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Welcome	to:	
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Advances	in	Soft	Robotics	are	leading	to	increasingly	challenging	designs	in	terms	of	desired	

geometries,	 material	 distributions,	 and	 functionality.	 Traditional	 sequential	 casting	 and	

additive	 manufacture	 approaches	 present	 various	 limitations	 for	 fabrication	 and	 new	

techniques	 are	 needed.	 Furthermore,	 new	 available	 structural	 functionality	 presents	 a	

tremendous	 opportunity	 for	 new	 techniques	 in	 morphological	 computation,	 i.e.	 the	 way	

computation,	 control,	 and	 sensing	 are	 facilitated	 by	 the	 robot’s	 morphology	 which	 may	

include	 its	 shape,	 deformability	 and	 material	 properties.	 Recent	 advances	 in	 fabrication	

techniques	and	morphological	computation	are	poised	to	further	expand	application	areas,	

performance,	as	well	as	the	impact	of	Soft	Robots.	

This	 workshop	 aims	 to	 present	 the	 latest	 advances	 in	 the	 fields	 of	 fabrication	 and	

morphological	computation	for	soft	robotics.	Talks	will	describe	new	and	novel	ideas	in	both	

fields	 and	 various	 ways	 in	 which	 they	 can	 be	 applied	 to	 the	 field	 of	 soft	 robotics.	 The	

workshop	will	also	serve	to	highlight	important	challenges	still	facing	the	field	and	potential	

approaches	needed	to	overcome	them.	

We	wish	you	an	enjoyable	and	productive	workshop!	
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08:25 Welcome	and	Workshop	Introduction	 

17:00 Wrap-up 
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08:30  Cecilia Laschi Scuola Superiore 
Sant’Anna 

Soft Robotics technologies and 
applications, towards new 
robotics scenarios 

08:45  Fumiya Iida University of 
Cambridge 

Model-free design automation 
of soft robots 

Session 1: Advanced Fabrication for Soft Robotics 
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Alvarado 

Singapore 
University of 
Technology and 
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Direct Fabrication of Soft Robot 
Bodies as Functionalized Soft 
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(Rebecca Kramer's 
Group) 

Purdue University Printable Robots: from screen 
printing to inkjet printing soft, 
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Cecilia Laschi 

 
Title: Soft robotics technologies and applications, towards new robotics scenarios  
 
Abstract: 
Deeply grounded in bioinspiration and strongly motivated by morphological computation, the 
wide spreading of soft robotics research worldwide has brought significant achievements in 
terms of principles, models, technologies and fabrication techniques for soft robots. Many 
fundamental problems have been faced, especially thanks to the challenges suggested by the 
living organs taken as models. A wide range of possibilities exists today for building soft 
robots, including technologies for fabrication, actuation, sensing, and control approaches. 
Together with the development of such technologies, it becomes possible to pursue 
applications of soft robots in several fields. They range from explorations to biomedical 
applications, where a soft interaction with human patients is required.  
In addition to allowing more abilities and more applications for robots, soft robotics 
technologies are enabling more robot abilities that were not possible before. Abilities like 
squeezing, stretching, growing, morphing would not be possible with an approach to robot 
design based on rigid links only. The scientific challenges ahead for soft robotics are further 
developing these life-like abilities to deform, stiffen, grow, self-heal, develop, evolve, 
regenerate, combined with the cognitive abilities for using them actively and effectively: the 
ways robots can adapt to the environment and to tasks. 
 
Short biography: 
Cecilia Laschi is Full Professor of Biorobotics at the the BioRobotics Institute of the Scuola 
Superiore Sant'Anna in Pisa, Italy, where she serves as Rector’s delegate to Research. She 
graduated in Computer Science at the University of Pisa in 1993 and received the Ph.D. in 
Robotics from the University of Genoa in 1998. In 2001-2002 she was JSPS visiting 
researcher at Waseda University in Tokyo. Her research interests are in the field of 
biorobotics and she is currently working on soft robotics, humanoid robotics, and 
neurodevelopmental engineering. She has been and currently is involved in many National 
and EU-funded projects, she was the coordinator of the ICT-FET OCTOPUS Integrating 
Project, leading to one of the first soft robots, and of the European Coordination Action on 
Soft Robotics RoboSoft. She has authored/co-authored more than 200 papers, she is Chief 
Editor of the Specialty Section on Soft Robotics of Frontiers in Robotics and AI and she is in 
the Editorial Board of Bioinspiration & Biomimetics, IEEE Robotics and Automation Letters, 
Frontiers in Bionics and Biomimetics, Advanced Robotics, Social Robotics. She is member of 
the IEEE, of the Engineering in Medicine and Biology Society, and of the Robotics & 
Automation Society, where she served as elected AdCom member and currently is Co-Chair 
of the TC on Soft Robotics. 

 

 

 



Fumiya Iida 

 
Title: Model-free design automation of soft robots 
 
Abstract: 
There are many soft robots, the behaviours of which are very difficult to mathematically 
modelled or simulated. If we consider machine design problems that cope with such physical 
dynamics, we need heuristic search of design in physical systems, without (or with very little) 
help of simulation, which we call the model-free (robotic) design automation. We are 
exploring how such a new paradigm of design automation processes can be realised, though 
there are a number of known challenges such as the dimensionality problem, the scalability 
problem, and the reality gap. In this talk, I would like to introduce some of the attempts in our 
laboratory and discuss challenges and perspectives. 
 
Short biography: 
Fumiya Iida is a lecturer on mechatronics at University of Cambridge, Department of 
Engineering. He received his bachelor and master degrees in mechanical engineering at 
Tokyo University of Science (Japan, 1999), and Dr. sc. nat. in Informatics at University of 
Zurich (2006). In 2004 and 2005, he was also engaged in biomechanics research of human 
locomotion at Locomotion Laboratory, University of Jena (Germany). From 2006 to 2009, he 
worked as a postdoctoral associate at the Computer Science and Artificial Intelligence 
Laboratory, Massachusetts Institute of Technology in USA. In 2006, he awarded the 
Fellowship for Prospective Researchers from the Swiss National Science Foundation, and in 
2009, the Swiss National Science Foundation Professorship for an assistant professorship at 
ETH Zurich from 2009 to 2015. He was the recipient of the IROS2016 Toshio Fukuda Young 
Professional Award. His research interest includes biologically inspired robotics, embodied 
artificial intelligence, and biomechanics, where he was involved in a number of research 
projects related to dynamic legged locomotion, navigation of autonomous robots, and human-
machine interactions. URL: http://divf.eng.cam.ac.uk/birl/ 

 

 

 

 

 

 

 

 

 

 

 



Pablo Valdivia y Alvarado 

 
Title: Direct Fabrication of Soft Robot Bodies as Functionalized Soft Composite Structures. 
 
Abstract: 
Soft robot bodies are composite structures that require materials exhibiting large elastic 
deformations. Carefully tailored heterogeneous material properties are crucial as they define 
robot dynamic performance. Unfortunately, soft robot fabrication still relies primarily on 
casting and traditional material removal processes with low fabrication resolution. 
Commercial additive manufacture (AM) technologies can provide higher resolutions, 
however, AM materials still offer inadequate mechanical performance. Materials generally 
used exhibit low stretchability and have no extra functionality outside of structural concerns. 
These limitations hamper the achievable complexity and performance of soft robotics 
components.  
In this talk, I present a fabrication approach that combines direct ink writing (DIW) of 
polymeric inks into matrix materials, and FDM. Mold sections are printed concurrently with 
polymer deposition. Both additive manufacturing processes are implemented on a commercial 
3D printer. I will present some application examples on soft mobile robots.  
 

Short biography:  

Dr. Valdivia y Alvarado is an Assistant Professor in the Engineering Product Development 
Pillar at the Singapore University of Technology and Design, and a Research Affiliate in the 
Mechanical Engineering Department at MIT and the Singapore-MIT Alliance for Research 
and Technology. He received his Ph.D., M.Sc., and B.Sc. degrees in Mechanical Engineering 
from the Massachusetts Institute of Technology. His research interests include: soft robotics, 
bio-inspired design, additive manufacturing processes for soft composites. Dr. Valdivia y 
Alvarado was recognized with an MIT’s Technology Review 2012 TR35 Young Innovator 
Award for South East Asia, Australia and New Zealand for his contributions to novel vehicles 
for long-term exploration of harsh environments. URL: http://brd.sutd.edu.sg 

 

 

 

 

 

 

 

 

 

 



Rebecca Kramer (presented by Michelle Yuen) 

 

Title: Printable Robots: from screen printing to inkjet printing soft, functional materials 

 

Abstract: 

As advanced as modern machines are, the building blocks have changed little since the 
Industrial Revolution: structures, motors and gears are typically rigid, bulky and heavy. In 
contrast, soft robots offer the compliance and low-weight necessary to make them safe for 
working in close proximity to humans, as well as allowing them to squeeze into tight spaces, 
handle fragile objects, and be robust in collisions. The combination of elastically deformable 
substrates with soft actuators and sensors will allow a robot to be folded or compressed and 
placed into a volume much smaller than its deployed size, making transportation easier. 
During this talk, I will describe my group’s progress towards planar robotic fabrics and 
robotic skins, which can be wrapped around inert deformable objects in order to impart 
motion onto those objects. In particular, I will emphasize our work on printing flexible, 
stretchable sensors based on conductive composites and liquid metals, and how these printing 
processes can be extended to other functional materials to achieve printable robots. 

 

Short biography: 

Rebecca Kramer is an Assistant Professor of Mechanical Engineering at Purdue University. 
She holds the degrees of B.S. from Johns Hopkins University, M.S. from the University of 
California at Berkeley, and Ph.D. from Harvard University. Her lab, the Faboratory, contains 
a leading facility for the rapid design, fabrication, and analysis of materially soft and 
multifunctional systems. Her research expertise is in stretchable electronics, responsive 
material actuators, soft material manufacturing, and soft-bodied control. Dr. Kramer currently 
serves as an Associate Editor and Editorial Board member of Frontiers in Robotics and AI: 
Soft Robotics. She has delivered over 50 international presentations, including an interactive 
presentation at NASA’s Technology Day on Capitol Hill. She has authored over 35 technical 
publications in journals, proceedings and books, and currently holds four US patents. She is 
the recipient of the NSF CAREER Award, the NASA Early Career Faculty Award, the 
AFOSR Young Investigator Award, the ONR Young Investigator Award, and was named to 
the 2015 Forbes 30 under 30 list. 

 

Short biography (Michelle Yuen): 

Michelle Yuen is a 4th year PhD student working under Prof. Rebecca Kramer in the 
Faboratory at Purdue University. She earned a B.S. degree from University of California, 
Davis in Biological Systems Engineering, and an M.S. degree from Purdue University in 
Mechanical Engineering. She is currently working on her dissertation which focuses on 
creating robotic fabrics through the integration of soft robotic components, such as sensors, 
actuators, and variable stiffness elements, into fabric substrates. 



Jerry Qi 

 

Title: Hybrid 3D printing with active materials for morphing structures and soft robots 

 

Abstract:  

Devices using soft active materials to achieve well-controlled reversible shape change have 
been actively purchased in the past but with limited success. In this talk, we demonstrate a 
robust platform to incorporate programmed monodomain LCEs into bulk morphing structures, 
which potentially provides opportunities in deployable functional robot with integrated 
devices. We design and fabricate our active structures using LCEs, printed electronics, and 
3D printing. Our elementary bending hinge consists of pre-programmed monodomain LCE 
strips, a 3D printed soft substrate, and direct ink write (DIW) printed conductive wires. The 
LCE strip contracts upon heating by the conductive wire and drives the bending deformation 
of the hinge. Upon cooling the LCE returns to its original length and the hinge 
correspondingly returns to the original flat shape. The bending deformation can be used to 
design complicated folding structures. We demonstrate four designs: a morphing airplane, a 
miura-origami structure, a cubic box, and a soft crawler. These examples show the great 
potential of using hybrid 3D printing and LCEs to achieve controllable shape change 
structures for a variety potential practical applications. Our work also indicate that it is 
possible to use LCEs to move large bulk structures. We believe our work can be of great 
interests to a large group of readers in soft active materials and soft robot. 

 

Short biography: 

Dr. H. Jerry Qi is Professor and the Woodruff Faculty Fellow in the George W. Woodruff 
School of Mechanical Engineering at Georgia Institute of Technology. He received his 
bachelor degrees (1994) and graduate degrees (1999) from Tsinghua University and a ScD 
degree from Massachusetts Institute of Technology. From 2004 to 2014, he was an assistant 
professor then associate professor University of Colorado Boulder. He joined Georgia Tech in 
2014 and was promoted to a full professor in 2016. Prof. Qi’s research is in the broad field of 
mechanics of soft active materials and 3D printing. He and his collaborators pioneered the 4D 
printing concept and are working different 3D printing technologies for active materials and 
structures. Prof. Qi is a recipient of NSF CAREER award (2007), is a member of Board of 
Directors for the Society of Engineering Science. In 2015, he was elected to an ASME 
Fellow. 

 

 

 

 

 



Bram Vanderborght 

 

Title: The fabrication of self-healing soft actuators  
 
Abstract: 
Inspired by nature, the softness of muscles and tissues and the corresponding embodied 
intelligence principles, lead to the development of soft actuators, which are required for safe 
interaction in unstructured and unknown environments. These actuators have the ability to 
resist large mechanical impacts. However, the soft materials are in general susceptible to 
damages caused by sharp objects and wear. Our work is inspired by another interesting 
principle in nature, the ability to self-heal wounds and cracks. 
We integrated self-healing (SH) materials in soft robotics for which we developed Soft 
Pneumatic Actuators such that cuts, tears and perforations in the actuator can be self-healed. 
The material is Diels-Alder polymers, a covalent polymer network system based on the 
thermoreversible Diels-Alder (DA) reaction. Exploiting the self-healing property of the DA-
polymers, a completely new fabrication process will be presented, referred to as “shaping 
through folding and self-healing". 3D polygon structures were developed to construct several 
demonstrators, which were several times damaged by cuts and overpressures and after the 
healing process, regained its properties. 
 
 
Short biography: 
Prof. dr. ir. Bram Vanderborght is prof at the Vrije Universiteit Brussel in Brubotics, the 
Brussels Human Robotic research center (www.brubotics.eu). He performed research stays in 
AIST, Tsukuba, Japan and IIT, Italy. He investigates soft and variable impedance actuators 
for applications in human-robot interaction like prostheses, exoskeletons, coworkers, legged 
robots and social robots. He received an ERC Starting Grant on Series-Parallel Elastic 
Actuation for Robotics (SPEAR).  He is EiC of Robotics & Automation Magazine and 
member of the Flemish Young Academy. 

 

 

 

 

 

 

 

 

 

 

 



Daniela Rus 

 

Title: Visually guided grasping and manipulation with a soft robot hand 

 

Abstract: 

In this talk I will describe recent results on grasping and manipulation with soft hands guided 
by an RGB-D object perception system capable of localizing the pose of an object before and 
after grasping. The soft hands can perform grasping and manipulation operations such as 
connecting two parts. The flexible soft grippers grasp reliably under high uncertainty but the 
object pose after grasping is subject to large uncertainty. Visual sensing ameliorates the 
increased uncertainty via in-hand object localization. The combination of soft hands and 
visual object perception enables our Baxter robot, augmented with soft fingers, to perform 
object assembly tasks which require a tight tolerance.  

 

 

Short Biography: 

Daniela Rus is the Andrew (1956) and Erna Viterbi Professor of Electrical Engineering and 
Computer Science and Director of the Computer Science and Artificial Intelligence 
Laboratory (CSAIL) at MIT.  She serves as the Director of the Toyota-CSAIL Joint Research 
Center and is a member of the science advisory board of the Toyota Research Institute. Rus' 
research interests are in robotics, mobile computing, and data science. Rus is a Class of 2002 
MacArthur Fellow, a fellow of ACM, AAAI and IEEE, and a member of the National 
Academy of Engineering and of the American Academy of Arts and Sciences. She is the 
recipient of the 2017 Engelberger Robotics Award from the Robotics Industries Association. 
She earned her PhD in Computer Science from Cornell University. Prior to joining MIT, Rus 
was a professor in the Computer Science Department at Dartmouth College. 

 

 

 

 

 

 

 

 

 

 

 



Jonathan Rossiter 

 

Title: Soft materials and structures for embodied intelligence 

 

Abstract: 

Morphological computation has the potential to offload control and behavior to the body of a 
robot.  For this to be achievable a level of capability must be shown in the materials and 
structures that make up the body.  This may include strain- and stress-sensitive non-linear 
materials behavior, memory, stimulus-response reaction, and biological concepts such as 
escape reactions, stored elastic energy, energy transduction and metabolics. We will explore 
and give examples within the space of soft materials, fabrication methods and structures that 
can be used for future robots with embodied intelligence. We will consider the range of 
potential applications from environmental cleanup to wearable soft robotics. 

 

 

Short biography: 

Jonathan Rossiter is Professor of Robotics at University of Bristol, head of the Soft Robotics 
Group at Bristol Robotics Laboratory and an EPSRC Research Fellow. His research interests 
center on soft robotics and the development of smart materials, mechanisms and machines 
that exploit active compliance. Significant current projects include soft robotic wearable assist 
devices for the elderly, implantable soft robotics to restore functionality, environmentally 
integrative autonomous robotic organisms, biomimetic locomotion, intelligent matter, 
electroactive polymer actuators and sensors, and tactile actuation and sensing for 
communication and human-robot interaction. 

 

 

 

 

 

 

 

 

 

 

 

 



Oliver Brock 

 

Title: Quest for the Principles of Soft Robotics 

  

Abstract: 

Soft robotics, a niche discipline only a few years ago, is quickly becoming main stream in 
robotics research. How can we explain this explosive scientific success? What changes when 
you go from “hard” to “soft”?  Understanding the principles of soft robotics (and how they 
differ from those of hard robotics) will allow us to build a solid conceptual and possibly 
mathematical foundation to drive further progress.  Full disclosure: I don’t have any 
substantive answer to any of these questions, but I think that the profuse growth of soft 
robotics must be accompanied and framed by such a discussion.  I will therefore share my 
early and likely naïve thoughts on this. I will also describe our work on soft manipulation and 
analyze how these results could bring us closer to an understanding of relevant principles.  

  

Short biography: 

Oliver Brock is the Alexander-von-Humboldt Professor of Robotics in the School of 
Electrical Engineering and Computer Science at the Technische Universität Berlin in 
Germany. He received his Diploma in Computer Science in 1993 from the Technische 
Universität Berlin and his Master's and Ph.D. in Computer Science from Stanford University 
in 1994 and 2000, respectively. He also held post-doctoral positions at Rice University and 
Stanford University. Starting in 2002, he was an Assistant Professor and Associate Professor 
in the Department of Computer Science at the University of Massachusetts Amherst, before to 
moving back to the Technische Universität Berlin in 2009. The research of Brock's lab, the 
Robotics and Biology Laboratory, focuses on mobile manipulation, interactive perception, 
grasping, manipulation, soft material robotics, interactive machine learning, deep learning, 
motion generation, and the application of algorithms and concepts from robotics to 
computational problems in structural molecular biology. He is the president of the Robotics: 
Science and Systems foundation. 

 

 

 

 

 

 

 

 

 



Surya G. Nurzaman 

 

Title: A dynamical system perspective of morphological computation and adaptation in soft 
robots 
 
Abstract:  
Morphological computation can be loosely defined as the ability to exploit the body shape, 
material properties and physical dynamics of embodied systems to generate intelligent 
behavior during their interaction with the environments. The use of soft and deformable 
materials in robots is in many ways related to morphological computation due to these soft 
robots’ rich and complex body-environment dynamics, which can even be altered when their 
morphology adapts to the environments. This talk will present several efforts to demonstrate 
morphological computation and adaptation ability in soft robots, along with the consideration 
of the underlying concept from dynamical system perspective. Last but not least, the relevant 
challenges and opportunities will also be discussed.  

 
 
Short biography: 
Surya G. Nurzaman is a Lecturer in the School of Engineering, Sunway Campus, Monash 
University. Before joining Monash, he obtained his PhD in adaptive machine systems from 
Osaka University in 2011 and worked as a Postdoctoral Research Fellow in Osaka University, 
ETH Zürich and University of Cambridge from 2011 to 2015. Prior to coming to Osaka in 
2007 with the support of the Monbukagakusho scholarship from the Japanese government, he 
finished his Bachelor and Master degrees in Bandung Institute of Technology, and worked as 
a technology consultant in Accenture for a couple of years in Indonesia, Singapore, Malaysia 
and United States. He serves in the editorial board of Frontiers in Robotics and AI, as a guest 
editor of the special issue on Soft Robotics and Morphological Computation in IEEE RAM 
and as the editor-in-chief of the IEEE Technical Committee on Soft Robotics’ newsletters, 
with more than six hundred registered members. His research interests include soft robotics, 
bio-inspired robotics, dynamical systems, embodied intelligence and morphological 
computation. 

 

 

 

 

 

 

 

 

 



Kohei Nakajima  
 
Title: Exploiting the dynamics of soft materials for machine learning 
 
Abstract: 
Soft robots are typically underactuated systems that generate diverse body dynamics when 
actuated. In this presentation, a technique to directly exploit these diverse body dynamics as 
an information-processing device is introduced. This technique is referred to as "physical 
reservoir computing (PRC)," and it enables us to investigate any physical dynamics from the 
viewpoint of information processing. Several physical substrates/platforms for PRC are 
presented, including soft materials (e.g., a silicone-based soft robotic arm inspired by the 
octopus) and Faraday waves generated on a water surface (called "physical liquid state 
machines"), to experimentally illustrate the potential of the PRC framework. We focus 
particularly on how the dynamical system aspects can provide a novel view of soft robotics 
through the PRC framework, including the relevance of noise-induced phenomena or random 
dynamical systems. 
 
 
Short biography: 
Kohei Nakajima is a Project Associate Professor at the Graduate School of Information 
Science and Technology in the University of Tokyo. He is also a JST PRESTO researcher. He 
received BS, MS, and PhD degrees from the University of Tokyo in 2004, 2006, and 2009, 
respectively. From 2009 to 2013, he was involved in the OCTOPUS Integrating Project (FP7, 
ICT-FET) as a postdoctoral researcher at the University of Zurich. He was one of the 
organizers of The 2nd International Conference on Morphological Computation (ICMC2011) 
and The 2013 International Workshop on Soft Robotics and Morphological Computation 
(SoftRobot2013). From 2013 to 2014, he was a JSPS Postdoctoral Fellow for Research 
Abroad at ETH Zurich. In 2013, he was awarded the title of the Hakubi researcher from 
Kyoto University (20 awardees out of 644 applicants), and until 2017, he had been an 
Assistant Professor at the Hakubi Center for Advanced Research in Kyoto University. His 
research interests include nonlinear dynamical systems, information theory, physical reservoir 
computing, and soft robotics. 
 
 
 
 
 
 
 
 
 
 
 
 
 



Thrishantha Nanayakkara (presented by Nicholas Herzig) 

 

Title: Advances in the MOTION project – Morphological Computation of Perception and 
Action 
 
Abstract:  
Nowadays, humanoids phantoms or simulators are more and more used for medical 
education. In particular, in the last few years, the soft robotic advances have led to the 
development of phantoms which simulate the soft tissues behaviors. Indeed, the properties of 
the soft materials as rubber or silicone are suitable to mimic the behavior of human organs. 
The MOTION project is based on the idea to create a new abdominal simulator to reproduce 
the human body behavior during abdominal palpation. Indeed, the abdominal palpation is one 
of the main non-invasive diagnostic procedures performed by practitioners. This talk will 
show recent steps taken to develop a liver mechanical model and its silicone characterizations. 

 
Short biography: 
Thrish is a Reader in Design Engineering, Imperial College London. Prior to joining Imperial, 
he was a Senior Lecturer in the Centre for Robotics Research (CoRe), Department of 
Informatics, Kings College London (KCL). Thrish has been a Radcliffe Fellow, Harvard 
University, USA, research affiliate at the Computer Science and Artificial Intelligence 
Laboratory, MIT, USA, and a postdoctoral fellow at the Department of Biomedical 
Engineering, Johns Hopkins University, USA. His research interests are in soft robotics and 
human-robot interaction. For more details, please visit his personal web page: thrish.org 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Koh Hosoda 

 

Title: Intelligent behavior of muscular-skeletal humanoid robot 
 
Abstract: 
We have been working on hard humanoid robots consisting of rigid links, electric motors or 
hydraulic actuators. We have succeeded in a lot of tasks by utilizing precise control. However, 
looking at humans, our body is consisting of soft material and the control is very imprecise. 
Nevertheless, humans can behave adaptively and can realize amazing task performance. One 
of the underlying mysteries there is soft morphology of our body. Our body is well-designed 
though long-time evolution, and its morphology plays a great role to realize adaptive 
behavior. Especially, soft muscular-skeletal structure is supposed to be very important. I will 
talk about our endeavors to understand the role of our soft body by building muscular-skeletal 
humanoid robots. I will introduce our humanoid robots, and a series of trials to generate 
hypothesis on our soft body. Such hypothesis will help us to build far more adaptive 
humanoid robots in the next generation. 

 
 
Short biography: 
Koh Hosoda received his Ph.D. degree in Mechanical Engineering from Kyoto University, 
Japan in 1993. He was an assistant professor of Mechanical Engineering Department from 
1993 to 1997, and an associate professor of Graduate School of Engineering from 1997 to 
2010, at Osaka University. He was a guest professor in Artificial Intelligence Laboratory, 
University of Zurich from Apr. 1998 to Mar. 1999. He was a group leader of JST Asada 
ERATO Project from 2005 to 2010. From 2010 to 2014, he was a professor of Graduate 
School of Information Science and Technology, Osaka University. Since 2014, he has been a 
professor of Graduate School of Engineering Science, Osaka University. 

 
 
 
 

 

 

 

 

 

 

 



   

  

 

 

 

 
 
 
 
 

Session 1 – Poster Presentations 
 
 
 
 
 
 
 
 



  

� 

Abstract—The goal of this project is to develop a systemic 
design methodology to create customized soft devices which can 
be fabricated through 3D printing technique. We are the first to 
recast this structure design problem under the framework of 
topology optimization, where a soft pneumatic gripper, as a 
practical application, was designed, fabricated and tested. Each 
gripper finger is designed to mimic the real-world movement of 
a human finger. Because the gripper finger is made of inherently 
soft materials, the complex biomimetic locomotion is simplified 
to a continuous bending deformation. Working as a compliant 
mechanism, the soft gripper is designed to achieve its maximal 
bending deformation through topology optimization method. 
The optimized gripper finger shows high consistence with 
human fingers because of the pseudo-joints. Sequentially, the 
optimized gripper finger, with complex-shaped features, is 
directly fabricated by Objet Connex 260 printer as a monolithic 
part with soft material. Finally, it is characterized through free 
travel trajectory tracking experiment. This proposed work 
represents an important step towards the goal of designing and 
fabricating of soft robots automatically. 

I. MOTIVATION AND METHODOLOGY 

Current research on device-level have demonstrated soft 
robots are able to fulfill tasks including quadrupedal 
locomotion, peristaltic locomotion, jumping, rolling, 
swimming and grasping. However, these practical devices are 
designed from intuitive or biomimetic approaches, which is 
limited by the designers’ experience and inspiration to a large 
extend. In other words, a complete theoretical framework for 
designing soft robots automatically is still missing. In this 
study, we take a topology based new approach to design soft 
robots, and verified its efficiency through a practical 
application, say a pneumatic soft gripper.  

This optimization problem is solved by the solid isotropic 
material with penalization method, where densities of the 
discretized elements are taken as design variables. Then, the 
structure design problem is converted to a material 
redistribution one. The design variables 𝝆 are evaluated 
between 0 (void phase) and 1 (solid phase). The optimization 
problem is taken as 

min
𝝆

𝐽 = 𝑢𝑜𝑢𝑡 

𝑠. 𝑡.  𝑲(𝝆)𝑼 = 𝑃0𝒏𝑝 + 𝑘𝑒𝒍𝐮𝒐
𝑻 𝑼 

∑ 𝑣𝑒𝜌𝑒 ≤ 𝑉∗
𝑁

𝑒=1

 

0 ≤ 𝜌𝑒 ≤ 1 

 where 𝑢𝑜𝑢𝑡 is the downwards deflection on the fingertip. The 
state equation describes loading and boundary conditions of 
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the soft gripper, 𝑲(𝝆) is the global stiffness matrix; 𝑼 is the 
displacement field; 𝒏𝑝 indicates direction of the actuation 
pressure 𝑃0; 𝑘𝑒 denotes interaction between the soft gripper 
and object, 𝒍𝒖𝒐 is a vector that describes position of the 
artificial spring 𝑘𝑒. The volume constraint is introduced to 
guarantee convergence of this optimization problem, 𝑣𝑒 and 𝜌𝑒 
denotes the elementwise volume and density. 

II. Results 

The optimized soft gripper finger, as well as the 3D printed 
sample, are shown in Figure 1a and Figure 1b, respectively. 
The performance of the optimal gripper is characterized by its 
free travel trajectory. In the experiment setup shown in Figure 
1c, the left end of the gripper is clamped on a rigid frame, the 
right end is free, and an actuation pressure is applied on the 
intra-surface gradually through a pneumatic controller. The 
experimental results is shown in Figure 1d, where an initial 
bending deformation exists because of gravity,  and the 
maximum bending angle is 41° with its vertical deformation 
as 45.9% of its full length. 

  

 
Figure 1 Simulation and experimental results of soft gripper 
finger. (a) Optimal soft gripper finger with human finger 
mimic pseudo-joints. (c) 3D Printed samples. (d) Free travel 
trajectory tracking setup and (d) results.  
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For a decade, stretchable electronics has been studied 
actively using Eutectic Gallium-Indium (EGaIn), which 
exists in liquid phase in room temperature, showing very low 
resistivity, low viscosity, and high surface tension [1]. Due to 
its unique properties, it can be injected into a microchannel 
within elastomer matrix to develop a soft sensor, which 
measures strain or pressure applied to the matrix [2]. 
However, since the dimension of the microchannel can be 
highly affected by hand skills, the performance of the sensor 
cannot be consistent and it is difficult to fabricate the sensor 
according to a specified design. 

Recently, the direct ink writing (DIW) of EGaIn was 
proposed, which can be a way to overcome the limitation [3]. 
In the previous study, process variables (PVs) were selected 
to determine the width and height of a microchannel, 
including inner diameter (ID) of a syringe, dispensing 
pressure (DP), stand-off distance (SOD), and federate (FR). 
However, DIW of EGaIn has been one of challenging tasks 
due to its high surface tension, whose repeatability and 
consistency has been rarely investigated [4]. Therefore, in 
this study, the fundamental mechanism of EGaIn DIW was 
investigated to specify the critical combinations of PVs 
which highly influence the resultant shape of microchannel as 
well as ensure consistency and repeatability of writing. 

In detail, the PVs can be selected as the following steps: 
1) determination of droplet size by adjusting DP for a given 
ID, 2) determination of initial trace width by adjusting SOD, 
and 3) determination of trace aspect ratio by adjusting FR. As 
shown in Fig. 1, although certain combination of PVs showed 
inconsistency even within a sensor, the appropriate selection 
of PVs resulted in consistent shape of microchannel whose 
aspect ratio was varied effectively by changing PVs. Based 
on the proposed DIW of EGaIn, the performance of the 
fabricated soft sensor can be controlled as the expected 
experimental results shown in Fig. 2; soft sensors are 
assumed to be fabricated with two critical combinations of 
PVs three times for each. As shown in Fig. 3, the multiple 
stretch sensors can be printed at once to fabricate the 
glove-type sensor, which can measure 3D motions of fingers. 
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Fig.1 – Cross sections of microchannel within the soft 
sensor fabricated by DIW of EGaIn according to the 
combination of PVs 
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Fig.2 – Expected 
experimental results with 
different conditions of PVs 

Fig.3 – 
Glove-type soft 
sensor fabricated 
by DIW of EGaIn 
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I. INTRODUCTION 

The purpose of this project is to design an anthropomorphic 
robotic hand for under water human-like manipulation and 
safe interaction with environments.  The robotic hand 
designed is a part of the master/slave control system, which is 
a hand exoskeleton system to control a soft robotic hand that 
will be conducting operations underwater. The exoskeletal 
system also has the function to assist rehabilitation process 
for patients who has lost their strength in their hands due to 
illness. 

II. Project Description  
A. Design of Mechanical System 
The design of this system was inspired from the origami 
folding system, which has been tested and utilized by many 
researchers for different fields in recent years. Research has 
shown that origami not only reduce consumption of space, 
but also, has shown an increase of strength and flexibility due 
to the different folding patterns [1][2][3]. Moreover, origami 
mechanical system has not been fully utilized in the design of 
hand exoskeletal system.  

 
Figure 1: Flexy Design Mechanism 

 

 
Figure 2: Spring Design 

 
The design was first tested with hard paper as it was easier to 
test and design of origami folding. Moreover, paper that is 
pasted together will provide anthropomorphic properties 
which is required by the project. Two designs – Flexy design 
(Figure 1) and spring design (Figure 2) were tested. Flexy 
Design utilized the flexibility of the origami folding to move 
the finger mechanism. The Spring design utilized the 
elasticity of the paper spring to move the finger mechanism. 
Both designs utilize the wire mechanism to move the finger, 
which will be powered by a servomotor through the Arduino 
Program. 
Through experiment, it was observed that Flexy Design 
provide a better grip strength. But spring design provides a 
better flexibility. However, as the project mainly focus on 
rehabilitation process on providing strength for hand, the 

 
 

flexy design was chosen to be the moving mechanism for the 
hand exoskeletal system.  
 

B. Material Selection 

 
Figure 3: Ninja Flex Design 

 
Material selection thus became the second challenge of the 
project. The paper material was found to be very fragile and 
the folding starts to wear off after repeating folding 
movements. This reduce the flexibility of the finger as the 
folding does not return to its original position. Ninjaflex 
material then replaced the hard paper material in the later 
stage of the project, which provides a better flexibility and 
durability as compared to hard paper. This reduce the wire 
mechanisms use to move the exoskeletal system. However, 
from experiments conducted, it is observed that Ninjaflex 
will required more energy to be moved as compared to paper 
material.  

C. Mechanical System Dimension 
The mechanical system was designed based on the dimension 
of the writer’s finger. For example, the mechanical system for 
is the index finger has a total dimension of 2cm (length) x 
11.4cm (breadth) x 1.5cm (height). The folding are located in 
conjunction at the point of bending of each finger segment, 
which are 1.5cm, 4.5cm, and 7.5cm. The aduction and 
abduction mechanism was designed like a spring for the 
finger was located at the end of the mechanical system has a 
breadth of 2cm. 

III. Future Direction 
 

Modification of the mechanical control system will continue 
to make its movement more smooth and flexible. 
Quantification of force will be conducted to see how much 
strength can the hand exoskeletal system can provide for the 
patients. 
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Most of the silicone-based soft pneumatic actuators (SPAs) bear a very similar look, which is a 
one-dimensional rod-like shape. However, there are a few drawbacks. The most acute problem 
is the instability in the case of elongation and bending SPAs, leading to small maximum force 
output. Another limitation lies with the morphological aspect. It is not possible for them to do 
2D surface morphing, as they are one-dimensional initially.  

There are few prototypes of SPAs that are shaped into 2D structures. However, they are all the 
production of linear combinations of 1D SPAs, and they can only do bending or contraction 
motions. Making a genuine 2D pad-like SPA is very challenging as such SPAs tend to inflate 
into a spherical balloon and it is very hard to apply constraints to restrain the thickness.  On the 
other hand, there is potential need for such pad-shaped SPAs, which can be used as flat artificial 
muscles for human joint rehabilitation or steering and propelling tools for marine robots, and 
also provide solutions in shape-morphing technology.  
This research presents a new class of SPA named as the soft robotic pad (SRP), which features 
an initial flat surface and diverse shape-morphing capabilities based on varied constraint 
matrixes. By careful design of the fibre constraint, we successfully developed a versatile 
fabrication procedure to produce the 2D shape-morphing SRPs. Two types of SRPs – saddle and 
wrapping SRPs were fabricated and their morphing modalities are fairly interesting as shown in 

figure.1. As the first attempt to make 2D SPAs, we hope to lay the foundation for SRP 
development. In the future, we aim to formulate a design framework for SRP optimization to 
meet the requirements of different applications. In addition, theoretical models need to be 
developed to predict the behaviours of SRPs. 

 
Fig.1 – Shape morphing processes of saddle SRP (a.i-vi) and wrapping SRP (b.i-vi) 



 
Print-it-Yourself (PIY) Glove: A Fully 3D Printed Soft Robotic 

Hand Rehabilitative and Assistive Exoskeleton for Stroke Patients 
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Stroke is the second leading cause of death with 5.9 million incidents in 2010 [1] with 
prevalence being more significant in the low and middle-income countries. Traditional hand 
rehabilitation exoskeletons that are available commercially or in the experimental stages, are 
typically heavy and bulky, making it difficult to carry around. Physical limitations of the 
traditional rehabilitation exoskeletons do not allow patients to carry out ADL nor task oriented 
rehabilitation exercises. These devices are also expensive to manufacture because of their 
complex systems and mechanisms. Recent progress in development of fabrication tools has led 
to adoption of 3D printing techniques that allow cheap and fast iterations of prototype designs. 
Given that device cost is an important factor [2] for researchers to conduct large scale trials as 
well as for stroke patients to gain access to the device, direct printing of soft exoskeleton using 
FDM is favored over soft lithography methods as a means of device fabrication. In this work, we 
present the design of a fully 3D printed soft robotic hand exoskeleton, Print-it-Yourself (PIY) 
Glove using an FDM 3D printer for home-based rehabilitation. This first prototype of PIY 
Glove is a step taken towards developing a real-world application based printable pneumatics 
and providing an affordable and effective stroke rehabilitation robotic solution that is accessible 
by all in need. 
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Fig.2 – Assembling the PIY Glove (a) adaptor 
between the actuator and the glove base (b) 
finger slot adaptor for placement of fingers into 
the glove (c) open palm design of the PIY 
Glove worn on the dorsal side of the hand. 

 
Fig.1 – Back and Front View of PIY Glove being 
worn by a user. 
 



  

  

Abstract— Due to its excellent material properties of 
elasticity, resilience, and electrical and thermal insulation, 
elastomers have been used in myriad of applications. They are 
especially ideal for fabricating soft robots, flexible electronics, 
and smart biomedical devices which require soft and 
deformable material properties to establish safe and smooth 
interactions with humans externally and internally. 

However, to date, the most widely used silicon 
rubber-based elastomers require a thermal curing process 
which significantly limits its fabrication in traditional ways, 
such as by cutting, molding and casting, which constrains 
design freedom and geometric complexity. In order to enrich 
the design and fabrication flexibility, researchers attempted to 
use 3D printing techniques, especially the UV curing based 3D 
printing techniques that solidify liquid polymer resins to 3D 
objects through patterned UV light, to fabricate elastomeric 3D 
objects. Nevertheless, most of the commercially available UV 
curable thus 3D printable elastomers break at less than 200 % 
(two times the original length), which makes it unsuitable for 
many applications. 

Recently, we developed a family of highly stretchable 
and UV curable (SUV) elastomers that can be stretched by up 
to 1100% which is more than five times the elongation at break 
of any commercially available elastomers that are suitable for 
UV curing based 3D printing techniques. Using high resolution 
3D printing with the SUV elastomer compositions enables the 
direct creation of complex 3D lattices or hollow structures that 
exhibit extremely large deformation. The new SUV elastomers 
enable us to directly print complicated geometric structures 
and devices such as a 3D soft robotic gripper within an hour. 
Compared to traditional molding and casting methods, using 
UV curing based 3D printing with the SUV elastomers 
significantly reduces the fabrication time from hours, even days, 
to a few minutes or hours as the complicated and 
time-consuming fabrication steps such as mold-building, 
molding/demolding, and part assembly, are replaced by a single 
3D printing step. Not only do the SUV elastomers sustain large 
elastic deformation, but also maintain a good mechanical 
repeatability, which make them be good materials for 
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fabricating flexible electronics. To demonstrate this, we 
fabricated a 3D Bucky ball light switch that still works after 
being pressed for more 1000 times. 

Overall, we believe the SUV elastomers, together with 
the UV curing based 3D printing techniques, will significantly 
enhance the capability of fabricating soft and deformable 3D 
structures and devices including soft actuators and robots, 
flexible electronics, acoustic metamaterials, and many other 
applications. 
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MetaSilicone: Design and Fabrication of Composite Silicone with

Desired Mechanical Properties
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I. INTRODUCTION

Silicones are the material of choice for soft-bodied robots,
with largely unmatched mechanical properties. However, this
frequently requires complex multi-step manual moulding
processes. As well as being labour-intesive, this is also lim-
iting the design space of soft robots. It is therefore desirable
to 3D-print functional soft robots, as demonstrated in [1]. A
central advantage of 3D printing is that computational design
tools can be implemented which optimize the geometry to
match some desired behaviour [2]. The first step towards
printing functional silicones for soft robots — for sensors,
actuators, or morphological computation — is to enable
materials with spatially-varying mechanical properties.

We propose a method for designing and fabricating
metasilicones—structured silicone rubbers that exhibit de-
sired mechanical properties on the macroscopic level. The
underlying principle of our approach is to inject bubbles of
a dopant material into a silicone matrix material. By varying
the number, size, and locations of these inclusions as well
as their material, a broad range of macroscopic mechanical
properties can be achieved. Our method is implemented on
a modified Ultimaker Original 3D-printer.

II. DESIGN TOOL

We have built a simulation-based design tool for comput-
ing the optimal bubble distributions given some desired target
behaviour. We can optimize the global mechanical properties
e.g. by matching one or more reference force/displacement
curves. Our simulation model is based on extended finite
elements (XFEM), thus avoiding the complexity of remesh-
ing and allowing bubbles to change parameters without
introducing discontinuities. We use a Mooney-Rivlin material
model, and fit material parameters from experimental data.
For optimization, we turn to sensitivity analysis, taking ad-
vantage of the special structure of the problem for increased
computational efficiency.

III. PRINTING SETUP

We inject bubbles of a dopant material into a silicone
matrix material, as shown in Fig. 1. We use EcoFlex 00-30 as
a base material (with 0.5% ThiVex added), and inject bubbles
of MoldStar 30 silicone (both from Smooth-On, Inc.). Our
metasilicone printer is shown in Fig. 2. Extrusion is done
with a pneumatic fluid dispenser (TS-350, Techcon Systems).

All authors are with Disney Research, Stampfenbachstrasse 48, 8006
Zurich, Switzerland espen.knoop@disneyresearch.com

Fig. 1. The metasilicone printing process. Bubbles of a dopant material
are injected into a silicone matrix material.

Fig. 2. We used a modified Ultimaker Original FDM printer. The print
head has been replaced by a syringe, driven by a pneumatic fluid dispenser.

IV. RESULTS

We can interpolate between the stress-strain curve of the
pure base material and that of a dense axis-aligned grid of
bubbles. Fig. 3 shows fabricated samples with optimized
bubble distributions at different interpolation points. We
observe good agreement between simulated and measured
results. We have also created anisotropic metasilicone, using
only isotropic materials.
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Fig. 3. Optimized samples interpolating between the pure matrix material
(0) and a dense axis-aligned grid (1), at 0.25, 0.50, 0.75 and 1.1 interpo-
lation values.



Compliant Jumping Mechanism with Bi-stable Structure

Yusuke Arai1, Satoshi Nishikawa1, Ryuma Niiyama1, and Yasuo Kuniyoshi1

I. INTRODUCTION
Soft-bodied robots have difficulties in agile motion be-

cause the soft materials cannot transmit power efficiently and
consume energy for deformation itself. Moreover, pneumatic
actuators and shape memory alloy (SMA) actuators used in
soft robotics have low bandwidth. There have been studies
for tackling agility of soft robots, for example, pyrotech-
nic actuation[1]. Soft-bodied robots are also developed for
jumping[2] and ballistic rolling[3].

Stored energy in elastic tissue is essential in jumping
systems of insects[4]. They have trigger mechanisms for
rapid release of stored energy. We focus on bi-stable structure
for this purpose. Typically, the bistable structure consists
with an elastic beam and rigid frames[5].

We propose a compliant bistable structure for rapid jump-
ing motion. This jumping module is based on the buckling
phenomenon, a rapid sideways bending of a flexure plate in-
duced by high compressive stress. The modules are designed
for connecting multiple modules in series or embedding in
soft robot.

II. BISTABLE MODULE

We employ antagonistic drive of elastic plate for inducing
buckling. The jumping module is reversible due to the
double-sided arrangement of shape memory alloy (SMA)
actuators. A prototype of compliant jumping module is
shown in Fig. 1. The elastic plate is made of PVC with a
thickness of 0.2 mm is a rectangular shape with a length of
50 mm and a width of 20 mm. We used coiled SMA actuators
(BMX150, Toki Co.) with a length of 40 mm in both side of
the plate. The SMA wire and PVC are thermally insulated
with high-temp film. Total weight of the module is 1.2 g.

To investigate basic properties of the bistable module, we
verified the stored energy of the components with simulation
(Fig. 2). The SMA wire is modeled as a spring with variable
natural length. The total energy represents a bistable feature
with bell-shaped profile. The sored energy in flexible plate
is relatively smaller than values of SMA actuators.

III. EXPERIMENTS

The jumping experiments are performed in tethered con-
dition. Jumping procedure is initiated by pre-bending of
the structure by contracting lower SMA actuator to store
energy in upper SMA, then flip to jump (Fig. 1). A FET
driver is used for controlling SMA actuator with step signal.
Activation period for both upper and lower SMA actuator is
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1Graduate School of Information Science and Technology, The University
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Fig. 1. The bi-stable module driven by antagonistic SMA actuators.
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Fig. 2. The simulation analysis of stored energy.

1.5ṡ. We found that the offset period between the activation
of lower SMA and upper SMA is the critical parameter. We
observed maximum jumping height of about 0.1 m with the
offset of around 4.5 s.

IV. CONCLUSION

We propose a compliant jumping mechanism with bistable
structure driven by SMA actuators. The result shows that
a flexible but non-compressive structure can perform rapid
motion in keeping with a deformable feature. Future work
could be implementing complex behaviors with multiple
bistable modules.
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Gelatin Based Soft Pneumatic Actuator for Edible Robotics
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I. ABSTRACT

We present an entirely edible pneumatic actuator based on
gelatin-glycerol polymer. The actuator, shown in Fig. 1(a-
b), is composed of a monolithic structure fabricated via
molding process that is commonly used for other pneumatic
actuators made of silicone elastomers [1]. The dimensions
of the device measures 90 mm in length, 20 mm in width,
and 17 mm in thickness. Thanks to the material properties of
the gelatin-glycerol polymer similar to those of silicone elas-
tomers, the actuator exhibits large bending angle (170.3 �)
and blocked force (0.34 N). This performance is comparable
to other silicone elastomer based actuators [2], [3]. In order
to demonstrate the applicability to robotic devices, the two
actuators were integrated into a form of gripper, as shown in
Fig. 1(c-d). The gripper showed handling of various objects,
highlighting the high performance of the actuator.

The simplicity of the actuator encourages its implementa-
tion in many different types of robots. Given the actuator is
digestible and metabolizable, those robots could bring novel
applications. Once medical components are mixed into the
edible composition, the robots could be used for healing a
particular part of inner human body, or helping preservation
of wild animals. When edible robots can be metabolized, they
become energy storage. This feature provides an advantage in
terms of increased payload with respect to non-edible robots
that must be loaded with a food payload. This would be
effective in rescue scenarios where the metabolizable robots
can reach survivors in isolated places such as, inside a crevice
and up on mountain. In addition, as mentioned in the work
on electric field stimulated gelatin hydrogel actuator [4], [5],
those edible robots are expected to be biodegradable.

The edible actuator presented in this study, combined with
other recent edible materials and electronics [6], could lay
the foundation for the new field of edible robotics.
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Fig. 1. Edible soft pneumatic actuator developed in this study. (a) Actuator
at non-pressurized state. P stands for the gauge pressure. (b) Actuator at a
pressurized state (25 kPa). (c) Gripper holding an apple mass of 95.6 g.
(d) Gripper holding a LEGO block mass of 25.7 g.
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Abstract— In this work, we present a deployable soft bending 
actuator, a highly compact soft actuator that can be initially 
deployed and then bent, driven by a single pneumatic input. To 
fabricate the actuator, a new fabrication method, sheet mold 
stacking, was developed. Sheet mold stacking make it possible to 
fabricate compact and complex structure. Also, it has 
advantages of easy embedment of other sheet type materials 
(e.g. fabric) and high scalability. The four-module-actuator bent 
90̊ at 17kPa and generated 3.08N blocked force at 15kPa. Finally, 
a deployable soft gripper and a deployable soft support were 
designed as applications. Both were composed of two deployable 
soft bending actuators and could stably hold a fully filled water 
bottle weighing 524g. 

I. INTRODUCTION 

One particularly advantageous property of deployable 
structures is their extremely high compactness. For this reason, 
deployable structures can be used for various applications: 
Operations during space missions [1], architecture [2], 
medical appliances and tooling [3], and mobile robotics [4].  
In each of these fields, since the main purpose is support, 
typically rigid materials are used.  

Research into soft pneumatic actuators comprised of soft 
materials has become a field of intense research due to their 
high adaptability. Most research, however, is focused on their 
deformation a property that is heavily reliant on a soft 
material’s extension. The focus of this project is on an 
investigation into the possible benefits achievable by applying 
the deployable structural design of soft pneumatic actuators. 
In this project, a highly compact soft actuator that can be 
initially deployed and then bent, driven by a single pneumatic 
input was developed. 

II. DESIGN 

The structure of this actuator was inspired by the structure 
of an origami cylinder design proposed by Tachi et al [5]. This 
origami cylinder can be compactly and flatly folded and 
deployed into a 3D shape as shown in figure 1(a). Each facet 
was made into a parallelogram shape and when the length of 
lower base, side, and included angle (a,b and θ in figure 1(a)) 
are changed, users can then determine the shape and scale of 
the cylinder.  

For the purpose of soft robotic applications, the top and 
bottom of the cylinder were sealed so the cylinder may be 
actuated pneumatically. Some of the fold lines and combined 
facets as shown as figure 1(b) were removed as well. Those 
fold lines were removed because they were in the same 
direction as the facet’s extending direction during bending, 
this resulted in interference when attempting to bend the 
actuated structure. 
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Two different elastomers with different elastic moduli 
were used for the soft actuator. Half of the actuator is made of 
an elastomer with a low elastic modulus while the other half of 
the actuator was made with an elastomer with a high elastic 
modulus. This actuator has two actuation modes, a deploying 
and a bending mode. During the deployment phase, a low 
pressure is applied, the facets rotate from the fold lines and the 
actuator deploys similar to the origami cylinder by Tachi. 
During the bending phase, air is applied and the facets with a 
low elastic modulus expand considerably comparatively to the 
facets with a high elastic modulus that expand slightly. This 
results in one side of the actuator expanding more than the 
other side, causing the whole actuator to bend as shown in 
figure 2. 

III. FABRICATION 

To fabricate the actuator, a new fabrication technique 
(sheet mold stacking) was developed, as shown in figure 3. 
1mm thick facet molds (molds for facets) and 0.5mm thick 
separation molds (molds that separate the facets to create air 
channels) were fabricated using acrylic laser cutting and 3D 
printing (Objet 260 Connex, Stratasys Inc). By stacking molds 
and pouring elastomer into the mold repeatedly, a compact 
structure was fabricated. After elastomer cured, the molds 
were removed within the structure and were sealed using a 
half-cured elastomer or a fast-cure silicone adhesive (Sil-Poxy, 
shore hardness A40, Smooth-on Inc.) 

Sheet mold stacking has several advantages:  

i) Complex or compact 3-dimentional structures can be 
fabricated. 
ii) Other sheet shaped materials (e.g. fabric, paper) can be 
embedded on facets easily because every facets are even 
during fabrication. 
iii) Design and printing of new bulky molds for the whole 
structure is unnecessary, various structure shapes and heights 
can be fabricated by combining and stacking sheet molds. 

However, sheet molds are usually composed of a single-use 
because they need to be broken to be removed from the 
structure. Also, removing inner molds and sealing the actuator 
is an onerous work. We hope that this drawback to be 
overcame by making molds with low-melting materials such 
as wax or paraffin [6].  

 
Figure 1 (a) Rigid origami cylinder. (b) Modified cylinder for 
soft robotic application (side view and front view). Red 
dotted lines are removed fold lines. 
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Figure 2 (a) Deploying and bending principle of a deployable soft bending actuator (b) The figure of the soft deployable 
bending actuator. The actuator fully deploys at P=10kPa and starts bending. 
 
 

 
Figure 3 Sheet molds are composed of facet molds and 
separation molds (left). The deployable soft bending actuator 
was fabricated using stacking sheet molds (right). 
 

IV. TESTING 

Dragon skin 10 (shore hardness A10, Smooth-on Inc.) was 
selected as an elastomer with a low elastic modulus and 
Dragon skin 30 (shore hardness A30, Smooth-on Inc.) was 
selected as an elastomer with a high elastic modulus. To 
distinguish between the two elastomers, coloring (Silc Pig, 
Smooth-on Inc.) was added to each elastomer. We fabricated 
six-module-actuators with of the following specifications: a 
parallelogram lower base size of 15mm (a=15mm), a 
parallelogram side length of 30mm (b=30mm) and an 
included angle of 70° (θ=70°) between the two. The actuator 
fully deployed at 10kPa and started bending. It could bent 90 ̊
at 17kPa and generated 3.08N blocked force at 15kPa. 

V. APPLICATION 

For application, a deployable gripper and deployable 
support were constructed as shown in figure 4. Both were 

composed of two deployable soft bending actuators and could 
stably hold a fully filled water bottle weighing 524g. 

VI. CONCLUSION AND FUTURE WORK 
In this work, we developed highly compact soft pneumatic 

bending actuator and presented its applications. Although the 
actuator has an inherent advantage of high compactness, it 
has a disadvantage of bloating (inefficient material 
expansion).  Our future work is to enhance its efficiency and 
robustness by embedding other materials such as fabric and 
mesh. Also, modeling and parametric study of the structure is 
ongoing. We believe that this actuator can be used for 
wearable application in near future. 

For fabrication, we developed sheet mold stacking method 
that can be used for compact and complex structure. Because 
of the non-reusability of molds and difficulty of extraction of 
molds, we are considering to make molds with low melting 
materials. We hope that the mold stacking method can be 
used for fabrication of other compact soft structures such as 
highly compact bellows structure or Yoshimura origami 
pattern [7]. 

 
 

 
Figure 4 (a) Front view of the deployable gripper, (b) top 
view of the deployable gripper, (c) front view of the 
deployable support, (d) side view of the deployable support. 
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I. INTRODUCTION 

 Perhaps the most profound characteristic of soft robotic 
actuators is its ability to contort itself into complex shapes by 
leveraging the innate flexibility of its base materials. They 
are therefore perfectly suited for applications requiring 
exceptional degrees of geometric adaptability, such as 
grippers for industrial systems and biomimetic robots. 
However, this ability is often accessed by interfacing the 
actuator to its environment [1] – most lack the capability to 
perform these motions at will. In order to increase the utility 
of soft robotic actuators, the concept of modular segments is 
realized. These modules are synergistically assembled such 
that multiple soft robotic actuators are attached to each other; 
moreover, these modules can themselves be individually 
actuated. The result is an actuator that still possesses a high 
degree of freedom but with increased controllability. To 
showcase the concept, two pneumatic, soft robots will be 
included in the demonstration– a gripper and a worm-
inspired robot. 

II. VERSATILE GRIPPER 

One version is a fabric-based modular actuator with an 
origami inspired pleated actuator, which generates rotary 
motion upon pressurization. Each fabric-based rotary 
actuator (FRA) module has a single V-shaped inner fold, 
which would expand when the actuator is pneumatically 
pressurized. Due to the pleated nature, the inflation causes 
the expanding folds to come into contact with each other and 
subsequently, generate a pushing force, which causes the 
pleated FRA module to open up. Propagation of angular 
displacement upon pressurization enables FRA modules to 
be implemented as mobile joint segments during the 
assembly of larger pneumatic structures. In this demo, we 
will display how FRA modules are assembled with inflatable 
beam modules to form a soft robotic gripper, which is 
capable of power grasping and pinch grasping. 

III. WORM-INSPIRED GRIPPER 

The actuator to be presented in this segment of the 
demonstration is primarily derived from [2]; a more detailed 
treatment of its capabilities will also be presented in this 
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conference. The robot itself consists of 15 independent 
inflation modules, separated into 5 equal segments. Gait is 
achieved using an open-loop control system. Each segment, 
when pressurized, bends based on the interference 
characteristics of the adjacent bladders. Combined with the 
predetermined characteristics of the actuator, the sequential 
activation of the bladder segments results in locomotion of the 
robot along a linear path. The gait speed can be increased by 
varying the timing of the sequence, while direction can be 
reversed by similarly reversing the inflation sequence. 
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Figure 1: FRA module in (a) depressurized, (b) pressurized state. (c-d) 
Movement of actuator linkage upon pressurization of FRA at the joint 
segment. Performance of soft gripper: (e) pinch grasping, (f) power 
grasping. 

 
Figure 2: Screenshots of worm-inspired gait robot during gait (1-6). 



Grasp-hold-release tasks are unquestionably one of the most common actions that are involved in a large 
variety of day-to-day activities. Depending on the object that the hand is dealing with, various grasp types 
will be used accordingly to ensure effective grasping. These tasks that seem intuitive to humans are, in 
fact, challenging for traditional robotic grippers especially in applications where safe and adaptable 
grasping is required (e.g. manipulation of delicate or unknown objects or grasping in unstructured 
environment) [1], [2]. The proposed 3D-printed soft robotic gripper exhibits promising properties such as 
good versatility, low cost, ease of fabrication, inherent compliance and simple control schemes to 
manipulate objects – all of which are limitations for the traditional robotic grippers.  

Grasping tasks involved several fragile objects (laboratory glassware, egg, and a cup of water) as well as 
other objects (handbag, water bottle, etc.) will be planned for the live demonstrations. 

 

(a) Drawings of a four-fingered soft robotic gripper with grasping width adjustment capabilities. The 
soft robotic gripper performing grasp-hold-release task on various objects: (b) a cup of water, (c) a 
soft ball, (d) laboratory glassware, (e) tennis ball, (f) a handbag with various objects inside, and (g) 

an umbrella. 
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Morphological Computation: The Good, the Bad, and the Ugly
Under review as a conference paper at IROS 2017
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Fig. 1. Typical RBO Hand 2 [1] grasp motion that is used to identify good
and bad MC.

Soft robotics is a successful branch of robotics. In many
applications, softness leads to improved performance, ro-
bustness, and safety, while lowering manufacturing cost,
increasing versatility, and simplifying control [2], [3]. In spite
of these advantages, there currently is no systematic method
for exploiting the benefits of softness in robot design. At the
moment, human designers rely on experience and intuition
to design competent soft robots.

The advantages of soft robots derive from the fact that their
behavior is not entirely controlled but partially results from
interactions of the robot’s morphology with its environment,
which is referred to as morphological computation (MC).

But not all MC is good. The interactions between a soft
robot and the environment can also be harmful, for example,
if it un-does what control accomplished or simply causes
failure. We call this bad MC. Of course, MC can be good
if the control-based behavior is modified in a favorable way.
To illustrate this with an example from soft manipulation: If
MC leads to the adaptation of a soft hand to the shape of an
object that results in a good grasp, we call that good MC. If,
on the other hand, the compliance of the finger leads to the
object slipping out of the grasp, we consider this bad MC.
Both forms of MC describe interactions between the hand
and the object, but only the former is desirable, while the
latter is to be avoided.

The automated design of soft robots must minimize bad
MC and maximize good MC, relative to a particular task. In
this work, we propose for the first time a method to identify
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Fig. 2. Clustering of grasp behaviors, colored by grasp distance. Smaller
values (blue) correspond to better grasping The instances within the gray
ellipse are those of interest, with high grasp success and high MC.

good and bad MC from observed behavior. If the observed
behavior can be represented in some high-dimensional space,
our method identifies sub-spaces associated with good MC
and sub-spaces associated with bad MC. Such a criterion is
a first and important step towards a quantitative design of
soft robots.

For this purpose, we conducted a series of grasp ex-
periments, with variations of RBO Hand 2 shape, object,
object initial position, and controller. First, we extract the
components of the grasp motions that result from the inter-
action of the soft manipulator with the object by subtracting
the prescriptive behavior from the grasp behavior. Next, we
calculated the covariance matrices, which were then clustered
using t-SNE [4] (n = 2). The result is shown in Fig. 2. The
clustering reveals that the covariance coefficients can be used
to distinguish between degrees of freedom that contribute to a
good grasp (good MC) from those that result in failure (bad
MC). The advantage of our method is that the covariance
coefficients can be related to the compliance of the soft
manipulator, and hence, can directly be use to guide an
automated design process.

The method is not limited to soft manipulation but can be
applied to soft robotics in general.
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Up to now, several efforts have been carried out to im-
prove flexibility, usability, and adaptability of robotic hand
prosthesis. Despite these efforts, the problem of dexterous
grasping is not completely solved, and classical mechanisms
are unsatisfactory to mimic human grasping movements. The
main research activities concerning the improvement of robotic
hands have focused on prehension analysis, automatic control,
and mechanisms. Recently, the use of smart and soft materials
has led to the development of new adaptive devices known
as soft robots, which are promising for physical interactions.
In the field of robotic hand prosthesis, the use of smart and
soft materials is helpful in improving flexibility, usability, and
adaptability of the robots, which simplify daily living activities
of prosthesis users. However, regarding the smart materials for
artificial muscles, technologies are considered to be far from
implementation in anthropomorphic robotic hands.

Therefore, the target of this research work seeks to reduce
the gap between smart material technologies and robotic
hand prosthesis. Six central axes address this problem: i)
identification of useful grasping gestures and reformulation
of the robotic hand mechanism [1], ii) analysis of human
muscle behavior to mimic human grasping capabilities [2], iii)
modeling robot using the hybrid model DHKK-SRQ [3] for
the kinematics and the virtual works principle for dynamics,
iv) flexible and friendly-intuitive interactions between human,
robotics and manipulated objects [4], v) definition of actua-
tion requirements considering the synergy between prehension
conditions and robot mechanism [5], and vi) development of
a smart material based actuation system [6]. Bearing in mind
that most of the daily living activities are related to accurate
manipulation of objects, the design approach was focused on
precision grasping gestures, which requires three fingers. Thus,
the first prototype of the robotic hand prosthesis, so-called
ProMain-I, is equipped with three fingers, placed in the palm
of the hand in such a way that they collaborate to facilitate
the grasping of several kinds of objects.

Furthermore, the ProMain-I is underactuated and equipped
with a drive mechanism based on tendons, which mimic the
human musculoskeletal system. The tendon system is made
with elastic material that produces a soft behavior to the
fingers joints. Due to the flexibility of the driving mechanism,
a modeling methodology is introduced to describe the finger
behavior accurately. Taking into account the necessity of
representing the different hand poses that arise when soft
robotics chains are used, a hybrid model, called DHKK-SQR,

was proposed. The model uses the positions of fingers links
and joints computed with the Denavit-Hartenberg (DH) param-
eters associated with the quaternions representation to avoid
singularities and to reduce the number of DH parameters. The
proposed kinematic and dynamic models were combined with
experimental data to identify the actuation requirements of
the robotic hand prosthesis. These specifications were used in
a review of smart materials, which allows the identification
of two potential candidates to design a smart material based
actuator, i) the ionic polymer metal composites (IPMCs) and
ii) the shape memory alloys (SMAs). The IPMCs has a huge
potential due to their kinematic behavior, and the SMAs has
a large actuation force.

Therefore, a new actuation system was proposed based
on the theoretical and experimental evaluation of the robotic
finger and its mechanism, and the smart material review. This
actuation system comprises a servomotor and an active tendon
driving system, which is composed of SMA wires in parallel
with the elastic tendon. The active tendon driving system
allows controlling joint stiffness, so it is possible to adapt
the behavior of the hand based on the grasping requirements
and thus, address a solution to some of the main challenges
in the domain of robotic hands flexibility and adaptability.
The SMA based actuation system is issued of the proposed
smart actuation design methodology; a model for SMA wires
is introduced and identified experimentally. Moreover, the
actuation system was tested and a second prototype of the
Robotic hand, ProMain-II, is being prepared.
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Soft-body robotics systems are expected to allow flexible
interaction between robots and grasped objects. This particu-
lar characteristic allows new improvments in Human Robot
Interaction. The target of this work is to develop a new
soft robotic hand prosthesis called ProMain Hand, which is
characterized by: (i.) flexible interaction with grasped object
and (ii.) friendly-intuitive interaction between human and
robot hand. Flexible interaction results from the synergies
between rigid and soft bodies, and actuation mechanism. The
ProMain hand has three fingers. Each finger is designed with
three phalanges: proximal, medial and distal. The proximal
and medial are built with rigid bodies, and the distal is ending
with a soft force sensor that aims to detect contact and force
in the fingertip, allowing new interaction possibilities over an
hybrid force-position control and increasing the compliance
with grasped objects due to the deformable body. This new
Soft Force Sensor is gathering a bone, a soft cover, fixation
rings and a Force Sensor Resistive (FSR) transducer. The soft
cover has a unique geometry developed with Finite Element
Analysis (FEA) to transfer the force that is applied on the
external fingertip surface toward the FSR transducer [1].

Furthermore, the finger has two degrees of freedom (DoF)
driven directly by the actuator and a flexible link that al-
lows additional rotations in all directions when it gets in
contact with objects during grasping. It enhances mobility,
adaptability during prehension and manipulation of objects.
The human-hand interaction is driven by a controller that
uses the superficial electromyographic signals measured in
the forearm employing a wearable device. Based on the
signals transmitted by the wearable device, the beginning of
the movement is automatically detected, analyzing entropy
behavior of the EMG signals through artificial intelligence.
Then, three selected grasping gesture are recognized with the
following methodology: (i.) learning patients entropy patterns
from electromyographic signals captured during the execution
of selected grasping gesture [2], [3], (ii.) performing a support
vector machine classifier, using raw entropy data extracted
in real time from electromyographic signals [1]. All these
processes are carried out in real time. The above methodology
was tested in a motion caption laboratory and validated out of
laboratory conditions.

On the other hand, the actuation mechanism is mixing
classical rigid and new soft parts, considering actuation re-
quirements to obtain a synergy between prehension conditions

and robot mechanism [4]. The actuation mechanism is under-
actuated and driven by tendons (i.e. only one actuator activates
the whole finger). The motor is also coupled to the finger
mechanism through flexible wires [5]. Tendons are distributed
in two drive groups, one for the proximal phalange and the
other for the distal phalange.

Once, the desired motion by the patient is recognized,
the soft robotic hand performs the movement driven by a
controller that uses object contact detection and a hybrid
force-position feedback. The controller is designed based on:
(i.) the parametric identification of the actuator, (ii.) the
kinematic and dynamic model of the finger, and (iii.) the
dynamic behavior of the applied force during experiments.
Furthermore, the controller architecture is based on hybrid
control theory, which superposes the force closed loop to
the position closed loop. Both closed loops are proportional-
integrate-derivative controllers tuned to reduce setting time.
The controller tunning procedure is defined as follows: (i) the
global system is reduced to a Multiple-Input Multiple-Output
(MIMO) transfer function; the inputs are reference values of
force and position; the outputs are finger rotation and applied
force, (ii) the reduced (MIMO) transfer function is simulated
to obtain computed values, (iii) these computed values are
compared with the desired responses to obtain objective func-
tion corresponding to the sum of position and force mean
square errors, (iv) and the controller constant are computed
by solving an optimization problem that minimize the mean
square error. The control system is validated experimentally
performing precision grasping of real objects.
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Summary 
 
Recent advances in soft and compliant materials have paved 
a way for their use in soft robotics. These soft robots are 
suited for certain applications better than the traditional 
robots because of flexible and compliant natures of their own 
constructs. The ways to manipulate actuation of these soft 
robots are, however, yet to be explored and improved in 
order to provide overall control of the robots. Presently, 
majority of efforts to actuate such flexible constructs is 
focused on development of flexible elastomeric actuators 
(FEA) that are driven by pneumatics. By pneumatic pressure, 
resulting modes of actuation are primarily achieved by 
creating different degrees of curvatures of a given structure. 
In this study, we propose a novel approach of using multiple 
fluidic channels to facilitate user-defined control over the 
actuation, namely multilayer fluidic elastomeric actuators 
(MFEA) (Fig. 1). The additional channels help control the 
amount of actuation of specific segments of flexible 
constructs and vary the degrees of freedom of the actuator. 
The actuations are primarily achieved by pneumatic sources 
for all the fluidic channels. Schematic illustration of the 
example of MEFA and fabricated multilayer strucutres are 
shown (Fig. 2 and Fig.3). Functional valves are ntegrated 
between the middle and bottom layers, which will be used to 
control the mode of actuations of MFEA. The design of 
MFEA can be further optimized and customized to achieve 
precise and subtle control over the soft robots.  
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Actuator layer 

Fluid layer 

Valve layer 

Figure 1. Exploded view of the different layers of a 
valve-based multilayer fluidic elastomeric actuator 
(MFEA).   

Figure 2. Cross-sectional view of the valve based MFEA 
(a)Valve off (b) Valve on, closing the fluidic channel and 
air flow to the subsequent channels 

a b 

Actuator layer 

Valve layer 
Fluid layer 

Figure 3. (a) Fully assembled valve-based MFEA (b) 
Actuator layer taken out to show the fluid layer and the 
valve layer. Each valve (shown in red) has its own 
pneumatic connection thus enabling more control over 
the actuation of the entire actuator.  
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Automated Co-Design of Soft Hand Morphology
and Control Strategy for Grasping
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Abstract— We present our initial efforts on co-designing
the morphology of soft hands together with their control.
To do that, we are also developing an efficient soft hand
simulator. These two complementary improvements promise
to boost the development of competent soft hands and their
control in the future. Considering both parameter domains
simultaneously makes it easier and faster to find solutions than
when parameters of either domain remain fixed. To evaluate
systems holistically, we develop an efficient simulation model
for soft hands based on the SOFA framework1, which enables
us to simulate more than a million grasps per day.

Grasping performance increases with a robotic hand’s
ability to comply to the shape of a grasped object and
to robustly exploit contact with the environment [1]. An
effective way of achieving this is by building soft hands. But
using soft hands comes at a price: Control and Morphology
become intricately intertwined and are not neatly separable
by e.g. a contact model anymore. This implies that to
design a competent soft-bodied system we must consider
control strategies as well as the hand’s morphology. To
complicate matters further, pervasively compliant structures
provide many design parameters, which leads to a very large
design space. and makes designing by a human expert time
consuming. We therefore investigate the co-design of both
hand morphology and control strategy for soft hands. For a
given grasping problem, co-design enables us to find syner-
gistic combinations of morphology parameters and control
parameters. The goal is to have a controller that leverages
the abilities of the morphology and to have a morphology
that complements the abilities of control. To achieve this,
we must search the combined parameters spaces for high
quality solutions. Optimization in such a high-dimensional
and nonlinear space is difficult. We present a formulation of
the optimization, that implicitly provides an abundance of
solutions in parameter space, making it feasible to co-design
many parameters.

To be able to co-design soft hands quickly, we develop a
simulator capable of evaluating the task success of points in
the cross-domain parameter space, which represent particular
system configurations. Fig. 2 shows the phases of an example
simulation for a simple top-grasp strategy. The simulator can
simulate soft hands and their mechanical interactions at about
0.1⇥ real-time, enabling us to quickly evaluate complete
system configurations for their suitability. We formulate the

All authors are with the Robotics and Biology Laboratory, Technische
Universität Berlin, Germany

We gratefully acknowledge financial support by the European Commis-
sion (SOMA, H2020-ICT-645599).
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http://www.sofa-framework.org

(a) Solution: top grasp

(b) Solution: “flip-and-envelope” grasp

Fig. 1: Example outcomes of co-designing control strategy
and gripper morphology for grasping a single object from a
table

optimization problem as a particle filter, where each particle
represents a specific system configuration.

Fig. 1 shows example results of optimizing a four-fingered
gripper using the proposed method. We investigated feasi-
bility of co-design in low- and high-dimensional spaces and
find that co-design performs much better than optimizing
in only one domain, even when switching between domains
sequentially.
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Fig. 1. Six PneuFlex actuator designs with different design parameters

Abstract— Soft robotic actuators use compliance to passively
adapt their shape to objects and the environment. The specific
choices of design parameters decide the behavior of the actuator
during these interactions. By analyzing human-human hand
interactions we observed that the distribution of contact pres-
sure is a relevant benchmarking metric to judge “humanness”
and comfort of the interaction. In order to understand how
the choice of design parameters of soft actuators influences
the benchmarking results, we created a set of prototypes with
different design parameters. By measuring and comparing the
contact pressure distributions we can reason about which design
properties are most relevant for human-like interactions.

I. EXPLORING THE DESIGN SPACE OF SOFT ACTUATORS

We explore the design space of PneuFlex pneumatic actua-
tors [1] as used in the RBO Hand 2. We evaluate the ability
of different fingers to wrap around palm-shaped object, as
would be required in a handshaking interaction.

The PneuFlex is a pneumatic continuum actuator, where
the cross section along the length of the finger determines
the compliance and actuation behavior. Fingers with different
functionality can be created by varying design parameters,
and we chose to vary the following properties:

• The stiffness profile determines the relative rotational
stiffness along the actuator.

• The actuation ratio profile describes for each point
along the actuator its relative curvature caused by a
certain amount of actuation pressure.

• The nominal stiffness is the absolute actuator stiffness.
• The finger length from base to tip.
We built six prototypes that varied these four parameters

of the design (Fig. 1).
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Fig. 2. The measured contact pressure distributions of the PneuFlex
prototypes and a human finger for comparison

We evaluate each finger design by measuring the distribu-
tion of contact pressure when performing a grasp of a palm-
shaped object. Contact pressure is measured by wrapping
the surface of the object with a pressure-sensitive film
(Prescale, Fujifilm Corp film), which changes color with
applied pressure.

Fig. 2 shows the resulting pressure distributions of the
six design space samples, along with a human finger for
comparison. It is obvious that the human finger has a much
larger contact surface than the soft actuators. However, we
observe notable differences between the PneuFlex fingers.
Some fingers (e.g. P10 and P16) have a more uniform pres-
sure distribution along the surface than others. The contact
surface of fingers P13 and P17 is more planar than, e.g., that
of P15. On the other hand, fingers P11 and P16 have highly
localized pressure points at the fingertip, which would likely
cause discomfort in a human interaction.

These differences show that changes in the actuator design
influence the contact area and therefore also the resulting
perceived sensation. Ongoing work is looking at explaining
these differences from the finger design and exploring this
design space further, with the ultimate goal of optimizing
hands for handshaking and other interactions. It can be seen
that the benchmarking approach taken here allows us to focus
on specific aspects of robot hand designs before creating full
hand prototypes.
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Abstract— Customization is an important issue for assistive 
gloves because it affects glove performance. We developed an 
assembly-based customizable soft pneumatic assistive glove, 
named Exo-Glove PM (fig. 1). Pneumatic soft robots generally 
consist of a single structure with embedded actuators. However, 
when assembled, the region where the assemblies are connected 
easily undergoes large stress concentration which leads to failure. 
To overcome this issue, we have developed a hybrid actuator 
module that combines a soft actuation structure and rigid 
joining methods. In general, rigid joining methods require a 
bulky design to enable easy assembly, but Exo-Glove PM is 
designed to create pathways for assembly tools to access the bolt 
heads by bending certain part of module (fig. 2). This novel way 
of joining assemblies allows soft robots to be built of multiple 
parts while minimizing the volume. It ensures small module size 
and enables modules to cover a wide range of hand sizes; the 
distance between each module is matched to the length of the 
user’s phalanges using spacers (fig. 3).  

Several customizable soft assistive gloves already exist, 
however they require that parts be specially manufactured to fit 
users and necessitate communication between users and the 
manufacturer, all of which hinders automated fabrication and 
increases cost and required lead time for customers [1-5]. Our 
approach allows users to customize the glove by assembly of 
standardized modules and maximizes the comfort and the 
performance of the glove without custom manufacturing. Since 
this glove is built with standardized actuator modules, repair 
costs are also significantly reduced. Instead of replacing the 
whole actuator package, a glove can be repaired by replacing 
only the affected actuator modules. 
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Fig. 2. Customization process 

 

 
Fig. 3. Module distance regulation. (a) Module cross section. (b) 0mm 

interval. (c) 3mm interval. (d) 20mm interval.      
Fig. 1. Prototype of Exo-Glove PM. 
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Abstract - We have successfully demonstrated (1) a 3D fab-
rication and packaging scheme that can readily convert hy-
draulic actuators into autonomous osmotic actuators, and (2) a 
new type of water-powered soft robots that can yield desired 
locomotion and force outputs for orthodontic application.  

I. INTRODUCTION 

Modern orthodontic treatments typically employ wires of 
shape-memory alloy or plastic aligners to guide the movement 
of teeth [1]. The forces applied on teeth are not steady, usually 
rise abruptly right after each adjustment or replacement and 
fall slowly afterwards. The periodic actuation could cause the 
distress of patients, and potential delays throughout the treat-
ment. Osmosis is a passive transport mechanism widely found 
in biological systems. Previously, it was utilized in drug de-
livery systems [2], distraction apparatus [3], and microfluidic 
chips [4]. Osmotic actuation is attractive because it is high- 
pressure, constant-rate and requires no electricity for operation. 
To address the need for autonomous orthodontic devices with 
steady and programmable outputs, this work presents a 3D 
fabrication/packaging scheme that realizes osmotic soft robots 
with elaborate locomotion and force characteristics. As such, 
devices for great comfort and performance could be achieved. 

II. OPERATING PRINCIPLE 

Figure 1 illustrates the working scheme of soft orthodontic 
robots. It is mainly a hollow composite structure filled with 
osmotic solution and mounted on the lingual side of teeth. At 
each end of the robot, there is an osmotic pump consisting of a 
thin semipermeable membrane supported by two honeycomb 
structures, as shown in Figure 2. The robot is all-polymer, 
manufactured using stereolithography, and shrink wrapped 
partly by a 15 μm thin breathable film to build a 3D and 
completely sealed interface. The required actions for ortho-
dontic treatment are combinations of contraction, elongation, 
bending and twisting, which can be realized by the elastomer 
structures shown in Figure 3. For axisymmetric bellows, the 
changes of their inner pressure result in translational motions. 
Meanwhile, the changes of inner pressure result in rotational 
and bending motions of helical and asymmetric bellows, 
respectively. In addition, a new type of all-elastomer pneu-
matic artificial muscles (PAMs), which are composite struc-
tures of 3D-printed netted elastomer meshes surrounding 
PDMS bladders, are also utilized to realize the desired actu-
ation. COMSOL is employed to design and optimize the di-
mensions and geometries of the robot structures. 
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III. RESULTS AND DISCUSSION 

The flow rate of water across the breathable membrane is 
measured to be 5.2 μl/(hr·mm2) when driven by supersaturated 
PEG 400 solution. The effective semipermeable area of the 
osmotic pump is 30 mm2, which results in a water flow rate of 
156 μl/hr. It is verified that the sealing of the membrane as-
sembly can sustain a pressure difference up to 2 atm. For all 
the bellow and PAM structures, it is found that their outputs 
are roughly linearly proportional to the actuation time. The 
force outputs can be up to 100 grams, which is required to 
move a tooth. By integrating the bellow and PAM structures, 
programmed orthodontic apparatus are realized. 

 
Figure 1.  Working scheme of soft orthodontic robots. 

 

Figure 2.  Exploded view of an osmotic pump 

   

Figure 3.  Photos of pressurized robot elements for orthodontic treatment 
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Objective – Gastrointestinal tract (GI) disease, especially 
colorectal cancer (CRC) is one of the major threats to public 
health. For example, in Hong Kong, CRC ranks the top first 
cancer in 2014 [1]. It has been shown that both the incidence 
rate and mortality rate of CRC could be much reduced by 
early screening [2]. The current gold standard for colon 
inspection is by colonoscopy, which is effective but the 
patient tolerance is low. Sedation is usually required, and the 
risk of perforation cannot be eliminated. These result in the 
patient’s reluctance in colon screening. An alternate approach 
is by capsule endoscopy. It does not require sedation and is 
much more comfortable. However, full coverage cannot be 
guaranteed and the risk of capsule retention is unavoidable. 
These motivate researchers to find an approach that is both 
effective, intrinsically safe and comfortable. 

Method – The colon is soft with large variation in both 
dimension and curvature. To find an effective and risk free 
locomotion approach in the colon, we seek inspiration from 
nature. The earthworm could crawl effectively in various 
terrains and is selected as the modal. A soft robot mimicking 
the earthworm locomotion is designed and developed. It is 
named as the GISoftBot. It contains three pneumatic-driven 
sections make by silicon rubber. The technique used in the 
fabrication is the virtual lost-wax casting method [3]. Three 
sections are fabricated independently and then integrated 
afterwards. The posterior section and anterior section are for 
anchoring, while the middle section is for both bending and 
extension. One actuator is connected to each of the anchoring 
sections. Exterior of the anchoring sections is an array of 
grooves, which is to mimic the chaetae of the earthworm. The 
middle section is a fiber-reinforced actuator with three evenly 
distributed chambers. By actuating the three chambers 
simultaneously, the middle section elongates. To bend the 
middle section, one chamber is inflated and the other two 
chambers are deflated. The earthworm-like locomotion is 
achieved by actuating the three sections sequentially as 
presented in our previous work [4]. For colon inspection, a 
wireless camera is installed in the posterior section. In the 
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GISoftBot, a capsule endoscope functions as the wireless 
camera. Lab experiments are conducted to evaluate the 
performance of the GISoftBot.  

Results – The GISoftBot is developed as in Fig. 1 (a) and 
(b). The length of the GISoftBot is133 mm and the diameter is 
23 mm. The middle section could bend over 300° as shown in 
Fig. 1 (c). This enables the robot could crawl through the 
acute angles in colon without stretching the bowel wall. A 
colon-size PVC pipeline is used to evaluate the crawling 
performance (Fig. 1 (d)). Results show that the GISoftBot 
could crawl effectively inside the pipe and the average speed 
is 102mm/min. The GISoftBot could also crawl effectively 
inside the ex vivo pig colon (Fig. 1 (e)). It successfully 
identified the markers placed inside the colon by integrating a 
capsule endoscope.   

Conclusion – A soft robot (GISoftBot) mimicking the 
earthworm locomotion is successfully developed. The robot 
demonstrates the ability of crawling through colon-size pipes, 
ex vivo pig colon and large active bending. We expect in the 
future, the GISoftBot could lead to an effective, safe and 
comfortable colon inspection method and benefit the public.   

 

Fig. 1 The GISoftBot V1.0: (a) the soft earthworm robot; (b) the pneumatic 
controller; (c) bending tests of the middle section; (d) pipeline crawling test; 
(e) ex-vivo crawling test. 
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Abstract— Soft robots have attracted much attention recently 
due to their interesting attributes, including inherent flexibility, 
unprecedented agility, and infinite degrees of freedom. In this 
presentation, I will introduce two ongoing projects of soft 
robots, which are driven by smart actuators. The first project is 
untethered soft robot, which consists of a deformable robotic 
body and two paper-based feet (Fig. 1). The robotic body is 
essentially a dielectric elastomer actuator, which can expand or 
shrink at voltage on or off. In addition, the two feet can achieve 
adhesion or detachment based on mechanism of electro-
adhesion. Since both the body and feet are driven by forces 
induced by electric field, the robot can utilize an all-electric 
control and boast of fast response. Moreover, the dielectric 
elastomer actuation and electroadhesion technologies impart 
useful attributes such as low weight, low energy consumption 
and negligible noise. Meanwhile, one can directly use electrical 
potential to control the locomotion of the robot. The strong 
electroadhesion ensures the robot’s stability, and the large 
voltage-induced deformation of the robotic body leads to a high 
velocity (0.02 Body-length/s).  

Two crucial factors culminate in the development of this 
untethered soft robot. First, the main structure (i.e., the robotic 
body and feet), made of soft materials, has small total weight (~ 
250 g) thus requiring low power to overcome its own friction for 
smooth locomotion. Second, both the dielectric elastomer and 
electroadhesion actuators consume low power. Therefore, light-
weight batteries and small-volume amplifiers can be employed 
to drive the robot. 

 
Figure 2 shows a soft origami robot, which is driven by 

electrostatic forces. The robot consists of two pieces of paper, 
each smeared with the compliant electrodes. Experimental 
results show that the robot can achieve 2D motion on land. It 
has weight of 7g and can achieve a speed of 0.45 body-lengths 
per sec. Finite element method and an analytical model have 
been employed to interpret the movement mechanism of the 
robot and then to simulate its motion. The simulations are 
qualitatively consistent with the experimental observations. 
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             Figure 1. A untethered inchworm-inspired robot 
 
 

 
 
                           Figure 2. An origami robot 
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Summary—This study proposes a generic control framework 
based on nonparametric online training, in order to learn the 
inverse model of a soft robot directly, without prior knowledge of 
the robot’s structural parameters. Advanced formulation of finite 
element analysis (FEA) is employed to initialize the control 
policy, hence eliminating the need for random exploration in the 
robot’s workspace. The proposed control framework enables a 
soft robot to follow a 3D trajectory highly accurate even under 
external disturbance. Such enhanced control accuracy and 
adaptability facilitates effective endoscopic navigation in complex 
and changing environments. 

I. BACKGROUND 
Various control approaches have been developed to master 

the dexterity of soft robotic endoscopes. Much research effort 
[1] has been put on deriving analytical models with the aim to 
describe or predict the robot’s kinematic/dynamic behavior. 
These approaches often adopt simplified assumptions, e.g. 
piecewise constant curvature (PCC) methods can be used to 
approximate the kinematics of the continuum robot body. 
However, external disturbance, such as gravity, payload and 
physical interactions may promptly invalidate these 
assumptions, resulting in substantial degradation of the 
model’s reliability in real applications.  

II. METHODS 
With such difficulties when developing an 

analytical/kinematic model, we propose a control framework 
based on nonparametric local learning [2]. A batch of locally 
weighted linear models are constructed to collectively 
approximate the inverse mapping (Fig. 1a). Each of these 
models is spawned and updated in an independent manner, 
such that the overall architecture can be rapidly transformed to 
accommodate new input data. For this purpose, the robot 
forward model is first “learnt” incrementally using Locally 
Weighted Projection Regression (LWPR) [3], which hence 
determines the appropriate local region (Eq. 1) for each 
inverse model. Meanwhile, the weighted global approximation 
can be optimized by a unified cost function on the fly, hence 
achieving consistence control behavior among all localized 
inverse models. 
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III. RESULTS 

Experimental validation (Fig. 1b) of the control 
performance and adaptability is conducted to demonstrate 3D 
trajectory tracking (mean error < 2.49º) of a soft continuum 
robot even under dynamic external disturbance (Fig. 2). 

 

IV. CONCLUSION 
This work demonstrates the first attempt to exploit online 

nonparametric local learning technique to directly 
approximate the inverse kinematics of a fluid-driven robotic 
endoscope prototype for control in a constrained 3-D space. 
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Fig. 2. Tracked trajectory plotted (a), the corresponding tracking error (b) and 
the contact force (c) in time domain. It can be observed that the online 
learning is capable of compensating the external interaction and reducing the 
tracking error over time. 

Fig. 1. (a) Example set of localized linear controllers that approximate the 
nonlinear inverse mapping of a 1-D actuation Δu. The valid region of each 
spatially localized controller is centered at ci (denoted by plus sign), with their 
range parameterized by Di (colored ellipse) in the robot state space s. The 
warm colors (orange and red) depict the actuation Δu predicted by the linear 
control law, in order to achieve a particular movement in task space Δs*. (b) 
Experimental setup for trajectory tracking of a soft manipulator. The robot’s 
end-effector position is measured by an EM tracking system to close the 
feedback loop when applying the online learning control policy. A plastic rod 
actuated by a stepping motor pushes against the soft robot, generating the 
external constraints. The contact force is monitored by a force/torque sensor. 
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Abstract—A fabric-based soft robotic glove has been 
developed to provide continuous passive motion therapy of the 
osteoarthritic hand, for the purpose of providing pain relief 
and alleviating stiffness at the finger joints. The entire soft 
robotic glove system consists of the soft robotic glove, a control 
box housing the electronics of the system, a power supply cable 
for the control box, and silicone tubes connected to the gloves, 
which supply air pressure for its actuation (Figure 1). The 
actuators responsible for providing the continuous passive 
motion comprise of fabric-based bidirectional actuators, which 
are designed to provide flexion and extension of the fingers. 
The actuators operate using air pressurization, which is 
afforded by the portable pump in the setup. Control of the 
portable pump was implemented to provide the motions 
necessary for continuous passive motion therapy. This therapy 
consists of flexion and extension of the digits of the hand. In the 
first phase of the therapy, the index, middle, ring, and little 
fingers are flexed, while the thumb is being extended. In the 
second phase, conversely, the four fingers are extended while 
the thumb is flexed. Both phases are repeated continuously 
over the course of the therapy session. A key design 
consideration is the portability and ease of operation of the 
glove system with minimal supervision, making it suitable for 
home therapy. It is hoped that use of the soft robotic glove will 
contribute towards slowing the progression of osteoarthritis 
and to significantly improve sufferers’ abilities in carrying out 
activities of daily living, which had been impaired by 
osteoarthritis. 

 
Figure 1.  Components of the soft robotic glove system 
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Abstract— Wearable robots are playing a more and more 
important role in our daily lives with their direct physical 
support to human body. However, there are limitation and risks 
of using conventional robotic technology in wearable robot. 
Alternatively, soft robot technology has been applied to make 
wearable devices for various purposes. In this paper, we 
proposes a novel soft inflatable robotic arm made entirely from 
TPU-coated fabric. A new bending mechanism, arm design and 
fabrication method are elaborated in details. The current 
prototype with its decent motion performance, force output, and 
remarkable portability can be integrated into wearable robotics 
in the future to provide supports to human in many tasks. 

I. INTRODUCTION 

Wearable robotics have been developed for many years to 
assist people in daily work. In recent decade, soft wearable 
robotics have been studies to replace the traditional rigid 
wearable robotics. In this abstract, a fabric-based soft robotic 
arm actuated by pneumatic power is introduced. The robotic 
arm consists of a main trunk capable of bidirectional bending 
and a tentacle-like gripper. We proposed a novel mechanism 
to achieve the bending motion in fabric-based inflatable 
structure and also decoupled the bending status and the 
stiffness. The bending angle upon different pneumatic 
pressure is characterized. Besides, the grabbing capability is 
also tested based on different conditions. The robotic arm has 
advantages in good flexibility, light weight and good 
foldability, which are very promising aspects to be used for 
wearable robotics. 

II. DESIGN AND FABRICATION 

A. Design of the soft robotic arm 
The soft robotic arm is made from fabrics. It contains four 

air-proof bladders. The bladders are folded in wave shape and 
constrained on one side, so it can bend under air pressure. Two 
bladders form the main body of the robotic arm. When these 
two bladders are inflated concurrently, the arm would be 
straight. If only one bladder is inflated, the arm would bend 
since only one side is elongated. The gripper is made from 
folded bladders, so it is able to bend at smaller radius of 
curvature when inflated to generate gripping motion. A 
contraction bladder is attached on the top of the arm, so it can 
generate an upward motion when inflated. 

B. Fabrication of the Soft Robotic Arm 
The material used to fabricate the soft robotic arm is nylon 

fabric coated with thermoplastic polyurethane (TPU). The 
TPU can melt under heat and stick together after cooling to 
form an air-proof bladder. Then the bladders are folded 
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accordingly and bonded together using cable ties. The bladder 
is able to withstand air pressure below 100kPa. 

C. Control system 
The soft robotic arm is controlled using an Arduino Mega 

2560 board. A diaphragm pump is used to supply pneumatic 
pressure through miniature solenoid valves. The valves are 
controlled by electrical signals from Arduino. Pressure sensors 
are used as pressure feedback. A joystick is used as input 
device to control the bending directions of the robotic arm. 

III. EXPERIMENT 

The illustration of the soft robotic arm system is shown 
below. The soft robotic arm can be wore on human body by 
tighten the strips on waist. When the power is turned on, the 
main body of the robotic arm is inflated, and the robotic arm is 
straighten. By controlling the joystick to left and right, the 
robotic arm is able to bend continuously to left and right 
respectively. When the gripper button is turned on, the gripper 
is able to clamp the object. Through experiments, the gripper 
is able to grip objects of different shape and sizes.  

 
Figure 1 Illustration of the soft robotic arm system 

IV. CONCLUSION 

A functional soft robotic arm made from fabrics is 
designed and fabricated. The soft robotic arm has advantages 
of light weight. It can be wore on human body to assist on 
daily life activities. More experiments will be done to 
characterize the property of this robotic arm. The design will 
also be optimized to get the best configurations.  

Fabric-based Soft Robotic Arm 
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Abstract— Stroke patients normally lose functions of their 

lower limbs and require a long duration of rehabilitation to 
recover the functions where early into stroke, patients will be 
require to rest on ward bed. Deep Vein Thrombosis (DVT) and 
ankle joint contracture are complications that can arise in stroke 
patients after such prolong immobility of their affected limbs. 
There are several adopted mechanical systems in place to prevent 
these two conditions but patients are still prone to contracting 
DVT and joint contracture. In this demonstration, we sought to 
prevent a new generation of soft robotic sock device for assisted 
ankle exercise in two axes of motion using soft elastomeric 
actuators with fish-bone design structure and pneumatic 
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channel. There was potential of applying our device for early 
rehabilitation of stroke patient immediately after onset of stroke 
on top of the ward bed. 

For the live demonstration, the soft robotic sock will be don on 
a mannequin leg with the soft actuators connected to an 
electronic setup of pump, valves and sensors. We will 
demonstrate how the actuators will be also to assist in ankle 
dorsiflexion-plantarflexion and eversion-inversion through the 
use of an interactive graphic user interface. We will also be 
looking at alternative control of the actuators such as through 
sensor feedback or other possibility to allow for better 
interaction between patient users with clinicians. 
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Soft robotic sock device for assisted ankle dorsiflexion-
plantarflexion and eversion-inversion 

 
Figure 1: Soft robotic sock with electronic system. 


