ETH Library

Shape adaptation through softmatter extended phenotype
enhances robots' functionality
Doctoral Thesis
Author(s):
Wang, Liyu
Publication date:
2014
Permanent link:
https://doi.org/10.3929/ethz-a-010191049
Rights / license:
In Copyright - Non-Commercial Use Permitted

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.

DISS. ETH NO. 21930

SHAPE ADAPTATION THROUGH
SOFT-MATTER EXTENDED
PHENOTYPE ENHANCES ROBOTS’
FUNCTIONALITY
A dissertation submitted to attain the degree of
DOCTOR OF SCIENCES of ETH ZURICH
(Dr. sc. ETH Zurich)

presented by

L IYU WANG
M. Sc., University of Oxford
born on 09.06.1984
citizen of China
accepted on the recommendation of
Prof. Dr. Fumiya Iida, examiner
Prof. Dr. Bradley Nelson, co-examiner
Prof. Dr. Ronald S. Fearing, co-examiner
Prof. Dr. Jamie K. Paik, co-examiner

2014

SHAPE ADAPTATION THROUGH
SOFT-MATTER EXTENDED
PHENOTYPE ENHANCES ROBOTS’
FUNCTIONALITY

Liyu Wang

Bio-Inspired Robotics Lab
ETH Zurich
Zurich, 2014

Bio-Inspired Robotics Lab
ETH Zurich
Switzerland

c 2014 Liyu Wang. All rights reserved.

Abstract
Shape adaptation is important for robots carrying out tasks in hazard environments or
extraterrestrial planets. In these environments task conditions cannot be anticipated, and
a robot with a fixed shape may find physical constraints. If a robotic system can change
its shape, it will be more self-sufficient to function in unanticipated task environments.
Early work on shape adaptation relied on passive conformation between soft grippers and
rigid objects. In the last 20 years, research has shown that the shape of a robotic system
can be actively changed through self-reconfiguration of robotic modules or controlled
deformation of soft matter. However, challenges exist due to inflexible connection between
modules, and the lack of variability and quality in shapes. As a result, superior functions
over conventional robots have merely been demonstrated.
To tackle the challenges, the dissertation proposes a conceptual framework of “SoftMatter Extended Phenotype”, which resembles animals’ behaviour of constructing and
using structures. In the framework, a robotic system includes soft matter, passively or
actively forms structures out of the soft matter, integrates the structures, and uses them
for different task environments. It is hypothesized that the concept will help enhancing
robots’ functionality, because of intrinsic plasticity and adhesion of soft matter as well as
the fact that shape adaptation can be realized by construction behaviour of the robot.
The contributions of the dissertation are threefold. Firstly, it identifies three design
principles for Soft-Matter Extended Phenotype, which are: (1) Phase transition is important for formation of extended phenotype; (2) Tradeoff between adhesion and modulus of
soft matter needs to be considered depending on tasks; and (3) material handling tools
need to be simple and compact. Secondly, it presents hardware for robotic locomotion and
manipulation based on a type of soft matter i.e. thermoplastic adhesive (TPA) or hot-melt
adhesive (HMA). The hardware includes: (1) climbing robots with extended footpads for
complex vertical environments; (2) a dragline-forming mobile robot for the use in an open
space; and (3) robot manipulators with extended end-effectors for pick-and-place of liquid
and solid objects. Thirdly, it analyzes the behaviour of TPA-based Extended Phenotype
in robotic locomotion and manipulation. Analysis focuses on the process of formation and
physical task execution. For example, duration of the formation process is analyzed with
the dragline-forming robot and the robot manipulator, where results from real-world experiments are compared to thermodynamics models; and pick-and-place behaviour with
extended end-effectors is analyzed using solid mechanics models.
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Kurzfassung
Formanpassung ist wichtig für Roboter welche Aufgaben in gefährlichen Umgebungen
oder auf fremden Planeten ausführen sollen. In solchen Umgebungen können die Bedingungen für die Aufgaben nicht vorhergesehen werden und ein Roboter mit fixer Form
kann an seine physische Grenzen kommen. Falls ein Roboter seine Form ändern kann,
wird er in einer unbekannten Umgebung selbst ändiger funktionieren. Frühe Arbeiten zur
Formanpassung basierten auf der passiven Anpassung von weichen Greifern an harte Objekte. In den vergangenen zwanzig Jahren hat die Forschung gezeigt, dass die Form eines
Robotersystems aktiv geändert werden kann, beispielsweise durch Selbstrekonfiguration
von Robotermodulen oder durch die kontrollierte Deformation von weichen Materialien.
Herausforderungen bestehen jedoch aufgrund von unflexiblen Verbindungen von Modulen
und unzureichender Variabilität und Qualität der Formen. Daraus resultiert, dass eine
verbesserte Funktionalität verglichen mit herkömmlichen Robotern kaum je demonstriert
wurde.
Um diesen Herausforderungen zu begegnen, schlägt diese Dissertation einen konzeptionellen Rahmen zum ërweiterten Phänotyp durch weiche Materialien”vor, welcher dem
Verhalten von Tieren gleicht, Strukturen zu bauen und verwenden. In diesem Konzept
enthält ein Robotersystem weiche Materialien, bildet passiv oder aktiv Strukturen aus
diesem weichen Material, integriert diese Strukturen und verwendet sie für unterschiedliche Aufgabenstellungen. Es wird die Hypothese aufgestellt, dass das Konzept hilft, die
Funktionalität von Robotern zu verbessern. Dies aufgrund der intrinsischen Plastizität
und Adhäsion von weichen Materialien wie auch anhand der Tatsache, dass Formanpassung mittels Konstruktion durch den Roboter realisiert werden kann.
Die Beiträge dieser Dissertation sind dreierlei. Erstens identifiziert sie drei Gestaltungsprinzipien für erweiterte Phänotypen mit weichen Materialen, nämlich: (1) Phasenübergänge sind wichtig für die Entstehung von erweiterten Phänotypen; (2) Die Abstimmung zwischen Adhäsion und Moduln des weichen Materials muss abhängig von
der Aufgabe erfolgen; (3) Werkzeuge zur Materialhandhabung müssen einfach und kompakt sein. Zweitens präsentiert sie Geräte für Roboter zur Fortbewegung und Handhabung basierend auf einem Typ weichen Materials, nämlich thermoplastischen Klebstoffe
(thermoplastic adhesive, TPA) bzw. Heisskleber (hot-melt adhesive, HMA). Diese Geräte
beinhalten: (1) Kletterroboter mit erweiterten Standflächen für komplexe vertikale Umgebungen; (2) ein Tragseil-bildender mobiler Roboter für den Gebrauch im freien Raum; und
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(3) Robotermanipulatoren mit erweiterten Endeffektoren für das Greifen und Platzieren
von flüssigen und festen Objekten. Drittens analysiert diese Dissertation das Verhalten
von TPA-basierten erweiterten Phänotypen in der Roboterfortbewegung und Robotermanipulation. Die Analyse fokussiert auf den Prozess der Konstruktion und die physische
Ausführung der Aufgabe. Beispielsweise wird die Dauer des Herstellungsprozesses anhand
des Tragseil-bildenden Roboters und des Robotermanipulators analysiert, wobei die experimentellen Resultate mit thermodynamischen Modellen verglichen werden und das Greifund Platzierverhalten mit erweiterten Endeffektoren anhand von FestkörpermechanikModellen analysiert wird.
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Preface
The dissertation is cumulative with six papers (I-VI) selected from my doctoral work.
They have been published or are to be published in journals or conference proceedings.
These papers are:
I. Wang, L. and Iida, F. (2013). Physical connection and disconnection control based
on hot melt adhesives, IEEE/ASME Transactions on Mechatronics, 18(4): 1397-1409.
II. Wang, L., Graber, L., and Iida, F. (2013). Large-payload climbing in complex vertical environments using thermoplastic adhesive bonds, IEEE Transactions on Robotics,
29(4): 863-874.
III. Wang, L., Culha, U., and Iida, F. (2014). A dragline-forming mobile robot inspired
by spiders, Bioinspiration and Biomimetics, 9(1): 016006.
IV. Wang, L., Peruzzi, C., Culha, U., Jovic, M., and Iida, F. (2014). Modelling of
continuous dragline formation in a mobile robot. Proceedings of the 2014 IEEE International Conference on Robotics and Automation (ICRA 2014), 31 May-6 June 2014, Hong
Kong, China. To be published.
V. Brodbeck, L., Wang, L., and Iida, F. (2012). Robotic body extension based on hot
melt adhesives. Proceedings of the 2012 IEEE International Conference on Robotics and
Automation (ICRA 2012), 14-18 May 2012, St Paul, USA, 4322-4327.
VI. Wang, L., Brodbeck, L., and Iida, F. Plasticity in extended phenotypes simplifies
motor control. Journal of the Royal Society Interface. Under revision.
The six papers are summarized in four chapters (Chapters 3-6). In addition, three
more chapters are included: an introduction that clarifies the overall research question,
the methodology used, and the relevance of the dissertation to robotics and the general
society (Chapter 1); a mega-review of soft-matter robotics which is the specific field
of research in robotics (Chapter 2); and a conclusion that integrates the results of the
different publications and gives suggestions for future research (Chapter 7).
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1
Introduction
The aim of the dissertation is to explore possible means to increase robots’ functionality
in uncertain and unstructured environments such as hazard areas or extra-terrestrial
planets. In these environments, it is mostly likely that a robotic system will encounter
conditions that cannot be anticipated. These unanticipated conditions may be beyond the
task-handling capability of a conventional robotic system, due to the physical constraints
imposed by its fixed mechanical structure. Under these circumstances, flexibility in the
structure will increase self-sufficiency [1].
Adjustment of mechanical structures presents in many robotic systems, e.g. simple
extension or shortening of a rigid link in a kinematic chain. To be precise and specific,
I focus in the dissertation on those structural changes that result in adaptation of the
shape or morphology of the entire robotic system or its constituting parts. According
to Oxford English Dictionary, the terms “shape” and “morphology” both mean external
form or contour, thus I use the two terms interchangably instead of “structure”.

1.1 Shape Adaptation in Robots
Shape adaptation has been a topic of interest in robotics research for more than 30 years.
Early work that dates back to 1970s focused on passive shape adaptation of grippers
made from compliant structures or soft matter during pick-and-place interactions. Shape
adaptation of such grippers has shown its conformity to irregular contours of rigid objects
which can be picked. This gives a statement that morphology defines function, which
is an obvious fact in biology but only started to gain attention in the robotics research
community in the early 1990s. Since then the philosophy of embodied intelligence, i.e.
the body shapes the mind, has been introduced by Rolf Pfeifer and his colleagues [2, 3].
With this philosophy, technologies have been developed where a robotic system could
adapt its overall morphology in response to changes in the task-environment, passively
or actively, with internal actuation or external forces, etc. As a result of the shape
adaptation, the behaviour of the robotic system changes during physical interactions and
thus new functions rise.
Compared to adapting shape passively during physical interactions, active control of
shape adaptation is much more sophisticated. At the technological level, active shape
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1.1

Shape Adaptation in Robots

Figure 1.1 M-TRAM III robot could climb up a step with a height bigger than the dimension
of a single constituting module. (Adopted from [4])

Figure 1.2 Swarm-Bot forms a larger structure to overcome a trough which is beyond the
capability of individual modules. (Adopted from [5])

adaptation of robots has been enabled mainly in two ways. The first way is through a
robotic system that consists of a number of modules, so called modular self-reconfigurable
(MSR) robot. This type of system actively modifies the connectivity of predefined robotic
modules according to certain motion planning algorithms to achieve the change of overall
shape. Since late 1980s, robotic modules have been developed based on different mechanisms of physical connection and actuation. Depending on the mechanisms, three major
architectures of shape change have been identified naming lattice, chain and mobile architecture. Specifically, shape change in a lattice or chain architecture is realized through
reconfiguration where modules move over each other in the system, while in the case
of a mobile architecture it is through self-assembling and self-disassembling among the
modules.
MSR robots have demonstrated some superior functions, mainly in ground locomotion
over obstacles. For example, with a chain architecture M-TRAM III robot could climb up
a step with a height bigger than the dimension of a single constituting module [4] (Fig.
1.1); with a mobile architecture, Swarm-Bot could form a larger structure to overcome a
trough which is beyond the capability of individual modules [5] (Fig. 1.2), etc. Related
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Figure 1.3 A multigaited robot based on silicone elastomer crawl through a narrow gap under
a vertical wall by adapting its shape to a piece of almost flat sheet, then walk as a quadruped
on the level ground afterwards. (Adopted from [9])

work on MSR robots has been extensively reviewed [6]–[8], which shall not be repeated
in the dissertation (but do find a quantitative comparison of connection mechanisms in
Paper I).
The second way to enable active shape adaptation is through controlled deformation
of compliant structures or soft matter, which has attracted increasing attension in the
past 10 years or so. While many case studies have shown the possibility of controlling
deformation to achieve shape changes, only a few have demonstrated that superior functions of a robot could be obtained. One of the examples was a multigaited robot based
on silicone elastomer [9], which could walk as a quadruped on the level ground in a vast
space and crawl through a narrow gap under a vertical wall by adapting its shape to a
piece of almost flat sheet (Fig. 1.3). Related work on soft-matter robots will be reviewed
in Chapter 2.

1.2 Problems in Shape Adaptation
In the above two ways to shape adaptation of a robotic system, scalability and variability
depends on several important factors. By introducing these factors, I clarify the present
problems in shape adaptation in robots.
Firstly, in an MSR robot physical connection and disconnection determines the connectivity i.e. the state or extent of being connected or interconnected of modules which
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1.2

Problems in Shape Adaptation

defines the shape of the system. Previously several connection mechanisms have been proposed such as mechanical latching, magnetic engagement, vacuum suction, and electrostatic adhesion, etc (see a quantitative comparison in Paper I). These mechanisms provide
a range of connection strength up to the magnitude of 0.1 MPa, which is an important
parameter in deciding how large shape the system may have. Meanwhile, the mechanisms
have specific requirements for connecting surfaces on the modules. For example, mechanical latching requires male-female connectors, grippers, or hooks; magnetic engagement
requires ferromagnetic surfaces, vacuum suction requires air flow channels in modules,
and electrostatic adhesion requires electrodes on the surface of modules. Such specific
requirements make shape adaptation inflexible in unanticipated task-environments when
the number of modules is insufficient or modules break down.
Secondly, in an MSR robot the number of modules and the granularity i.e. the scale
or level of detail determine the size, variation and quality of shapes. In real-world selfreconfiguration, unlike the computer-simulated ones that can easily handle thousands
of modules into any arbitrary shapes [10], technological constraints restrict physical implementation at the level of tens of modules [11]. Specifically, the maximal number
of modules that were involved in physical self-reconfiguration was 55 for a centipedal
shape [12]. On the other hand, the granularity of modular systems depends on the size
of modules [13], and so far, one of the smallest active modules is as large as a 12-mm
cube [14]. There has been some notable progress in micro-robot studies (e.g. [15, 16]),
but those micro-robots still face challenges that prevent them from being used in a large
number for realistic robot tasks [16]–[18]. As a result, most of demonstrations with MSR
robots used the scenario of ground locomotion with multiple gait patterns, where the
requirement for quality of the shape is low as compared to other types of locomotion or
robotic manipulation.
Thirdly, in a robot that is built from soft matter or compliant structures shape adaptation is based on the integrative effect of local deformation. Local deformation usually
takes the form of bending, elongation/shortening or flowing (in the case where fluids and
granular materials are used), thus it is limited by the maximal stretch or/and the maximal flowing distance of the material. As it will be reviewed in Chapter 2, various types
of soft matter have been explored and these materials could provide a range of maximal
stretch even to over 200%. Such deformation appears large, and the granuality is higher
than that in a modular system when molecules are seen as equivalent to modules. However, the integrative effect may not give significant shape change in a robotic system, or
in other words shape variability is low with only local deformation. For example, a ball
made from elastomers may double its volume by stretching, but the shape remains a ball.
From the above introduction of determinants for shape adaptation of robots, we can
see that problems lie in inflexible connection, low granularity and poor detail, and lack
of shape variation.
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Figure 1.4

Illustration of the concept of Soft-Matter Extended Phenotype in robotics.

1.3 Soft-Matter Extended Phenotype
The dissertation proposes a conceptual framework and an alternative way to shape adaptation for the use in unanticipated environments. The framework resembles the biological
concept of the extended phenotype [19], thus it is named “Soft-Matter Extended Phenotype”.

Extended Phenotype in Biology
The biological concept of the extended phenotype was proposed by Richard Dawkins
in 1982 [19]. It originated from a gene-centred view of evolution, and considers the
conventional phenotype as a special case in which genetic effects are confined to the
individual body in which a gene sits. The extended phenotype includes all effects of the
gene upon the world (p. 286 in [19]). Those effects could be in the form of animal built
structures (animal artefacts) or host phenotypes of parasite genes. It is important to note
that only those that influence the survival chances of the gene, positively or negatively,
can be treated as extended phenotypes [19,20]. As a result of evolution to date, extended
phenotype such as spider webs, bird nests, beaver dams, and termite mounds represent
how those animals adapt to the environment to increase the survival chances of genes.
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1.3

Soft-Matter Extended Phenotype

Extended Phenotype in Robotics
A similar framework can be established in robotics, such that a robot may form its own
artefacts as extended phenotype from soft matter. The framework is called Soft-Matter
Extended Phenotype and may be illustrated as in Fig. 1.4. It consists of concepts such as
robot phenotype, soft matter, extended phenotype, and unanticipated task environment,
etc. Specifically, robot phenotype has the option of using extended phenotype to exert
forces to unanticipated task environment, besides direct force exertion (solid arrows in
the figure). The shape of extended phenotype can be adapted through three processes
(indicated in the circle on the bottom left of the figure). Firstly, in the formation prcess
(Process A) robot phenotype handles soft matter and forms extended phenotype of a
certain shape. Here robot phenotype and soft matter together are seen as the robotic
system, and robot phenotype must contain tools for handling soft matter. The formation
process could be active through the planning of the robotic system, or passive through
physical interactions with the environment. Secondly, in the connection process (Process
B) formed extended phenotype could be integrated to the robotic system with intrinsic
adhesion of the soft matter. Thirdly, when the shape needs to be flexibly changed, the old
extended phenotype could be detached from the robotic system in a disconnection process
(Process C), and the formation process starts again for a new extended phenotype.
Each concept can be quantitatively described by parameters, which can be varied
in technical implementations. For example, soft matter can be described by physical
properties such as modulus, viscosity, adhesion strength, and coefficient of friction, etc.;
and robot phenotype and extended phenotype can be described as geometric parameters
such as length, width, and thickness/height, etc.
The interrelationships between parameters are based on existing theories. A few
examples are briefly given below which are used in the case studies in the dissertation.
(1) For active structure formation from soft matter, theories from automated fabrication
may be adopted. One of them is the theory of rapid prototyping [21] which is largely
based on thermoplastics. In this theory, physical properties of thermoplastics such as
modulus and viscosity are exploited with material handling techniques, and formation
process such as trajectory generation has been automated when the shape of a structure
is given. (2) For structure connection, theories of adhesion [22] can be adopted. (3) For
passive structure formation and task execution, theories of solid mechanics can be used to
explain physical interactions such as deflection between structures and task-environments,
etc.
Soft-Matter Extended Phenotype is different from automatic construction [23], because structure formation is a process for the robot to create necessary shapes for the
actual task, while in the latter case construction is the task itself, although the two may
share the same technique. That’s the reason why I use the term “formation” in the
dissertation instead of “construction”. It is also different from simple “tool use” [24],
because the structure “used” by the robot is actively formed by the robot or passively
formed during robot-environment physical interactions, while in the latter case the “tool”
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is an existing structure. Soft-Matter Extended Phenotype is also different from “cyclical
fabrication” [25] because the latter is intended for self-replication, but they share similar
components in the conceptual system such as material, handling tools and a formation
process.
The inclusion of soft matter and the process of structure formation and connection/disconnection in the framework gives certain advantage in shape adaptation. Firstly,
configuration and connection can be much more flexible due to intrinsic plasticity and
adhesion of soft matter. Secondly, depending on the technique of structure formation the
variation of shapes could be more and quality could be better. Thirdly, the separation
of a robotic system from its extended phenotypes means that shape adaptation is based
on the structure building behaviour of the robot. Planning and control for building a
structure should be simpler than that for self-reconfiguration between modules or local
deformation of a given structure.

1.4 Contribution of the Dissertation
Identification of Design Principles for Soft-Matter Extended Phenotype
Since the conceptual framework involves formation, connection and disconnection with
soft matter and task execution using structures made from soft matter, it is important to
identify those principles related to material properties and handling tools. Specifically,
three design principles have been identified through literature review and prototyping of
basic mechatronic components. Firstly, phase transition is important for formation of
extended phenotype. This is because the type of soft matter should on the one hand
be easily handled by a robotic system with certain force limit, and on the other hand
provide sufficient strength for force transmmision for physical task execution. Phase
transition in soft matter may be caused by different mechanisms, and as will be shown
later I used a thermally-induced phase transition with thermoplastic adhesives (TPA) or
also called hot melt adhesives (HMA). Secondly, tradeoff between adhesion and modulus
of the soft matter needs to be considered depending on task requirements. For example
when the requirement for connection strength is high and extended phenotype is meant
to be rigid, geometrical design parameters such as width or thickness will have to be
increased because high adhesion strength comes with a cost of low modulus. Thirdly,
material handling tools need to be simple and compact. Onboard material handling in
a robotic system is relatively under explored. Depending on the properties of material
and the use, onboard handling could be challenging since existing industrial techniques
cannot be directly transfered due to complexity and large scale. Simple and compact
handling tools for soft matter will guarantee the function of a robotic system.
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Design of Hardware for Robotic Locomotion and Manipulation
Hardware implements the conceptual framework and has demonstrated superior functions
with Soft-Matter Extended Phenotype that is based on thermoplastic adhesives.
Firstly, hardware has been developed for climbing in complex vertical environments
with unanticipated macroscopic irregularity. Here macroscopic irregularity has a dimension just a few orders of magnitude below that of the robot. Previous vertical climbing
robots are only capable of rough flat surfaces with microscopic roughness whose dimension
is 5-6 orders of magnitude below that of a robot. By supplying TPA in its semi-fluidic
phase to between the foothold and the environments, the foothold of a climbing robot
could be extended with a layer whose shape passively adapt to the irregularity upon
pressing. As it will be shown in Paper II, the hardware has demonstrated a superior
payload capacity which is five times of the body mass of a robot on vertical flat surfaces, and applicability to four typical complex vertical environments whose dimension
of irregularity is relatively large compared to the dimension of the robot.
Secondly, a dragline-forming mobile robot has been developed for the use in an open
space with unanticipated payloads. Here an open space is defined as a 3D space without
any solid surfaces except those at the boundary. For example, the space between a
ceiling and a ground, or the space between two vertical walls, is an open space. Previous
technology for mobility in an open space is enabled by a robot launching a cable from
an onboard winch from one boundary surface to the other and attach the cable at both
ends. By extruding TPA in its semi-fluidic phase and then pultruding it, the robot could
actively form a dragline and adjust the thickness of a dragline and move on it. That
means the robot could use minimal material to meet unanticipated payload requirements
and be self-sufficient not worrying using up a cable with a fixed length and thickness. As
it will be shown in Paper III and IV, the robot has demonstrated descending through an
open space with a range of dragline thickness of ca. 1-5 mm.
Thirdly, hardware has been developed for pick-and-place of liquid and solid objects
across a range of dimension. There have been many versatile grippers that can pick and
place various solid objects. However, being able to pick and place liquid at the same time
requires completely different shape of the end effector. By applying an additive technique
to TPA, a modified robot arm could form structures in different shapes at different scales
and extend its end effector with those structures. As it will be shown in Paper V and VI,
the hardware could pick and place liquid and light weighted solid objects with dimension
across three orders of magnitude. Despite different trajectories are needed to additively
form the end effectors, pick-and-place operations could be simplified to a single series of
motor commands.
Behaviour Analysis of Soft-Matter Extended Phenotype
Specifically, the analysis focuses on the process of formation and physical task execution.
Mathematical models have been used for quantitative analysis. For example, the duration
of the formation process has been analyzed with the dragline-forming robot and the
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pick-and-place hardware. The results from real-world experiment were compared to e.g.
thermodynamics models. Another example is the analysis of pick-and-place with extended
phenotype, where solid mechanics models were used. Although being only validated with
TPA, they should be generalizable to other thermoplastics soft matter.

1.5 Structure of the Dissertation
The cumulative dissertation consists of seven chapters including this introductory chapter,
a review chapter, four chapters of summary of papers, and a concluding chapter. After
all chapters, a collection of preprints of six papers (I-VI) selected from my doctoral work
shall give further detail.
The rest of the chapters are arranged as follows. In Chapter 2, a review is given on
soft-matter robots from the perspective of types of deformation behaviours. In Chapter
3, a summary is given to two basic mechatronic components for TPA-based Extended
Phenotype (detail in Paper I). All hardware is built on one or both components. In
Chapter 4, a summary is given to climbing robots with extended footpads for conquering
complex vertical environments (detail in Paper II). In Chapter 5, a summary is given to a
mobile robot that can form draglines for use in an open space (detail in Paper III and IV).
In Chapter 6, a summary is given to a robot manipulator with extended end-effectors for
pick-and-place (detail in Paper V and VI). In Chapter 7, conclusions of the dissertation
is drawn and future work is suggested.
Furthermore, the proposed conceptual framework of Soft-Matter Extended Phenotype
is elaborated in Chapters 4, 5, 6. And the material property of TPA is introduced in
each paper to make them self-contained, thus redundancy shall be excused.
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2
Review of Deformation in Soft-Matter
Robots
This chapter reviews previous work on soft-matter robots. Soft matter is a category
of material which includes fluids, polymers (including polymer gels), colloids (including
foams), granular materials, and biological materials. The common feature of soft matter
is that it gives large, slow and non-linear response to small external forces [26, 27].
Using soft matter in machine design is not new. Many machines have parts that
are made of soft matter such as polymers. Most of these polymers serve as cheaper
alternatives to traditional building material such as metals, providing satisfactory rigidity
in supporting structures or kinematic linkages. Some soft matters are also used for
compliance during physical interactions between machines and environments. One of the
intuitive examples of using soft matter in such physical interactions is coating the surface
of a machine with a layer of rubber or sponge etc. to absorb impact or maximize contact
surfaces [28]–[30]. Another straightforward example is the use of magnetorheological fluid
as dampers or brakes in cars.
Since robots are machines that are situated in physical environments, they encounter
various physical interactions where soft matters could make contribution. There has also
been a history of some 30 years using soft matter in robot design. However, soft-matter
robots have not had a dominant influence in robotics research. It is only until the recent
decade that an increasing attention has been given to this field, and hence the term
“soft robotics” has emerged. The increase in interest is probably due to the following
four reasons. (I) Soft matter has been established as a field in material science since
the beginning of 1990s. (II) A large amount of new soft matter has been synthesized.
(III) Diverse fabrication techniques for soft matter have been made accessible. (IV) An
increasing amount of work demonstrating the use of deformation of soft matter in robotics
has been published in high profile journals. The drive behind this is on the one hand to
find applications for material scientists, and on the hand to tackle challenge in robustness
and versatility for roboticists. The created machines aim at achieving adaptive behaviours
in unanticipated task-environments, and their mechanisms and behaviours are sometimes
associated with those observed in animals. Thus the research field also attracts attention
from many biologists.
Since robots are complex systems and usually contain many components, I focus
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here on topics related to exploitation or control of the deformation of soft matter in
mechanical structures or/and actuators. There have been many studies on developing
composite materials as mechano-sensing components. However, the number of studies has
grown so large that they have formed their own research field of sensors. There have also
been technologies proposed to use polymer-based adhesives for robotic climbing. This is
reviewed separately in Paper II dedicated to robotic climbing as one of the case studies.
The topic may be reviewed from many different perspectives. For example, the first
review article [31] took the perspective of actuators, and compared pneumatic artificial
muscles with electroactive polymers. The second article [32] reviewed the topic by focusing on fabrication techniques for soft matter. The following two reviews [33, 34] took the
perspective of control and attempted to clarify the challenge of controlling soft matter.
More recently two reviews focused on biomimetics [35] and materials [36] respectively.
These review articles contribute to raising the attention of the research field of “Soft
robotics” and present some of the recent studies. However, since there has not been a
clear definition for “soft robotics” and the topic has not been explicitly associated with
soft matter, all the reviews cover a rather limited number of methods which falls into the
authors’ own definition of what is “soft”. Much previous work has not been included and
little overall statement has been made.
The chapter reviews soft-matter robots by categorising previous studies into three
types of deformation behaviours, i.e. elongation/shortening, bending, and flowing. With
an overview of the previous work related to each type, I try to summarize which soft
matter is used for which deformation behaviour, how it is actuated, and what function
each type of behaviour could bring to a robotic system.

2.1 Elongation/Shortening
Elongation and shortening is the simplest type of deformation in solid structures. Figure
2.1 shows several representative case studies where elongation/shortening behaviour of
soft-matter structures may be used in robotics. From these case studies, we see that this
type of deformation has given three functions.
Firstly, elongation/shortening is used in the actuator component for basic linear actuation, as shown in Figure 2.1(a-b). Typically, McKibben-type artificial muscle actuators
use pneumatic pressure as energy source, and rely on the stretch of a bladder made from
soft matter to achieve actuation; while dielectric elastomer artificial muscle actuators use
electricity through itself as energy source. Most McKibben-type artificial muscles use
rubber elastomer materials for bladders [37], but there are a few that use other soft matter such as polymer hydrogels [44]. For dielectric elastomers [38], despite their basic linear
deformation, they may be configured in various ways to achieve more complex patterns of
actuation [45]. An example of bending will be shown in Subsection 2.2. Detailed review
articles can be found on pneumatic artificial muscles [46], dielectric elastomer artificial
muscles [45], and their use in robotic systems [31].
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Figure 2.1 Elongation and shortening in soft-matter robots. (a) Rubber elastomer in a
McKibben-type pneumatic artificial muscle actuator [37]. (b) Dielectric elastomer as an electroactive polymer artificial muscle actuator [38]. (c) Silicone-based elastomer actuated by shape
memory alloy for reaching [39]. (d) Silicone-based elastomer actuated by tension cords and internal fluid for peristaltic locomotion [40]. (e) Pneumatic artifical muscles as body segments
for peristaltic locomotion [41]. (f) Thermoplastic meshes actuated by shape memory alloy for
peristaltic locomotion [42]. (g) Thermoplastic meshes actuated by cables and a DC motor for
peristaltic locomotion [43].

Secondly, elongation/shortening is used for reaching, as shown in Figure 2.1(c). In
this case, the use of silicone-based elastomer in the mechanical structure has the potential
to be controlled to extend the reaching range due to the large yield strain of the material.
In the case study of [39], the elastomer arm contains many segments and each segment
is actuated by shape memory alloy.
Thirdly, elongation/shortening has been used for peristaltic locomotion since the last
decade, as shown in Figure 2.1(d-g). In peristaltic locomotion, the radical movement
is symmetric and forward motion replies on wave propogation through the contraction
and extension of body segments along the axis of movement. For this purpose, both
elastomers and thermoplastic polymers were used with different actuation methods. In
Figure 2.1(d), silicone-based elastomer body containing fluid is actuated by tension cords,
so that the fluid may be push into the front or the rear of the body for extension. In
Figure 2.1(e), pneumatic artificial muscles are directly used as body segments. In Figure
2.1(f-g), the bodies were made from meshes of thermoplastic polymers. They are actuated
by shape memory alloy and cables with a motor respectively to achieve contraction and
extension of different segments.

2.2 Bending
Bending represents the most common deformation behaviour in a solid structure. According to Timoshenko beam theory, bending is a result of a rotational effect from difference
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Figure 2.2 Bending of polymeric flexures in soft-matter robots. (a) Polytetrafluoroethylene
flexure in a robotic finger actuated by cables and motors [47]. (b) Polyurethane flexure in robotic
fingers actuated by cables and a motor [48]. (c) Polyimide flexure in the thorax of a millimetrescale robotic fly actuated by a piezoceramic actuator [49]. (d) Polyurethane flexures as passive
hip joints in a hexapedal robot [50]. (e) Carbon-fibre reinforced polyester flexures actuated by
piezoelectric actuators in a centimetre-scale hexapedal robot [51]. (f) Polyester flexures actuated
by shape memory alloy in a centimetre-scale hexapedal robot [52].

in elongation/shortening in layers of a structure, and a shear effect of the material within
the structure. Since some 20 years ago, bending deformation of soft matter has been
used to design flexure hinges and given many functions from gripping to different kinds
of locomotion.
Figure 2.2 shows robotic systems where flexure hinges made from soft matter were
used. A variety of thermoplastics or elastomers were used as flexure hinges in fingered
gripping, high-frequency flapping flying, and legged locomotion. These flexure hinges are
either passive [50] or actuated by cables and motors [47,48], piezoelectric actuators [49,51],
or shape memory alloy [52]. Flexure hinges could introduce compliance to a robot during
physical interactions which hinge joints are less capable of. The use of polymers to
replace metals for flexure hinges not only reduces cost and weight, but also brings larger
bending angles due to the larger yield strain of polymers. Additionally, polymers such as
thermoplastics have viscoelastic properties, which is thought to be important as passive
damping for gripping [48] and legged locomotion [50]. These robotic systems with flexure
hinges made from polymers still fall into the paradigm of kinematic machines. Below a
shift of paradigm towards continuum machines is shown based on several functions from
gripping to legged, rolling or aquatic locomotion, all raised from bending behaviour.
Figure 2.3 shows various robotic fingered or handed grippers made from soft matters.
The common feature of these grippers are that their gripping and releasing fully relies on
the bending of the entire finger(s) or hand. The solid mechanics principles are similar to
those in compliant microgrippers which are mostly made from silicon wafer [59,60]. Some
of these grippers used passive soft matters such as elastomers [39, 55] and thermoplastics
[33] that are bended by pneumatic energy source [55] or shape memory alloy [39] or
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Figure 2.3 Bending of polymers for fingered gripping in soft-matter robots. (a) Polyethylene terephthalate layered with pre-stretched dieletric elastomer actuators as a hand [53]. (b)
Electroactive polymer actuators directly used as fingers [54]. (c) An EVA-based thermoplastic
adhesive finger actuated by cables and a servo motor [33]. (d) Networked chambers of siliconebased elastomer powered by an air pump as a hand [55]. (e) Water-sensative polyelectrolyte
hydrogel with assymetrically distributed cupric ions used as a hand [56]. (f) Silicone-based elastomer actuated by shape memory alloy for grasping [39]. (g) Bilayers of temperature sensative
N-isopropylacrylamide gel and acrylamide gel as fingers [57]. (h) Temperature-sensative shape
memory polymer actuators directly used as an umbrella-shaped interventional ischemic stroke
device [58].

a combination of cables and motors [33]. Many more used active soft matters such
as electroactive polymers [53, 54], shape memory polymers [58], or hydrogels [56, 57],
which can self-actuate with energy sources from electrical current, temperature change,
hydration, or even visible light [61] etc. While these grippers have mainly served as proof
of concept that bending of some soft matter could be used in robotics, none of the case
studies have made statements how these grippers could do what the wide range of existing
grippers are not capable of.
Figure 2.4 shows how bending of soft matter could generate legged and limbless movement. Elastomers, thermoplastics and polymer gels have been used. From the perspective
of actuation method, elastomers may be actuated by cables and motors Figure 2.4a, or
valves and air pumps Figure 2.4b, or even biological material cardiomyocytes Figure 2.4e;
thermoplastics may be actuated by cables and motors Figure 2.4c or shape memory alloy
Figure 2.4d; and polymer hydrogels are self-actuated since they belong to electroactive
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Figure 2.4 Bending of polymers for legged or limbless locomotion in soft-matter robots. (a)
Silicone-based elastomer actuated by cables and a servo motor in legged locomotion [62]. (b) Networked chambers of silicone-based elastomer actuated by valves and an air pump in multi-gaited
legged locomotion [9]. (c) Quadruped locomotion with legs made from EVA-based thermoplastic
adhesive actuated by cables and one servo motor [63]. (d) Biped locomotion with legs made
from polyethylene actuated by shape memory alloy [64]. (e) Crawling locomotion with polydimethylsiloxane actuated by cardiomyocytes [65]. (f, g) Crawling locomotion with ionic stimuli
responsive hydrogel [66, 67].

polymers Figure 2.4f and g. From the perspective of gait pattern, using the elasic energy
from bending from the rear of the body and assymmetric friction between the front and
the rear of the body is the most common way to achieve forward movement 2.4a and e and
g. Alternatively, quadruped and biped walking could be achieved from bending of leg(s)
from different sides of a robot 2.4c and d. With networked chambers of silicone-based
elastomer, a robot could select chambers in the body to bend and achieve multiple gait
patterns such as walking, undulation or crawling 2.4b. Overall, a body size range of several hundred micrometres to tens of centimetres has been demonstrated with low speed.
These robots have shown that the controller of forward quadruped locomotion could be
simplified to back and forth rotation of one single servo motor [63], or gait patterns could
be switched to pass a narrow gap [9].
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Figure 2.5 Bending of polymers for rolling locomotion in soft-matter robots. (a) Wheelshape rolling with silicone-based elastomer actuated by shape memory alloy [68]. (b) Ballshape rolling with networked chambers of silicone-based elastomer actuated by valves and an
air pump [69]. (c) Ball-shape rolling with networked bladders of silicone-based elastomer and
ABS plastic actuated by valves and an air pump [70]. (d) Wheel-shape rolling with networked
chambers of silicone-based elastomer actuated by valves and an onboard chemical reactor [71]. (e)
A capsule endoscope made from polyurethane elastomer and actuated by magnets and magnetic
fields [72].

Figure 2.5 shows case studies where bending of soft matter was used in rolling locomotion. There are three mechanisms to generate rolling from bending deformation.
The first one is caterpillar inspired, where the body curls into a wheel to generate rolling
momentum from stored elastic energy in the body Figure 2.5a. The second mechanism is
based on a body consisting networked chambers, where selected inflated chambers push
the rest of the body to move Figure 2.5b and c and d. The third one is based on Sarrus
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linkage Figure 2.5e. All case studies used elastomers due to the large yield strain of the
materials which is needed for actuation stroke in all the mechanisms. Shape memory
alloys, valves and air pumps, or magnets and magentic field were used for actuation.

Figure 2.6 Bending of polymers for aquatic locomotion in soft-matter robots. (a) Fish-like
swimming with a styrofoam body and an actuated polymer gel tail [73]. (b) Fish-like swimming
with a polyoxymethylene body and a silicone-based elastomer tail actuated by a pair of frog
muscles [74]. (c) Manta Ray like swimming with polypropylene elastomer fins [75]. (d) Fishlike swimming with a tail containing a hydrogel notochord actuated by a servo motor [76]. (e)
Jellyfish-like swimming with polydimethylsiloxane actuated by cardiomyocytes [77]. (f) Jellyfishlike swimming with silicone-based elastomer actuated by a shape memory alloy composite [78].
(g) Octopus-like swimming with silicone-based elastomer actuated by cables and servo motors
[79]. (h) Octopus-like swimming with ionic stimuli responsive hydrogel [80].

Figure 2.6 shows aquatic locomotion enabled by bending of polymers. The locomotion
patterns are mostly inspired by those present in aquatic animals such as tailed fish, jelly
fish, octopus or manta ray, etc., whose movement relies on bending of body parts such as
the tail, the bell, arms, or fins respectively. For those mimicing tailed fish’s undulation
swimming pattern, polymer gel or elastomer was used to make the tails Figure 2.6a and
b and d. The tails were actuated by biological muscles or cables and a servo motor, and
in some case self-actuated. For those mimicing jelly fish’s locomotion pattern, elastomer
was used to construct the bell and the bell was actuated by cardiomyocytes or shape
memory alloy composites Figure 2.6e and f. And for those mimicing octopus’s propulsion
pattern, elastomer or ionic stimuli responsive polymer gel is used to make the arms, which
was actuated by cables and servo motors or self-actuated respectively Figure 2.6g and h.
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Figure 2.7 Flowing of soft matter for robotic grippers. (a) Passive shape conformation
through flowing of plastic granular material in a rubber bag, phase transition by an air pump [81].
(b) Passive shape conformation through flowing of coffee bean granular material in a rubber
bag, phase transition by an air pump [82]. (c) Passive shape conformation through flowing
of encapsulated electrorheological fluid, phase transition by electrical current [83]. (d) Passive
shape conformation through flowing of encapsulated magnetorheological fluid, phase transition
by magnetic field [84].

These aquatic soft-matter robots present a different locomotion strategy from propulsion
based underwater unmanned vehicles, and rely much more on the physical interaction
between soft body parts and the fluidic environment.

2.3 Flowing
Flowing of soft matters can result in deformation in a rheological form. Using flowing
of soft matters in robotics have been around for more than 30 years and some of the
case studies using smart fluids and granular materials such as plastics, magnetic powder
or coffee beans are shown in Figure 2.7. These case studies show that flowing of these
materials have mostly been used in gripping solid objects with irregular contours based
on shape conformation. The forces that cause the soft matter to flow are contact forces
during physical interaction with the object and gravitational forces of the soft matter
itself. Thus the flowing behaviour is passive.
There are some distinctive features when flowing deformation is exploited in robotic
gripping. For example, all grippers need encapsulation so that fluids or granular materials
are contained, and usually encapsulation was made from elastomers with low modulus.
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Another interesting and important feature is that all these grippers need phase transition
of fluids or granular materials into rigid solid after flowing and shape conformation, so
that the shape of the gripper can be maintained and sufficient gripping forces could be
provided. Upon releasing the object, phase transition back to fluids or granular materials
is needed. Depending on the soft matter used, ways to achieve phase transition is different.
For smart fluids, electrical current or magnetic field is needed, and for granular materials,
magnetic field or air pump was used.

2.4 Summary Statements
Based on the above review, the following statements can be made:
1. There have been very few robots with 100% soft matter, partially due to the fact
that actuators made from soft matter such as shape memory polymers or electroactive
polymers have limitation in speed, stroke or power density, etc.
2. The use of soft matter shifts the paradigm of robots from kinematic machines
towards continuum machines, as the transition exemplified by robots with polymeric
flexure hinges.
3. The borderline between mechanical structure and actuator is more vague, as exemplified by peristaltic robot made from pneumatic artificial muscles, grippers and crawlers
made from electroactive polymers, etc.
4. Most case studies serve as proof of concept to achieve certain functions. Little has
been made into real applications due to lack of clear advantage. The research field is still
at its very first stage as proposed in [85] .
5. Polymers (such as elastomers, thermoplastics, polymer gel) with a large yield strain
could be used for reaching and peristaltic locomotion, and if it also has a large tensile
strength, it could be used for linear actuation.
6. Polymers with a large yield strain and large modulus could be used for gripping,
and legged, rolling, limbless, aquatic locomotion.
7. Soft matter that is fluidic or semi-fluidic, such as smart fluids or granular materials
could be used for gripping. However, encapsulation materials are needed and they are
often soft matter themselves such as elastomers.
8. Soft matter with the bidirectional phase transition property, such as smart fluids
or granular materials, could be used for gripping and the way of phase transition depends
on the soft matter.
9. Biological materials such as muscles or cardiomyocytes could be used for softmatter actuators, as alternatives to shape memory polymers or electroactive polymers,
etc.
Overall, state-of-the-art soft-matter robots all exploit a certain type of deformation
behaviour of a certain soft matter for a specific function. A generic design framework
is still to be developed for robots to achieve multiple functions, and that is what the
proposed conceptual framework could add to current research in the field. Several phys-
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ical properties have become clearly important such as yield strain, modulus, and phase
transition, etc. While current research in soft-matter robots focuses on shape change in
the elastic domain, the dissertation presents how shape may be changed and used in the
plastic domain too. Additionally, fabrication with soft matter for these robots has been a
separate process, while with the framework of Soft-Matter Extended Phenotype, robots
start with a minimal setup and handle soft matter on-the-fly to accomplish tasks.
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Mechatronic Components for
Soft-Matter Extended Phenotype
The chapter presents the design, control and evaluation of two mechatronic components
to handle HMA for Soft-Matter Extended Phenotype. It is the summary of Paper I which
has been published in the IEEE/ASME Transactons on Mechatronics. The components
provide technical foundation for three technologies which will be presented in Chapters
4-6.
In terms of design, one of the components functions as a supplier or dispenser of HMA
in its semi-fluidic phase, and it is called “HMA Supplier”. It can be seen as an automated
hot glue gun actuated by a servo motor that pushes a solid HMA stick through a heating
cavity out of a nozzle. The other component functions as an active connecting surface,
which can be repeatedly heated and cooled within a certain temperature range to enable
bonding and separation of HMA that is on it, and it is called “Active Connector”. The
two components are made miniature so that they can be integrated into centimeter-scale
robotic systems. As introduced in Chapter 1 (Section 1.3), Soft-Matter Extended Phenotype requires processes of formation, connection and disconnection with soft matter.
The two basic mechatronic components automate the these processes for HMA-based
Extended Phenotype, such that HMA Supplier contributes to structure formation, and
Active Connector contributes to connection and disconnection.
In terms of control and evaluation, a fluid mechanics model and a thermal adhesion
model have been established and validated for the use of a controller for physical connection and disconnection. The performance of the control method was evaluated in terms
of connection strength, speed, energy consumption, and flexibility of a target connecting
surface. Results have shown that: (1) the two components function reliably; (2) connection is flexible regarding the target connecting surface; (3) connection strength at room
temperature depends on the material of the target connecting surface, but it is possible
to reach the order of magnitude of 1 MPa; (4) disconnection can be easily achieved by
increasing the temperature of HMA.
The work was done solely by myself under the guidance of my supervisor.

34

4
Vertical Climbing with Extended
Footholds
The chapter presents a climbing robot technology for the use in vertical complex environments with unanticipated macroscopic irregularity. It is the summary of Paper II which
has been published in the IEEE Transactions on Robotics. The technology builds on the
two components described in Chapter 3, such that a climbing robot may use the Active
Connector as the footpad and the TPA Supplier to dispense TPA as the foothold between
the footpad and the environment. In the technology, Soft-Matter Extended Phenotype of
the robot is the extended foothold, whose shape can be passively adapted during physical
interactions with the irregularity upon pressing.
Two biped robot prototypes have been presented as experimental platforms to evaluate various aspects of the climbing technology. Both robots weigh ca. 1 kg with a
dimension of tens of centimetres, and both of them were open-loop controlled. Results
have shown that: (1) Repeatability: When the footpad of a robot is constructed from
copper, a single HMA bond on the footpad can be repeatedly used for multiple steps
on vertical surfaces made of metallic, stone or ceramic, etc. No residual is usually left
in these cases. The breaking force can be maintained 70% after 15 repetitions and 50%
after 25 repetitions. It is possible to continue after that with a new bond of the HMA
from HMA Supplier; (2) Payload: the technology is scalable with the bonding area of the
HMA. A payload-mass ratio of 500% has been achieved in climbing on a vertical surface,
which outperforms any of the approaches reported in the past; (3) Speed: By using Joule
heating and thermoelectric cooling methods in footpads, a robot managed to climb vertically at a speed of 0.5 m/min, which is on the same order of magnitude as climbing with
passive microclaws; (4) Energy: There is no energy consumption when a robot statically
stays on a vertical surface. During climbing with Joule heating and passive cooling, a
robot consumed 0.88 Wh per step, which can be supplied by onboard lithium ion batteries. (5) On complex vertical terrains: A success rate of 80%-100% could be maintained on
four types of complex vertical terrains, with a measure i.e. Terrain Shape Indices ranging
from -0.114 to 0.167. That means the technology can be used for environments whose
irregularity has a dimension that is 2-3 orders of magnitude below that of the robot.
The work was done with four master or bachelor students over two years (Oct. 2010
- Oct. 2012), all under the guidance of my supervisor. I participated in the design of
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the robots, planned the detail of experiments, analyzed results that were obtained by the
students, and wrote relevant papers.
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5
Open-Space Descending with Dragline
Formation
The chapter presents a mobile technology for the use in an open space under unanticipated payload requirements. It is the summary of Paper III and IV. Paper III has been
published in Bioinspiration and Biomimetics, and Paper IV is going to be published in
the Proceedings of the 2014 IEEE International Conference on Robotics and Automation.
The technology builds on one of the components described in Chapter 3 i.e. the HMA
Supplier, and uses it to actively form a dragline structure to assist movement in an open
space. The process mimics that in spiders, and Soft-Matter Extended Phenotype in this
case is the formed dragline whose thickness could be adjusted according to the payload.
In Paper III, the design of a mobile robot is presented. The robot weighs 185 g and
has a dimension of tens of centimetres. It can form a dragline from TPA while wheeling
along the formed dragline. Dragline formation process involves three steps i.e. extrusion,
pultrusion and phase transition of TPA from semi-fluid to solid. Based on a geometrical
relation between the dragline thickness and motor activation duration, a controller has
been developed such that the three steps are repeatedly executed one after the other to
form the dragline. Dragline formation in the mobile has been evaluated in descending
movement from a ceiling to the ground in terms of thickness variability, repeatability and
locomotion speed. Results have shown that: (1) a thickness range of 1.17-5.27 mm can be
achieved for the dragline, which implies a payload range of 0.36-10.94 kg; (2) a dragline
that is close to 1 m long can be formed by repetition of the step-by-step controller; (3)
the average locomotion speed was 5.13 cm/min.
In Paper IV, a different control method has been developed to improve the locomotion
speed through continuous dragline formation. The control method is based on mathematical modelling of thermodynamics and mass flow along the dragline. With the model,
motors that control extrusion and pultrusion can be constantly activated, and by tuning
the speed of the motors thickness of the dragline can be adjusted. Experiment results
have shown that a similar thickness range of the dragline can be achieved, while the
average locomotion can be increased to 12.0 cm/min.
The work was done with another doctoral student and two master students over ten
months (Nov. 2012-Sep. 2013), all under the guidance of my supervisor. I participated in
the design and prototyping of the first version of the robot with the other doctoral student,
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supervised master students for the second prototype of the robot and the establishment of
the thermodynamics and mass flow models, designed and carried out all the experiments,
analyzed results, and wrote relevant papers.
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6
Pick-and-Place with End-Effector
Formation and Extension
The chapter presents a pick-and-place technology where end-effectors can be formed and
extended within the same robotic system for objects with unanticipated shapes and material. It is the summary of Paper V and VI. Paper V has been published in the Proceedings
of the 2012 IEEE International Conference on Robotics and Automation, and Paper VI
has been submitted for review. The technology builds on the two components described
in Chapter 3, such that HMA Supplier is used for deposition of TPA to form structures in
an additive process and Active Connector is used for integration of the formed structure
as the extended end-effector. Here Soft-Matter Extended Phenotype is the formed and
extended end-effector.
In Paper V, the process of structure formation and integration is introduced in a
prototyped robot arm with several joints actuated by servomotors. Structure formation
uses an additive technique called Fused Filament Fabrication, where the robot arm could
bring HMA Supplier to deposition locations according to a preprogrammed trajectory.
When the structure has been formed, the robot arm could integrate it to Active Connector. The feasiblity of the automated process has been demonstrated in a task of water
transportation, which could not be accomplished by the robot arm without the formation
and extension of a scoop structure.
In Paper VI, the same process has been generalised for pick-and-place of various
solid objects. A commerical robot arm was used for higher precision and was modified
by adding the two components. Specifically, a scoop and a passive compliant fingered
gripper was chosen as the shapes of end-effectors. Experiment has been carried out with
water, irregularly shaped pebble, plasic box and rice grains. Results have shown that:
(1) Repeatable pick-and-place can be achieved for both liquid and light-weighted solid
objects whose dimension ranges from 0.1 mm to 10 mm; (2) The technology could be
simplify motor control by using the same predefined trajectory of pick-and-place.
The work was done with another doctoral student over a year (Jun. 2011-Jun.2012),
all under the guidance of my supervisor. I participated in the prototyping of the servomotor robot arm, designed the experiments, analyzed the results obtained by the other
doctoral student, and wrote Paper VI and contributed equally to writing of Paper V.
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7
Overall Conclusions and Future
Directions

7.1 Conclusions of the Dissertation
The dissertation aims at exploring possible means to shape adaptation of robotic systems
for the use in unanticipated task environments. It tackles the challenge in shape adaptation presented in previous approaches such as MSR robotic systems or soft-matter robots.
The challenge includes: inflexible connection mechanisms between robotic modules, and
lack of variability and quality in shape. As a result previous approaches to shape adaptation could only demonstrate superior functions in very limited cases in ground locomotion,
climbing locomotion and gripping.
The dissertation proposes a conceptual framework for the design of robotic systems
with shape adaptation ability. The framework resembles the biological concept of the
extended phenotype [19], and it is named “Soft-Matter Extended Phenotype”. It includes soft matter in a robotic system, which can be automatically handled and formed
into different structures. Structure formation may be active by the robot through certain fabrication processes, or it may be passive through physical interactions with the
environment. Formed structures are then integrated as the extension of the robot and
used for unanticipated task environments. The framework is different from automatic
construction or tool use, but it is the combination of both, such that structure formation
and use is for the accomplishment of the actual task. By handling soft matter, intrinsic
adhesion and plasticity can be exploited for flexible connection and greater variability
and quality of shapes. Therefore, technologies for a wider range of potential tasks may
be developed.
Contributions of the Dissertation
Firstly, three design principles have been identified for Soft-Matter Extended Phenotype,
which include:
a. phase transition is important for the formation of extended phenotype.
b. Tradeoff between adhesion and modulus of the soft matter needs to be considered
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depending on tasks.
c. material handling tools need to be simple and compact.
Secondly, to implement the concept hardware has been developed for robotic locomotion and manipulation based on a type of soft matter i.e. TPA or HMA. The hardware
includes:
1. Climbing robots for complex vertical environments with macroscopic irregularity.
Previous climbing robots were able to conquer flat surfaces with microscopic roughness
at the scale 5-6 orders of magnitude below that of a robot. Our climbing robots passively
form thermoplastic adhesive bonds to extend footholds and adapts to irregularity at the
scale 2-3 orders of magnitude below that of the robot. Additionally, the robots have
demonstrated a ratio between payload and body mass as high as 500%, which is more
than ever before.
2. A dragline-forming mobile robot for the use in an open-space with unanticipated
payloads. The mobile robot could form a thermoplastic dragline with adjustable thickness
between boundary surfaces. Compared to flying robots, it offers a higher payload fraction
with dragline assistance. Compared to using a cable and a winch, it offers the flexiblity of
thickness adjustment, hence self-sufficiency under unanticipated payload requiements. It
has been shown that the 185 g mobile robot could descend while forming a thermoplastic
adhesive dragline with a diameter 1.17-5.27 mm, implying a payload capacity 0.36-10.94
kg.
3. Hardware for pick-and-place of unanticipated objects. It enables a conventional
robot arm to form and integrate thermoplastic adhesive end-effectors. Compared to previous universal grippers, the proposed hardware has demonstrated pick-and-place both liquid and light-weighted irregularly-shaped solid objects with a dimension between 0.1mm
and 10 cm, which means a wider coverage of objects in terms of both quality and quantity.
Thirdly, behaviour analysis of TPA-based Extended Phenotype using the hardware
in locomotion and manipulation has been performed. Specifically, the analysis focuses
on the process of formation and physical task execution. Mathematical models have
been used for quantitative analysis. Real-world experiment data has shown consistency
with thermodynamics model for formation and solid mechanics models for task execution. Although being only validated with TPA, they should be generalizable to other
thermoplastics soft matter.

7.2 Future Directions
The dissertation has proposed the conceptual framework, described its physical implementation and shown the proof of enhancement in robots’ functionality. Together they
should open up possibilities for further technologies and application potentials.
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Design Automation and Optimization
The first general future direction for the presented work is to include of design automation and optimization in the framework. So far, the presented hardware is all open-loop
controlled. For example, in the dragline-forming mobile robot, a target cross-sectional diameter is given to the robot by human beings according to estimation from a payload; and
in pick-and-place, the shape and values for geometrical parameters are preprogrammed
by human operators according to a heuristic knowledge with the objects. While design
automation and optimization should not have much influence on those cases where shape
change is passive through physical interactions (e.g. in the case of the climbing robot),
it will greatly increase autonomy of robotic systems in unanticipated environments.
To include design automation and optimization, at least two specific tasks can be
expected. Firstly, sensory feedback is needed to close the control loop. For example, in
the case of pick-and-place of unanticipated objects, visual sensors such as webcams can be
installed on the robot arm for detecting the contour and size of the objects. There have
been mature image-based feature extraction algorithms such as edge detection, corner
detection, template matching, and Hough transformation, etc, which could used for this
purpose.
Secondly, algorithms for automatically generating shapes and geometrical values need
to be implemented based on the sensory feedback. This is still a challenge in autonomous
robots and artificial intelligence. However, some state-of-the-art techniques have shown
possibilities. For example, evolutionary computation techniques have been used to automatically generate shapes and structures [86,87]. It is worth investigating applying these
techniques to shape primitives.

Use of Other Materials
The second future direction is to use different types of soft matter. The presented case
studies used polymer-based thermoplastic adhesive. It provides the necessary yield strain
and modulus for locomotion and gripping, and it offers good adhesion strength for force
transmission. However, the proposed conceptual framework should be general with many
kinds of soft matter, and the use of other types of soft matter may improve the technologies. For example, soft matter with a lower softening point or soft matter whose phase
transition is not temperature dependent could contribute to the improvement of speed.
The use of stronger thermoplastics could enhance the strength of formed dragline. There
has been some interesting work in using foam colloids with the same concept [88]. In that
work, the foam colloid has shown its capability of volume expansion as well as rigidity
in the formed structures. However, the formation process was rather difficult to control
and the adhesion strength of the material was unclear, which is actually rooted in the
trade-offs between material properties such as strength, modulus, viscosity and adhesion.
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Back to the Genotype
Another interesting future direction is the study of the implication of the proposed conceptual framework to evolutionary robotics [89] and the phenomenon of self-organization.
The framework has clarified the influence of robot phenotype’s behaviour of forming extended phenotype on physical tasks. This is comparable to the influence of construction
behaviour on animals’ other behaviours which exist at the ecological time scale. However, it does not mention genotypes which was actually where the whole biological concept
started. To bring the conceptual framework to the evolutionary time scale, some questions need to be addressed. For example, what are the genotypes or design parameters for
robot phenotype? How extended phenotype may co-evolve with the robot phenotype?
And how the formation and integration process may be self-organized along with the
co-evolution? Answers to these questions may shed light on the research in evolutionary
robotics and topics in evolutionary biology.
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Physical Connection and Disconnection
Control Based on Hot Melt Adhesives
(HMAs)
Liyu Wang, Fumiya Iida

Abstract
Physical connection and disconnection control has practical meanings for robot
applications. Compared to conventional connection mechanisms, bonding involving a thermal process could provide high connection strength, high repeatability,
and power-free connection maintenance, etc. In terms of disconnection, an established bond can be easily weakened with a temperature rise of the material used
to form the bond. Hot melt adhesives (HMAs) are such material that can form
adhesive bonds with any solid surfaces through a thermally induced solidification
process. This paper proposes a novel control method for automatic connection and
disconnection based on HMAs. More specifically, mathematical models are firstly
established to describe the flowing behaviour of HMAs at higher temperatures, as
well as the temperature-dependent strength of an established HMA bond. These
models are then validated with a specific type of HMA in a minimalistic robot setup
equipped with two mechatronic devices for automated material handling. The validated models are eventually used for determining open parameters in a feedback
controller for the robot to perform a pick-and-place task. Through a series of
trials with different wooden and aluminium parts, we evaluate the performance
of the automatic connection and disconnection method in terms of speed, energy
consumption and robustness.
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1. Introduction
Physical connection and disconnection has practical meanings for engineering problems
dealing with multiple surfaces. Automatic connection and disconnection is important
for a wide range of robot applications, such as gripping [90, 91], climbing [92]–[94], as
well as modular robotics [95] with e.g. self-reconfigurable (SR) robots [6]–[8] and active
self-(dis)assembly [96, 97], etc. In modular SR robots for example, by automatically
rearranging the connectivity of its own modules1 , a single robot could, without human
interventions, demonstrate both crawling on a flat terrain like a wheel or a snake, and
walking on a rough terrain with leg-like structures.
The requirements for connection and disconnection, however depend on applications.
For instance, large forces and shape conformation are essential for gripping macroscale
objects, while small forces are required for micromanipulation; High attachment strength,
ease of detachment, and high repeatability are vital for robots climbing against gravity;
And in the case of modular SR robots, it was suggested that four requirements must be
met for connection mechanisms, including simplicity, high strength, low power consumption, and ease of (dis)connection [98]. The scale at which a mechanism is applied also
imposes different requirements for forces, controllability, and ease of disconnection, e.g.
in micromanipulation [99] and robot modules at or under centimetre scale [100, 101].
To meet the above requirements in different applications and scales, there have been
several connection mechanisms proposed in robotics and passive self-assembly [97, 102].
These mechanisms range from mechanical, magnetic and vacuum suction engagements,
to electrostatic, surface tension and chemical adhesions, etc. The (dis)advantage of those
solutions have been previously discussed in each individual application domain (e.g. [90]
for micro-gripping, [92]–[94] for climbing, [8, 103] for modular SR robots, [101] for active
and passive self-assembly, and [98, 100] for general modular robotic systems, etc.). Besides these conventional methods, bonding involving a thermal process (which we call
“thermal bonding”) has also been suggested using material from solder, water to polymer (a detailed review in Section 2). Here we summarize in Table 1 features of these
connection mechanisms, along with their performance comparison in terms of surface
requirement, scale, connection strength, ease of disconnection, connection maintenance
power consumption, speed, and repeatability, etc.

1

In this paper, we use the term “module” to refer to an active component in a system, “part” for a
passive component, and “body” for both.
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Table 1.
Category

Mechanism

Connection Mechanisms in Gripping, Climbing, Modular Robotics and Self-Assembly

Surface
conditions

Scale (m)

Connection Ease of
strength
discon(Pa) 1
nection

Connection
maintenance
power 2

Speed of
(dis)connection

Repeat- Applications
ablity

103 -105
[104, 105]

High

Needed

High

High

SR robots [104, 105]

Mechanical Active
per/hooks

Predefined >10−3 [5, 99]

104 -105
[103, 106]

High

Depends
[106]

High

High

Gripping [99], SR robots [103,
106], active self-assembly [5]

Mechanical Velcros, passive
microconnectors

Predefined >10−3 [100]

105 [100]

Low

Free

High

High

Active [107] and passive selfassembly

Magnetic

Permanent magnet

Predefined 10−4 -100
[14, 108]

104
[14, 108]

Depends Free
[14]

High

High

SR robots [108], active [14]
and passive self-assembly

Magnetic

Electromagnet,
Magswitch

Predefined 10−3 -10−1
[109, 110]

104 [110]

High3

Needed

High

High

Climbing, SR robots [109], active self-disassembly [110]

Vacuum

Suction
valves

Flat rigid
solid

104 [98]

High

Needed

High

High

Gripping, climbing,
self-assembly [98]

active

Electrostatic

Free charged particles

Predefined 10−4 -10−2
[111]4

103 [111]

High

Needed

High

High

Gripping, climbing,
self-assembly [111]

active

Surface
tension

Surface tension

N/A

10−4 -10−3
[112, 113]

103 [112]

High

Free

Medium

Medium Gripping [112, 114], passive
self-assembly [113]

Chemical
adhesion

Microstructured
polymer, dry glue

Any solid

10−3 -10−2
[92]–[94]

102 106 [115]

High

Free

High

Depends Climbing
[115]

Thermal
bonding

Solder

Predefined >10−4 [116]

108

High

Free

Low

High

Passive self-assembly [116]–
[118]

Thermal
bonding

Water-ice

Any solid

105 -106
[101, 119]

High

Needed

Low

High

Gripping [119,120], active selfassembly [101]

Thermal
bonding

Sol-gel

Predefined 10−6 -10−4
[121]–[123]

N/A

High

Needed

Low

High

Gripping [121]–[123]

Thermal
bonding

HMAs

Any solid

105 -106

High

Free

Low

High

Gripping [124, 126], climbing [125, 127], passive selfassembly [128]

grip-

cups,

10−3 -100 [92]–
[94, 98]

10−5 -10−2
[101, 119]

10−4 -10−1
[124, 125]
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2
3
4

Tensile strength at room temperature, except for water-ice.
Ambient temperature at room temperature.
Assuming not connected to metallic surfaces.
Possible for larger scale with light weight.

Introduction

Predefined 10−2 -10−1
[104, 105]

1.

Mechanical Male-female connectors
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From Table 1 , we can draw at least the following three conclusions. Firstly, methods such as mechanical, magnetic and vacuum suction engagement generally work for
macroscale objects above millimetre, while electrostatic, surface tension, and chemical
adhesion applies to smaller or lighter targets. That could be explained by the different
scaling rules between inertia and electrostatic, surface tension and van der Waals forces.
Secondly, most of the connection mechanisms apply only to surfaces with certain predefined features, such as male-female connectors or ferromagnets, etc. The exceptions
are vacuum based method and thermal bonding approaches, with vacuum suction being
applicable to only flat solid surfaces due to air leakage. Thirdly, thermal bonding approaches have potential advantage of high connection strength, high repeatability, and
power free connection maintenance (at room temperature), etc. However, they have not
been seriously studied as connection mechanisms, and each material used to form bonds
has its own pros and cons.
Given the advantage of thermal bonding, the motivation of this paper is to propose
a control method for automatic connection and disconnection based on unconventional
material, hot melt adhesives (HMAs). HMAs are (co)polymer-based thermoplastic adhesives, and bonds can be formed between any solid surfaces by a thermally induced
solidification process. When HMA are heated back up and transited from solid to plastics or even fluid, the bonding strength decreases dramatically and two connected bodies
can be easily separated. As most other thermal bonding methods, the phase transition
process is bi-directional and highly repeatable. And among the above listed mechanisms,
the bonding strength of HMAs is one of the highest (just lower than solder), and no energy
is required to maintain the connection once established (assuming ambient environment
is at room temperature). Further detail about HMAs will be introduced in Section 2.
The main contribution of this paper is a model-based control method for automatic
connection and disconnection based on HMAs. We first develop a set of mathematical
models that describe material properties, such as flowing behaviour of HMAs at higher
temperatures, and temperature-dependent strength of an established HMA bond. Based
on the models, we propose that the amount and the temperature of HMAs can be controlled on one hand to achieve high bonding strength for reliable connection, and on
the other to lower bonding strength for ease of disconnection. The models are validated
with a specific type of HMA in a minimalistic robot setup, which is equipped with two
mechatronic devices for automated material handling. We show that the HMA can provide as high bonding strength as 106 MPa when an established HMA bond is at room
temperature. The validated models are eventually used for determining open parameters in a feedback controller for the same robot to perform connection and disconnection
operations. Through a pick-and-place experiment with different wooden and aluminium
parts, we evaluate the performance of the connection and disconnection method in terms
of speed, energy consumption and robustness.
The remainder of the paper is organized as follows: Section 2 reviews related work
on thermal bonding in robotics, and introduces HMAs and their applications; Section 3
explains the concept of automatic connection and disconnection based on HMAs; Sec-
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tion 4 presents two models of HMAs; Section 5 describes an experimental robotic system
for demonstrating connection and disconnection in the context of a pick-and-place task;
Section 6 shows validation of the models, and model implementation in connection and
disconnection control with results from a pick-and-place experiment; and Section 7 concludes the paper and discusses about future work.

2. Related Work
The mechanism proposed in the paper belongs to a larger category of thermal bonding
methods. In this section, related work on the use of thermal bonding in robotics will first
be discussed, and then HMAs will be reviewed.
2.1 Thermal Bonding in Robotics
Thermal bonding has been used in robot applications such as active self-assembly, joint
locking, micromanipulation, lab-on-a-chip, as well as climbing, etc. Different from welding
which also involves a thermal process, surfaces to be connected do not get melted, but
instead a bond is formed between the surfaces with certain material, such as water, solder
metal alloys, and thermoresponsive polymer, etc.
Water freeze-thaw effect has been used to connect and release milliscale or lightweighted modules or parts for active self-assembly [101] and micromanipulation [119,120].
This method could be applied to surfaces such as polymer, glass, metal and biological
tissues, etc. However the freezing point of water determines that power is always needed
to maintain a connection if the environment is at room temperature. Solder metal alloys
have been suggested for joint locking in multi-linked mobile robot [61, 129]. They are
also favourable material in artificial passive self-assembly [116]–[118, 128]. The bonding
strength of solder metal alloys is the highest among all the material used in thermal
bonding (as in Table 1). However this method only applies to a limited range of metallic
surfaces. Besides water and solder metal alloys, there have been studies on thermal
bonding using polymer for micromanipulation. For example, sol-gel has been used for
handling biological cells [121]–[123], and other types of polymer have been used in wafer
bonding and in lab-on-a-chip environments [130]–[132]. The applicability of those types
of polymer to larger scale parts, however remains unclear.
2.2 Hot Melt Adhesives (HMAs)
The proposed connection and disconnection method exploits unconventional material
HMAs (also known as hot glues). As a mixture of polymer and other ingredients such as
wax and resin, HMAs exhibit three phases (further detail in Section 3). Phase transition
can be thermally induced, and it is bi-directional and repeatable [133]. The bonding effect
of the material has been studied in terms of compositions [134,135], bonding temperature
[136,137] and temperature of a bond [136,138]–[141] (further detail in Section 4). Besides
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Figure 1. Three operations in the overall control strategy for connection and disconnection
control based on HMAs.

that, HMAs also have viscosity properties [142, 143] and a low shear stress at higher
temperatures. HMAs have been proven economic and easy for joining in applications
such as packaging, furniture, book binding, and fastening of aerospace components, etc.
Despite these interesting properties, the use of HMAs in robotics is rather underrepresented so far. To the best of our knowledge, HMAs have been used in micromanipulation
with small-sized parts at the scale of 10−4 -10−3 m, for example as an automatic micro tool changer [124] or a gripper [126], as well as in microassembly [144] and passive
self-assembly of mini parts [128]. More recently vertical climbing technologies based on
HMAs have been developed in two labs in parallel [125, 127], which only demonstrated
the feasibility in an open-loop manner but without a proper control method for attachment and detachment. Although there are not many investigations of using this material
in robotics so far, with a thorough understanding and exploitation of the material, we
expect much more robot applications considering the high strength and “freedom” in the
proposed method.

3. Connection and Disconnection with HMAs
Connection and disconnection can be realized by exploiting HMAs’ characteristics. Typically HMAs have three phases depending on the temperature [133]: first, at room temperature Tr (around 25◦ C), the material is a viscoelastic solid and has no adhesiveness.
That means HMAs cannot form a new bond between surfaces, while an existing connec-
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tion can be maintained with a high bonding strength. Second, at a temperature around
a softening point Ts (>Tr ), the material starts to become visco-plastic and adhesive. It is
difficult to maintain an established connection since the bond is dramatically weakened
by the low shear stress. And third, at a higher temperature between Ts and a melting
point Tm (generally 150◦ C), the cohesive strength becomes so low that the material transforms into a low-viscosity fluid. Note that Ts and Tm vary depending on the ingredients
of HMAs, and they are generally temperature ranges instead of single values.
When automatically handling HMAs for connection and disconnection, a robotic system needs to be able to perform the following three operations. 1) Before establishing
a new connection between two bodies, a supply operation will be firstly needed to feed
HMAs onto one of the surfaces. In our lab, we use an “HMA Supplier” device for this
purpose (Fig. 1a). The device has a function of heating solid HMAs by using a heater
(heater 1 in Fig. 1a) to a temperature (i.e. “application temperature” Tapp ) above Ts ,
which enables the material to be fluidic and adhesive. The HMA Supplier also regulates
the flow such that the amount of HMAs can be adjusted by a motor force (see Fig. 1a).
2) A connection operation can be then realized by cooling the supplied HMAs so that it
forms a bond between bodies under a press force (see Fig. 1b). Usually cooling can be
achieved through natural heat dissipation, in which the process depends on the thermal
properties of the bodies to be connected. If necessary, there is also a possibility for active
cooling, which is used in our work and will be explained in Section 5. 3) When separation
is required, HMAs can be reheated and joined bodies can be easily disconnected from
each other with small external forces (see Fig. 1c). Reheating of HMAs may be achieved
through heating up the global environment if connected bodies are all passive parts, or by
on-board heating elements (heater 2 in Fig. 1c) if one of the bodies is an active module,
which is called an “Active Connector” device in our work.
The control method assumes that a relationship between temperature of HMAs and
the bonding strength is given, and the control of the temperature regulates the bonding
force between two bodies connected by an HMA bond. Control of the bonding force,
however, depends on many factors and a careful study is required. For example, the
bonding force depends on the amount of HMAs, and this characteristic has to be considered in the supply operation. Furthermore, the bonding force depends on the material
of the surfaces: with the same amount of HMAs, the bonding force between two wooden
surfaces, for example, is different from that between aluminium ones. For these reasons,
in the next section, we develop a set of mathematical models that characterize the important material properties of HMAs. Then these models will be used to determine open
parameters in a feedback controller.

4. Modelling of HMAs
This section focuses on modelling of HMAs’ properties that are related to the above factors influencing the bonding force. First, an “HMA flow model” describes the behaviour
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Table 2.

Specifications of the HMA

970 kg/m3

Density ρ
Softening point Ts

82-92◦ C

Melting point Tm

170-200◦ C

Viscosity µ (160◦ C)

25 000-33 000 m·Pa·s

Viscosity µ (180◦ C)

16 000-20 000 m·Pa·s

Diameter of a solid stick

11.5 mm

of HMAs at the fluidic phase and it will be used in the control of HMA Supply. Second, a
“thermo-adhesion model” is introduced, which may be used to regulate the bonding force
at different temperatures between variations of material. A specific type of HMA was
used in our study (Pattex Hot Sticks Transparent, Henkel, Germany), which is based on
co-polymer called ethylene vinyl acetate (EVA). Its specifications can be found in Table
2. However the mathematical models may be generalized for other types of HMAs.

4.1 HMA Flow Model
We assume the HMA’s density ρ is a constant at different temperatures, and the HMA
flow is Newtonian for the sake of simplicity. When the HMA Supplier uses a nozzle
(further detail in Section 5), the mass m of the HMA supplied in a time period t can be
modelled as the product of the velocity v of the HMA flow, the nozzle’s cross sectional
area A1 and t:
m = ρA1 vt
(1)
where A1 can be calculated from the nozzle’s diameter D1 :
A1 = π(

D1 2
)
2

(2)

The velocity v results from the balancing of a force F exerted on the HMA flow, and
a shear stress between the viscous HMA fluid and the nozzle’s inner wall. The velocity
gradient between the centre and the wall of the nozzle can be written as:
v
F
=
D1 /2
A2 µ

(3)

where µ is the dynamical viscosity of the HMA at the application temperature (as defined
in Section 3), and A2 is the nozzle’s inner wall area with the nozzle’s length being l:
A2 = πD1 l
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Figure 2. The robot used in our study, and two devices for controlling the mass and the
temperature of HMAs. (a) Overview of the robot. (b) A schematic illustration showing servo
arrangement of the robot. (c) The multi-layered structure of the Active Connector. (d) The
melting cavity, the heater and the nozzle of the HMA Supplier.

Substituting (2)-(4) into (1) yields
m=

ρD12 F
t
4l µ

(5)

In (5), the first term on the right is determined by the HMA and design parameters of
the nozzle, which can be treated as a constant. The mass of the HMA supplied during
a certain period of time can be therefore controlled by the viscosity µ of the HMA, and
the force F exerted on the HMA flow.
The force F exerted on the HMA flow can be the result from a motor force as conceptualized in Fig. 1a, which in the simplest form can be indirectly controlled by a servomotor
pushing a solid HMA stick through a “melting cavity” into the nozzle (further detail in
Section 5):
F = kF sin(∆θ + θ0 )
(6)
where kF is a constant decided by the motor torque and design parameters of the HMA
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Supplier, ∆θ is the angular displacement of the servomotor, and θ0 is an offset constant
attributed to the bending of the solid HMA stick.
The viscosity µ is a temperature dependent parameter of the HMA. It has been
suggested that an exponential model of µ can work for a range of temperatures for
liquids [145]. Based on the viscosity of the HMA used in our study (see Table 2), we can
fit the viscosity-temperature relationship into the following equation, where the unit of
temperature is Kelvin:
µ = 1.0796 × 108 e−0.0345Tapp
(7)
4.2 HMA Thermo-Adhesion Model
For connection and disconnection control, the bonding force between bodies needs to be
regulated. When two bodies are to be connected, the supplied HMA first spreads over the
surfaces under a press force and forms a bonding area in between (Fig. 1b). When the
surfaces of both bodies are made of the same material, the “maximum bonding force”
Fbond (defined as the bonding force just before fracture, below simply called bonding
force) depends on the bonding strength2 σ of the HMA with that material, as well as the
bonding area S, which can be assumed to be proportional to the mass m of the HMA
and irrelevant to the press force [137]:
Fbond = σS = σkS m

(8)

where m is the mass of the HMA in (1), and kS is a coefficient mainly determined by the
surface energy of the HMA.
The bonding strength σ is dependent on the bonding temperature, the temperature
of an established HMA bond, and the material of connected surfaces. Thermal bonding
effect of HMAs could be explained by wetting theory [22] and work of adhesion [146]:
The surface energy of HMAs is lower at higher temperature, so that the wetting effect
becomes better on solid surfaces; when HMAs are cooled down, the large work of adhesion determines the resulting high bonding strength. The relationship between bonding
temperature and bonding strength (at Tr ) has been modelled in [137], and it has been
shown in [136] that as long as the bonding temperature is higher than a certain value
(i.e. the bond formation temperature [147]), bonding strength (at Tr ) shall not be much
influenced. In our study, the HMA has the bond formation temperature at 55◦ C, and we
make sure that bonding temperature is always higher than this value.
The dependency of the bonding strength σ on temperature T of an established HMA
bond is usually dramatic. Although there have been measurements showing that the
bonding strength drops quickly as temperature increases from room temperature [136,
138]–[141], there is no mathematical model to describe the relationship to the best of our
knowledge. [136] has identified that this relationship is associated with the viscoelastic and
2

Generally there are three types of bonding strength (i.e. tensile, shear, and peel strength). Here we
focus on tensile strength as an example. It has been found that shear is higher than tensile strength in
bonds with HMAs [139], and peel strength can be as low as 1% of shear strength for any adhesives [22].
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Table 3.

Experimental Setup

Robot Specifications

Diameter of nozzle D1

1 mm

Length of nozzle l

5 mm

Diameter of melting cavity

12 mm

Size of finger-like strusture

40×60×60 mm3

Mass of finger-like strusture

200 g

Length of arm

100 mm

Number of servos

4

Stall torque of position servos

2 N·m

Stall torque of supply servo

1.67 N·m

Stall torque of switch servo

0.29 N·m

Reaching distance

140 mm

Reaching angle (horizontal)

180◦

Reaching angle (vertical)

90◦

thermorheological properties of the adhesive bulk when reheated from room temperature,
which cause adhesive or cohesive fracture. Based on previous measurements [136, 138,
140, 141], it seems that an exponential model could describe the relationship between σ
and T:
σ = ae−bT
(9)
where a, b are coefficients determined by the HMA and the material of the connected
surfaces (assuming same material for all surfaces). On one hand, this is the simplest
model that may be used for automatic control, and on the other it captures the dramatic
decrease of bonding strength over the rise of temperature.
Since the bonding strength also depends on the material of surfaces, in the case where
two surfaces of different material α and β are connected by an HMA bond, i.e. let the
bonding strength of material α to the HMA be σα , Fbond should be equivalent to the
weaker one of the two bonding forces on the two surfaces:
Fbond = min(σα Sα , σβ Sβ )

(10)

where Sα and Sβ represent bonding areas of the HMA on material α and material β.

5. Experimental Setup
To validate the above models and demonstrate the proposed control method, we have
developed a simple robot platform that includes the two HMA handling devices (as
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conceptualized in Section 3) for connection and disconnection. The platform is intended
for demonstration of automatic connection and disconnection in the context of a pick-andplace task (further detail in Section 6.3), i.e. picking up a part at a location and placing
it at another, which includes all the three operations i.e. HMA supply, connection, and
disconnection in a fully automated process.
As shown in Fig. 2, the platform consists of a 2-degree-of-freedom robot arm with
two servomotors (labelled as positioning servos in Fig. 2b; Condo KRS 2350 ICS; and see
Table 3 for more specifications) and a finger-like structure that contains the HMA Supplier
device and the Active Connector device as shown in Fig. 2a. During the demonstration
of pick-and-place, the robot arm transports the finger-like structure between pick-andplace locations, and either the HMA Supplier or the Active Connector is activated by
another servomotor (labelled as switching servo in Fig. 2b; Modelcraft RS-2). The HMA
Supplier and the Active Connector play the central roles in HMA supply, connection and
disconnection, which are explained below in greater detail.
5.1 The HMA Supplier
As explained in Section 3, the HMA Supplier has two functions, i.e. heating solid HMAs
to fluid and regulating the flow of fluidic HMAs, both of which are mainly achieved in a
melting cavity (Fig. 2d). The melting cavity is a CNC-fabricated cylindrical aluminium
block with a nozzle at one end, and an opening on the other. The nozzle is 1 mm in
diameter and 5 mm in length, and the cavity is 12 mm in diameter and 39 mm in length.
The cavity is surrounded by power resistors (six 10-Ω resistors connected in parallel to an
external power supply), which is, in addition, covered by a silicon sealing tube (i.e. a tube
made of low heat-conductive material which supports a solid HMA stick and prevents
leakage from the opening end of the cavity). Moreover, as shown in Fig. 2a and 2b, a
glass cloth tape (TECHNO-Gewebe, Germany) was used to cover the power resistors for
the sake of energy efficiency.
The motor force is the main control parameter in the HMA Supplier, which is achieved
by an on-board servomotor (labelled as HMA supply servo in Fig. 2b; Power HD
1501MG). The motor is position-controlled and pushes a solid HMA stick against the
silicon tube and the melting cavity, which eventually regulates the flow of the HMA
through the nozzle. Another control parameter is HMAs’ application temperature Tapp
(as defined in Section 3). We employ a “self-regulation” of the melting cavity’s temperature by applying a constant power to the resistors. To understand the self-regulation
behaviour with respect to electrical power, we performed some tests on how the melting
cavity’s temperature increases after the resistors have been powered on. We measured
the temperature with a multimeter (UT61B, UNI-TREND, China) under various electrical powers. As shown in Fig. 3a some test results, the melting cavity’s temperature
approaches a certain value (which will be used as Tapp ) after a thermal equilibrium has
been reached, i.e. a 9.2 W power supply can self-regulate Tapp at 105◦ C. Fig. 3b further
shows a linear correlation between the electrical power and the self-regulated Tapp from
13 different data pairs. As introduced in Section 3, Tapp should be between Ts and Tm ,
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Figure 3. Control of the application temperature in the HMA Supplier. (a) The melting
cavity is capable of self-regulating its temperature to a Tapp with a thermal equilibrium. (b)
Linear correlation between Tapp and electric power of the resistors.

so that the HMA’s viscosity is suitable for supplying.
5.2 The Active Connector
The finger-like structure in the robot platform also equips with an Active Connector,
which is an active module used for connection and disconnection operations explained
in Section 3. It has a multi-layered structure, in which a Peltier element (TEC1-01703,
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Figure 4. Heating and cooling with a Peltier element. (a) Illustration of the internal structure
of a Peltier element and heat flux. (b) Temperature at the two sides of the Peltier element.
Measured data is in solid curves and simulated result is in dashed curves. Simulation is based
on a model in [148].

15×15 mm2 , Centenary Electronics, China) is implemented as shown in Fig. 2c. By
regulating the electric current to the element, the Active Connector is capable of both
heating up and cooling down one of its own surfaces. This surface is made from a thin
copper plate (a 25×30 mm2 flat surface) which protects the vulnerable Peltier element
while transferring heat with a high conductivity for connection and disconnection.
One important feature of the Active Connector is the repeatability of stable heating
and cooling. Although a Peltier element could actively make cooling faster, it suffers from
saturation due to a maximum temperature difference within the element. Depending on
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the temperature it heats up to, a certain lower temperature may not be reachable during
cooling down. The temperature difference is determined by the internal structure of the
element which is illustrated in Fig. 4a. Thermodynamics in the Peltier element can
be modelled with electrothermal amount as previously studied in [148]. Fig. 4b shows
measured temperature data and simulated result based on the model agree each other,
and the maximum temperature difference between the two can be explained by the model
(simulation detail is not included in the dissertation). With the mechanical design being
optimized and a fan being added for efficient heat dissipation, the Active Connector
is capable of continuously and repeatedly increasing and decreasing the temperature of
the copper surface between 38◦ C and 65◦ C (note that only low-power Peltier element
may switch polarization instantly). Temperatures outside this range may be achieved in
one-time heating or cooling.
5.3 Electronics
To use the robot for pick-and-place, we have designed electronics for controlling the servomotors and heating/cooling processes of the Peltier element. The centre of electronics
is an Arduino Duemilanove microcontroller and a standard motor drive (iMDs03, iXs Research Corp., Japan). The Arduino board serves as a communication interface between
the robot and a Matlab control programme, and the motor drive is used to control the direction of the electric current through the Peltier element. The Matlab programme sends
commands to the microcontroller, which generates digital signals of angular displacement
values for the four servomotors, as well as ON/OFF and directional signals for the motor
drive. Additionally, a temperature sensor (Pt100, 1.5×5.0×1.0 mm3 , JUMO Instrument,
U.K.) is placed between the copper plate and the Peltier element in the Active Connector
and is connected in serial with a 620-Ω resistor. Temperature of the copper surface is
measured with an A/D converter on the Arduino board, and the measurement is used
for a feedback controller (further detail in Section 6.3) implemented in the Matlab programme. Since only a very small amount of the HMA is required (tens of milligram
as shown later), we assume that temperature of the HMA quickly approaches that of
the copper plate. In terms of power supply, three external power generators (Volfcraft
VLP-1303 Pro) are used for the robot. One of them is used for the resistor heaters in the
HMA Supplier. The second power supply is used for the motor drive to provide electric
current at 1.9 V to the Peltier element. The third power supply is connected to all four
servomotors at 6 V.

6. Experiments, Results and Discussions
In this section, we first present experiments and results for the validation of the models
from Section 4. We then demonstrate connection and disconnection control and evaluate
the method in terms of speed, energy consumption and robustness.
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Figure 5. The mass of the supplied HMA can be controlled by HMA supply servo’s angular
displacement ∆θ and Tapp .

6.1 HMA Supply
We conducted an experiment to evaluate the controllability of the HMA Supplier based
on the HMA flow model. In the experiment, we set the HMA Supplier in an upright
position with its nozzle pointing downwards, and measured the mass of the HMA flowing
out from the nozzle under different conditions, i.e. three Tapp (100◦ C, 120◦ C, and 160◦ C)
and variations of motor forces (indirectly controlled by ∆θ of the HMA supply servo).
Under all conditions, motor forces were applied for 10 seconds, and the mass of the
resulting HMA was measured by a high-precision scale (Voltcraft PS-20, 0.001-20 g).
In Fig. 5, we show the experimental results of the HMA mass m controlled through the
angular displacements ∆θ of the servomotor (means and variances of 10 trials under each
condition), together with the prediction from the HMA flow model. For the model-based
prediction, we employed design parameters of the melting cavity and the nozzle (Table
3) for (5)&(6), and used θ0 =-3 degrees in (6), which best characterize the experimental
results. In general, this figure shows that the model describes the behaviour of the HMA
flow very well, despite a Newtonian fluid was assumed; and that the HMA mass can be
controlled by the position-controlled motor with an acceptable level of precision (i.e. 515% errors). This figure also indicates that the errors tend to become larger with a higher
Tapp and a larger motor force (i.e. larger ∆θ). We found that the low-viscosity HMA fluid
at a higher Tapp is influenced more by the gravitational force (e.g. at 160◦ C, 3-4 mg of
the HMA naturally dropped without motor moving) and other noise factors in the motor
control (e.g. larger prediction error when ∆θ=20◦ ). From these results, we concluded
that the best performance of the HMA supply can be achieved at Tapp =120◦ C when there
is no passive deposition, and at that Tapp 10-15 mg of the HMA can be supplied in 10
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Illustration of test setup for bonding strength at room temperature.

seconds with ∆θ=60◦ .
6.2 Bonding Strength and Its Variability
The control method is particularly fascinating for connection and disconnection, because
of the large variation in strength of an established HMA bond that could be induced
thermally. Although this has been shown in some polymer science studies [136,138]–[141],
they used different types of HMAs whose quantitative results shall be very different from
the HMA used in our study. In the next two experiments, the bonding strength of the
HMA used in our study is measured over a range of temperatures to fit to the HMA
thermo-adhesion model explained in Section 4.2.
Bonding Strength at Room Temperature The first experiment is for identifying
the bonding strength with respect to the bonding area and the material of connected
surfaces. The experiment was conducted by measuring Fbond with various bonding areas
S on different material (i.e. copper and aluminium). Fbond was measured with a handheld scale (Voltcraft HS-10L, 0.01-10 kg) when two joined parts were separated manually
(see Fig. 6 for an illustration of the test setup). In Fig. 7a, experimental data pairs
are plotted together with linear curve fittings using (8). The results show the model
accurately describes characteristics of HMA bonds. Moreover, Fbond largely depends on
the material (i.e. HMA bonds between two copper surfaces exhibit larger forces compared
to between aluminium surfaces with the same bonding area). Experimental results of σ
at 25◦ C for the HMA with various material are further listed in Table 4.
In the same experiment, we also confirmed that the press force (refer to Fig. 1b) has
little influence on the resulting bonding area. Fig. 7b shows the relationship between the
bonding area S and the mass of the HMA m in three cases, where copper and aluminium
surfaces were tested and the press force was varied from 0.49 N to 3.73 N (over 7 times
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Figure 7. Bonding performance of the HMA to different material. (a)Bonding strength at
25◦ C of the HMA with aluminium and copper. Fbond is proportional to bonding area S. The
proportion characterizes bonding strength of the HMA with different material. (b) Results show
that bonding area is proportional to the mass of the HMA, irrelevant to the press force. Inset,
a circular bonding area of the HMA on an aluminium surface.

difference). We can see that the proportion is hardly influenced by the press force. This
could be explained by the squeeze-film phenomena where the thin film layer resists the
shear flow of the HMA [149]. Another important finding from Fig. 7b is that the material
of the surfaces does not have a significant effect on the above relationship, at least with
copper and aluminium the fitting curves are very close. Both of them have ks of 2.00
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Table 4. Bonding Strength at 25◦ C of the HMA
1
with Various Material

Material

Bonding strength σ
(MPa)

The HMA itself
Roof batten fir wood
Copper ETP 2

6.17-26.10
2

Anticorodal hard aluminium 2
1
2

2.20-2.50
0.90-1.00
0.60-0.70

Tapp =120◦ C
From https://lager.phys.ethz.ch/de/R/0200/

Figure 8. Temperature response of bonding strength of the HMA. The bonding strength
decreases with temperature rise, which can be modelled by an exponential function within a
certain temperature range. Inset, a detailed logarithmic plot for a temperature window between
40◦ C to 75◦ C.

m2 /kg for (8). One of the explanations is that the viscosity and surface tension of HMAs
is so low during bond formation that HMAs can quickly spread over a surface with good
wettability [137].
Temperature Response of Bonding Strength We then conducted the second experiment to characterize the temperature-dependent strength of an established HMA
bond. In this experiment, we measured the bonding strength σ of the HMA at a range of
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Figure 9. Snapshots for a pick-and-place trial with the connection and disconnection control.
(a) A wooden part initially placed on a table. The robot moved to above the part and switched
to the gesture with the nozzle of the HMA Supplier pointing downwards. (b) The HMA Supplier
approached the part and supplied the HMA onto its upper surface. (c) The robot switched to the
Active Connector within a few seconds and joined it with the part. (d) Connection was formed
and the part was picked up and moved. (e) The part was moved to the target location. (f) The
HMA bond was heated and after a while the part was disconnected from the Active Connector.
(g) The robot moved away from the part and placed it on the table, and (h) it returned to the
initial position and gesture.

temperatures between various material (i.e. copper and aluminium). Since the bonding
strength could be very low, it was highly unlikely that manual separation with handheld scale could measure Fbond correctly. We therefore used the Active Connector and
connected it to various copper or aluminium parts with an HMA bond before each measurement. When the bond was formed, we used the robot arm to lift the finger-like
structure so that the copper plate faced downwards with parts hanging underneath. We
then heated the copper plate and recorded the temperature when parts fell off from the
Active Connector. Afterwards we measured the bonding area and therefore obtained
temperature response of the bonding strength. The results are plotted in Fig. 8 together
with exponential curve fittings based on (9), with values of a and b in (9) indicated in
the plot. For example, the strength of the HMA bond between copper surfaces is as
high as 1.06 MPa at 25◦ C, which is reduced to 102 Pa at 70◦ C. With this variability, the
bonding force can be controlled even with variable external forces. The bonding force
can also be largely decreased for the ease of disconnection, which is not easy if parts
are connected through passive hooks or permanent magnets (also refer to Table 1). It
is however important to point out that the exponential model fails to work at higher
temperatures starting around 65◦ C with the HMA in our study, and produces higher
bonding strength than the experimental data. That is because the fracture type changed
from interfacial (or adhesive) to cohesive, due to the rubbery-flow state transition of the
polymer content [136].
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Flowchart of a feedback controller for pick-and-place with the robot.

6.3 A Pick-and-Place Experiment
This subsection first explains a feedback controller for a pick-and-place task based on the
validated models. Results from a series of pick-and-place trials are then presented to report automatic connection and disconnection performance between the Active Connector
and wooden or aluminium parts.
A Feedback Controller The control flowchart for a single pick-and-place is illustrated
in Fig. 10 (and Fig. 9a-g shows the corresponding time-series photographs of an example trial), which consists of three control blocks corresponding to the three operations.
Specifically, the sequence starts with the robotic arm moving to a predefined location of
a part (Fig. 9a) and supplying the HMA onto the part (Fig. 9b i.e. the left block in
Fig. 10). The connection operation follows immediately by the finger-like structure being
switched to the Active Connector (Fig. 9c i.e. the middle block in Fig. 10). Since the
transition time between supply and connection operations is within a few seconds, we
assume that the bonding temperature of the HMA is the same as Tapp . Here the Active
Connector is controlled by one of the positioning servomotors to exert a press force onto
the HMA and the part, which is then followed by the cooling process. It continues until
the temperature measurement reaches a threshold Tcon (which will be explained below).
As soon as the connection operation is over, the robotic arm picks up and moves the
part to another predefined location for placing (Fig. 9d&e). Finally, the disconnection
operation starts (i.e. the third block in Fig. 10 and Fig. 9f&g) by heating up the Active
Connector and waiting until the temperature reaches another threshold Tdisc . Both Tcon
and Tdisc can be sensed by the robot with the temperature sensor (see Section 5.3).
From the above control flowchart, we can see that there are three important open
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parameters in the proposed control method, i.e. the target mass m of the HMA, Tcon ,
and Tdisc . These parameters can be determined based on the models developed in Section
4. We assume that the weight and material of a part are given to the robot, and the weight
serves as the external force in Fig. 1c. Then target bonding forces of the HMA can be
predefined (with a certain safety margin) for connection and disconnection respectively,
so that one is larger than the weight of the part for picking, and the other is smaller
for placing. For example, in the trial shown in Fig. 9, the part was made of wood with
a weight of 0.55 N. We set target bonding forces as 2.80 N (500% of the weight of the
part) and 0.27 N (50% of the weight of the part). Based on (8)&(9), we can establish the
relationships between target bonding forces and the three open parameters:
Fbond(con) = ae−bTcon ks m

(11)

Fbond(disc) = ae−bTdisc ks m

(12)

where Fbond(con) is the target bonding force for connection and Fbond(disc) for disconnection.
Since there are three variables but only two equations, one variable has to be made
constant so that a unique solution can be obtained. In our experiment we assumed that
Tcon was a constant (38◦ C as the lowest repeatable temperature in the Active Connector).
Then it was easily determined that 10 mg (or 20 mm2 from Fig. 7b) of the HMA
should be sufficient, and Tdisc should be 56◦ C. Having determined the variables, the
robot can control its servomotors and motor drive to finish HMA supply, connection and
disconnection operations for pick-and-place. In the same example, to supply 10 mg of
the HMA, the control parameters in the HMA supply was set to Tapp =120◦ C, t=10 s,
∆θ=60◦ as explained in Section 6.1. Eventually an actual bonding area of 18 mm2 was
formed. Tcon and Tdisc can be reached by cooling and heating processes in the Active
Connector.
Experiment and Results The performance of connection and disconnection was evaluated in 20 trials of pick-and-place with wooden and aluminium parts of different weight.
Different target bonding forces for connection (250-1000% of weights of the parts) and
disconnection (20-80% of weights of the parts) were set, so that the usability of the control
method could be better demonstrated with various m and Tdisc .
Firstly, speed was measured for connection and disconnection operations. Fig. 11
shows typical temperature changes of the Active Connector during pick-and-place of a
wooden part and an aluminium part. Fig. 11a shows one of five successive trials with a
0.55 N wooden part (after each trial the same part was manually moved back to the same
initial location for picking). In the figure, T ime = 0s indicates the placing operation from
a previous trial (Fig. 9f). The control sequence started at T ime = 10s (Fig. 9b), and
the connection process started at T ime = 20s (Fig. 9c). At this point the temperature
of the Active Connector was 45◦ C, and it took approximately 45 seconds until it reached
Tcon = 38◦ C, at which the connection process was completed. The following disconnection
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Figure 11. Temperature change of the Active Connector in connection and disconnection. (a)
A trial with a wooden part (the same trial as in Fig. 9). (b) A trial with an aluminium part.
Labels for the process are consistent with those in Fig. 9.

process required approximately 25 seconds, until Tdisc = 56◦ C was reached and the part
was successfully disconnected from the Active Connector. In the case of aluminium parts,
the connection operation was faster while disconnection was slower. In the trial shown
in Fig. 11b, a 0.74 N aluminium part (60×40×12 mm3 ) was picked and placed only
once with target bonding forces Fbond(con) = 3.70 N (500% of the weight of the part) and
Fbond(disc) = 0.37 N (50% of the weight of the part). In the figure, the control sequence
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Figure 12. Estimated bonding forces in connection and disconnection operations in 17 successful trials with wooden (square markers) and aluminium (plus markers) parts. (a) Connection. (b)
Disconnection. The two example trials with the 0.55 N wooden part and the 0.74 N aluminium
part in the text are indicated by thicker markers.

started at T ime = 0s, and the connection process started at T ime = 10s. From this
point on, it took 22 seconds for the Active Connector to cool from 47◦ C to Tcon = 38◦ C for
connection, while disconnection cost 55 seconds until Tdisc = 51◦ C was reached (the part
was actually disconnected at 50◦ C). The speed difference between material is attributed
to thermal conductivity and specific heat capacity. In the case of the two types of material
here, wood hardly has an influence on the thermal dynamics of the Active Connector,
while aluminium does because the thermal conductivity of aluminium is higher and its
specific heat capacity is lower.
Secondly, energy consumption of the method was calculated. As introduced in Section
1, no energy is needed for maintaining an established connection. During connection and
disconnection operations, most of the energy is consumed by the Peltier element. The
energy consumption can be calculated from the time cost and nominal power of the Peltier
element (1.9 V constant voltage and 2.0 A nominal current in our study). In the above
example with the wooden part, it required 171 J to cool down from 45◦ C to 38◦ C for
connection, and 82 J to heat back up to 56◦ C to disconnect; and in the example with
the aluminium part, the energy consumption for connection and disconnection was 83
J (47◦ C to 38◦ C) and 209 J (38◦ C to 51◦ C) respectively. Energy consumption for the
supply operation has also to be considered. Neglecting the energy consumed by the motor
in the HMA Supplier, it would require 108 J with Tapp =120◦ C for a 10-second supply.
Thirdly, robustness of the control method was evaluated by the performance of model
implementation during connection and disconnection operations for both materials. That
was investigated by comparing “estimated bonding forces” with weights in all the success-
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ful trials (three out of 20 trials failed due to an excessive HMA supply onto lighter parts).
∗
∗
Estimated bonding force in connection Fbond(con)
or disconnection Fbond(disc)
can be ob∗
tained by measuring actual HMA bonding area S and actual connection or disconnection
∗
∗
=Tcon =38◦ C). Based on (8)&(9):
(note in the experiment Tcon
temperature Tcon/disc
∗

∗
= ae−bTcon/disc S ∗
Fbond(con/disc)

(13)

where a and b can be obtained from Fig. 8. The results are compared with the corresponding weights of the parts in Fig. 12, where the diagonal lines indicate the scenario
∗
∗
could be equal to weight. It can be clearly seen that the resultant Fbond(con)
when Fbond(con)
are all well above the diagonal line in the connection operations (Fig. 12a), and in the
∗
disconnection operations (Fig. 12b) Fbond(disc)
are below the diagonal line. From these results, we conclude that the connection and disconnection operations were successful with
different materials because in all these trials Tdisc were set between 48◦ C and 63◦ C, which
was within the accurate range of the exponential thermo-adhesion model (see Section
6.2).

7. Conclusions and Future Work
The paper proposed a novel control method for physical connection and disconnection,
which makes use of unconventional material HMAs. The large bonding strength is a
fascinating property of HMAs and it can be applied to almost any solid surfaces. The
large variability of bonding strength induced thermally makes it easy for automation of
connection and disconnection. We presented one of the simplest control architectures for
connection and disconnection based on mathematical models of the material. With a
specific type of HMA, we have found that the bonding strength can be as high as 1.06
MPa at room temperature, and it decreases to 102 Pa by increasing the HMA’s temperature to 70◦ C. The validation results showed that the models accurately characterize the
HMA’s behaviour within a reasonable range of temperatures, which resulted in feasible
and repeatable operations of connection and disconnection control between 38◦ C and
63◦ C, as demonstrated in a pick-and-place experiment between a robot setup and various
wooden and aluminium parts.
While we have presented the promising experimental results of the proposed control
method, there are still a few issues that need to be further investigated in the future.
Among others, it would be particularly beneficial to optimize the design of the Active
Connector for better heat dissipation and speed up connection/disconnection operations.
It is also worth mentioning that the piece of HMAs used for connection can be either kept
on or removed from the connecting surfaces, depending on the application. For example,
for climbing application we are working on a method to keep HMAs on the robot, so
that no supply is necessary and climbing surfaces can be kept clean. In broader research
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directions, we see exciting topics as extensions to the work reported here, such as: Adding
electrically conductive compound into HMAs so that control of electrical conductivity can
be possible; connection using passive HMAs joints with different shapes and thicknesses
for flexible robots, so that alignment between body parts can be robust in both normal
and lateral directions; and automatic construction of passive parts or active modules with
HMAs for a robot’s own use, etc.
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Large-Payload Climbing in Complex Vertical
Environments with TPA Bonds
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Abstract
Despite many approaches proposed in the past, robotic climbing in a complex
vertical environment is still a big challenge. We present here an alternative climbing
technology based on thermoplastic adhesive (TPA) bonds. The approach has great
advantage because of its large payload capacity and viability to a wide range of
flat surfaces and complex vertical terrains. The large payload capacity comes from
a physical process of thermal bonding, while the wide applicability benefits from
rheological properties of TPAs at higher temperatures and intermolecular forces
between TPAs and adherends when being cooled down. A particular type of TPAs
has been used in combination with two robotic platforms, featuring different foot
designs including heating/cooling methods and construction of footpads. Various
experiments were conducted to quantitatively assess different aspects of the approach. Results show that an exceptionally high ratio of 500% between dynamic
payloads and body mass can be achieved for stable and repeatable vertical climbing on flat surfaces at a low speed. Assessments on four types of typical complex
vertical terrains with a measure i.e. Terrain Shape Index ranging from -0.114 to
0.167 return a universal success rate of 80%-100%.
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1. Introduction
Robotic climbing has been a popular research topic since the invention of a stair-climbing
robot [150] and the first demonstration of vertical wall climbing over 25 years ago [151].
It was estimated over 200 prototypes of climbing robots had been developed by 2005
[152] with many more appearing since. Climbing robots have useful applications such as
inspection, structure testing, civil construction, cleaning, vertical transportation, etc. [93].
In comparison to climbing over stairs or obstacles on complex ground terrains, vertical
climbing poses significantly more challenges [153,154]. A robot needs to be light-weighted
while powerful enough to climb with its own body mass and possible payloads [93, 155].
Several approaches have been suggested to generate counter-gravity forces for vertical
robotic climbing (see recent reviews [93, 94]). Among them, some have shown the capability of a single robot climbing on various vertical flat surfaces, by using e.g. vacuum
suction cups [151, 156, 157], vortex attraction [158], electrostatic attraction [159, 160], directional and passive spine/claw arrays [153, 154, 161]–[165], synthetic polymer such as
pressure-sensitive adhesives (PSAs) [165]–[172], hierarchical compliance [173,174], or fluid
adhesives such as Laponite [175] or other wet adhesives [176], etc.
As overviewed in Table 1, using unconventional structures or material for robotic
climbing does not require continuous energy supply (when compared to using pneumatic
or electrostatic solutions) or predefined surfaces and structures (when compared to using
active grippers or magnets). For example, passive spine/claw arrays generate forces
against gravity either by penetrating surfaces or by latching onto small asperities on
surfaces, which requires spines or claws to have a tip dimension comparable to that of
the asperities [154]. It has been shown that robots with microspines whose tip radius are
tens of micrometres were able to climb various vertical flat hard surfaces with roughness
between tens of and a hundred micrometres [153]. In the case of PSAs, they usually blend
elastomers with tackifiers [177] and exhibit viscoelastic properties [178]. The properties
enable PSAs on the one hand to flow into microscopic features of even smooth surfaces
and conform to the surfaces with a maximized contact area to develop adhesion [168,173],
and on the other hand to maintain cohesion to resist to the debonding [178]. In this case,
inter-molecular forces such as van der Waals forces dominate, allowing climbing on a
wider range of surfaces. However, shear strength for attachment in both methods is
moderate (below 100 KPa), which means a large contact area is mandatory to achieve
a high payload. Some materials lose tack after being used for a limited time due to
fouling. As a result, the payload to body mass ratio with these methods are lower than
pneumatic and magnetic solutions, even though the robots implementing those methods
were smaller and lighter. Furthermore, none of the previous approaches have shown
whether they could provide satisfactory attachment on vertical terrains that have richer
3D macroscopic features than just flat (rough or smooth) surfaces (with two exceptions
reported in Bretl 2006 [179] and Taeche et al. 2009 [180] where artificial footholds and
ferromagnetic environments were used respectively). Hence, the challenge remains to
design robots with a high payload capacity for climbing complex environments.
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Table 1.

A Quantitative Comparison Among Climbing Technologies

Mechanism

Attachment
strength

Detachment

Maximal
payload
(kg)

Maximal
payload
/mass

Body length
range (cm)

Maximal
speed
(m/min)

Static
power consumption

Repeatablity Suitable
environments1

Pneumatics2

10-100 KPa

Easy

20
[156, 157]

400%
[158]

30-130

5-10 [157]

Required

Repeatable

RFS and SFS 90◦

Magnetism

10-100 KPa

Depends3

100 [181]

340%
[180]

18-110

5-10

Depends3

Repeatable

Only ferromagnetic
environments

Electrostatics 1-10
KPa [160]

Easy with a
shear [160]

0.75 [159]

229%
[159]

1-35

9 [160]

20 µW/N
[160]

Repeatable

RFS and SFS 90◦

Active gripping

1000
N
per
gripper [182]

Easy

1.75 [183]

269%
[183]

33-90

1 [184];
12 (poles)
[185]

Required

Repeatable

Only poles and
a few man-made
structures

Passive
spines/claws

1-2 N per
spine [153]

Complex
[153, 161]

1.5-2.0
[154, 163]

100%
[153, 163]

9-75

40 [164]

None

1000s
cycles [161]

RFS 90◦ , SFS 65◦ ,
soft materials

PSAs

1-100 KPa
[168, 169]

Easy
peeling

0.3 [170]

278%
[172]

6-33

2.53.5 [168][171]

None

4-20 cycles
[166, 171]

RFS and SFS 90◦

Hierarchical
compliance

ca. 10 KPa
[174]

Easy [173]

0.8 [174]

-

60 [173]

2.4 [173]

None

Repeatable
[173]

SFS 90◦ [173]

TPAs (this
paper)

0.1-5 MPa

Easy
by
heating

7.0 (dynamic)

500%

26-29

0.5

None

15-25 cycles4 RFS, SFS, complex
environments 90◦

1
2

4
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RFS: rough flat surfaces; SFS: smooth flat surfaces.
Using vacuum suction cups or vortex attractors.
Whether electromagnets or permanent magnets are used.
TPAs can be renewed with an onboard supplier.

1.

3
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This paper proposes an alternative approach for robust vertical climbing based on another category of synthetic polymer i.e. thermoplastic adhesives (TPAs). The advantage
of the approach primarily lies in its large payload capacity resulted from adhesion through
a physical process of thermal bonding. When cured from a higher temperature to room
temperature, bonding strength is at the magnitude of 0.1-5 MPa. The advantage also
lies in that the approach can be applied to various surfaces and vertical terrains, whether
being flat, curved or with rich 3D macroscopic features. Specifically, a particular type of
TPAs has been used in combination with two robot platforms. Experiments have been
done to quantitatively assess different aspects of the approach, including repeatability,
payload capacity, speed and energy consumption during climbing on flat vertical surfaces,
as well as performance on typical and complex vertical terrains.
The remainder of the paper is arranged as follows: Section 2 introduces characteristics of TPAs with an emphasis on those related to robotic climbing. Section 3 presents
analysis of forces and moments in climbing with TPA bonds, including a model for shear
moment augmentation which is implemented in climbing robots. Section 4 presents two
ThermsBond climbing robots as experimental platforms to evaluate the proposed approach. Section 5 describes a number of experiments and discusses about the results on
robotic climbing on flat vertical surfaces and complex vertical terrains with TPA bonds.
Section 6 concludes the paper and points out possible future work for the proposed approach.

2. Thermoplastic Adhesive Characterization
Similar to PSAs, TPAs are also based on synthetic polymers and they generate adhesion
from van der Waal forces. However, TPAs fundamentally differ from PSAs in at least
two ways: Firstly, they are based on plastic polymers, which have stronger intermolecular
forces compared to elastomers that PSAs are consist of [177]. A larger modulus at
room temperature is usually observed in plastic polymers, although their elastic region
of strain is smaller than elastomers’. Secondly, TPAs implement adhesion through a
physical process of thermal bonding, which does not present in PSAs [178, 186]. Due
to the presence of this physical process, TPAs are capable of being repeatedly softened
by an increase in temperature and hardened by a decrease in temperature [177], which
enables wide spreading over a surface when applied upon being softened, as well as strong
bonding when solidified.
The most common TPAs are hot-melt adhesives (HMAs, also called hot glue), which
are TPAs applied in a viscous fluid form obtained by heating [177]. They are solvent-free
thermoplastics which are characteristically solid below 60-80 ◦ C, and they rapidly melt
into a low-viscosity liquid at higher temperatures [133, 177]. Quantitative measures differ between HMAs depending on polymer contents and weight ratios of tackifiers, resins
and wax. HMAs have versatile applications and can be used to bond many types of
adherends, including metals, plastics, glass, ceramics, rubbers, stone and wood [177].
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They are easily accessible and economic as proven in industries such as packaging, furniture, book binding, and aerospace applications, etc. HMAs’ applications in robotics and
automation have expanded in the last ten years, ranging from handling small parts at
the sub-millimetre scale, e.g. in an automatic micro tool changer [124], a gripper [126],
micro-assembly [144] and passive self-assembly [128], to a general mechanism for automatic mechanical connection and disconnection between macroscopic parts (Paper I).
2.1 Adhesion through Thermal Bonding
Thermal bonding can be explained by work of adhesion [146] and the decrease of TPAs’
modulus over temperature rise [143]. To induce TPAs to be tacky, they must be applied
to an adherend at a temperature Tapp which is above a certain value i.e. bond formation
temperature Tbf [147], otherwise sufficient bonds cannot be formed between TPAs and the
adherend [136, 137]. Typical application temperatures of HMAs are 149-188C [133, 177].
Because the wetting capability of HMAs is so good at these temperatures, preloaded
forces for bond formation almost have no effect on the resulting thin-layer-shaped bonds
between flat surfaces [137]. In the case between non-flat contours, HMAs can flow to form
a body-shaped bond. Moreover it has been reported that bonding strength could still be
maintained under the presence of alien material e.g. water [142] or clay minerals [187],
showing that HMAs are robust towards external disturbance. Upon cooling to room
temperature, HMAs will be hardened and the bonding strength can be as high as 1-10
MPa [136, 138, 140].
For a climbing robot to implement thermal bonding of TPAs to attach onto a surface,
a heating device must be firstly included in the robot. The heating device could be an
on-board automatic hot glue gun [125, 127], which can directly supply fluid HMAs onto
the surface, or it could be a heating element for reusing preloaded TPAs on the robot.
TPA bonds can then be formed between the robot and the surface during a subsequent
cooling process, which can be passive or active with a second thermal device dedicated
for cooling. Further detail on hardware implementation will be in Section 4.
2.2 Temperature Dependency of Bonding Strength
After a TPA bond has been formed, its bonding strength can be dramatically influenced
by the temperature of the bond [136, 138, 140]. As the temperature increases from room
temperature, bonding strength first exponentially decreases, and separation results from
interfacial adhesive failure between TPAs and adherends. TPAs then enter a ’flow state’
as the temperature goes higher, resulting in cohesive failure [136] i.e. a bond breaks
internally. Fig. 1 quantitatively shows this behaviour with a type of HMAs which is
based on copolymer ethylene vinyl acetate (EVA). The transition from adhesive failure
to cohesive failure can be roughly seen at around 60◦ C, where the slopes begin to bend
downwards.
This characteristic may be exploited by a climbing robot for detachment from a surface, while attachment strength can be still maintained high. By simply re-heating the
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Figure 1. Bonding strength of an HMA bond depends on its temperature. Application temperature was 120◦ C. HMA: Pattex Hot Stick Transparent, Henkel, Germany.

Table 2. Bonding Strength between the HMA (Pattex, Henkel Germany) and
Various Adherends at Room Temperature

Materials

Tensile (MPa)

Shear (MPa)

The HMA itself

6.2-26.1

N/A

Ceramic (Peltier element surfaces)
Stone

0.1-0.2
0.2-0.3

0.1
0.2

Steel

0.3-0.4

0.4-0.5

Aluminium alloy Peraluman-101 AlMg1
Stainless steel X5CrNi18 10

0.6-0.7
0.9-1.0

0.9-1.0
1.2-1.3

Copper ETP

0.9-1.0

1.3-1.5

Roof batten fir wood

1.5-2.5

4.3-5.2

Window glass

>2.0

>2.0

According to [141, 188, 189], peel strength of EVA-based HMA at room temperature is between 102 and 103.8 N/m depending on the peeling rate and
the content of HMA.

TPA bond, a robot can easily detach itself from a surface with a small force, although of
course this process cannot be instantaneous.
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2.3 Adherend Dependency of Bonding Strength
For a certain type of TPA, bonding strength varies between materials of adherends. To
understand the difference, we conducted tests on both tensile and shear bonding strength
of the same type of HMA with various materials of adherends (test setup similar to that
shown in Fig. 6 in Paper I but also with shear force measurement). Materials ranging
from metals, glass, ceramic, to stone and wood were each prepared in two separate pieces,
with at least one flat surface on each piece. The two flat surfaces were bonded with
the HMA supplied manually from a hand-held hot glue gun (application temperature
170◦ C). The bond was set for 10 minutes which allowed it to passively cool to room
temperature. The two bonded pieces were then clamped on one end to a horizontal
working table, and fixated to a hand-held scale (VOLTCRAFT HS-10L) on the other
end. When being pulled apart slowly, the tensile or the shear force needed to break
the bond was measured by the scale. The bonding area was measured afterwards using
a grid with a resolution of 2 mm × 2 mm. Bonding strength was then estimated as
the ratio between the force and the bonding area. For each material, three trials were
conducted for tensile and shear measurements, and resulting ranges of bonding strength
are detailed in Table 2. The difference between adherends is due to the surface energy
of each adherend at the temperature the HMA was applied. It is also worth noting that
shear bonding strength between the HMA and individual adherend is generally higher
than tensile bonding strength [139].

3. Modelling of Legged Climbing on Vertical Flat Surfaces using
TPA Bonds
Legged locomotion is representative in vertical climbing, because it enables stable adhesion and possible coping with obstacles and cracks [93,94]. Most vertical climbing robots
exploiting unconventional materials adopt a legged structure (except for [170, 172]), possibly due to the distinctive requirements during foot attachment and detachment with
the adhesive materials. Among biped structures, it was argued that biped robots have a
compact size and high energy efficiency for climbing [93, 94]. In this section we model a
biped robot climbing on a vertical flat surface in a rotational manner similar to the one
in Vona et al. 2006 [190]. Fig. 2 illustrates such a biped robot staying on a vertical flat
surface. Three factors are important for climbing including shear force F s , shear moment
M s and peeling moment F p . We focus on shear force and shear moment generated by
TPA bonds. Shear force during attachment is firstly analyzed, and a shear moment augmentation model through multiple TPA bonds for rotational climbing is then presented
and validated. Regarding peeling moment, it is related to peel strength of the TPA in
the case of a thin-layer bond. Peel strength of a thin-layer TPA may be modelled with
respect to the peel angle using the Kendall model [191], and its measurement could be
done as part of the future work.
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Figure 2.

A free diagram of a biped climbing robot on a vertical surface.

3.1 Analysis of Bonding Forces
When a biped robot is climbing on a vertical flat surface using TPA bonds, the robot
needs to switch the attached foot and the detached one through a period of doublefoot attachment and a period of single-foot attachment. During the period of doublefoot attachment, one foot waits to form a TPA bond upon cooling, while the other
foot maintains the robot with an existing TPA bond. During the period of single-foot
attachment, the robot ascends with the rest of its body. It is therefore critical for the
TPA bond on a single foot to provide enough shear force against gravity.
The shear bonding force F s from the TPA bond on a single foot should be able to
compensate the weight mg of the robot body mass and a potential payload, so that the
robot can stably stay on the surface when being static. That means the force must be
s
smaller than the shear breaking force Fbreak
the TPA bond can offer:
s
mg < Fbreak

(1)

Since the TPA bond is between the robot’s foot and the climbing surface which are
potentially made of different materials, in the case of an adhesive break (refer to Section
s
2.2) Fbreak
is determined by the shear bonding strength and bonding area on both sides
of the thin TPA layer. Specifically, we denote the bonding strength (tensile or shear)
between the TPA and the foot as σf oot , between the TPA and the climbing surface as
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σsurf , and the bonding areas as Af oot and Asurf . Thus
s
s
· Asurf )
= min(σfs oot · Af oot , σsurf
Fbreak

(2)

In this paper, we assume Af oot =Asurf =A for climbing on flat vertical surfaces, so that
s
is solely determined by the difference in shear bonding strength.
Fbreak
t
in the case of an adhesive
Equation (2) also holds for tensile breaking force Fbreak
break. The break will happen on the interface between the TPA and the surface with a
lower σ t , and the TPA will remain on the surface with a higher σ t . This could be taken
as a strategy for detachment, where no TPA residual will remain on a climbing surface.
In the case of a cohesive break (also refer to Section 2.2), a TPA bond will be re-heated
up to a higher temperature during detachment, which will result in the TPA remaining
on both the robot and the climbing surfaces. Further detail on the different strategies for
detachment will be shown later in Section 5.2.

3.2 Shear Moment Augmentation through Multiple Bonds
During the period of single-foot attachment, the biped robot may ascend by rotating the
rest of its body within the climbing surface about the attached foot. By controlling the
rotational angle, the robot can move towards any direction. The shear bonding moment
s
that a
is thus important for stable climbing. The maximal shear bonding moment Mmax
TPA bonding area can offer before breaking should be larger than the moment imposed
by the weight of the robot and the possible payload. We assume the centre of gravity
(COG) is in the middle of the robot. The moment by the weight reaches a maximum
W
Mmax
when the robot is in a horizontal posture on a vertical surface because the weight
has the longest moment arm i.e. half the robot’s length L. Thus
s
W
Mmax
> Mmax
= mg ·

L
2

(3)

s
Mmax
can be augmented with a distribution of multiple TPA bonds. This can be theoretically explained by a mathematical model we developed, which suggests that multiple
s
bonds whose total area equals a single bond’s can generate a larger Mmax
than the single
bond.
Fig. 3(a) illustrates two cases of TPA bond(s) on a single foot of a robot. A1 is the
area of the first case with a single bond of a thin and circular layer whose radius is R1 ,
and A2 is the total area of the second case with two bonds. When A1=A2, the breaking
forces (tensile or shear) in the two cases are the same. For the first case, M 1smax can be
obtained by integral in a polar coordinate system:

M 1smax

=σ

s

Z
0

2π

Z
0

R1

r2 dr dΦ =

2π s 3
σ R1
3

(4)
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Figure 3. (a) Illustration of two cases, where A1 represents the area of a single bond, and A2
represents the total area of two bonds. (b) With the same total area, the two-bond case augment
maximal shear bonding moment over a single bond. The model is validated by experimental data
(stars and cross).

For the second case, we assume the two bonds are identical and both located at a distance
of R0 from the centre of A1. Each bond can be seen as part of a ring with outer and
inner radius R2 and R0 with a span angle of Φ. M 2smax is therefore:
M 2smax

= 2σ

s

Z
0
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Φ

Z

R2

R0

2
r2 dr dΦ = σ s Φ(R2 3 − R0 3 )
3

(5)
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We assume each area can be approximated by a square:
R0 Φ = R2 − R0

(6)

Substituting (6) into (5) yields
M 2smax =

2 s
σ (R2 − R0 )(R2 3 − R0 3 )
3R0

(7)

s
was measured for bonds
To validate the model, we conducted a test in which Mmax
formed by the same HMA between one end of a thin aluminium bar and a copper plate
surface for the above two cases. In the second case, the two bonds were 10 cm apart.
s
Mmax
was calculated as the product of the shear force when bond(s) was broken manually
(in a similar way to the test in Section 2.3), and a moment arm length of that shear force
which is a part of the length of the aluminium bar. For both cases, eight trials were
conducted, and the result as in Fig. 3(b) shows that the model fits test data very well.
s
With the same total area, the two-bond case resulted in a much larger Mmax
, for example,
2
4 Nm when the total area is 50 mm , while the single-bond case generated less than 0.5
Nm.
It is worth mentioning that the model can be scaled up to any number of bonds. In
the following section, we will show two prototype robots with one implemented two bonds
and the other four bonds.

4. ThermsBond robots: Climbing robots using TPA bonds
Two biped robots were prototyped as experimental platforms to evaluate the performance
of the proposed climbing technology. The two robots (see Fig. 4), named ThermsBond
001 and ThermsBond 002, are for evaluation of different aspects. The first prototype
called ThermsBond 001 was developed for testing climbing speed and repeatability of
TPA bonds, and the second one ThermsBond 002 was for energy, payload, and climbing
in complex environments.
4.1 Overall Mechanical Design
Both robots have a symmetric body with one leg and one foot on each side. The two
legs of ThermsBond 002 are metal bars 11 cm long that are directly linked by a hinge
joint. ThermsBond 001 has an additional body part between the two shorter legs (3 cm)
made of Polymethyl methacrylate (PMMA), and they are linked by hinge joints. All
joints are actuated by servomotors. The actuator for the hinge joint of the leg, which is
named leg ”actuator” in a green lined circle in Fig. 4, is for moving away and towards
the climbing surface. The actuator for the joint between the leg and the foot, which is
named ”pedestal actuator” as marked with a blue lined circle in Fig. 4, is for rotating
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Figure 4. Two prototype robots for vertical climbing using TPA bonds. (a) ThermsBond 001.
(b) ThermsBond 002. Green circle: leg actuator. Blue circle: pedestal actuator.

the body within the climbing surface. ThermsBond 001 is 26 cm long and it weighs 0.97
kg. ThermsBond 002 is 29 cm long, and it weighs 1.25 kg or 1.40 kg depending on the
type of servomotors used (for the reason of payloads, further detail in Section 5.2). More
specifications of the robots can be found in Table 3.
4.2 Foot Design
Being the most important part of vertical climbing robots, the foot requires a careful
design for reliable climbing. When TPA bonds are used for attachment to a vertical
surface, a special requirement for the foot is to cool TPAs from Tapp to the ambient
temperature to form a bond and to re-heat to induce adhesiveness of TPAs. That requires
the footpads, whose surfaces interact directly with TPAs, to be made of materials with
high heat conductivity. In ThermsBond, footpads are made from copper plates, since
copper does not deform at even 300 ◦ C and has high heat conductivity. Multiple pads
are used on each foot to augment shear bonding moment as modelled in Section 3.2: Two
pads for each foot of ThermsBond 001, and four smaller pads for each foot of ThermsBond
002. The dimension of the foot and the copper pad in the robots can be found in Table
3.
The speed of heating and cooling depends on many factors once the material and the
dimension of a footpad is given. These factors include the heating and cooling methods,
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Figure 5. Design of the foot (right side) and the footpad (left side) in (a) ThermsBond 001
(b) ThermsBond 002.

Figure 6. Heating (a) and cooling (b) on a footpad in ThemsBond 001 between room temperature and a temperature higher the bond formation temperature Tbf of the HMA.
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Table 3.

Specifications of ThermsBond Robots

Spec

ThermsBond 001

ThermsBond 002

Mass
Body L×W×H

0.97 kg
26×16×12 cm3

1.25 / 1.40 kg
29×13×15 mm3

Foot L×W×H

16×5.5×4 cm3

11.5×11.5×1 cm3

Pad area (L×W)

5×3 cm2

2×1.5 cm2

Distance between pads
Number of servomotors

11 cm
4

9.5 cm
3

Leg actuator torque

3.06 Nm

2.90 Nm / 11.8 Nm

Pedestal actuator torque
Heating on each pad

2.90 Nm
Two 5Ω resistors

2.90 Nm / 31.7 Nm
1.5Ω resistance wire

Cooling on each pad

A 23W Peltier element

None

Average speed
Payload

0.5 m/min
N/A

0.025 m/min
7.0 kg

the type of heating or cooling elements, and the placement of those elements, etc. Fig.
6(a) shows the effect of electrical power where power resistors are used for heating a
footpad of ThermsBond 001 (measured by a multimeter). With 45 W, it took 10 seconds
from 30 ◦ C to 60 ◦ C, while the time will be 20% longer with 20 W. Other heating elements
may be used, for example resistance wires can be winded and closely attached to the
back of the copper pad, so that heat can be transferred faster and more evenly. By using
a resistance wire, temperature on a footpad of ThermsBond 002 increased from room
temperature to 90 ◦ C in 10 seconds with 50 W. Fig. 6(b) shows the effect of electrical
power and having a fan on temperature change where Peltier elements are used for active
cooling. The cooling time from 60 ◦ C back to 30 ◦ C by a 23W Peltier element with a
fan was 22 seconds, while it took almost 2 minutes with a 4W Peltier element without
a fan. In the case where cooling is completely passive, it could take 5 minutes from 90
◦
C to room temperature. Since the HMA in our study has a Tbf [147] of 55 ◦ C, such a
temperature range is sufficient for re-using the same piece of HMA.
Based on the above data, ThermsBond 001 finally uses power resistors for heating
and Peltier elements with a fan for thermoelectric cooling, while ThermsBond 002 uses
resistance wires for heating but cooling is passive for energy saving purposes (further
detail in Section 5.2). Specifically, each footpad of ThermsBond 001 uses two 5Ω power
resistors linked in parallel and one 23W Peltier element (3 cm × 3 cm × 0.4 cm, TEC107105, Centenary Materials, China). As illustrated in Fig. 5(a), the resistors are fixated
inside the rolled-up ends of the copper pad, while the Peltier element is closely attached
under the middle part of the copper pad with a heat sink enhancing heat dissipation on its
non-cooling surface. The whole structure is mounted on the foot which is made of PMMA
by laser cutting. In the case of ThermsBond 002, a 10-cm resistance wire (Kanthal A,
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14.45 Ω/m, Sandivik, Sweden) is used for heating (see Fig. 5(b)). A second copper piece
of the same shape fixates the resistance wire in a sandwich-like structure. The whole
structure can be fastened by screws onto the foot, which is made of wood with surfaces
coated by a heat-resistant silicon-based paint (Supertherm, MOTIP DUPLI, Germany).
In this way, heat and electricity can be insulated, and it is strong enough to support the
rest of the robot even at a high temperature (the paint can stand 800 ◦ C).
4.3 Electronics
Electronics on-board the robots consists of a microcontroller board (Duemilanove, Arduino, Italy) and two relays. The microcontroller can either be pre-programmed, or
communicate through an USB cable with a Matlab control programme on a desktop
computer. For each foot there is a relay for switching between heating and cooling. The
four power resistors and two Peltier elements on a single foot of ThermsBond 001 are
connected in parallel respectively. Resistance wires inside the four pads on each foot of
ThermsBond 002 are connected in a 2p2s configuration. They may all be connected to external power sources, and ThermsBond 002 has also been tested with on-board batteries
(further detail in Section 5.2).

5. Experiments, Results and Discussions
5.1 Repeatability of a TPA Bond
It was previously introduced that TPAs can be repeatedly softened and hardened by
varying the temperature (Section 2). However, since polymers are generally attacked by
oxygen in the air [186], oxidative degradation happens, which affects the maintenance of
bonding strength between polymer-based adhesives and adherends. Fortunately, HMAs
contains antioxidants, which results in a long induction period in which the stabilizer scavenges any free radicals [186, 192]. That helps with the maintenance of bonding strength
over repetition.
To quantitatively describe the repeatability of a TPA bond in attachment for climbing,
we conducted an experiment where a single piece of the HMA was re-used to bond between
two flat surfaces for a number of repetitions, and the breaking force was measured for
each repetition. Specifically, a copper plate similar to the copper pads in the robots was
initially bonded with the HMA supplied from a hand-held hot glue gun to a thin stainless
steel plate clamped on a horizontal working table. The bond was manually separated and
tensile breaking force was measured by a hand-held scale (VOLTCRAFT HS-10L). The
HMA was then heated by a resistance wire behind the copper plate with an electric power
of 13 W for 100 seconds when a temperature of 120 ◦ C had been reached, then the copper
plate was manually joined back to the steel surface. The bond was then cooled down
passively for 15 minutes to return to room temperature for further separation. Three
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Figure 7. Repeatability of a single piece of the HMA for bonding. Tensile breaking force
maintains 70% after 15 repetitions and 50% after 25 repetitions.

trials were carried out, with each trial containing 40 repetitions. The thin-layer-shaped
HMA bonds were always made sure to have an area of 1.0 cm2 .
Fig. 8 shows the experiment result of the three trials, summarized by mean values
and ranges of breaking forces over the repetitions. Breaking force generally decreases over
repetitions due the aforementioned reason. Quantitatively, breaking force reduced by 30%
after 15 repetitions, and by 50% after 25 repetitions. This is important for determining the
amount of TPAs to be used according to the force and moment requirement as modelled
in Section 3. It also provides the possibility to estimate when additional TPAs need to be
supplied. To the best of our knowledge, there has not been such results before in studies
on TPAs, although the variations in data may be reduced with standard testing devices
and better treatments of adherends’ surfaces. This result suggests that the same piece of
the HMA can be repeatedly used for more times than PSAs (see Table I), while inclusion
of a TPA supply onboard will enable the recovery of high bonding forces when necessary.
5.2 Performance on Flat Vertical Surfaces
Experiment Method Experiments were carried out with the two robots climbing on
indoor flat vertical surfaces made of various materials. Two strategies were employed
for detachment (as briefly mentioned in Section 3.1), which determine the way the HMA
is (re)used. The first strategy takes an adhesive break for foot detachment, in which
case no residual will remain on a climbing surface and the same piece of HMA can
be reused for multiple climbing steps. ThermsBond 001 was used as the experimental
platform with a certain amount of the HMA (0.5 cm2 ) pre-loaded onto each of its copper
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A general flow chart to control the robots to climb on flat vertical surfaces.

footpads. According to Table 2, the robot can climb without residuals on surfaces of
aluminium alloy, steel, stone and ceramics. The second strategy takes a cohesive break
for detachment, in which case an HMA bond is reheated to a higher temperature before
detachment. Since residuals will be left on a climbing surface, additional HMA must
be supplied after detachment for multiple climbing steps. The additional HMA may
come from an onboard supplier [125, 127], but for the sake of simplicity it was assumed
in the experiment that sufficient HMAs are always available from pre-coated surfaces.
ThermsBond 002 was experimented on a flat rough surface of a coated chip board and a
flat smooth surface of a wood block board.
Climbing locomotion was controlled in an open-loop manner as shown in Fig. 8, where
commands for servomotor angles and switching events between heating and cooling are
executed in sequence. The target servomotor angles of leg actuator(s) are predefined (0◦
and 40◦ ), so that the feet can be lifted up from climbing surfaces for detachment and then
put down back on for attachment. The angles of pedestal actuators are also predefined
(0◦ and 180◦ ) so that the robot rotates and climbs up flat surfaces straight. The target
switching times of the relay are based on the heating and cooling lengths as explained in
Section 4.2. Depending on the strategy for detachment, a heating process may or may not
present before foot lift-up in the controller, which determines whether a cohesive break
or an adhesive break will happen.
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Figure 9. Snapshots of ThermsBond 001 climbing two steps on a flat vertical surface of aluminium alloy. (a) Initial position: both feet were attached to the surface with the pre-loaded
HMA. (b) Lower foot (foot 1) was lifted up. (c) The robot rotated about the upper foot (foot 2).
The HMA on the detached foot was heated during the rotation. (d) When the target position
has been reached, detached foot was put back onto the surface. Cooling the HMA subsequently
follows. (e)-(h) repeat (a)-(d) for the second step. Note that the optional heating process before
foot lift-up was not present in this trial, and no residual remained on the surface.

Figure 10. Snapshots of ThermsBond 002 climbing two steps on a flat vertical surface of a
coated chip board, carrying a payload of 0.5 kg onboard batteries mounted on a light-weighted
(yellow) cover. Sequence labels are consistent with those in Fig. 9. Note that the optional
heating process before foot lift-up was present in this trial.
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Figure 11. Trajectories of ThermsBond 001’s two feet and COG in the trial of Fig. 9. Sequence labels are consistent with Fig. 9. The initial height of COG is the reference (0).

Results Fig. 9 shows a series of important snapshots of ThermsBond 001 in a two-step
climbing on the flat aluminium alloy surface. Snapshots (a)-(d) show the climbing step
of foot 1, while (e-h) show that of foot 2. The pre-loaded HMA could be kept on the
footpads and the robot succeeded in climbing maximally four steps before falling off due
to foot misalignment with the surface caused by accumulation of servomotor error. That
can be improved with foot alignment mechanisms which have been previously proposed
[193,194]. In all, a total number of 38 non-consecutive attachment and detachment steps
was performed without leaving residuals on the surface.
Fig. 11 shows the trajectories of the COG and both feet during the two steps. The
height data was extracted from the video of the same trial as shown in Fig. 9. Note that
the heating time was around 25 seconds in the trial, which is longer than the 10-second
resistor heating time in Section 4.2. That is because the servos’ speeds were set low for
smooth motions, which include the foot lift-up, the rotation for inclining, and the foot
push-down. From the same figure, we can see the speed of climbing was about 0.5 m/min.
Fig. 10 shows snapshots of ThermsBond 002 climbing two steps in a trial on the
flat coated chip board carrying a payload i.e. on-board batteries of 0.5 kg. The 12
rechargeable lithium iron phosphate batteries (APR 18650, A123 Systems, USA) are
connected in a 4p3s configuration and carried on a light-weighted cover. The cover is
made from a commercial microwave plate, and batteries are glued along its edge in two
groups (3+9) opposite to each other. During vertical climbing, the cover will passively
position itself so that the group with more batteries will always stay at the lowest point.
In this mass-shifting manner, the torque needed by pedestal actuators can be significantly

89

Paper II.

Large-Payload Climbing in Complex Vertical Environments with TPA Bonds

Figure 12. ThermsBond 002 climbs a flat vertical surface of a wood block board, carrying a
dynamic payload of 7 kg, which is 500% of its body mass.

reduced. The robot managed to demonstrate climbing 5-12 steps on the two flat surfaces.
The payload capacity is very promising with TPA bonds. The maximal payload a
robot can carry while climbing on a flat vertical surface is partially scalable with the
bonding area of TPAs. Constraints originated mainly from the torque of actuators.
When servomotors with a high torque are used, a biped robot can carry payloads several
times of its own mass. As shown in Fig. 12, ThermsBond 002 used a leg actuator with a
torque of 11.8 Nm (Hitec HS-7955TG with a transmission gear ratio of 5:1) and pedestal
actuators with a torque of 31.7 Nm (Hitec HS-7955TG with a transmission gear ratio of
13.5:1), and climbed up a flat vertical surface of a wood block board carrying a dynamic
payload of 7.0 kg which is 500% of its body mass. According to Table 1, the performance
of payload with respect to the body mass is among the best in all existing climbing
technologies. Other constraints upon payload capacity include the actual width of crack
in TPA bonds [174], however further study on crack formation in TPAs and potential
improvement is beyond the focus here.
As previously mentioned, TPA bonds determine that no energy is consumed during
static staying on a vertical surface. However, heating and cooling during climbing could
potentially cost a lot of energy, as can be found in Section 4.2. Table 4 details the
corresponding energy consumption for each process in the control flowchart (Fig. 8). Data
was collected during a two-step climbing of ThermsBond 002, whose heating resistance
wires inside footpads were connected to a 9.9 V voltage from an external power supply
(VOLTCRAFT VLP-1405 PRO) which can also display the real-time current. The result
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Table 4. Energy Consumption in Climbing on a Flat Vertical Surface with Bonds of the HMA

Process

Time length (s)

Energy (Wh)

Heat pads on foot 1

15

0.21

Lift up foot 1
Rotate body while heating

4
10

0.06
0.14

Put down foot 1

12

0.17

Cool pads on foot 1 (passive)
Heat pads on foot 2

340
15

0.19
0.20

Lift up foot 2

4

0.06

Rotate body while heating

10

0.14

Put down foot 2
Cool pads on foot 2 (passive)

12
340

0.17
0.46

2-step vertical climbing

762

1.77

shows that the robot consumed 0.88 Wh to climb one step, which indicates an energy
efficiency of 0.12% when the useful work contributed to the increase of potential energy.
Here we can see the heating and cooling time lengths, and that passive cooling takes
89.2% of the time for a single step. From this result, we see a trade-off between energy
consumption and time cost, which was mainly caused by the lack of efficient cooling
methods, since the present method either is passive but takes long, or consumes a great
amount of energy with thermoelectric cooling. One possible solution in the future is
to use fast and energetically efficient cooling method, e.g. using sprays or liquid. We
can also notice that the energy consumption during passive cooling was not zero and
it differed largely between steps. That can be explained by the rise of current through
the leg actuator as it continuously exerted a press force onto the climbing surface. This
energy consumption can be reduced by turning the leg actuator off shortly after the start
of cooling when TPAs have spread over.

5.3 Performance on Complex Vertical Terrains
Terrains are different from flat surfaces (smooth or rough) as they contain macroscopic
3D features which can be obstacles for a robot. While robot locomotion on ground
terrains has been extensively studied, there has been little study on climbing vertical
terrains to the best of our knowledge. Commonly seen terrains for climbing robots include
curved surfaces which cannot be treated as locally flat, stones in the natural environment,
and metallic apophysis on manmade structures, etc. All these terrains require a robot
to conform their bodies (if not with additional DOFs) so that contact areas can be
maximized to provide sufficient attachment force.
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Figure 13. ThermsBond 002 and four types of vertical terrains used in the experiment, including (a) a convex (C) surface of plastics, (b) an uneven terrain of stones (UTS), (c) a stair
(S) of aluminium alloy, and (d) an uneven terrain of wood plates (UTW).

Experiment Method Four types of vertical terrains including a convex surface, a
stair, and two uneven terrains were prepared for the experiment. The first type was a
convex surface, which we used the outer surface of a plastic cylindrical container with a
mean diameter of 32 cm (Fig. 13(a), denoted as C). The second type was a single stair,
with the lower level on a flat coated chip board and the higher level on an aluminium
alloy block with a height of 5 cm (Fig. 13(c), denoted as S). The third was an uneven
terrain by gluing irregular stones together on a flat coated chip board surface (Fig. 13(b),
denoted as UTS). And the fourth was an uneven terrain by randomly overlying several
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Table 5. Success Rate for Attachment and Detachment on a Flat
Vertical Surface and Four Complex Vertical Terrains

Type of vertical surface/terrain

TSI

Success rate

A flat surface of a coated chip board (F)

0

100%

A convex surface of plastics (C)
A stair of aluminium alloy (S)

-0.114
0.167

83%
100%

An uneven terrain of stones (UTS)

-0.005

83%

An uneven terrain of wood plates (UTW)

0.038

80%

wood plates (thickness 5 mm, with holes of various sizes) on a flat coated chip board
surface (Fig. 13(d), denoted as UTW). All four terrains were pre-coated with the HMA
for the same reason as specified in V.B.1). The performance of the climbing approach on
these terrains was evaluated with ThermsBond 002.
We quantified each terrain with a metric called Terrain Shape Index (TSI) [195] (also
see Appendix A). TSI can be represented by the ratio of the mean height difference
between a reference point and its surroundings to the radius of the surroundings. Since
it considers 3D dimensions, it is more than just a 2D surface roughness measurement
(e.g. in [153, 196]). TSI depends on the reference point, the sampling points in its
surroundings, and sampling plot radius. For each terrain in the experiment, TSI was
calculated by selecting a reference point and eight sampling points equally (3 cm) located
to each other in a half circle of 15 cm radius (at the same order of magnitude of leg length
of ThermsBond 002) towards the direction of climbing. The reference points were used
as the initial position for the centre of the robot. Note that the reference point in the
case of the stair was located on the lower level 12 cm from the edge of the stair, so that
the robot can reach the higher level within a single step.
Attachment and detachment operations were assessed as a single climbing step on the
above vertical terrains, as well as on a flat coated chip board surface (denoted as F).
In the cases of F, C, UTS, and UTW, 10-12 trials were carried out, while seven trials
of two-step climbing were necessary in the case of S. Three parameters were measured
including HMA bonding area, number of attached pads, and success rate. Here success
was defined as the robot being able to attach one foot, to detach the other foot and finally
to hold itself on the vertical terrains as a complete climbing step.
Results Fig. 14 shows boxplots of HMA bonding area and number of attached pads
on all the five cases. Plus signs (+) indicate outliers which are numerically distant from
the rest of the data and should not be considered. Medians are indicated by a horizontal
thick line in the boxes, while lower and higher quartiles are indicated by bottom and
top boundaries of the boxes. The median values for HMA bonding area were 6.0 cm2 ,
3.0 cm2 , 4.5 cm2 , 5.6 cm2 and 2.3 cm2 for cases F, C, S, UTS and UTW respectively.
More than 75% of the trials on all the terrains had an HMA bonding area of over 2.0
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Figure 14. Experimental results of attachment and detachment on the four vertical terrains
(a convex surface of plastics (C), an uneven terrain of stones (UTS), a stair of aluminium alloy
(S), and an uneven terrain of wood plates (UTW)) as well as a flat vertical surface (F) of a
coated chip board. (a) Results on HMA bonding area. (b) Results on number of attached pads.

cm, which is sufficient to hold the weight of the robot. The median values for number
of attached pads are 2, 1.5, 2, 3 and 1.5 out of 4 pads correspondingly, with more than
75% of the trials on all the terrains having at least one pad successfully attached. Table
5 shows overall success rates with respect to TSI. It can be seen that although TSI varied
between positive and negative values in a difference of two magnitude, success rates are
always between 80% and 100% with HMA bonds. Despite this achievement, the result
also indicates that a robot may fall after a number of steps when the complexity of a
vertical environment has reached a certain level, e.g. in UTW where holes of different
sizes on the wood plates have increased complexity and probability of attachment failure.
The relationship between complexity and success rate could be interesting for further
investigation.
The capability of the robot climbing in complex vertical environments can be explained
firstly by the fact that distributed footpads help increase the probability of HMA bond
formation, as indicated the above result on number of pads attached. Secondly and more
importantly, rheological property of TPAs at higher temperatures results in irregularly
shaped bonds, which make the robot accommodating towards complex vertical terrains
with a significant difference in depth compared to the robot’s dimension, e.g. one or
two orders of magnitude below (in the case of rough flat surfaces, the roughness is 5-6
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orders of magnitude below the robot’s dimension). Possible limitation comes from the leg
actuator servomotor range and distance between pads, as they determine the maximal
depth difference the robot can overcome and the minimum diameter of potential obstacles
(e.g. a high thin pole with a diameter of a few centimetres will not be possible for bond
formation).

6. Conclusions and Future Work
The proposed approach for vertical climbing with TPA bonds has great advantage because
of its strong ability of payload and viability to a wide range of flat surfaces and complex
vertical terrains. The high payload capacity comes from high bonding strength of TPAs
through a physical process of thermal bonding. When cured from a higher temperature to
room temperature, bonding strength is at the range of 0.1-5 MPa. The wide applicability
benefits firstly from rheological properties of TPAs at higher temperatures which allows
free formation of bonds with shapes conforming the environments, and secondly from
intermolecular forces between TPAs and adherends when being cooled down. It is also
robust towards the presence of potentially disturbing materials such as clays or water in
the environment.
A particular type of TPAs, i.e. a type of EVA-based HMA, has been used in combination with two robotic platforms, whose major difference lies in the foot design including
heating/cooling methods and construction of footpads. Various experiments have been
done to quantitatively assess different aspects of the approach. Results have shown (1)
Repeatability: When the footpad of a robot is constructed from copper, a single HMA
bond on the footpad can be repeatedly used for multiple steps on flat vertical surfaces
made of metallic, stone or ceramic, etc. No residual will be left in these cases. The breaking force can be maintained 70% after 15 repetitions and 50% after 25 repetitions. It is
possible to continue after that with a new bond of the HMA from an onboard supplier; (2)
Payload: It is scalable with the bonding area of the HMA. A payload-mass ratio of 500%
has been achieved in climbing on a flat vertical surface, which outperforms any of the
approaches reported in the past; (3) Speed: By using Joule heating and thermoelectric
cooling methods, a robot managed to climb vertically at a speed of 0.5 m/min, which is
on the same order of magnitude as climbing with passive microclaws; (4) Energy: There
is no energy consumption when a robot statically stays on a vertical surface. During
climbing with Joule heating and passive cooling, a robot consumed 0.88 Wh per step,
which can be supplied by onboard lithium ion batteries as demonstrated. (5) On complex vertical terrains: A success rate of 80%-100% could be maintained on four types of
complex vertical terrains, with a measure i.e. Terrain Shape Indices ranging from -0.114
to 0.167.
In summary, the experimental results suggest that vertical climbing with TPA bonds
favours applications in natural environments close to room temperature, and where speed
is not the prior requirement but payload and robustness are more important, such as
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vertical transportation in unstructured cliffs. Alternatively, a climbing robot may be
used in tasks where the static period is much longer than movement, such as mounting
of heavy objects on vertical surfaces that cannot be accessed from the top. In terms of
future work, we plan to develop a more general rheological model of TPAs to explain
the interaction between the robot and environments to complement the presented model
on vertical flat surfaces. We also plan to implement spray cooling and sensory feedback
control, so that the speed and success rate may be further increased.
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Abstract
Mobility of wheeled or legged machines can be significantly increased if they are
able to move from a solid surface into a three-dimensional space. Although that
may be achieved by addition of flying mechanisms, the payload fraction will be the
limiting factor in such hybrid mobile machines for many applications. Inspired by
spiders producing draglines to assist locomotion, the paper proposes an alternative
mobile technology where a robot achieves locomotion from a solid surface into a free
space. The technology resembles the dragline production pathway in spiders to a
technically-feasible degree and enables robots to move with thermoplastic spinning
of draglines. As an implementation, a mobile robot has been prototyped with
thermoplastic adhesives as source material of the draglines. Experimental results
show that a dragline diameter range of 1.17-5.27 mm was achievable by the 185 g
mobile robot in descending locomotion from the solid surface of a hanging structure
with a power consumption of 4.8 W and an average speed of 5.13 cm/min. With
an open-loop controller consisting of sequences of discrete events, the robot has
demonstrated repeatable dragline formation with a relative deviation within -4%
and a length close to the metre scale.

Published in Bioinspiration and Biomimetics, Vol. 9, Iss. 1, pp. 016006. With minor
modification.
DOI: 10.1088/1748-3182/9/1/016006
Preliminary results with the first prototype of the robot published in Proceedings of the
2013 IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS 13),
3-7 November 2013, Tokyo, Japan, pp. 4046-4051.
DOI: 10.1109/IROS.2013.6696935
c 2014 Copyright IOP Press.
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1. Introduction
Mobile robots are useful machines for transportation, inspection, surveillance, hazard removal, environmental monitoring, extraterrestrial exploration, among other uses. Mobile
robots should be able to move in the environment where the tasks are carried out, or even
in unanticipated environments. Wheel-based and leg-based technologies have enabled
robots to move on ground surfaces or terrains and to climb on stairs [197], poles [185],
slopes, ceilings or vertical surfaces [193]. However, it has not been possible for wheeled
or legged robots to move away from solid surfaces into a three-dimensional space in a
controlled way, without the assistance of an existing cable [198]–[201] or the capability of
flying [161]. An existing cable requires the robot to carry a winch, and the total length
of the cable is determined by its thickness and the size of the winch. In the case of flying,
the payload fraction is an important issue but flying robots currently do not perform very
satisfactorily.
In nature, certain terrestrial animals have the ability to move in a free-space in a
controlled manner without flying. One of the representatives is spider, such as Araneus
and Nephila. A spider moves away from a surface in the environment, such as a wall or a
branch of a tree, into the free-space by producing draglines (see Figure 1(a)). With this
ability, the spider is able to reach another surface, capture a prey, or make a web and
position itself on the surfaces of the web. Such behaviour may inspire design of wheeled or
legged robots to extend their mobility into a free-space. Furthermore, studies have found
that spiders with a larger body mass produce thicker draglines [202], and the thickness of
draglines from a single spinneret can be varied by the spider [203]. The principle implies
that, when implemented in a mobile robot with the dragline-forming capability, the robot
may also control the thickness of draglines according to payload requirement. This will
make the mobile robot capable of covering a large range of payloads. It will also make
the robot advantageous over those using an existing cable with a winch in at least two
ways: Firstly, given the same volume of dragline material as the cable in a winched robot,
adjustable thickness means the robot may maximize the length of the dragline while not
sacrificing the payload need; and secondly, the robot has higher chance to adapt to a very
large but unanticipated payload that may exceed the breaking tension of a given cable.
To enable a robot to move from a solid surface into the free space with dragline
formation, technical challenges must be tackled since the robot must form a thread while
moving without any other physical support than the thread itself. Spiders do so with
the fourth pair of legs and the dragline spinneret, which includes the major ampullate
gland and a related spinning duct. The dragline production pathway in the spinneret has
been considerably studied [203, 204]. The major ampullate gland secretes the spinning
protein dope and constitutes the main storage repository that leads to the duct. The
duct is then responsible for fibre formation and terminates with a valve. After the valve,
further processing proceeds in a narrow tubular region and the dragline thread then exits
at the spigot. The pathway is mechanically similar to an industrial pultrusion system
subject to an initial shear stress. The pulling force comes from the fourth pair of the
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legs of the spider and/or the gravitational force of the body mass. With such a process,
spiders weighing a few hundred milligrams are able to produce draglines that are a few
micrometres thick [202].
From the perspective of robotics, the demand for a combination of dragline formation
and locomotion requires a robotic system to include source material that makes draglines.
Furthermore, the source material must be able to change its strength so that it can be
easily deformed into a dragline on the one hand and it gives strong physical support
for locomotion on the other. In other words, phase transition of the source material is
necessary. Spiders do so by liquid crystal spinning of draglines [205]. However, liquid
crystal spinning requires sophisticated chemical techniques which could be implemented
in biomaterial engineering [205,206] but is beyond the feasibility as an onboard technique
within a mobile robot.
The paper presents a dragline-forming mobile technology inspired by spiders. The
technology is based on thermoplastic spinning with an extrusion process that resembles
the secretion in the major ampullate gland and an open-air deformation process that
resembles the pultrusion in the duct of the spiders. With thermoplastic spinning, phase
transition can be easily modelled and controlled since strength dependence on temperature is universal for material. The technology is realized in a self-contained mobile robot
with onboard batteries and source material of thermoplastic adhesives (TPAs). With
a case study of vertical descending from the surface of a hanging structure into a free
space, the robot demonstrates locomotion assisted by dragline formation with variable
diameters.
TPAs are thermoplastics that have adhesion strength as high as several megapascal
at room temperature. They have versatile applications and can be used to bond various
adherends, from metals, plastics, glass, ceramics, rubbers, stone, to wood [177]. They are
easily accessible and economical as proven in industries such as packaging, furniture, book
binding, aerospace, etc. They have also been used in robotics as a general mechanism
for automatic mechanical connection and disconnection between macroscopic parts and a
vertical climbing technology with a large payload capacity in complex environments. The
adhesive property and robotic demonstrations make it straight forward for a mobile robot
to use TPAs to initiate a dragline with attachment to any solid surface. Furthermore, the
adhesive property and thermoplastic property of TPAs are repeatable, which makes them
potentially recyclable. The technology presented in the paper focuses on thermoplastic
dragline formation during locomotion.
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Figure 1. (a) A falling spider (Araneus), adopted from [207]. (b) Front view of a mobile
robot with draglines made of source material thermoplastic adhesives (TPAs). The extrusion
mechanism (lower half of the robot) resembles the secretion in the major ampullate gland of
spiders, and it is labelled in detail. (c) A schematic drawing of the robot.

100

2.

Materials and Methods

2. Materials and Methods
2.1 A Dragline-Forming Mobile Robot
A robot is designed and prototyped to demonstrate the feasibility of the technology (see
Figure 1(b)). The robot weighs ca. 185 g and has an overall dimension of 5×3×18
cm3 (width, thickness, height). The mechanical structure of the robot mainly consists
of two parts i.e. a material extrusion mechanism and a coupled deformation-locomotion
mechanism as briefly introduced in Section 1.
The material extrusion mechanism contains solid TPA (GG02, Dremel, USA) in a
cylindrical shape (cross-sectional diameter 7 mm). The mechanism is minimalistic and
designed to be easily integrated as a part of a robotic system at the centimetre scale like
the one presented in Part A, but uses linear actuation and fits smaller TPA sticks. As
shown in Figure 1(b), the solid TPA stick is linearly delivered through a heating cavity
and pushed out of a nozzle. Linear delivery is converted from a DC gear motor’s rotation
through a ball screw fixed with a TPA stick clutch. The clutch is constrained in linear
motion by a linear track, the end of which is rigidly connected with the DC gear motor
(motor 1, 250:1 gear ratio, Pololu, USA) and the heating cavity. The heating cavity lies
in a cylindrical aluminium block and has an opening of 7 mm in diameter at one end and
a nozzle with an inner diameter of 4 mm and an outer diameter of 6 mm at the other end.
The cavity is heated by six 10-Ω power resistors connected in parallel and inserted in the
block around the cavity. The TPA stick is held by the clutch at one end and inserted
into the aluminium cavity at the other end through a silicone tube for leakage prevention.
The maximal travel along the linear track is 10 cm.
The deformation-locomotion mechanism consists of two geometrically identical cylindrical wheels with a diameter of 12 mm, which are contained in a box. As illustrated
in Figure 2, one of the wheels is fixed on the output shaft of a second DC gear motor
(motor 2, 1000:1 gear ratio, Pololu, USA), and the shaft is fixed on two opposite walls of
the containing box. The second wheel is attached around a second shaft which can move
linearly on a track with a fixed length on the two walls. The end points of the latter
wheel’s shaft are attached to the box with springs, which pull the wheel towards the
centre of the mechanism. The track constraints this wheel to move along a linear route
while springs allow it to passively adjust to the variable diameter of the formed dragline.
The spring force is in a linear relation with the distance between the two wheels, or in
other words with the diameter of the formed dragline. The force gives the normal force
which generates the friction between the formed dragline and the wheels (denoted as f in
a free body diagram in Figure 3), enabling the robot to hold onto the formed dragline
when being static (static friction), or move without free fall in the case of descending
(kinetic friction). During movement, the mechanism enables the robot to elongate extruded material at the same time as moving along a formed dragline. Elongation of the
material is enabled by tensile stress from adhesion forces to the nozzle at one end and to
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Figure 2. A coupled locomotion-deformation mechanism based on two wheels. (a) A schematic
showing the side view. Dw is the cross-sectional diameter of the wheels, f is revolutions per unit
time for motor 2. (b) A schematic showing the top view. (c) A view from the front-top of the
mobile robot during dragline formation.

the formed segment of the dragline at the other end. The reaction force of adhesion on
the robot is denoted as F in Figure 3.
The two parts are arranged in such a way that the deformation-locomotion mechanism
is on the upper body of the robot, and the material extrusion mechanism is on the lower
body. They are connected by a rigid piece so that the exit of the extrusion nozzle is placed
at a distance of 3 cm under the bottom of the deformation-locomotion mechanism. The
distance determines the maximal length of the dragline before it gets held by the two
wheels, which could be seen as comparable to the distance from the further end of the
duct in a spider to its fourth pair of legs. A fan is attached to the connecting piece so that
forced convection for cooling is possible when needed. An electronics unit including two
Lithium-Polymer batteries (ICP543759PMT, Renata, Switzerland), two motor drivers
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Figure 3. A schematic diagram showing the forces acting on the robot and on the dragline, as
well as the two mechanisms of heat exchange. (Left) Dashed straight arrows indicate conduction
and solid curved arrows indicate convection. (Right) Frictional force between the two wheels
of the robot and the dragline is denoted as f, and the adhesion force between the nozzle of the
robot and the dragline is denoted as F. Black solid arrows indicate forces on the robot, while red
dashed arrows indicate forces on the dragline.

Table 1.

Specification of the Mobile Robot

Mass (g)
Dimension (width, thickness, height) (cm3 )

185
5×3×18

Degrees of freedom

2
◦

Extrusion temperature ( C)
Power consumption (W)
Battery life with the above power (min)

65-75
4.8
45

Average descending speed with dragline formation (cm/min)

5.13

Longest dragline (m)
Range of diameter of dragline (mm)

0.82
1.17-5.27

(Dual MC33926, Pololu, USA), and a microcontroller board (Arduino Pro Mini, Italy) is
placed on the two sides of the extrusion mechanism to ensure the lateral balance of the
robot. A summary of the robot is detailed in Table 1.
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2.2 Thermoplastic Spinning of a Dragline
Thermoplastic spinning of draglines can be mathematically represented by three models,
i.e. an extrusion model, a deformation model, and a thermodynamics model. The extrusion model explains the dependence of material mass flow rate on control parameters
such as the shear stress exerted by an actuator e.g. motor 1, and design parameters such
as the diameter of the nozzle, etc. This dependence has been previously proposed based
on Newtonian fluid (further detail may be found in Part A). Once a constant mass flow
rate k is determined, the mass M within a duration of extrusion ∆tm1 can be obtained:
M = k∆tm1

(1)

The deformation model describes the dependence of dragline thickness on parameters
such as material mass flow, and the speed and duration exerted by an actuator e.g. motor
2, etc. Deformation here means elongation of the extruded material along the axis of
movement, so that a certain diameter of a dragline may be reached. Elongation of newly
extruded material is caused by the tensile stress when the two wheels pull the structure
they hold, e.g. the already formed part of dragline, away from the nozzle. In other
words, the tensile stress results adhesion force on the cross-section of the structure and
the cross-section of the exit of the nozzle (the reaction force of which on the nozzle/robot
is shown in Figure 3 and denoted as F. In the model, it is assumed that the tensile stress
is always sufficient, thus no plastic solid model such as a Bingham model is considered.
Assuming elongation of a given mass of the extruded material M is isochoric and
dragline has a round cross section, as illustrated in Figure 4 the geometrical relationship
between the length of the material L after deformation and the diameter of the cross
section Dfd is:
s
Df d = 2

M
ρπL

(2)

where ρ is a constant representing the density of the material. Note that Df d is upper
bounded by the outer diameter of the nozzle (Dno in Figure 4) and the diameter of the
structure that the two wheels hold on to (Dsc in Figure 4), because the two cross-sections
carry the stress that is needed for elongation. Since the deformation and locomotion is
coupled (Section 2.1), the length of the material L after deformation equals the rotational
distance of the two wheels when slip is negligible. Thus
L = πDw f ∆tm2

(3)

where Dw is the cross-sectional diameter of the wheels, f is revolutions per unit time for
motor 2, and ∆tm2 is the duration of the movement of motor 2, as illustrated in Figure
2(a). From Equations (1)-(3), the dependence of the diameter of the cross section on
duration of extrusion and duration of deformation is clarified.
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Figure 4. A control diagram of descending locomotion with dragline formation based on thermoplastic spinning. The controller consists of repetitions of a sequence of discrete events including extrusion of source material (a-b), deformation of extruded material into a certain cross
section which may be coupled with locomotion (b-c), and phase transition through cooling (c-d).
More specifically, a certain mass of source material M is extruded and deformed at an initial
temperature T0 into a dragline segment with a cross-sectional diameter of Dfd and a length of
L. The dragline segment is then cooled with thermodynamics T (t). Each event lasts duration
of ∆tm1 , ∆tm2 and ∆tpt .
Table 2.

Constants for Models

Density ρ of the TPA(kg/m3 )

980

Specific heat capacity c of the TPA (J/(kg·◦ C ))
Thermal conductivity K of the TPA (W/(m·◦ C))

2500
0.45

Heat transfer coefficient h of open air (W/(m·◦ C))

9

The thermodynamics model explains the temperature-dependent phase-transition process in an elongated dragline segment, which corresponding to the subprocess of (c)-(d) in
Figure 4. Phase transition of the source material from plastic to solid is realized by cooling. Its thermodynamics may be modelled with Newton’s cooling law for convection and
Fourier’s law for conduction (the two mechanisms of heat exchange is indicated in Figure
3). When temperature gradient is negligible within the material after being elongated,
temperature T (t) of the middle point of the material may be approximated as:
cM

dT (t)
2KAcond
= −hAconv (T (t) − Tamb ) +
(T0 − T (t))
dt
L

(4)
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where c is a constant representing the specific heat capacity of the material, h is a
constant representing the convective heat transfer coefficient, K is a constant representing
the thermal conductivity of the material, Tamb and T0 are constants representing the
temperature of the ambient environment and the nozzle for extrusion, and Aconv is surface
area of heat being convected and Acond is surface area of heat being conducted. In the
case of a cylindric thread, Aconv corresponds to the outer surface of the cylinder while
Acond corresponds to the cross section:
Aconv = πDf d L
Acond =

πDf d 2
4

Assuming deformation occurs immediately after extrusion, the initial temperature of the
material T (t = 0) can be considered the same as T 0, and the equation can be solved:
T (t) = C0 − C1 · e−C2 t
where
C0 =

(5)

KT0 Df d + 2L2 Tamb h
2hL2 + KDf d

C1 =

2L2 h(Tamb − T0 )
2hL2 + KDf d

C2 =

2(2hL2 + KDf d )
L2 cDf d ρ

2.3 Robotic Locomotion with Dragline Formation
Descending from a solid hanging structure is taken as a case study to show the feasibility
of the robot locomotion with dragline formation, which mimics spiders falling with a
dragline in a controlled way (Figure 1(a)). To initiate descending, the robot first holds
onto an existing structure that could be grabbed by the two wheels, e.g. a cable or a
pole hanging over a free-space. The tip of the structure shall be in contact with the exit
of the nozzle in the robot, so that extruded TPA at the initial stage could adhere to
the structure. Locomotion is then controlled in an open-looped manner with a sequence
of discrete events including extrusion, deformation/movement and phase transition. As
illustrated in Figure 4, in the event of extrusion and deformation/movement, motor 1 and
motor 2 are turned on for duration of ∆tm1 and ∆tm2 respectively. Extrusion generates
material which slightly pushes the formed dragline between the wheels and nozzle, but
since motor 2 does not move the wheels during extrusion, the dragline in between bends
a little bit rather than pushes the robot downwards. The bending is insignificant and
can be quickly straightened during deformation where motor 2 is turn on to move the
wheels. In the event of phase transition which lasts ∆tpt , both motors are turned off and
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elongated material cools to a certain lower temperature in the open air and form a solid
dragline. The open-loop controller is preprogrammed into the microcontroller board.
To assess the performance of the mobile technology, experiments have been conducted
to measure the phase transition time as well as variability and repeatability of dragline
diameter. In all experiments, the ambient temperature was room temperature, and the
extrusion temperature of the TPA was set at 65-75 ◦ C because within the range the
material is sufficiently adhesive/cohesive and plastic. The robot started by holding onto
a hanging thread of TPA as the solid structure in the environment.
For phase transition, the dependence of cooling time on the mass of extruded material
is studied. Three values of mass were extruded and immediately deformed into a given
diameter of 4 mm. The temperature change of the formed dragline segment was measured
by an external thermal imager (TIM 160, Micro-Epsilon, Germany) with a sampling rate
of 120 Hz. The measuring point was set at the middle point of the dragline section, which
corresponds to 1.5, 2.5, and 3.5 mm above the nozzle exit for the three cases.
Regarding variability of the dragline diameter, two sets of experiments were carried
out where the mass of extruded material and the final length of elongation are varied
respectively. In the first set of experiment the mass of extruded TPA was varied by
turning on motor 1 for a 100% duty cycle for duration ∆tm1 between 0.3 and 2.7 s.
Elongation was kept the same by turning on motor 2 for a 100% duty cycle for ∆tm2 =0.15
s. In the second set of experiment, ∆tm1 was kept with a 100% duty cycle for 1.5 s, while
final length of elongation was varied by setting ∆tm2 with a 100% duty cycle between 0.05
and 0.25 s. Five trials were made for each ∆tm1 in the first set of experiment or∆tm2 in
the second set. One minute after each trial (∆tpt = 60 s) the formed dragline segment was
removed from the robot and the mass and diameter were measured with a high-precision
scale (Voltcraft PS-20) and a digital Vernier scale.
In terms of repeatability, fifteen trials containing a number of repetitions of the complete event sequence were carried out. ∆tm1 was varied between 0.2 and 2.0 s and ∆tm2
was varied between 0.05 and 0.15 s. Repeatability was quantified by relative deviation
in cross-sectional diameters of segments along single draglines formed within each repetition. Therefore after each trial, diameters for each segment along the formed dragline
were measured with a digital Vernier scale and compared to the theoretical value.

3. Results
Figure 5(a) shows the experimental result of the dependence of cooling time on the mass
of extruded material. A TPA mass of 43, 68, and 86 mg was extruded and deformed into
a diameter of 3.9-4.1 mm. The dashed lines show theoretical approximation based on the
thermodynamics model, and the parameters used for the model are indicated in Table 2
which are within the realistic range obtained from product datasheet and literature [208].
It took approximately 180 s for the temperature of the dragline segments to reach a
steady state. The steady state was not room temperature because of continuous energy

107

Paper III.

A Dragline-Forming Mobile Robot Inspired by Spiders

Figure 5. Thermodynamics in thermoplastic spinning of dragline segments. (a) A thermodynamics model showing the dependence of cooling phase transition time of a segment on the mass
of extruded material in that segment. The model has been experimentally validated with TPA
segments with the same cross sectional area of 4 mm. (b) Snapshots from the thermal imager
showing the nozzle and the segment just above the exit of the nozzle in one of the trials in the
experiment (the lowest curve in (a)).

input from the nozzle. This is further visualized by snapshots from the thermo imager in
Figure 5(b) where the colour of deformed TPA gradually changes to darker. Given the
same diameter, the temperature in the steady state is lower for larger amount of TPA
due to the resulting larger surface area of thermal convection. This result indicates that
as long as the diameter of the dragline is the same, the more TPA extruded and deformed
at a given temperature, the faster it cools. This observation may be explained by the
fact that the more TPA extruded, the more distant the central point of the elongated
dragline segment is from the nozzle given the same diameter. The result also helps setting
phase transition duration ∆tpt in the experiment of diameter variability, in which case
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Figure 6. Variability in diameter of formed draglines. (a) Results from varying the extrusion
duration. (b) Results from varying the deformation duration. Theoretical values from (1) are
on the dashed lines.

the cooling time was set to minute scale. When several repetitions of the process present,
∆tpt could be set to a much smaller value, since further cooling of a formed dragline
segment occurs when it is being moved away from the nozzle towards the wheels. For
example, in the experiment of diameter repeatability, it was possible to set ∆tpt to only
3 s.
Figure 6 shows the results from the two sets of experiments for diameter variability.
The experiment conditions and results are also summarized in Table 3. For the first set of
experiment as in Figure 6(a), theoretical estimation from the deformation model is also
plotted with M estimated from k ∆tm1 with an empirical mass flow rate k = 6.75 mg/s,
and L calculated from (2) with f = 14 rpm (100% duty cycle for motor 2). It can be seen
that the model fits experimental data very well. Figure 6(b) shows the diameter variation
from the second set of experiment. In the figure, theoretical estimation is also plotted
with a mass of 10 mg (experimental data 10.15±0.65 mg) and L calculated from (2) with
f = 14 rpm. It can be seen that the model also follows experimental data. Overall, a
diameter range of 1.17-5.27 mm has been achieved for formed dragline segments.
In terms of repeatability, all trials succeeded with more than ten repetitions of event
sequence and the robot managed to move on formed draglines. A maximal value of
average descending speed of 5.13 cm/min was achieved. While we have tested dragline-
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Table 3.

Experiment Results for Diameter Variability

∆tm1 (s)

∆tm2 (s)

0.3
0.9
First set of experiment

Second set of experiment

1.5

Diameter (mm)
1.17±0.32
2.24±0.51

0.15

3.23±0.11

2.1

3.67±0.28

2.7

4.24±0.26

1.5

0.05
0.10

5.27±0.19
3.67±0.10

0.15

3.23±0.11

0.20

3.12±0.18

0.25

2.45±0.11

Figure 7. Snapshots of thermoplastic dragline formation during descending locomotion under
different control parameters. (a) ∆tm1 =0.2s and ∆tm2 =0.05s. (b) ∆tm1 =1.5s and ∆tm2 =0.1s.
The process was initiated at time 0s with the two wheels grabbing a solid structure of a hanging
TPA thread. Under the condition in (a) a thinner thread with a mean cross-sectional diameter
of around 2 cm was formed, and under the condition in (b) a thicker thread with a mean crosssectional diameter of around 4 cm was formed. The forming dragline segments are indicated
within dashed yellow rectangular regions. The background ruler was fixed vertically in the
environment and the change in reading indicates movement of the robot along the formed dragline
(for example, the reading of 70 or 60 moved upwards, indicating the robot was descending).

assisted locomotion as far as 82 cm, there is no limitation in traveling distance unless
the source material is used up. Figure 7 shows snapshots of dragline formation process
under two different control conditions. In Figure 7(a), a trial (ID 13) with control parameters ∆tm1 =0.2 s and ∆tm2 =0.05 s is shown. In Figure 7(b), a trial (ID 14) with control
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Figure 8. (a) Draglines formed by the robot during descending from a hanging structure.
(b) Repeatability in diameter of formed draglines. Repeatability is quantified as the relative
deviation between the diameter of dragline segments and a theoretical value. The theoretical
values expected from Equation (2) are plotted in dashed lines. Results suggest a relative deviation
between the thinnest dragline segment and the expected diameter to be within -4%.

parameters ∆tm1 =1.5 s and ∆tm1 =0.1 s is shown. The snapshots not only show the process of thermoplastic dragline formation during descending locomotion, but also contrast
the thickness of draglines under different control conditions. Figure 8(a) shows draglines
formed by the robot while descending in six of the trials (ID 7-12). Figure 8(b) shows
quantitative data of repeatability from three of the trials, in which the diameters were
3.55±0.08 mm, 2.17±0.06 mm and 2.05±0.06 mm respectively. The theoretical value expected from Equation (2) for each trial is indicated by a dashed line. The result suggests
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a maximum of relative negative deviation of -4% between the thinnest segment and the
expected value. The deviation came from TPA extrusion and deformation, and physical
interactions between the formed dragline segments and the deformation-locomotion mechanism. The relative deviation shows a good repeatability of dragline formation during
locomotion and it is important for setting safety margins given a target payload.

4. Discussion
The range of diameter and relative deviation for repeatability directly determine the
payload capacity of the mobile technology, when it is assumed that adhesion force between
the dragline and a solid surface in the environment is sufficient and the force between the
holding mechanism and the dragline is always enough. For a given source material, its
ultimate tensile strength at room temperature is given, then the payload capacity can be
estimated. For example, the type of TPAs used in the study has ultimate tensile strength
of around 5 MPa, which gives an estimation of payload potential of 0.36-10.94 kg with
the achieved range of diameter. Stronger thermoplastics may be used as source material
to further increase the payload range. However, the intrinsic inter-dependence between
physical properties of material needs to be clarified, such as that between viscosity and
strength or between softening point and strength, etc., so that control parameters could
be adjusted.
Regarding self-sufficiency of the robot, it is determined by both the energy storage
in the batteries and the material storage of source TPA. The latter determining factor
does not present in conventional mobile robots and worth discussing. TPA is generally
reusable in terms of both thermoplasticity and adhesion. However it requires additional
mechanisms onboard a mobile robot to retrieve a formed dragline and reuse it as source
material, which will largely increase the complexity of the system. In the current setup
the maximal volume of the source TPA is determined by the maximal travel along the
linear track and the diameter of the solid TPA stick, since the linear delivery for extrusion
is only one-way. If an external TPA storage can be included, the self-sufficiency of the
entire robotic system can be significantly improved, in which case only a reset mechanism
will be needed to reset the clutch back to its origin once the maximal travel has been
reached by linear delivery.
From the perspective of control engineering, the present open-looped controller based
on a sequence of discrete events is unlikely to be the optimal for variability and repeatability of dragline formation, neither for the locomotion speed. For example, it is
imaginable that the speed can be increased if extrusion, deformation/locomotion and
cooling happen at the same time in a continuous manner. Since cooling takes more time
than extrusion or deformation/locomotion, the speed may be further increased if cooling
is made faster. It is also expected that continuous dragline formation and locomotion
will avoid unnecessary start and stop of motors, which was the cause of relative deviation
between repetitions of the event sequence. In order to achieve a controller for locomotion
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with continuous dragline formation, the relation between mass flows from extrusion to
deformation/locomotion needs to be clarified, and its influence on the thermodynamics
of different dragline segments needs to be understood. That will be the next step work
for a model-based open-loop controller.
The case study of descending locomotion along a formed dragline provides evidence
and quantitative analysis of the proposed approach and may be extended and applied
to 3D locomotion with formation of multiple draglines and eventually grids. Legged
technology is needed to replace the double-wheel mechanism for that purpose, so that
the robot may move away from a single dragline to a solid surface or a second dragline.
Part of the legs should enable the robot to adhere to both a dragline and a surface. A
potential simple solution to this is to use gecko-inspired dry adhesives on the legs. Since
the adhesive strength of such adhesives is relatively low (see a quantitative comparison in
Part A), the contact area on the legs should be maximized to provide sufficient adhesion
force. One of the possible ways for a robot with legs to form a grid is to start with a
single vertical dragline. The robot then climbs back up the dragline and reaches the solid
structure and moves on it with legs to where the second vertical dragline is targeted.
When a number of vertical draglines have been made in this way, the robot may span its
legs between them and form horizontal draglines with additional degrees of freedom of the
nozzle to move horizontally. Thermoplastic formation of horizontal draglines has been
proven feasible without supporting material [209]. When the grid is formed from multiple
vertical and horizontal draglines, 3D positioning is possible and this could partially mimic
the web-building behaviour of spiders.
The reported result shows a 185 g mobile robot is able to form draglines with a
thickness of 1.17-5.27 mm. Compared to a spider weighing a couple of hundred milligrams
and being able to produce draglines with thickness of a few micrometres [202], the robot
is an up-scaled physical model of the real spider by three orders of magnitude. When the
locomotion of the robot is improved both in speed and continuity such that it resembles
the real spider [210, 211], the physical model may be used for studying spider behaviours
associated with draglines. For example, one of the open questions is the cause and
measurement of initial stress that moves the protein molecules in a nematic state from
the gland into the duct. That is not trivial to find out in a living spider, and the controlled
physical model may help as long as the polymeric flows in the spider and in the robot are
comparable and scalable. Another interesting question is the function of the valve at the
end of the duct in dynamics of spider descending and jumping. For example, it has been
observed that jumping spiders have a forward pitch movement of their body towards the
end of a ballistic jump [212]. That is believed to be associated with the valve acting as a
brake but no quantitative modelling has been done. A modified robot with additions of
a valve and a jump-launching mechanism may shed light on this.
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Abstract
A dragline-forming technology has been previously proposed to enable locomotion through a free-space where no solid surfaces present. The technology is
intended for situations where payload requirements are unanticipated. In those
situations, variability in dragline’s diameter can minimize the use of material hence
increase self-sufficiency of the robot. In a previous study, a robot was designed,
prototyped and proven to be able to descend through a free-space by forming a
thermoplastic dragline with a diameter range of 1.1-4.5 mm. However, the speed
of locomotion was rather low due to the lack of an adequate control method for
thermoplastic dragline formation. In this paper, models of mass flow and thermodynamics along dragline formation pathway are presented. The models are validated
in a newly prototyped robot which forms a dragline continuously. Experiment results show that, when compared to the previous prototype and control method
which consists of repeated sequences of discrete events, the speed of descending
locomotion is significantly increased and reaches 12.0 cm/min.
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and Automation (ICRA 14), 31 May - 7 June 2014, Hong Kong, China.
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1. Introduction
Previously a spider-inspired mobile technology has been proposed, where a robot may
form draglines from onboard source material to assist its locomotion in a free-space.
Compared to climbing technologies, the proposed technology enables mobility through a
space where no solid surface presents except the ones at the boundary, e.g. between a
ceiling and a ground, or two vertical walls, or two poles, etc. Compared to flying technologies, it could provide a higher payload fraction from dragline assistance. Compared
to using an existing cable and a winch [201, 213], it gives variation of dragline thickness,
which means that given the same volume of dragline/cable material the length could be
adapted without sacrificing the payload need. Hence the proposed technology is suitable
for unanticipated task-environments where self-sufficiency is vital. In a previous study, a
300-gram mobile robot has demonstrated descending locomotion from the solid surface
of a hanging structure through a free-space without any support other than the dragline
formed by itself. The robot was able to form draglines with a diameter range of 1.1-4.5
mm from onboard thermoplastic material, implying a payload range of 0.2-7.7 kg that
could be carried.
While the demonstration has proven the concept, there remains some technical challenge. One of the biggest challenge is the speed of locomotion being rather low at 0.73
cm/min. That was partially due to the controller being based on repetitions of a sequence
of discrete events including supply, deformation and phase transition of the thermoplastic material. It was also because of the choice of design parameters and imprecision in
prototyping.
The paper tackles the challenge by showing continuous dragline formation in an improved prototype of the mobile robot. With continuous dragline formation, the sequential
events could be carried out in parallel and continuously, and together with mathematical
models describing mass flow and thermodynamics, faster locomotion should be achieved.
The models are validated in the new prototype which is more precise, lighter and with onboard battery capability. Experiment of descending with continuous dragline formation
is carried out to evaluate the performance of the technique.
The remainder of the paper is organized as follows. Section 2 introduces the newly
prototyped dragline-forming mobile robot. Section 3 describes mathematical models of
continuous dragline formation. Section 4 presents experimental results of locomotion with
continuous dragline formation in a numerical simulation and the physical mobile robot.
Section 5 gives the conclusions of the paper and points out future work.

2. A Dragline-Forming Mobile Robot
A robot (see Fig. 1(b) in Paper III) is prototyped. The robot weighs ca. 185 gram
and has an overall dimension of 5×3×18 cm3 (width, thickness, height). The mechanical
structure of the robot is inspired by the silk production pathway in spiders [203, 204]
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Table 1.

A Dragline-Forming Mobile Robot

Robot Specifications

Prototype I

Prototype II

Mass
Dimension

300 g
6×4×18 cm3

185 g
5×3×18 cm3

DOFs

2

2

Power consumption
Power source

2.5 W
external

4.8-6.8 W
external or onboard

and mainly consists of two parts i.e. a material extrusion mechanism and a coupled
deformation-locomotion mechanism.
The material extrusion mechanism contains solid TPA (GG02, Dremel, USA) in a
cylindrical shape (diameter 7 mm length 10 cm). As shown in Fig. 1(b) in Paper III, the
solid TPA stick is linearly delivered through a heating cavity and pushed out of a nozzle.
Linear delivery is converted from a DC gear motor’s rotation through a ball screw fixed
with a TPA stick clutch. The clutch is constrained in linear motion by a linear track,
the end of which is rigidly connected with the DC gear motor (motor 1, 250:1 gear ratio,
Pololu, USA) and the heating cavity. The heating cavity lies in a cylindrical aluminium
block and has an opening of 7 mm in diameter at one end and a nozzle with an inner
diameter of 4 mm and an outer diameter of 6 mm at the other end. The cavity is heated
by six 10-Ω power resistors connected in parallel and inserted in the block around the
cavity. The TPA stick is held by the clutch at one end and inserted into the aluminium
cavity at the other end through a silicone tube for leakage prevention.
The deformation-locomotion mechanism consists of two geometrically identical cylindrical wheels with a diameter of 12 mm, which are contained in a box. One of the wheels
is fixed on the output shaft of a second DC gear motor (motor 2, 1000:1 gear ratio,
Pololu, USA), and the shaft is fixed on two opposite walls of the containing box. The
second wheel is attached around a second shaft which can move linearly on a track with
a fixed length on the two walls. The end points of the latter wheel’s shaft are attached
to the box with springs, which pull the wheel towards the centre of the mechanism.
The track constraints this wheel to move along a linear route while springs allow it to
passively adjust to the variable diameter of the formed dragline. The spring force is in
a linear relation with the distance between the two wheels, or in other words with the
diameter of the formed dragline. The force gives the normal force which generates the
friction between the formed dragline and the wheels, enabling the robot to hold onto the
formed dragline when being static. During movement, the mechanism enables the robot
to elongate extruded material as well as moving along a formed dragline.
The two parts are arranged in such a way that the deformation-locomotion mechanism
is on the upper body of the robot, and the material extrusion mechanism is on the lower
body. They are connected by a rigid piece so that the exit of the extrusion nozzle is placed
at a distance of 4 cm under the bottom of the deformation-locomotion mechanism. A
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Figure 1. Illustration of thermoplastic dragline formation pathway. Lumped parameter
method is used to model the process of continuous dragline formation. Each thermal reservoir is a lump and modelled as a thermodynamic open system (the i-th thermal reservoir is
shown). The mass reservoir is virtually and geometrically overlapped with the first lump above
the nozzle (point A).

fan is attached to the connecting piece so that forced convection for cooling is possible
when needed. An electronics unit includes two motor drivers (Dual MC33926, Pololu,
USA), a microcontroller board (Arduino Pro Mini, Italy), and a USB adapter. The
robot could be powered by external power source, or by two Lithium-Polymer batteries
(ICP543759PMT, Renata, Switzerland). A summary of the robot and its comparison to
the previous prototype is detailed in Table 1.

3. Mathematical Models for Continuous Dragline Formation
To realize continuous dragline formation, the material flow and thermodynamics of the
dragline forming process needs to be carefully modelled. On the one hand, the material
inflow rate and outflow rate determine the thickness of a dragline segment and hence its
surface areas, which will have an effect on thermodynamics. On the other hand, thermodynamics determines cooling which sets constraints on the highest possible temperature
of a dragline segment before it gets grabbed by the robot as a support. Since the system
couples locomotion with deformation, the constraints also have an effect on the speed of
the motor for locomotion hence the material outflow rate.
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To model the mass flow of material and thermodynamics of the dragline formation
process, lumped capacitance method [214] is used because it is simple, sufficient and computationally inexpensive for numerical simulation. Specifically, by denoting the distance
between the exit of the nozzle (point A in Fig. 1) and the middle contact point on the
wheels (point B) as LAB , the dragline between the nozzle and the two wheels can be
represented by N lumps. All lumps have the same length along the axis of the dragline,
therefore the length of each lump is L = LAB /N . In this section, the mass flow model
and the thermodynamics model are described.

3.1 Mass Flow Model
Mass flow is modelled with the inflow and outflow of material within a certain reservoir
that is geometrically overlapped with the very first lump just above the nozzle. It is
assumed that the dragline after the mass reservoir has a constant cross-sectional diameter
Df d . At a certain time t, the mass flow m(t) through the sole mass reservoir is the integral
of mass flow rate over time:
Z t
ṁ(t) · dt

m(t) =

(1)

0

where the mass flow rate ṁ depends on the mass inflow and outflow rates:
ṁ(t) = m˙in (t) − m˙out (t)

(2)

With the robot design introduced in Section 2, the inflow rate and outflow rate are related
to the extrusion mechanism and locomotion-deformation mechanism respectively:
2

Dgs
m˙in (t) = ρπ
Θ · fM 1 (t)
4

(3)

2

Df d (t)
m˙out (t) = ρπ
πDw · fM 2 (t)
4

(4)

where ρ is the density of the TPA, Dgs is the cross-sectional diameter of the solid TPA
stick, Θ is the pitch of the single-start ball screw, Df d is the cross-sectional diameter
of the formed dragline that leaves the wheels, Dw is the diameter of the two wheels,
fM 1 is the number of revolutions per second (rps) of motor 1 and fM 2 is the number of
revolutions per second of motor 2.
The cross-sectional diameter of the dragline at time t + dt is a result of the mass flow
in the mass reservoir at time t:
s
Df d (t + dt) = 2

m(t)
ρπL

(5)
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3.2 Thermodynamics Model
Each lump is a thermal reservoir which is a thermodynamic open system [215]. By
assuming no flow work or shaft work and a single temperature for each thermal reservoir,
as shown in Fig. 1 for the i-th reservoir from the nozzle (i=1,2,...,N ), its change in
internal energy obeys the first law of thermodynamics, and the changing rate of the
internal energy at a certain time t is:
U̇i (t) = c · mi (t) · Ṫi (t) = Q̇i (t) + H˙iin (t) − Hi˙out (t)

(6)

where c is specific heat capacity of the TPA, Ṫi (t) is the changing rate of temperature
within that thermal reservoir at t, and mi (t) is the mass of that thermal reservoir at t:
mi (t) = ρAcond
(t)L
i
The right side of (6) indicates that the changing rate of the energy into and out of
the system is due to two factors, i.e. heating and mass flow. The changing rate of the
energy due to heating is:
˙ in (t) − Qcond
˙ out (t) − Qconv
˙ (t)
Q̇i (t) = Qcond
i
i
i

(7)

where it is caused by conduction into and out of the system and convection out of the system. Conduction could be modelled with Fourier’s law and convection could be modelled
with Newton’s cooling law:
˙ in (t) =
Qicond

K · Acond
(t)
i
· (Ti−1 (t) − Ti (t))
L

(8)

˙ out (t) =
Qcond
i

K · Acond
(t)
i
· (Ti (t) − Ti+1 (t))
L

(9)

˙ (t) = h · Aconv
Qconv
(t) · (Ti (t) − Tamb )
i
i

(10)

in which K is the thermal conductivity of the TPA, h is the heat transfer coefficient
between the TPA and the environment, and the surface area related to conduction is the
cross-section of the dragline and the surface area related to convection is the surrounding
of the dragline:
π · Df d (t)2
cond
Ai (t) =
4
Aconv
(t) = π · Df d (t) · L
i
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Table 2.

Experiment and Results

Parameter Values for Models

Distance between nozzle and wheels LAB

0.04 m

Pitch of the single-start ball screw Θ

0.001 m

Diameter of the wheels Dw

0.012 m

Diameter of solid TPA stick Dgs
Density of TPA ρ

0.007 m
1.0×103 kg/m3

Specific heat capacity of TPA c

2500 J/(kg·◦ C)

Thermal conductivity of TPA K
Heat transfer coefficient of air h

0.45 W/(m·◦ C)
30 W/(m2 ·◦ C)

Bond formation temperature of TPA Tbf

50◦ C

Temperature of extrusion Textru

70◦ C

Ambient temperature Tamb

25◦ C

The changing rate of the energy into and out of the system due to the mass flow is:
H˙iin (t) = c · ṁ(t − (i − 1) ∗ τ ) · Ti−1 (t)

(11)

Hi˙out (t) = c · ṁ(t − (i − 1) ∗ τ ) · Ti (t)

(12)

Here τ is a unit delay factor caused by the mass flow through each lump. As mentioned in
subsection 3.1, the mass reservoir is geometrically overlapped with the first lump above
the nozzle, thus the mass flow through each lump is delayed according to the lump ID
from the nozzle. τ is determined as:
τ=

L
π · Dw · fM 2 (t)

(13)

The thermodynamics model is subject to boundary conditions for temperatures at
the two ends between LAB :
T0 = TA = Textru
TN +1 = TB = Tamb
where Textru is the temperature of TPA inside the heating cavity, and Tamb is the ambient
temperature.

4. Experiment and Results
To validate the above models and evaluate the performance of continuous dragline formation, simulation and real-world experiments have been carried out. Specifically, the
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Figure 2. Simulation result showing that dragline diameter at the equilibrium state is independent from initial conditions.

Figure 3.

Simulation result showing thermodynamics of all lumps.

following aspects were examined: the diameter range, the locomotion speed, and the
repeatability of a dragline.
4.1 Simulation
To systematically study the relation between constant motor speed and dragline diameter, numerical simulation was implemented in Matlab Simulink based on the above two
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Figure 4. Experiment results from simulation (surface) and real world (circle markers) showing
dragline diameter at the equilibrium state under various constant motor speeds.

mathematical models. In the simulation, design parameters of the robot and realistic
physical parameters of the TPA and the environment were used (see Table 2). More
specifically, six lumps were constructed (N =6). The speeds of the two motors fM 1 and
fM 2 were set for different values but constant over each run. Various initial conditions of
mass flow rate ṁ(0) and temperature of each lump Ti (0) were simulated. The simulation
under each conditions was run for 500 seconds with variable time steps.
Fig. 2 shows the change of the diameter of a dragline over time during simulation
with motor speed fM 1 =0.6 rps and fM 2 =0.05 rps. The diameter of a dragline reaches an
equilibrium state after some time, and that is because the mass flow in (5) has stabilized.
Simulation with various initial conditions of mass flow rate from 8×10−7 kg/s to 7×10−3
kg/s indicates that the diameter of the dragline at the equilibrium state does not depend
on the initial conditions.
Fig. 3 shows the thermodynamics of all the lumps during simulation with motor
speed fM 1 =0.6 rps and fM 2 =0.05 rps. From an initial temperature that is higher than
Tamb , each lump decreases temperature until an equilibrium state has been reached. The
important lump here is lump 6, which is the lump just below the two wheels where the
dragline is grabbed. The criteria for a successful formation requires that the temperature
of lump 6 should be below bond formation temperature Tbf [147], under which TPA is
no longer adhesive thus it won’t stick onto the wheels. It is assumed here this criteria is
always reached in the thermodynamics model and simulation.
Fig. 4 shows the simulation result for a range of motor speeds with initial conditions
ṁ(0)=8.38×10−5 kg/s, T1 (0)=65◦ C, T1 (0)=60◦ C, T1 (0)=55◦ C, T1 (0)=50◦ C, T1 (0)=45◦ C,
T1 (0)=40◦ C. The result indicates that the higher the constant speed of motor 1 and the
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Figure 5. Simulation result showing that maximal locomotion speed (speed of motor 2) depends on the target dragline diameter.

Figure 6. Snapshots of a trial in the real-world experiment, where motor 1 was given a signal
of a 100% duty cycle and motor 2 a 30% duty cycle (trial ID 5 in Fig. 7). In the last snapshot
the starting point is indicated to show the robot moved stably on the dragline formed by itself.
Insets, magnified view of dragline segments being formed.

lower the constant speed of motor 2 is, the thicker the dragline at the equilibrium state
will be. Quantitatively, the result can be fitted into a polynomial function with a Sumof-Squares-Due-to-Error of 3.412×10−5 :
Df d = 0.004598 + 0.005114 · fM 1 − 0.0728 · fM 2
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−0.0338 · fM 1 · fM 2 + 0.4337 · fM 2 2
+0.06996 · fM 1 · fM 2 2 − 0.7781 · fM 2 3
It is worth mentioning that, significantly different initial conditions have been simulated and no change in the above relation has been found.
It can be also seen from the above relation that, given a target Df d , the speed of motor
1 can be adjusted such that the speed of motor 2 is the highest possible at that target
Df d . That is important to find the maximal locomotion speed of the robot. Interestingly,
the maximal locomotion speed (derived from that of motor 2) depends on Df d . As shown
by the theoretical result in Fig. 5, given a range of possible motor speeds (in this case fM 1
0-2 rps and fM 2 0-0.33 rps), the maximal locomotion speed decreases with the increase of
target dragline diameter. This feature did not present in the previous dragline forming
method that was based on discrete events (Paper III), and it is due to coupling between
mass flow and thermodynamics in continuous dragline formation.

4.2 Real-World Experiment
Real-world experiment of vertical descending was conducted with the physical robot. The
robot started by holding onto the lower tip of a TPA string with a diameter of 2 mm
clamped at a height. The robot was externally powered with 6.8 W so that the TPA
extrusion temperature could be maintained at 70◦ C. The two DC motors were controlled
by PWM signals in different duty cycles in a pre-programmed feed-forward controller.
Specifically, twelve trials were made under different conditions of motor speed, where the
duty cycles for motor 1 ranged 50%-100% corresponding to a speed from 0.3 to 0.6 rps
and for motor 2 ranged 25%-30% corresponding to a speed from 0.05 to 0.07 rps (less
duty cycle resulted in a too low voltage to drive motor 2).
The robot succeeded in holding onto the dragline formed by itself and descending
with it in ten trials. The diameter of resulting draglines was between 1.2 mm and 3.2
mm (mean of ten sampling locations along each dragline), and the maximal length of the
draglines was 66 cm. Fig. 6 shows snapshots of the first 35 seconds in one of the trials
(Trial ID 5). In the trial, motor 1 was given a signal of a 100% duty cycle and motor 2 a
30% duty cycle. As a result, a dragline with a mean diameter of 3.1 mm was formed and
it reached 36 cm until the solid TPA stick had to be manually replaced. It can be seen
from the figure that the robot descended 7 cm in 35 seconds, indicating a locomotion
speed of 12.0 cm/min, which is 16 times as fast as the speed with the discrete process
with the first prototype and more than double the speed with the discrete process with
the prototype here (Paper III).
Fig. 4 plots the dragline diameters of the ten trials, indicated by circle markers. It can
be seen that the diameters of the formed draglines are slightly smaller than the simulation
results. That is probably due to the fact that TPA accumulated in an irregular shape
after being extruded at the exit of the nozzle, as shown in the insets in Fig. 6. The
cone shape made the dragline thinner than the one if TPA were accumulated in a cuboid
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Figure 7.

Dragline samples from five of the trials from the real-world experiment.

shape.
Regarding the repeatability of dragline formation, which was measured in relative
deviation between dragline diameters and predicted values, the relative deviation using
continuous dragline formation is 5-20% which has improved from the method previously
used. The reason of improvement is that the motors did not have to stop and start from
time to time but rather operated continuously. Fig. 7 shows the resulting draglines from
five of the successful trials, which further visualizes the fairly consistent profile of formed
draglines. Failure occured in two out of the twelve trials in which initial TPA supply was
not stable resulting too thin a segment of the dragline.
A summary about the performance of continuous dragline formation from the experiment with the physical robot is given in Table 3.
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Table 3.

Conclusions and Future Work

Performance of Dragline Formation

Prototype I discrete

Prototype II continuous

Dragline diameter
Dragline length

1.1-4.5 mm
10 cm

1.2-3.2 mm
66 cm

Repeatability

10-25%

5-20%

Maximal speed

0.73 cm/min

12.0 cm/min

5. Conclusions and Future Work
The paper presents modelling of continuous dragline formation based on thermoplastics
material for the use of a mobile technology in a free-space with unanticipated payload requirements. Mathematical models are established on mass flow of thermoplastics source
material and thermodynamics along the dragline formation pathway. Numerical simulation has been conducted based on the models, and a physical robot containing TPA
has been constructed with improvement over the previous prototype. Simulation results
suggest the theoretical relation between motor speeds and dragline diameter, and that
maximal locomotion speed is inversely correlated to the target dragline diameter. Realworld descending experiment results validate the models and show that the 185-gram
robot could move 16 times as fast as with the old prototype and discrete control method
previously proposed, reaching 12.0 cm/min. It is worth mentioning that, a recent study
(Paper III) using the new prototype and the previous control method also confirms the
contribution of continuous dragline formation in doubling the locomotion speed.
Future work includes studying other methods to further increase the locomotion speed
and improve the repeatability for practical applications. There are at least three possible
ways to further increase the locomotion speed. Firstly, design parameters such as the
distance between the wheels and the nozzle could be made larger. Secondly, better active
cooling method than a fan can be implemented to increase the heat transfer coefficient.
Thirdly, other types of TPA with a lower softening point may be helpful. Other interesting scientific questions worth investigation are related to the exploration of other types
of thermoplastics as well as the initialization of the dragline formation from a solid structure. For example, questions such as how stronger thermoplastics affects the speed and
power consumption, or how adhesion with the boundary surfaces affects repeatability of
a dragline, could also widen the applications of the technology.
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Robotic Body Extension Based on Hot-Melt
Adhesives
Luzius Brodbeck, Liyu Wang, Fumiya Iida

Abstract
The capability of extending body structures is one of the most significant challenges in the robotics research and it has been partially explored in self-reconfigurable
robotics. By using such a capability, a robot is able to adaptively change its structure from, for example, a wheel like body shape to a legged one to deal with
complexity in the environment. Despite their expectations, the existing mechanisms for extending body structures are still highly complex and the flexibility
in self-reconfiguration is still very limited. In order to account for the problems,
this paper investigates a novel approach to robotic body extension by employing
an unconventional material called Hot Melt Adhesives (HMAs). Because of its
thermo-plastic and thermo-adhesive characteristics, this material can be used for
additive fabrication based on a simple robotic manipulator while the established
structures can be integrated into the robot’s own body to accomplish a task which
could not have been achieved otherwise. This paper first investigates the HMA
material properties and its handling techniques, then evaluates performances of
the proposed robotic body extension approach through a case study of a “water
scooping” task.

Published in Proceedings of the 2012 IEEE International Conference on Robotics and
Automation (ICRA 12), 14-18 May 2012, St Paul, USA, pp. 4322-4327.
DOI: 10.1109/ICRA.2012.6225258
c 2012 Copyright IEEE Press.
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1. Introduction
Biological systems make use of adaptive body extension to enhance their capabilities in
complex environments. Animals continuously extend nails and hairs, for example, to
protect their bodies as well as to use them as “tools” for tasks that they cannot achieve
otherwise. The robotic body extension has previously been explored partially in the
context of self-reconfigurable robotics. Typically these robots are composed of a number
of robotic modules that are capable of being attached and detached to each other, and by
controlling the connectivity between the modules, they are able to make various shapes
and structures suitable for different task-environments [6, 8].
The robotic body extension of self-reconfigurable robots typically requires a number
of complex processes [6,7]. For example, the robots need to autonomously design desired
mechanical structures useful for a given situation, and plan a reconfiguration process
(e.g. planning trajectories of motors for reconfiguration). They also need to adapt and
plan the motion control so that newly established structures can be properly operated.
For these processes, the mechanical designs and control architectures of existing selfreconfigurable robots are highly complex, and each constituent module is usually large
and heavy. The physical size and weight are particularly important limiting factors that
prevent the systems to increase flexibility and versatility in robotic body extension.
The main challenge addressed in this paper is to propose a novel approach to robotic
body extension which makes use of an unconventional material, Hot Melt Adhesives
(HMAs). HMAs are thermoplastics that can be repeatedly transformed between liquid
and solid states by controlling temperature. At room temperature, the material exhibits
a relatively large rigidity [147, 216]. Therefore, the material can be shaped into an arbitrary structure while it is hot, and the shaped structure can be used as a tool at
room temperature, for example. Another important material property of HMAs is their
adhesiveness in the liquid state, and they can be bonded to almost any connecting material [125, 128, 133, 217]. By exploiting these material properties, this paper introduces a
simple robotic platform that is capable of multiple processes necessary for robotic body
extension, i.e. tool design, construction, and operation processes. Because of the unique
thermo-plastic and thermo-adhesive properties of HMAs, the platform is able to manufacture variations of mechanical structures, and they can be autonomously assembled
into the robot’s own body so that they can be used as self-made tools.
The rest of the paper is organized as follows: Section 2 describes the overall control
strategy and its consisting processes. Sections 3 and 4 introduce HMAs and how their
physical properties can be exploited for robotic body extension, and Section 5 shows a
demonstration in a “water scooping” task.
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Design & Planning Layer
D, H
Design
L
TE,1

Control Strategy of Robotic Body Extension
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[R3, Θ5](t)
HMA Supplyer

Figure 1. The control strategy of robotic body extension. Two different layers are considered
in the proposed framework, which shows the relationship between different processes and robot
components investigated in this paper. The two layers show the basic control architecture which
is explained Fig. 7 in more details. The robot platform is introduced in Section 3.

2. Control Strategy of Robotic Body Extension
HMAs play a central role in the robotic body extension investigated in the paper. The
thermo-plastic property of this material, for example, is exploited such that a desired
mechanical structure is shaped while the material is at a high temperature, and then the
thermo-adhesive property is used to assemble (or connect) the manufactured structure
into the robot’s own body by cooling. Because of the unique material properties, HMAs
can be handled by a relatively simple robot manipulator to achieve a number of different
tasks.
In order to investigate the basic concept of robotic body extension, this paper proposes
a minimalistic robot design and control which are conceptually illustrated in Fig. 1. We
assume that the robot platform consists of three components, i.e. a robotic arm, an HMA
Supplier, and a Gripper. The arm transports its end-effector (that contains the HMA
Supplier and the Gripper) to desired locations by using a standard position-control; the
HMA Supplier provides heat to HMAs and regulates the flow of material in liquid state
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for an Additive Fabrication process; and the Gripper can control its surface temperature
to vary adhesiveness of HMAs in contact (see more details in Section 3).
The control architecture can be decomposed into two layers, i.e. Design & Planning
and Operation Layer. The first layer conducts a Design process, which determines the
overall operations in the robotic body extension, including what kinds of body parts have
to be constructed and how they will be used in the given task-environment. For the sake
of simplicity, in this paper, we employ a basic scenario in which the rough designs of
body parts are predetermined and only a few design parameters are open as variables
(e.g. D, H, and L in Fig. 1, which will be explained in Section 5). When the design
parameters are determined, a Planning process will generate time-series trajectories of the
robot’s end-effector (i.e. indicated by TE1,2,3 which are provided to the Operation Layer
in Fig. 1). The processes in this layer could be extended to a much more complex one by
including, for example, additional optimization algorithms and sensory feedback routines
for designing complex structures, although we do not consider them in this paper.
Second, the Operation Layer consists of three processes, i.e. Additive Fabrication,
Assembly, and Task Execution. Once the end-effector trajectory TE,1 is determined in
the Design & Planning Layer, the Additive Fabrication process computes the motor
commands (TR,1 in Fig. 1) using inverse kinematics. As soon as the Additive Fabrication
is completed, the Assembly process is activated and computes the motor commands
(TR,2 ) for the body parts’ assembly. At the end of this process, the Additive Fabrication
structure should be connected to the robotic manipulator, thus it is then followed by the
Task Execution process in which the robot makes use of the self-made tool for achieving
a given task.

3. Robot Implementation
For a performance test of the proposed robotic body extension, we developed a minimalistic robot platform which consists of a robotic arm and an end-effector consisting of an
HMA Supplier and a Gripper as shown in Fig. 2. This section introduces this platform
and its low-level controller.
3.1 Robot Platform
We developed a simple robotic arm with four degrees of freedom (DOFs) which controls
the position of the end-effector with angular commands θ1−4 (in Fig. 1) of four servomotors (Futaba S9157, 3.06 N/m), which are indicated by the green arrows in Fig. 2. The
robot is fixed on a flat open ground so that it has a sufficient workspace to conduct all
necessary processes explained in the previous section.
The end-effector contains two HMA handling devices, i.e. an HMA Supplier and a
Gripper. The HMA Supplier has two functions, i.e. heating a solid HMA stick to fluidic
state, and regulating the flow to be optimal for the Additive Fabrication process. Both
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Figure 2. Left: The robotic platform that consists of an arm and an end-effector. The endeffector contains an HMA Supplier (top right) and a Gripper with a Peltier element (bottom
right). The Gripper is attached to a scoop structure developed by processes explained in Section
5.

of these functions are mainly achieved in the nozzle shown in Fig. 2, which is a CNCmanufactured aluminum part with a cylindric opening for the solid HMA stick. The
nozzle is surrounded by power resistors (six 10-Ω resistors connected to a power supply
in parallel) and, in addition, covered by a silicon sealing tube (i.e. a tube made of low
heat-conductive material which supports the solid HMA stick). Moreover, as shown in
Fig. 2, a glass cloth tape (TECHNO- Gewebe, Elsdorf-Hatzte, Germany) was used to
cover the power resistors for the sake of energy efficiency.
A gripper is also implemented in the end-effector, which is used for both connecting
and disconnecting processes. It has a multi-layered structure, in which a Peltier element
(15×15 mm2 , 3.9 W) is incorporated. By regulating the electric current to the device, the
Gripper is capable of both heating up and cooling down its connecting surface. The connecting surface is made from a copper plate (25×30 mm2 ) which protects the vulnerable
Peltier element while transferring heat with a high conductivity. With the mechanical
design being optimized for efficient heat dissipation, the Active Connector is capable of
repeatedly increasing and decreasing the temperature between approximately 40 ◦ C and
70 ◦ C on the connecting surface.
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3.2 Control
The robotic arm consists of four servomotors and an additional servo (whose angular
command is denoted as θ5 in Fig. 1) in the HMA Supplier. Three relays are used to
control the heater of the HMA Supplier (R3 in Fig. 1) and the Peltier element in the
Gripper (R1,2 in Fig. 1). The position control of the end-effector is achieved by computing
geometric inverse kinematics [218] and is implemented in Matlab. The computed motor
commands are then sent to an Arduino Duemilanove board via serial communication.
On the Arduino microcontroller, motor commands are low-pass filtered and forwarded as
PWM signals to the servomotors. In parallel, the relay commands are also sent through
serial communication. Sensory feedback is used in the HMA Supplier to maintain a
constant HMA temperature, and in the servomotors for the local position feedback.

4. HMA Properties for Robotic Body Extension
Although the HMA material can be shaped into many different structures, it is not a
trivial problem to automate the design process of HMA structures that can be useful for
many robot operations. In order to simplify the design and construction processes, this
section explains a few representative characteristics of HMAs.
4.1 Selection of HMA Design Parameters
As explained in Section 2, the proposed robotic body extension approach makes use of
HMAs to build various structures, thus the mechanical properties of this material play
a crucial role. One of the most important mechanical properties of HMAs is Young’s
Modulus E, which determines mechanical strengths of a structure with a given geometry.
To obtain Young’s Modulus, we conducted a first set of experiments in which we measured
the strain and stress of an HMA string when variations of forces were exerted. The
resulting nominal stress σn for the strain ε is plotted in Fig. 3, and we observed that E is
approximately 8.9 MPa if the strain is smaller than 0.2 where the strain-stress relationship
is linear.
Based on this Young’s Modulus E, we can now estimate a relationship between forces
and geometric shapes of HMA structures. The structural strength of a simple bar can
be, for example, characterized by the following relationship between the deflection f and
the applied force F :
f=

F l3
,
3EI

(1)

where we assume that a bar is fixed on one end, and a force F is exerted perpendicularly
to the bar on the other. Here we further assume that the bar has an elliptical cross-section
3
area with axes a and b with corresponding second moment of area I = a64bπ , and a length
of l. From this relationship, we are able to inversely compute the design parameters such
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Figure 3. Tension test of an HMA string with nominal cross-section area of 9.5 mm2 . In our
study, we use one type of HMA (Pattex Hot Sticks Transparent, Henkel, Germany).

as a, b and l once we know the loads expected at the structure during the operation
of given tasks. To validate Eq. (1), an HMA bar with a = 2.0mm, b = 3.5mm and
l = 30.0mm was used in a set of deflection tests. Fig. 4 shows the measured deflection
f against the applied force F , and it also shows the prediction of aforementioned model
(depicted by a solid line) which accurately matches the experimental result.
4.2 Additive Fabrication based on HMAs
The Additive Fabrication process in the proposed framework significantly relies on the
thermoplasticity of HMAs. As briefly explained in Section 2, liquid HMAs can be shaped
into many different structures when handled properly, and they can be solidified into
a static structures at room temperature. In this paper, we utilize the HMA Supplier
and consider how to construct variations of structures by controlling a string-like flow
squeezed out from the nozzle of the HMA Supplier (shown in Fig. 2). In this construction
method, we assume that the nozzle is always pointing downwards and position-controlled
by the 4-DOF robotic arm with respect to a building plate on the ground. The building
plate is made of aluminum covered with a thin layer of oil which allows HMA-based
structures to be easily detached after Additive Fabrication processes. The control of
the HMA Supplier is particularly important as it significantly influences the smoothness
and accuracy of HMA strings (as shown in Fig. 5). For example, when the nozzle is
not controlled properly, the HMA strings can be formed into non-smooth strings which
results in imprecise manufacturing processes.
In this subsection, we specifically analyze the relation between the diameter of an
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Figure 4. Predicted and measured deflection of an HMA bar with a single bending force
applied at one end.

HMA string dstring and the horizontal velocity of the nozzle vnozzle . In this experiment,
the nozzle was moved horizontally on straight lines while steadily supplying HMA, and
we compare dstring for various nozzle velocities. Fig. 5 shows several HMA strings that are
produced through various nozzle velocities. By increasing the velocity, the diameter of
the HMA string decreases and the most smooth string could be made at the fourth string
from the left in Fig. 5. Fig. 6 also shows the quantified HMA string diameters dstring
with respect to the nozzle velocities. This figure shows that larger string diameters can be
achieved at lower nozzle velocities, which is desirable for more rapid Additive Fabrication
processes, although the diameter variance of a single string becomes larger. From this
experimental result, we concluded to use the nozzle velocity 1.0 mm/s in the rest of this
paper to achieve a reasonable balance between precision and Additive Fabrication speed.

5. Experiment of Robotic Body Extension
For a performance test of the proposed approach, we conducted a case study of robotic
body extension based on HMAs. In this case study, the robot platform is placed in front
of a pair of bowls connected through a balance. We consider how this robot can design
and construct a scoop to transfer the water in one of the bowls to the other to change
the balance.
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Figure 5. Sample HMA strings for horizontal nozzle velocities of [0.25; 0.5; 1; 2; 4] mm/s.
Quantitative results are shown in Fig. 6.

HMA String Diameter dstring [mm]
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3
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Nozzle Velocity vnozzle [mm/s]
Figure 6. The average HMA string diameter decreases with increasing nozzle velocity. In
contrast, the diameter variance of a single string is minimal for a nozzle velocity of 2 mm/s.

5.1 Design
The first step of this case study is the design process, in which the scoop assumes one of
the simplest structures containing a cup for filling the water and a bar for gripping, as
shown in Fig. 7. The process considers the structure strength necessary to accomplish
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Figure 7. Illustration of the processes developed for the “water scooping” case study. The
design process determines the geometry parameters D, H and L, and they are provided to
compute trajectories for Additive Fabrication, Assembly, and Task Execution processes. More
details of these processes are explained in Section 5.

the task and determines geometric paramters of the scoop (i.e. D, H for the cup, and L
for the bar).
For example, when an amount of 3 g (3 cm3 ) water has to be transported with the
scoop, it requires a cup with a size of approximately D = 20mm and H = 10mm.
Considering the mass of the cup to be approximately 2 g, the total mass m = 5g has to
be supported by the bar connected to the cup. We further assume that the maximum
allowable bending angle of the cup due to the weight is set to φmax = 0.17rad (i.e. 10◦ ),
and the maximum bar length lmax can be calculated as:
lmax =

φmax EI
= 21.0mm
M

(2)

where M = mg D2 is a bending moment on the bar caused by m, and I is the same as
in Eq. (1) for a bar with a cross-section geometry a = 3mm and b = 5mm. From this
consideration, we decide the bar length to be L = 20mm ≤ lmax , which should result in
an acceptable deflection f = 2.2mm according to Eq. (1).

5.2 Planning, Additive Fabrication and Assembly
With designed dimensions of the cup and the bar (i.e. D, H, and L), it is now possible
to derive the end-effector trajectory of the robotic arm by considering the nozzle velocity
vnozzle = 1.0mm/s and an HMA string diameter dstring = 1.5mm from Section 4.2. For
example, the cup can be decomposed into a round floor and a circular wall. The floor is
constructed from concentric circles of HMA strings on the building plate, and the wall
consists of piled-up HMA circles with identical radius. For the floor construction, the
number of HMA circles nfloor used to cover the floor area depends on the string diameter
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(see Fig. 7) and is calculated as

nfloor = f2 (D) = ceil

D
2dstring


.

(3)

To equally distance the circles, the radius of the i-th circle is
ri =

D nfloor − i + 1
·
2
nfloor

with i = 1 . . . nfloor .

(4)

The angular velocity of the nozzle on the i-th circle α̇i is chosen such that the nozzle
velocity is constant:
vnozzle
α̇i =
(5)
ri
The surrounding wall is built from piled-up HMA circles with constant radius rwall =
As in Eq. (5), the angular velocity α̇wall = vrnozzle
. Due to the flattening of the HMA
wall
strings when being piled up, an empirical factor ϕ = 0.8 is introduced. The number of
circles nwall (Fig. 7) required for the desired height H is
D
.
2


nwall = f1 (H) = ceil

H
ϕ · dstring


.

(6)

To keep the nozzle at a constant distance from the already built HMA structure, the
nozzle height hj is incremented after each circle. The nozzle height for j-th wall circle is
then
hj = hfloor + j · ϕ · dstring
with j = 1 . . . nwall .
(7)
The resulting nozzle trajectory (TE,1 in Fig. 1) for a cup of diameter 20 mm and
height 10 mm is shown in Fig. 7. For the bar construction, a function f3 (L) can be
derived similarly. To be used by the robotic arm, the above analytical description of the
nozzle trajectory is discretized with a time-interval of 20 ms, and the inverse kinematics
are computed to derive the motor commands (TR,1 in Fig. 1) for the low-level controller.
The resulting HMA cup with the bar attached to the robot is shown in Fig. 2 (bottom
right).
To evaluate the Additive Fabrication performance, we developed three cups with
different H and D, and results are shown in Table 5.2. The measured diameters for
all cups are within a reasonable range from the set values. Errors for the height are
larger than for the diameter, because the addition of multiple HMA layers accumulates
the errors. Sources of the errors can be the insufficient calibration of the robotic arm or
fluctuations in the HMA flow. However, all three cups are water-tight and can be used
for water transport.
After the Additive Fabrication processes of a cup and a bar, the Assembly process
is initiated which connects these two parts to the robot’s Gripper. As shown in Fig. 7
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Table 1. Experimental Results on Additive
Fabrication with HMAs 1
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Dmeas Hmeas Error
D

Error
H
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9.2

8.6 %

-7.8
%
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15.0
%
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Figure 8. Snapshots of manufacturing and use of an HMA scoop. 1-3: Additive Fabrication
of a cup and a bar; 4,5: Connecting bar and gripper; 6,7: Attaching the bar to the cup; 8: The
robot’s body extended with a scoop; 9-12: Scooping water from the right to the left bowl and
thereby changing the equilibrium of the balance. See also the movie submitted with this paper.

and Fig. 8, this process starts with the Gripper connecting to the end of the bar (4 in
Fig. 8) by heating and cooling the Gripper. Then the bar is transported to the cup
location, where the HMA Supplier drops a small amount of HMA on the cup (6, 7) so
that it can be connected to the bar which is already on the Gripper (8). Essentially all of
these control steps can be preprogrammed precisely and reconstructed repeatedly. When
a different set of design parameters (i.e. D, H and L) are used in the body extension,
the preprogrammed end-effector trajectories (TE,2 in Fig. 1) have to be re-calculated,
but the modifications are minimum and trivial to be automated, since only the target
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connection positions g1 and g2 need to be updated (see Fig. 7). More details on HMAs
and their use for assembly can be found in Part A.
5.3 Task Execution
As mentioned earlier, the given task was to transport water from one bowl to the other.
The two bowls are mounted on a balance and water has to be taken from the heavier
bowl to shift the equilibrium to the other side. As the robotic arm is now equipped with a
small scoop, it can be used to execute this task. This can done with a simple fill-and-drop
operation by controlling the position of the scoop with two functions h1 and h2 as shown
in Fig. 7. Important events in this process are shown by snapshots (9-12) in Fig. 8 in
which the cup is filled with water in the right bowl (10), positioned over the left bowl
and the water is poured into the bowl (11). After three repetitions of this procedure, the
balance has changed its equilibrium from the right to the left side, indicating successful
completion of the task (12). A movie showing construction and use of an HMA scoop is
submitted with this paper. Similar to the Additive Fabrication and Assembly processes,
this Task Execution process can be preprogrammed and easily adapted to different sizes
of scoops by minor modifications of control parameters.

6. Conclusions
This paper proposed a novel approach to the robotic body extension by using an unconventional material called HMAs. Because of HMAs’ unique thermo-plastic and thermoadhesive properties, only a very simple robot platform is necessary to achieve the complex
processes for body extension, including the Design and Additive Fabrication of HMA
structures, the Assembly of these body parts, and the Task Execution by using the selfmade structures. This approach is particularly beneficial for robots that need to adapt
their own body structures to deal with different task-environments. If compared to conventional self-reconfigurable robots, the body extension processes are scalable with respect
to physical sizes and structural complexity. In the demonstration of the “water-scooping”
task shown in this paper, the robot has designed and constructed a small water-tight
scoop by using the Additive Fabrication and Assembly processes, and it managed to
transport water from one bowl to the other which could not have been possible without
the proposed robotic body extension technique.
One of the next challenges in this project is the construction of movable parts such as
joints from HMA. Having such parts, the integration of motors will enable the construction of active tools instead of passive structures only. Another challenge is to integrate
a “perception process” to the system introduced in this paper. We expect that, if the
perception process could autonomously detect tasks and requirements for determining
design parameters of body parts, the system would be able to demonstrate “adaptive
body extension”.
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Abstract
While the concept of extended phenotype describes animals such as spiders,
beavers, birds, caddis, and termites constructing artefacts to maximize the survival
of genes, its effect on an animal’s activities during its life span is less studied. For
example, extended phenotypes can be plastic as a response to changes in ecological
factors, but it is not clear what benefit this plasticity has on the animal’s life.
Here we take a synthetic approach and use a physical model of a robot arm that is
capable of constructing and integrating structures from thermoplastic adhesives to
mimic animals constructing extended phenotypes. We show that plasticity in the
structures as the extension of the robot arm enables pick-and-place of qualitatively
and dimensionally different objects with exactly the same motor commands. The
result indicates that plasticity in extended phenotypes may benefit animals by
simplifying the motor control during the adaptation to environmental changes.
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Figure 1. Extended phenotypes such as (a) Spider web, (b) bird nest, (c) beaver dam, and (d)
termite mound etc. show plasticity in responses to changes in ecological factors. Such plasticity
incurs costs for the organisms during their life time, while benefits for them remain less studied.
(figure sources: (a)&(b) from pdphoto.org, (c)&(d) from morguefile.com, all free to use)

1. Introduction
The extended phenotype is an important concept in evolutionary biology that was raised
by Richard Dawkins in the 1980s. Extended phenotypes include ”all effects of a gene upon
the world” [19], whether they are positive or negative for the gene. They may be in the
form of animal constructed artefacts such as spider webs, termite mounds, bird nests, or
beaver dams (Fig. 1), or in the form of parasite’s manipulation of host phenotypes, but in
either way they are the beyond-the-body part of expressions of the individual’s genotype
and they are based on the behaviour of the animal where the gene sits. Although there
have been only a few studies finding the link between genes and behaviour [219]–[221],
the concept has inspired several research fields [222].
Like conventional phenotypes, extended phenotypes show plasticity in response to
changes in the environment. Take spiders for example, studies have shown that they adapt
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the geometry of webs according to changes in prey factors [223]–[225], predator factors
[226], and other ecological factors such as wind, temperature, and humidity, etc. [227,
228]. Such plasticity in extended phenotypes incurs costs in a similar way as phenotypic
plasticity does [229], although it differs in that it is behaviour-based. These costs have
effects on an animal’s activities during its life span. Given the costs for plasticity in
extended phenotypes, we may wonder what the benefits are to an organism; however this
is much less known. An exception is the study of extended phenotypes as signals that
provide multilayered information on the animal’s abilities [222, 230].
The paper hypothesizes that plasticity in extended phenotypes may benefit the animal
by simplifying its motor control. For example, when spiders or beavers alter the morphology of webs or dams according to certain environmental cues for catching prey, they
may have simplified the foraging process in terms of reducing the motor control needed
for locomotion and catching. To prove the hypothesis, we take a synthetic approach and
use a reduced-order physical model of a robot, due to the challenge of experimenting with
animal’s motor control systems and quantifying plasticity in animal artefacts. The robot
is capable of constructing structures mimicking animals building extended phenotypes.
The structures can be varied by modifying preloaded programmes for construction and
are intended for pick-and-place various objects as adaptation to environmental changes.
Therefore, the robot maintains the same functions and processes to achieve plasticity
in extended phenotypes as an animal does, while it is much easier to be controlled for
experimental purposes.

2. A Reduced-Order Physical Model
Robots have been used to test hypothesis and validate mathematical models in locomotion
strategies [231]–[236], neural control [237]–[239] and behaviours [240, 241]. These models
are often reduced-ordered versions of the corresponding animals, but are close align to
the animal for the topic of investigation.
2.1 A Modified Robot Arm
Here we have modified a commercial robot arm and enabled it with automated handling
of source material thermoplastic adhesives (TPAs) to mimic animals using material in the
environment to construct artefacts. TPAs were chosen because they offer good plastic
and bonding properties that can be easily controlled thermally. A brief introduction of
TPAs may be found in Appendix A. The type of TPA used in our study (Pattex Hot Stick
Transparent, Henkel, Germany) is based on copolymer ethylene vinyl acetate, which is
the most common type of hot glue. It is provided in cylindrical sticks (cross-sectional
diameter 11.5 mm, length 204 mm). The TPA has a density of ρ=970 kg/m3 , a softening
point at 60-80 ◦ C and a melting temperature at 150-170 ◦ C.
As shown in Fig. 2, the 5-axis robot arm (R12 firefly, ST robotics, UK) is fixed on
a flat open ground, where it’s reaching range covers a horizontal workspace for structure
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Figure 2. (a) A commercial robotic arm was modified by adding a TPA Supplier and a
Thermal Connector (TC) and used as the physical model in the study. It is installed in front of a
space for artefact construction and a motor task space. Inset: a closer image of TC. It contains
a thin copper plate, a Peltier element, and a heat sink. By supplying electric current through
the power cable, the Peltier element can increase temperature of the copper plate, and a change
of polarity in electric current can induce decrease of temperature. (b) The robot after automatic
construction and integration of robotic artefacts (as shown in the dashed lined circle).

synthesis and a motor task space. The workspace is pre-coated with a thin layer of oily
spray for ease of detachment of built structures. The modification is at the end effector of
the robot arm, where two devices are added based on our previous development (Paper
I and V). One of the devices is called TPA Supplier and it controlled the deposition
of heated and melted TPA for building structures. The other device is called Thermal
Connector (TC) and it has a copper surface that can be heated and cooled to connect
and disconnect built structures. Further technical detail may be found in Appendix B
and Reference.

2.2 Structure Synthesis and Integration
To mimic animals constructing artefacts, the robot is enabled to automatically build
structures from TPAs. An additive method was used that is similar to Fused Filament
Fabrication (FFF) from rapid prototyping [242, 243]. With this method, various structures can be automatically constructed with the same robot arm by depositing fluidic
TPAs under preprogrammed but different nozzle trajectories. With a horizontal speed of
the nozzle at 1.5 mm/s, a bead width [244] of 1.5 mm can be obtained stably. A higher
speed will result in discontinuity in built structures, while a lower speed will make TPA
beads too thick to provide a fine structure.
The intrinsic adhesion of TPAs makes the integration much easier and more universal
(Part A), and this was not automatic using previous technologies where built structures
had to be manually assembled [86, 243], or alignment and interlocking mechanisms had
to be added to structures during construction [25].
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3. Experimental Methods
Experiments have been conducted where the robot model built different artefacts and
executed pick-and-place operations of various objects with a single trajectory. The rich
dynamics during physical interactions makes it a challenging task that usually requires
complex motion control of a large number of degrees-of-freedom for grasping.
3.1 Objects and Robotic Artefacts
Objects including liquid, solid granules and rigidly solid objects were used in the experiment to represent a significantly different change in the environment to an animal.
More specifically, water was chosen as the liquid, and in terms of solids, rice grains, an
irregularly shaped pebble, and a plastic box were used. 70 g water was filled into a
rectangular-shaped container with a top opening of approximately 45 mm × 60 mm and
a depth of 30 mm. Rice grains (0.018 g and ca. cross-sectional diameter 1 mm length 5
mm on average, and 140 g in total) were contained in a rectangular tray (filled volume
80 mm × 90 mm × 20 mm). The pebble is approximately 4.0 g with a size of approximately 8 mm × 15 mm × 20 mm at the most on each dimension. The plastic box is
approximately 6.6 g with a size of 30 mm × 30 mm × 85 mm.
Four predefined artefacts were built by the robot including three fingered grippers of
different sizes and a scoop. The trajectories of the nozzle for construction were preloaded
into the Matlab programme. The scoop consist of two parts, i.e. a cylindrical cup and
flat bar, which were assembled by the robot through supplying a given amount of TPA
between the two. The height of the cup was 30 mm while the opening diameter was 15
mm. The flat bar had a constant dimension (15 mm × 60 mm). The grippers consist of
only one part, which is a 3D structure by layering the 2D model in Fig. (a). The top bars
in all grippers were set to be shorter than 2 mm, so that they could be fully bonded with
Thermal Connector to assure their rigidity. The grippers had different finger dimensions
and initial angles so that openings of finger tips can accommodate solid objects of different
sizes. The dimensions of fingers in the grippers were 3 mm × 15 mm, 5 mm × 20 mm,
and 5 mm × 60 mm, and the thickness were 1.5 mm, 5 mm and 10 mm (corresponding
to grippers from the smallest opening to the largest with ID of 1 to 3). In the case of
Gripper 1, 10 fingers were used, and in the other two grippers, a rigid jaw was added to
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Figure 3. A predefined fixed trajectory of the end effector for pick-and-place of all objects
in a three-dimensional view. (1) Every pick-and-place experiment starts with the end-effector
of robot arm placed above the pick position, and move it down vertically. (2) After the downstroke, the end-effector moves back up vertically. (3) The end-effector is translated horizontally
to the location above the place position. (4) Over the place position, the end-effector is inclined
forward with a small rotation angle. (5) The end-effector is moved down vertically at the place
location. (6) While maintaining the lower vertical position, the robot arm shifts the end-effector
backward. (7 & 8) Finally the end-effector moves back up and goes back to the initial position.

the tip of each finger. Information about each end-effector can be found in Table 1. After
the construction of each structure, the robot automatically integrated them to Thermal
Connector through an open-loop heating and cooling process which took 140 seconds
(refer to Appendix B).
3.2 A Fixed Trajectory of Pick-and-Place
A single fixed trajectory was predefined for the robot to perform pick-and-place operations. More specifically, objects initially lay at a predefined location in the motor task
space. The robot arm picked and transported each object over a given horizontal distance
(200 mm) and then placed them at another predefined location in the motor task space.
As visualized in Fig. 3, the trajectory consists of eight segments. The first and second
segments are vertical down- and up-strokes along the x axis above the pick position.
These motion segments induced ’scooping’ of water from the container, and resulted in
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Figure 4. A mathematical model for pick-and-place with a passive fingered gripper. (a) A
two-dimensional passive gripper and its geometrical representation. The structure is assumed
to be symmetrical and massless. The top bar is assumed to be rigid. Pick-and-place with the
gripper can be described as a finite state machine with four states. Three of the four states are
(b) interaction before picking, (c) picking and (d) interaction before placing. The fourth state is
placing which is trivial. Forces on the gripper involved in each state are indicated: Fconn is the
connection force given by the bond with the Thermal Connector, Fn is the normal contact force
exerted by the rigid object, and Ft is the tangential contact force exerted by the object.

the interaction before picking for solid objects with grippers. After a translation motion
along the y axis (the third motion segment), the fourth motion segment contains a rotational motion. With the scoop containing water inside, this motion segment induces
’pouring’ of the water at the place position, whereas it gives no effect on solid objects.
Instead, the fifth and sixth motion segments let grippers to open the fingers as the interaction before placing and to release the transported objects at the place position when
they are pushed against the ground. In contrast, these motion segments do not give any
influence on the liquid. The last two segments move the robot back to the initial position
or to start a new repetition of pick-and-place. Execution of the entire trajectory took 18
seconds.
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Figure 5. Experiment results in pick-and-place of four objects with four robotic artefacts,
all under the same motor command shown in Figure 3. Water, pebble and plastic box could
be mostly only picked and placed by their corresponding extended phenotypes. Other artefacts
than gripper 1 happened to pick and place a very small amount of rice grains, which is probably
due to the un-modelled adhesion forces.

3.3 Evaluation and Analysis
The experiment consisted of a total of 480 runs for the four extended phenotypes, i.e.
scoop, gripper 1, gripper 2, and gripper 3. The robot repeated 30 runs for each combination of extended phenotypes and objects, and we collected quantitative data as follows for
performance evaluation: In the case of water, we measured the mass of the water transported and remained in the container at the place position. In the case of rice grains, we
counted the number of pieces that remained in the place position. And when the pebble
and the plastic box were transported, we simply counted the successful cases when the
object was at the place location in the end.
For analysis of the results, the process of pick-and-place using the fingered grippers
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Table 2. Measured Values of Fingered Grippers Holding the Three
Rigidly Solid Objects (ds =3 mm, E1 =10 MPa)

Gripper

object

µs

φ(0)p (rad)

→
−
Pc (mm)

θc p

1

rice grain

1.30

0.015

[11, -0.8]

4.5◦

2

pebble

0.45

0.019

[20.6, -3.75]

30.3◦

3

plastic box

0.75

0.017

[43, -19]

27.8◦

is modelled and experimental results are compared to the model. Further detail about
the mathematical model may be found in Appendix C. The maximal possible mass that
can be picked by each gripper for a given contour of the object and coefficient of friction
is analyzed. To measure the maximal mass in the experiment, metal blocks of various
known mass from 1 g to 20 g were added incrementally to the three solid objects after
they have been picked up and statically held until the grippers failed to hold. Specifically,
the metal blocks were attached to rice grain or pebble through a string of TPA, or they
were put inside the plastic box. In this way, the contour and the coefficient of friction for
each solid object could be maintained while the mass could be easily varied. Theoretical
values of maximal holding mass in the three cases with the three grippers were estimated
based on the model with the contact point, the contact angle, and the deflection of the
finger at the origin obtained from image analysis.

4. Results
The result of pick-and-place is shown in Fig. 5. Specifically, scoop transported an average
of 0.376 g of water with a standard deviation of 0.055 g; gripper 2 transported pebble
with a 90% success rate; and gripper 3 transported the plastic box with a 100% success
rate. In terms of rice grain, gripper 1 transported an average of 5.6 pieces of rice grains
with a standard deviation of 2.6 pieces. It can be seen from the result that water, pebble
and plastic box could be mostly only picked and placed by their corresponding extended
phenotypes. Other artefacts than gripper 1 also happened to pick and place a small
amount of rice grains. That is probably due to the un-modelled adhesion forces from e.g.
surface energy between TPAs and rice grains. Overall, the result suggests that with a
single fixed motor trajectory, variation in robotic artefacts could enable the robot arm to
pick and place qualitatively and dimensionally different objects.
Fig. 6 shows experimental result in the maximal mass of the three solid objects
that their pairing grippers could pick. Estimated values of the maximal mass from the
mathematical model are also plotted, which are based on measured values for deflection
and contact points as summarized in Table 2. It can be seen that, a maximal mass of
over 30 g have been achieved for the pebble and the plastic box, while for rice grain a
maximal mass of just under 5 g could be held. The matching between experimental and

151

Paper VI.

Plasticity in Extended Phenotypes Simplifies Motor Control

Figure 6. Analysis of experimental results related to the grippers in terms of maximal weight
of the three solid objects that were picked up. Estimated values are calculated from measured
deflection parameters (listed in Appendix C) based on the mathematical model (Appendix C).
The matching results show that the mathematical model explains the mechanism of pick-andplace with fingered gripper extended phenotypes.

estimated values in the analysis also shows that the mechanism of pick-and-place with
fingered gripper extended phenotypes can be explained by the mathematical model.

5. Discussion
The results show for the first time that one of the benefits of plasticity in extended
phenotypes could be simplification of motor control. This benefit is the result of the
organism’s construction behaviour and appropriate morphology to the environmental
condition. As briefly introduced, costs rise from being plastic. It is worth discussing about
the costs, because the effect at the evolutionary time scale depends on the outcome of
costs and benefits. As reviewed in [229], two main types of costs in phenotypic plasticity
are maintenance costs and production costs. Maintenance costs are energetic costs of
sensory or regulatory systems needed to detect environmental conditions, and production
costs are costs of constructing artefacts or manipulating hosts. The categorization may
be adopted by the case of plasticity in extended phenotypes. While the physical model
does not contain sensors and no data is available for maintenance costs, it may provide
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a method to quantify production costs for an organism to construct a new artefact.
The production costs can be seen as the product of average power consumption and the
time cost. The time depends on the size and complexity of a structure [245, 246]. In
the case of the robot, the size determines the total length of nozzle trajectories, and the
complexity determines the number of assembly that needs to be done between parts of the
structures. For animals, the time also includes that for getting the source material. The
outcome between the costs and benefit may be positive, since once constructed extended
phenotypes persist for prolonged periods without causing further costs.
One of the assumptions behind the hypothesis is that the morphology of extended
phenotypes off-loads some of the work by motor control. That requires the organism
to ’design’ artefacts that can function in such a way. In the case of the robot, this
could be realized with certain computational techniques. For animals, the behaviour of
adapting artefacts in response to environmental changes is through a learning process.
In the case of spiders, webs are created by sequences of stereotyped and highly directed
behaviour based on a very small number of construction rules [247], such as piloting by
local features or dead reckoning using path integration. During adaptation, it is very
likely that only a small set of parameters have to be tuned by the animal to change its
construction behaviour. This may explain why some organisms choose to rather build
different extended phenotypes instead of changing its motor control strategy in front of
environmental changes.
Besides its implication to biological study, the presented work may also shed lights on
designing so called morpho-functional machines [248]. The concept essentially designates
that, since functions such as locomotion, grasping, and reaching, are the results of physical
system-environment interactions, the shapes and their dynamic material properties are
as essential as the neuronal control of motions, and it is necessary to systematically
investigate the morphology in the context of adaptive behaviors [249]. Previously, multifunctionality in machines through morphological change has been demonstrated with
modular robotic systems, where wheeled and legged structures could be automatically
generated from the same set of robotic modules for locomotion on flat and terrain surfaces
[8]. The results prove that by building different structures from source material in the
similar way as animals building extended phenotypes, a robotic system can vary the
morphology of artefacts to realize morpho-functionality with simple motor control. The
demonstration of the new approach opens the possibility of further research topics, such
as identification of important material properties with other types of source material [88]
and improvement of design automation [86, 87], etc.

A. Thermoplastic Adhesives
As a mixture of polymer and other ingredients such as wax and resin, TPAs exhibit
universal adhesive bonding properties which are induced by temperature change (for a
review refer to [133]). TPAs have been proven accessible and economic in industries such
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as packaging, furniture, book binding, and aircraft and aerospace structural assemblies,
etc. They have also been used in robotics and automation to handle small-sized parts at
the sub-millimetre scale [124, 126, 128, 144] as well as in robotic climbing (Part B).
Besides thermal bonding properties, TPAs also show temperature-related rheological
properties [142, 143]. They are solid at room temperature with storage modulus and
tensile strength both over 10 MPa, and they generally melt into low-viscosity liquid above
150 ◦ C. These properties of TPAs are suitable for structure formation, although it has
never been shown before. Detailed properties of TPAs vary between different industrial
providers using various ingredients, but the phase transition is always bi-directional and
repeatable. The type of TPA used in our study (Pattex Hot Stick Transparent, Henkel,
Germany) is based on copolymer ethylene vinyl acetate, which is the most common type
of hot glue. It is provided in cylindrical sticks (cross-sectional diameter 11.5 mm length
204 mm). The TPA has a density of ρ=970 kg/m3 , a softening point at 80-90 ◦ C and a
melting temperature at 150-170 ◦ C.

B. Detailed Description of the Robot
Our modification adds a TPA deposition device i.e. TPA Supplier on the robot arm.
The device heats a solid TPA stick to be fluidic and pushes it through a nozzle with
a position-controlled servomotor. With a power consumption of 15 W, the device can
maintain the temperature of the TPA at 150 ◦ C. Further detail about the device can be
found in Part A.
The robot contains a simple device Thermal Connector (TC) that can control the
temperature of its surface. It has several layers, in which a Peltier element (TEC1-01703,
Centenary Materials, China) plays the central role. A thin flat copper plate (20 mm × 20
mm) is used to protect the vulnerable Peltier element while transferring heat with a high
conductivity. By regulating the electric current to the element, the copper plate is capable
of connecting to structures made from TPAs by firstly heating and softening TPAs on
the surface, and subsequently cooling to form adhesive bonding. Thermal Connector
is capable of repeatedly and continuously increasing and decreasing the temperature
between 40 ◦ C and 65 ◦ C in 35 seconds and 105 seconds respectively. Temperatures
outside this range may also be reached if heat dissipation is properly managed.
The robot is position-controlled based on the positions of either the nozzle or Thermal
Connector in the Cartesian coordinate system. A Matlab script running on a desktop PC
sends the predefined commands to the controller box of the robot arm, and the controller
computes joint angles from inverse kinematics with a time interval of 20 ms. Heating
and cooling in TPA Supplier and Thermal Connector are controlled through a microcontroller (Duemilanove, Arduino, Italy) through relays. More specifically, a relay is
used to control the heater of TPA Supplier based on feedback from a temperature sensor
(CON-TS-NTC, Hygrosens, Germany) mounted near the nozzle. Two more relays are

154

C.

Pick-and-Place Modelling with a 2D Passive Gripper

used to control ON/OFF and direction of the electric current through the Peltier element
in Thermal Connector in an open-loop manner.

C. Pick-and-Place Modelling with a 2D Passive Gripper
A passive fingered gripper can pick and place rigid objects because its compliance enables
deformation during physical interactions. To pick an object, the gripper can be opened
by force insertion from the object, and closure may be achieved by force closure from
friction and retraction. To place an object, the passive gripper must re-open, and that
could be done either by fixing the object in the environment or with force insertion from
the environment. Therefore, pick-and-place with a passive gripper can be, in the simplest
form, described as a finite state machine with four states. As formulated in [250], there
are two states of different physical interactions before the state of picking and the state
of placing.
Here we use a quasi-static 2D model to explain the opening and closure of a passive
gripper. The model is based on the contact model developed in [251]. As illustrated in
Fig. 4a, the gripper has two fingers that are symmetrically connected to a horizontal rigid
bar on the top. Each finger has a length of l1 and a width of w1 , and the top horizontal
bar has a length of l2 and a width of w2 . It is assumed that the third dimension of the
gripper is homogeneous and has the same thickness (denoted as t) everywhere. The angle
between the initial neutral axis of the finger and the bar is φo +π/2. It is assumed that
the structure is massless. Fig. 4 illustrates three of the four states without the fourth
state of placing. The positive direction of x axis indicates the approaching direction of
the gripper towards the rigid object. Below the state of picking (Figure 4c) is modelled.
Given a certain relative position between the gripper and the object, the contact point
→
−
can be assumed the same and it is denoted as Pc . Therefore the maximal weight of the
objects that may be picked in that position can be determined. By assuming the angle
of rotation at point O during picking is φ(0)p , since the top bar is rigid, the contact force
during picking can be obtained from:
E1 I1

→
→
− −
φ(0)p − φ0
= − Pc × F p
ds

(1)

where E1 is Young’s modulus of the material of the finger, I1 = (tw1 3 )/l2 is the second
→
−
moment of area of the finger, Pc =[xc ,yc ]T is the location vector from O to the contact
−
→ −→ −→
point, and F p =Fn p +Ft p =[Fnx p , Fny p ]T + [Ftx p , Fty p ]T is the contact force vector during
picking and it consists of a normal vector and a tangential vector. As Fig. 4c illustrates,
while the direction of the normal contact force maintains, the direction of the tangential
force reverses, and it holds that
2Ftx p = −(Fconn + 2Fnx p ) = −(W + 2Fnx p )

(2)
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In order for the object to be static with respect to the gripper, Ft p ≤ µs Fn p where µs is
the coefficient of static friction between the material of the finger and the material of the
rigid object. Therefore, the maximal weight of the object is
Wmax = −2(Ftx p + Fnx p ) = −2(µs Fn p cosθc p + Fn p sinθc p )

(3)

where θc p is the contact
q p 2angle of the finger (angle at the contact point) with respect to x
|F |
axis, and |Fn p | = 1+µ
2 . Eq. (3) indicates the maximal weight that can be picked and
s
held is determined by the deflection of the fingers at the origin O, the contact angle and
the coefficient of static friction, assuming the same modulus and geometrical parameters.
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