

; j ¼ 1; . . .; 5; ð8Þ

we end up with four linear equations in the Plucker coordinates of the axes. Those
are six parameters subject to two Plucker constraints plus the four linear equations
from (8),

s0 � p0j þ s00 � p j

pj7
¼ s0 � p0

jþ1 þ s00 � p jþ1

pðjþ1Þ;7
; j ¼ 1; . . .; 4;

s0 � s0 ¼ 1; s0 � s00 ¼ 0;

ð9Þ

with at most four solutions. However two of the solutions correspond to the double
covering of SO 3ð Þ, and the final number of different solutions is two.

The two solutions for the Plucker coordinates of the first joint S0 are used to
compute a single rotation angle about this first joint for each solution, using Eq. (8).
These values allow us to create the screw transformation about the first joint, and
the rest of the joint axes and angles can be calculated using Eq. (4).
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