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Robots and Mechanisms



A Core in Running Machines 

and Robots That Cannot Be 

Substituted

What are mechanisms



The Patient Handling Robot
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Dai, J.S. and Kerr, D.R. (1991) Geometric

analysis and optimisation of a symmetrical watt

six bar mechanism. Journal of Mechanical

Engineering Science, Proc, IMechE, Part
C, 205(4): 275-280, 1991.



AssistOn-Ankle

Ankle Rehab

Sabancı University, 2013

ARBOT, IIT, 

2008

Ankle Rehab Parallel

Mechanism, King’s, 2004

Ankle

Rehabilitation

Mechanisms

Rutgers Ankle.

Rutgers University,  

2001

Dai, J.S., Zhao, T. and Nester, C., Sprained ankle physiotherapy 
based mechanism synthesis and stiffness analysis of 
rehabilitation robotic devices, Special Issue on Rehabilitation 
Robotics, Autonomous Robots, 16(2): 207-218, 2004. 



Body and Skeleton

Part I



Definition of Robots
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Serial Linkages

Cartesian coordinate robot

Video copyright @ adept.ltd

SCARA robot

Three prismatic joints

DOF = 3

Two revolute and one prismatic joints 

DOF = 3



Serial Robots in Automotive Industry（Tesla, 

US）



Walking Robot & Its Mechanism

Netherlands

Beach Beast Robot Theo Jansen Mechanism
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Brief Kinematics History and 

Contemporary Development



Kinematics in Past 200 Years







Dai, J.S., Finite displacement screw operators with embedded Chasles’ motion, Journal of 
Mechanisms and Robotics, Trans. ASME, 4(4): 041002, 2012. 

Dai, J.S. (2014) Geometrical Foundations and Screw Algebra for Mechanisms and 
Robotics, Chinese translations, Higher Education Press, Beijing, ISBN:      
9787040334838, (translated from Dai, J.S. 2015, Screw Algebra and Kinematic  

Approaches for Mechanisms and Robotics, to be published by Springer, London)



Relationship of Classical Displacement Operators





Mathematicians’ Love of Geometry and 

Discovery of Mechanisms

Links

Dai, J.S., Huang, Z., Lipkin, H. (2006) Mobility of Overconstrained Parallel
Mechanisms, Special Supplement on Spatial Mechanisms and Robot
Manipulators, ASME Journal of Mechanical Design, 128(1): 220-229.

Dai, J.S. (2012) Characteristics of the Screw Matrix and Their Effect on
Chasles' Motion, ASME Journal of Mechanisms and Robotics, 4(4): 041002.
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s Years Mathematicians Contributions Impacts

1853
Pierre Frédéric Sarrus
(France)

Sarrus linkage
world first translating revolute
motion into straight line motion,
first overconstraint linkage

1875 Franz Reuleaux (TUB)
Kinematics descriptions,
kinematics pairs

Describe constraints, machine
motion into geometrical surface

1872
& 1876

Siegfried Heinrich
Aronold (Germany)

Alexander BW
Kennedy (UK)

Aronhold & Kennedy theorem ISA

1897
Raoul Bricard
(France)

Six movable six-bar
overconstraint linkages,
including 3 movable 8-faces,
and 3 line, plane symmetric
with 3 faces

Movable polyhedra

1903
Geoffrey Bennett
(Cambridge)

Bennett linkage

Motion geometry

1931 Myard
Link two Bennett linkages, to
form a five-bar plane symmetric
overconstraint linkage



years scholars contributions impacts

1942
Paul Schatz (Swiss
sculpturer)

Schatz linkage

First used overconstraint linkage

1943 Goldberg
Link a pair of Bennett linkage to
form an overconstraint 5-bar
linkage

1954 Altmann
Bricard line symmetric six-bar
linkage

1968 Waldron
Two Bennett linkages to construct
a 6-bar overconstraint linkage

Any two 1-DOF linages can share a
common axis

1985 Mohamed & Duffy
Use screw algebra to express
Gough-Stewart platform

Associating screw algebra to
linkages

Mathematicians & Mechanisms



Geometry that Associates 

Mathematics with Robotics



A representation of a classical mechanism

Ruled surface

Robot Kinematics
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Dai, J.S. (2012) Finite displacement screw operators with embedded Chasles‘ motion. Trans ASME, Journal of Mechanisms and Robotics,

4(4): 041002.



Contemporary Kinematics Study



2015 – Jian S. Dai

2014 - Gregory Chirikjian

2013 - Steven Dubowsky

2012 - Vijay Kumar

2009 - L.L. Howell

2008 - C. Gosselin

2007 - C. W. Wampler, II

2006 - K. Kazerounian

2005 - J. K. Davidson

2004 - J. J. Uicker, Jr.

2002 - K.C. Gupta

2000 - J. Angeles

1998 - A. Midha

1996 - A. T. Yang

1994 - A. Soni

1992 - J. Duffy

1990 - K. J. Waldron

1988 - A. G. Erdman

1986 - K. H. Hunt

1984 - G. G. Lowen

1982 - B. Roth

1980 - G. N. Sandor

1978 - F. Freudenstein

1976 - F. R. E. Crossley

1974 - A. S. Hall, Jr.

1974 - R. S. Hartenberg

1974 - J. E. Shigley

ASME Mechanisms and Robotics Award
—— For Lifelong Contribution to Fundamental Theory, 

Design and Applications of Mechanisms and Robotics Systems



2009:  
Larry L. 
Howell

2008:  
Clément 
Gosselin 

2012:  
Vijay 
Kumar

2011:  
J. Michael 
McCarthy

2013:  
Steven 
Dubowsky

2014:  
Gregory 
Chirkjian

2015: Jian S Dai

ASME Mechanisms and Robotics Award
—— Lifelong contribution award



Mathematical Problems in Mechanisms 

and Robotics

Dai, J.S. （2017）Screw Algebra and Kinematic Approaches for

Mechanisms and Robotics, Springer, London.

Dai, J.S. (2014) Geometrical Foundations and Screw Algebra for

Mechanisms and Robotics, (in Chinese), Higher Education Press

(HEP), Beijing, ISBN: 9787040334838.

Dai, J.S. (2014) Screw Algebra and Lie Groups and Lie Algebras (in

Chinese), Series 42 of Foundations for Modern Mathematics, Higher

Education Press (HEP), Beijing, ISBN: 9787040318456.





Kinematics Entails Origami

Robots

Innovative Robotics



Rotating cubes

Metamorphic 8R Linkage

Dai and Rees Jones (1999), Mobility in metamorphic mechanisms of foldable/erectable kinds, J. Mechanical Design, 121(3):375-382.
Zhang, K. and Dai, J.S., Screw-system-variation enabled reconfiguration of the Bennett plano-spherical hybrid linkage and its evolved parallel 

mechanism, Journal of Mechanical Design, Trans. ASME, 137(7), 2015. 



3-Spherical kinematic chain based parallel mechanism

Novel 3-DOF parallel mechanism

Dai and Rees Jones (1999), Mobility in metamorphic mechanisms of foldable/erectable kinds, J. Mechanical 
Design, 121(3):375-382.

Ketao Zhang, J. S. Dai, Yuefa Fang, 2010, Topology and Constraint Analysis of Phase Change in the Metamorphic 
Chain and Its Evolved Mechanism, ASME Transactions, Journal of Mechanical Design, 132(12), p. 121001-1. 



Howard Robots

Origami Robots

0 1 0 0 0 1

1 0 1 0 0 0

0 1 0 1 0 0

0 0 1 0 1 0

0 0 0 1 0 1

1 0 0 0 1 0

 
 
 
 

=  
 
 
 
 

A



34

System integration of a milli-scale end-effector

K. Zhang, C. Qiu, J.S. Dai, 2015, Helical Kirigami-Enabled Centimetre-Scale Worm Robot with Shape-Memory-Alloy Actuators, Trans. 

ASME J. Mech. Rob., 7(2), 021014.

Salerno, Zhang, Menciassi, Dai (2016) A novel 4-DOF Origami grasper with a SMA-actuation system for minimally invasive 

surgery, IEEE Trans Rob (in press), based on Salerno, Zhang, Menciassi, Dai (2014), 2014 IEEE ICRA2014, Hong Kong.

Origami Medical Robot
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System integration of a milli-scale end-effector

Salerno, Zhang, Menciassi, Dai (2016) A novel 4-DOF Origami grasper with a SMA-actuation system for 
minimally invasive surgery, IEEE Trans Rob (in press), based on Salerno, Zhang, Menciassi, Dai (2014), 
2014 IEEE ICRA2014, Hong Kong.

Zhang, M. Salerno and J.S. Dai, 2014, Origami-Inspired SMA Actuated Constant Velocity Coupling for Dexterous 

Telesurgical Robot and Self-Morphing Medical Robots, 7th Hamlyn Symposium on Medical Robotics,  Imperial College 

London, UK, p.30. (Best poster award)

Origami Medical Devices
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King’s College London Guowu Wei and Jian S Dai

Prototype of a deployable tetrahedral mechanism 

Prototype of a deployable hexahedral mechanism 

Mechanisms
Arts to Deployable 
Mechanisms

Wei, G., Chen, Y. and Dai, J. S. (2014) Synthesis, mobility and multifurcation of deployable polyhedral mechanisms with 
radially reciprocating motion, Journal of Mechanisms and Robotics, Trans. ASME, 136(9): 091003.
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King’s College London Guowu Wei 

Deployable Platonic Solids



Kinematics Entails 

Reconfigurable Mechanisms and 

Robots

Philosophy





Reconfigurable Mechanisms and Robots

France



Metamorphosis

A new way of 

mechanism and robot innovation

Dai and Rees Jones (1999), Mobility in metamorphic mechanisms of foldable/erectable kinds, J. 
Mechanical Design, 121(3):375-382. 

Dai and Gogu (2015), Editorial: Morphing, Metamorphosis and Reconfiguration through Constraint 
Variations and Reconfigurable Joints, Mechanism and Machine Theory, 96(2):213-214 (Special 
Issue on Reconfigurable Mechanisms). 



Step change from simple task oriented machines into complicated task oriented robots

The Creation of  Metamorphic Mechanisms: 
Evolution, Metamorphosis, Self-reconfiguration
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n Interaction, self-reconfiguration, and reformation with and of  the natural environment

Conventional mechanisms: fixed 
mobility, fixed topology

Conventional mechanisms: variable 
mobility, variable topology

1998: Dai and RJ revealed metamorphic mechanisms

1999: Introduced into China as “变胞机构” with 
Qixian Zhang, fellow of CAS.

Multi-function machines adapted for multi-task environments (metamorphosis)
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4
319

96

Automatic reconfigurable 

packaging system
J. Dai （Unilever ）

Metamorphic mechanisms
J. Dai + J. Rees （DETC ）

J. Dai, Q. Zhang 19
98

20
03

Mechanisms with

variable topologies
H. Yan （JMD ） 20

06

Metamorphosis for a sheet 

transfer system
Shi 、Zhang

20
09

Metamorphic parallel 

mechanisms
Zhang, Dai

Gan, Dai

Metamorphic origami robot
Felton, Tolley

20
14

Metamorphic process for 

compliant mechanism 

manufacturing
L. Howell （BYU ）

20
05

Metamorphic underwater

vehicle
I. M. Chen

Microassembly robot

with metamorphic gripper
Giorgio Bozzini

20
10

20
11

20
12

20
15

20
16

ReMAR 2009

ReMAR 2012

ReMAR 2015

Special Issue of  MMT on 

Reconf  Mechansms
Dai and Gogu



Metamorphosis and 

Reconfiguration

Metamorphosis and 

Reconfiguration

America China
Europe

Bionic

mechanism 

and origami

Theory of 
metamorphic and 
reconfigurable 
mechanisms

Reconfigurable 
mechanisms
and service robots

Tianjin & Beijing

1. Being extensively researched from being launched in 1998

2. Initiating the IEEE/ASME International Conference on 

Reconfigurable Mechanisms and Robots

3. Opening an avenue for mechanism research and being a main 

research field of  international journals

Historical Review of  Metamorphic Mechanisms

• France and Australia:
MSc on metamorphic parallel robots

• Italy:      Metamorphic gripper

• Europe: Reconfigurable factory in near future 98 02 04 06 08 09

21

� The state-of-the-art in the international research 

community

Top journals: IEEE and ASME transactions, 67;

MMT, 20.

Journals in EI index list: 

Journal of Mechanical Engineering etc, 98.

10 11 12 13 14

Proposed

8

14

9

15

33 32
31

46
48

62

15

Distribution of the research on 
metamorphic mechanisms 
throughout the world

America:
Metamorphic
compliant
mechanisms

Australia:
MSc on 

metamorphic 

parallel mechanisms







Kinematics Entails 

Reconfigurable Mechanisms and 

Robots

Reconfigurable Joints 

and Robots



Variable-axis(vA) Joint

a – active, i – inactiveR – revolute

Phase SPhase UPhase R

K. Zhang, J.S. Dai, Y. Fang, 2010, Topology and Constraint Analysis of Phase Change in the Metamorphic Chain 

and Its Evolved Mechanism, Trans. ASME J. Mech. Des., 132(12), p. 121001-1.

U – universal S – spherical

Link Phase R U S
Link 2 a a a

Link 3 i/a i/a a



Variable-axis(vA) Joint



vA joint metamorphic 
parallel mechanism

Gan, D., Dai, J.S., and Liao, Q, Mobility Change in Two Types of Metamorphic Parallel Mechanisms, 
Transactions of the ASME: Journal of Mechanisms and Robotics, 1(4), 041007_1-9, 2009. 



Reconfigurable parallel robot

3E EconomicEnergy-
Saving

Efficiency

Variable-axis joint and evolved parallel robot

Parallel Robot



rT joint metamorphic parallel 
mechanism
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Reconfigurable Mechanisms and 

Robots

The Metamorphic 

Hand



Art、Mathematics、Mechanisms、Robots
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Origami to Robots:
Dai and Rees Jones (1999), Mobility in metamorphic mechanisms of 

foldable/erectable kinds, J. Mechanical Design, 121(3):375-382. 

Origami

Metamorphosis

Evolution



Conventional Robotic Hands

DL

R

Grasp It

Barret

t

Dai, Wang, Cui (2009), Orientation and workspace of the multifingered metamorphic hand - Metahand, IEEE Trans Rob, 25(4):942-947. 

Cui and Dai (2010), A Darboux-frame-based formulation of spin-rolling motion of rigid objects, IEEE Trans Rob, 26(2):383-388. 
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In-hand manipulation

M. Salerno, K. Zhang, J. Paik, J.S. Dai, 2014, Underactuated Robotic Finger with Variable Stiffness, IEEE Trans. 
Rob. (in review)

Folding articulated object

Two-hand cooperation

Metamorphic Hand for Dexterous Manipulation

Origami-folding



Human-Robot Coop



Hand Testing



Wei, G., Dai, J. S., Wang, S., and Luo, H., 2011, Kinematic Analysis and Prototype of a Metamorphic Anthropomorphic Hand with a Reconfigurable Palm, 
International Journal of Humanoid Robotics, 8(3), pp.459-479.

Metamorphic Hand



Simulation in ROS



• Variable palm DOF (5-4)  

• Highly flexible

• Extended workspace

• High output force

ECORD - Collaborated with IFMA 

(France) and Shadow Ltd (UK)

Beef deboning with hand-arm system

TOMSY -

Collaborated with 

KTH (Sweden),

Berlin, Granada

(Spain) and 

Edinburg

Metamorphic Hand for Dexterous Manipulation

Wei, G., Stephan, F., Aminzadeh, V., Würdemann, H., Walker, R., Dai, J.S. and Gogu, G. (2014) DEXDEB -- Application of 
DEXtrous Robotic Hands for DEBoning Operation, in Gearing Up and Accelerating Cross-Fertilization between Academic 
and Industrial Robotics Research in Europe, Rohrbein, F. et al. (Eds), Springer Tracts in Advanced Robotics 94, 217-235.
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The Metamorphic Hand

Metamorphic Hand for Education



Metamorphic 

Robotic Hand

Human-Robot Happy Time
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human-robot interaction

Metamorphic hand
(King’s)

Flexible arm
(King’s & Festo)

Mobile base
(Festo)

Learning
(TUW & UIBK)

Computer Sci.
TUW (at)
UIBK (at)

ALU-FR (de)

Robotics
King’s (uk)

IPA (de)

Industry
Festo (de)

End user
UT (nl)

IDMind (pt)
VPI (at)

Metamorphic Hand for Education
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The Metamorphic 

Walker





The Metamorphic Walker



The Metamorphic Walker
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Reconfigurable Mechanisms and 

Robots

Reconfigurable 

Production



Reconfigurable Packaging 
and Reconfigurable 

Production

Dai and Rees Jones (1999), Mobility in metamorphic mechanisms of foldable/erectable kinds, J. 
Mechanical Design, 121(3):375-382. 

Dai, J.S. and Rees Jones, J., Kinematics and Mobility Analysis of Carton Folds in Packing Manipulation 
Based on the Mechanism Equivalent, Journal of Mechanical Engineering Science, Proc, IMechE, 
Part C, 216(10): 959-970, 2002.

Liu, H. and Dai, J.S., An Approach to Carton-Folding Trajectory Planning Using Dual Robotic Fingers. 
Robotics and Autonomous Systems, 42(1): 47-63, 2003.

Cannella, F. and Dai, J.S., Crease stiffness and panel compliance of carton folds and their integration in 
modelling, Journal of Mechanical Engineering Science, Proc. IMechE, 220(6): 847-855, 2006 

Dai and Caldwell (2010), Origami-based robotic packaging for food industry, Trends in Food Science and 
Technology, 21(3):153-157. 



Manipulation Task Analysis

Dai, J.S. and Rees Jones, J., Kinematics and Mobility Analysis of Carton Folds in Packing Manipulation Based on 
the Mechanism Equivalent, Journal of Mechanical Engineering Science, Proc, IMechE, Part C, 216(10): 
959-970, 2002.
Liu, H. and Dai, J.S., An Approach to Carton-Folding Trajectory Planning Using Dual Robotic Fingers. Robotics 
and Autonomous Systems, 42(1): 47-63, 2003.



Frustrated by the origami cartons
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Manipulation:  Origami 
Carton



Dexterous Human Hands



Intelligent Reconfigurable 

Packaging System

Dai and Caldwell (2010), Origami-based robotic packaging for food industry, Trends in Food Science and 
Technology, 21(3):153-157. 

Dai, J.S. and Rees Jones, J., Kinematics and Mobility Analysis of Carton Folds in Packing Manipulation Based on 
the Mechanism Equivalent, Journal of Mechanical Engineering Science, Proc, IMechE, Part C, 216(10): 
959-970, 2002.
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Change-Over

Dubey, V.N., and Dai, J.S., A Packaging Robot for Complex Cartons, Industrial Robot: An International 
Journal, 33(2): 82-87, 2006.





ARCHAPS
Automatic Reconfigurable Confectionery 

Handling and Packaging System

Field Packaging
Research

Application End userManufacturing

Reconfigurable Packaging

Yao, W. and Dai, J.S. (2008) Dexterous manipulation of origami cartons with robotic fingers based on the interactive configuration space, 

Journal of Mechanical Design, Trans. ASME, 130(2): 022303.                                                                                                           

Cannella, F. and Dai, J.S., Crease stiffness and panel compliance of carton folds and their integration in modelling, Journal of 

Mechanical Engineering Science, Proc. IMechE, 220(6): 847-855, 2006 





Medical device based on Stewart platform

Dai, J.S., Zhao, T. and Nester, C. (2004) Sprained 

Ankle Physiotherapy Based Mechanism Synthesis 

and Stiffness Analysis of Rehabilitation Robotic 

Devices, Special Issue on Rehabilitation Robotics, 

Autonomous Robots, 16(2): 207-218.

Saglia, J.A., Tsagarakis, N.G., Dai, J.S. and 
Caldwell (2009) D. G., A high performance 
redundantly actuated parallel mechanism for 
ankle rehabilitation, Int. Journal of 
Robotics Research, 28(9): 1216-1227. 

Rehabilitation robot



IEEE International 

Conferences on 

Reconfigurable Mechanisms 

and Robots 

(ReMAR conference series)



First International Conference on Reconfigurable 
Mechanisms and Robots (ReMAR)

in 2009 in London





Reconfigurable Mechanisms
and Robots

22-24 June 2009, London

Edited by

Jian S Dai, Matteo Zoppi and Xianwen Kong

and robot development is facing a challenge in the 21st century to adaptability
and reconfigurability. Since 1990s, researchers have been generating new ideas
and concepts for new mechanisms, machines and robots of reconfiguration. This
has resulted in kinemetatropic linkages, metamorphic mechanisms, and variable
topology linkages. The new mechanisms have a property of generating different
topological configurations for reconfiguration and for various task require-
ments.

This book contains 108 selected papers in seven parts which cover the topology,
theory and design of reconfigurable mechanisms, their kinematics and
dynamics, bio-reconfiguration techniques, origami-inspired reconfigurable
mechanisms, and analysis, design and control of reconfigurable robots. The
topics also include reconfigurable manufacturing systems. The book explores
the new properties in changing mobility and topological structure of the
reconfigurable mechanisms and robots and presents their uses in various
applications.

and Robots (ReMAR 2009) held on 22-24 June 2009 at
King's College London, London, United Kingdom.

With the development of science and technology and with
space exploration, hazardous environment work, and
production requirements of small batch, short run and
quick change-over, the traditional concept of mechanisms

This book is the result of the ASME/IFToMM Inter-
national Conference on Reconfigurable Mechanisms

COVER DESIGN:

LEI CUI, GUOWU WEI AND HELGE WURDEMANN



ReMAR 

2012













� Dr Ketao Zhang Dr Ferdinando Cannella (IIT)

� Dr Evangelos Emmanouil Dr Jody Saglia (IIT)

� Dr Chen Qiu Dr Dongming Gan (AEU, lecturer)

� Jie Sun Prof Ernesto Rodrigues (Mexico)

� Xinsheng Zhang … ... ... ... 

� Peng Chen Dr Wei Yao     (Stras, lecturer)

Dr Lei Cui      (Curtin, lecturer) 
Prof C-H Kuo  (T-Tech, Asso. Prof)

Dr Guowu Wei (Salford, lecturer)

Dr Wurdemann  (UCL, lecturer)

… ... ... 

Dr Vahid Aminzadhe  (Shadow)

Dr Evangelos Geogious (King’s)
.. … ... 

Prof Honghai Liu (Portsm. Professor)

.. … ... 

..

Thanks to
Current Group Members Past Group Members


