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Abstract

Soft robots are constructed of materials which absorb energy and therefore do not harm
people or their environments. Indeed, it is possible that soft elastomer foams may be the best
choice for constructing such a robot because the thin walled lattice that makes up the foam endows
the elastomer with a far greater softness than that of a bulk polymer. Robots whose main structural
components are made from elastomeric foams are under-explored. Several key concepts for
design, manufacturing and control of foam robots are examined in this work and demonstrated by
two motor-tendon actuated polyurethane foam terrestrial robots.

A method of design is introduced in order to create a robust robot platform that can change
shape, by compressing and folding in multiple dimensions, allowing for complex behaviors (e.g.
locomotion) with a minimal number of actuators. Motor-tendon actuators are integrated into the
foam body of the robot in a manner inspired by vertebrate tendons and ligaments. By matching of
like materials, implementing material gradients between hard and soft materials, and proper
lubrication of moving parts, wear of the foam body is virtually eliminated. The robot produced
with this method operated for more than 425 cycles without noticeable wear or failure.

Two robot examples are cast from inexpensive, light, and easily compressible polyurethane
foam, offering deformations greater than 70%. ‘Hard’ components, such as motors, are sutured
into cavities to facilitate the construction process and reduce interaction with the soft body. The
manufacturing method produces a highly deformable robotic platform that is used to evaluate
factors that affect locomotion including interaction with the environment, material selection,

structural design, and control methodologies. One of the example robots is constructed from a



rectangular foam slab and driven by two motor-tendon actuators. Using open loop control, this
robot was capable of complex behaviors such as forward crawling at 2.6 body lengths per minute,
turning at approximately 9 degrees per second, and end over end flipping.

The second foam robot example demonstrates a method for control of crawling soft
terrestrial robots undergoing 1D, quasi-static locomotion. Using dynamic weight redistribution at
two ground interaction points to control friction, 1D locomotion is achieved even in the presence
of an uncertain friction coefficient at the ground/robot interface. This robot crawls in one
dimension at about 10 body lengths per minute. The locomotion control scheme is demonstrated
by capturing quantitative dynamics of a motor-tendon driven, terrestrial, foam-bodied robotic
platform using a 5-camera Vicon system. To achieve robust locomotion, detailed knowledge of
the foam mechanical properties and precise knowledge of the surface properties are not required.
This is because friction at the ground/body interface dominates the locomotion and is controlled
by modulating the normal force at these contact points in phase with the extension and compression
of the robot’s soft foam body. The Vicon data shows that if the ratio of normal forces at the two
contact points switches between 0.5 and 1.7 during the locomotion gait cycle the robot crawls
forward. If the ratio switches between 0.5 and 0.8, total distance traveled drops by 80% and
variability of locomotion increases by about 50% because the robot tends to slip and not make
forward progress. Therefore, it is determined that a ratio of normal forces that significantly crosses

1 during the gait cycle is required for robust terrestrial locomotion.
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Chapter 1
Introduction

Robots that can safely and effectively interact with humans and natural environments are
needed for applications such as disaster relief, search and rescue, structure inspection, surveillance,
medical applications, and environmental monitoring, or remediation. Specific applications that
can take advantage of soft foams include tasks that require a light touch such as fruit picking [1-
3], medical patient care [4], and inspection of fragile structures [5]. Imagine inspection of a
delicate antenna on the exterior of a vessel in space, or autonomous harvesting of strawberries
without crushing them, or moving an injured person who cannot move on their own. Conventional
(hard) robots are not well suited for applications such as these because of the tendency of hard
components to damage softer and more fragile structures [6, 7]. Moreover, the field of ‘Soft
Robotics’ presumes that the interaction between conventional robots and fragile things, like griping
lightbulbs or fruit [8], is a challenging problem that can be simplified by using soft and compliant
materials and mechanisms [9-13].

An approach to creating such a robot is outlined in Figure 1 where the selection of
materials, actuators, and control circuits should facilitate variation in morphology and
configuration. A solution for shape/dimension change, friction manipulation, soft actuation and
flexible electronics is required to create a self-contained research platform. Therefore, material
and actuator selection, design rules, manufacturing method, and control scheme are presented in

this work to facilitate the development of soft foam robots.
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1.1 What makes a soft robot?

Some important characteristics of robots include robustness, low impact forces, and the
ability to negotiate unstructured environments. One strategy towards accomplishing these goals
is to build the robots and mechanisms using soft and flexible materials. This is what we refer to
as a ‘soft robot’ and we will discuss these features in more detail in this work. This can make
robots much more approachable, safe for human physical interaction, and less likely to damage
fragile environments [1, 2]. To this end, foam robots are being developed by various groups [3-6].
The soft and compressible nature of foam allows the robot to adapt to uncertainties in the
environment by conforming to macroscopic surface features while applying low stresses on the
environment.

While hard robots are deliberate in their actions, a soft robot can absorb uncertainties in its
environment. The effects of uneven terrain, unknown friction characteristics, or sudden impacts
are reduced by the energy absorbing and conformability of soft materials. However, because of
these very abilities, most terrestrial soft robots are relatively slow moving and maintain a large
contact area with the substrate. Instead of relying on carried momentum from step to step,
locomotion is generated by appropriately varying the location of friction exerted on the substrate
(i.e. minimizing the forces at one end while maximizing them at the other) [14]. From a design
and control perspective this is particularly interesting because soft materials can conform to surface
asperities and deform to affect friction in complex ways [15, 16]. Robotic platforms produced by
this process will be helpful to experimentally study advanced control of complex behaviors of soft
robots that safely interact with their environment. A soft foam robot would greatly facilitate work

in dangerous environments, or interaction with fragile structures.



1.2 How do we define a soft material?

Before we begin discussing soft robot design and manufacturing, we must establish a
definition of the word ‘soft” as it applies to this work. The following is a letter I wrote, in
collaboration with Vishesh Vikas, Eliad Cohen, and Robert D. White, to the editor, Barry A.
Trimmer, of the journal Soft Robotics in 2017 [6]. In this letter we address the idea that ‘softness’
is not purely an intensive physical property of a material, but instead is an extensive property

related to the human experience.

A definition of Soft Materials for the Use in the Design of Robots

Dear Editor:

The field of soft robotics is concerned with the use of soft materials for new applications
in robotics. But what do we mean when we say “soft”? When assigning a label to anything, it is
helpful if that label gave descriptive information about that particular object; that is, the name
should give us information about the function of the object and how it is unique and differs from
other objects. In the case of Soft Materials, the term “soft” can mean different things in different
contexts. For example, the journal Nature, when categorizing papers, uses the definition: “Soft
materials are materials that can be easily deformed by thermal stresses or thermal fluctuations at
about room temperature” [17]. The National Institute of Standards and Technology (NIST), when
describing the measurement techniques of properties of soft materials, defines soft materials as
“primarily organic, amorphous, and ... highly viscous fluids” [18]. Generally, however, the
common use of the word “soft” can refer broadly to the characteristics of any type material as it
undergoes large deformation. Conversely, when we say “hardness” we are referring to the ability

of a material to resist permanent deformation [19]. When we refer to materials as being either
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“soft” or “hard” we compare them to other similar materials over a limited range of applied stress
regardless of their crystal structures, glass transition temperatures, internal energies, or molecular
compositions. That is, when the hardness tester drives an indenter into carbon steel we see that it
is soft in comparison to sapphire, but they are both very hard in comparison to wood or gelatin.
So, the terms “soft” and “hard” appear relatively well defined when comparing similar materials,
but a more global definition for “soft materials” is needed for an unambiguous discussion of soft
robots.

The distinction between the physical “soft matter” and the engineering “soft material” is
important.  Engineering materials are the result of chemistry, processing and resulting
microstructure. Matter is only the result of chemistry. A physical definition of soft matter is when
the inter-molecular kinetic energy is close to kT (i.e. at room temperature) [20]. This means that
there is sufficient thermal energy in the environment to easily break and reform bonds in the
material. However, an engineering material cannot be described so simply because it is often a
composite structure that is processed from matter into a form that can be used in the design of a
product. A good example of this distinction is glass. Silica is the matter that forms glass and it is
not considered soft matter. Indeed, in pure form, as an engineering material, it is hard and brittle
when cast into sheet or bar form. However, encased in an elastomer matrix, glass fibers provide
strength and rigidity in a new composite material which could be considered soft.

The softness of this composite is only possible because softness is a bulk, extensive
property of materials. Consider a thin film of our glass-fiber/elastomer composite as it undergoes
deformation in six degrees of freedom. When a stress is applied in the in plane orthogonal
directions ox and oy there is some deformation. The same stress in the out-of-plane direction o,

will produce a comparably small deformation. If we bend the film about the x and y axes we see



considerable deflection, but about the z-axis there is very little deformation before buckling and
cracking of the fibers occurs. By contrast, with a volume dxdydz where dx = dy = dz, stresses
applied in all three directions (x,y and z) results in deformations of the same order of magnitude if
the fibers are arranged randomly. If the fibers are oriented in a particular direction, they add
rigidity in that direction. A similar example can be extrapolated to metamaterials where, even
though the intensive mechanical properties of the materials may show high resistance to
deformation (high modulus), the material structure formed may be very soft due to low stiffness
provided by the lattice structure [21].

Part of this issue is that we need to move the description of engineering materials away
from terms originally developed for metals. Flexible, rigid, tough, and hard. These words are
relative to a set of macroscopically homogeneous materials, usually found in the form of billets,
like metals. The anisotropic glass-reinforced elastomer in the above example can be flexible in
certain directions and rigid in others because of its extensive properties. These properties can
sometimes contribute to our common language definition of “soft” because of our human
experience with the material. If the range of applied stress is in the range of the forces exerted by
the human hand, and the resulting deformations are readily perceptible and of the order of the
deformations of our sensory organs (e.g. our skin), the material will appear soft to us. This notion
aids our design of soft robots because we want the robot to be safe around humans in any level of
interaction (e.g. working alongside or use in surgery). An alternative, but related, definition might
be to extend this idea to consider a structure soft if the stresses typically imposed by the
environment create similar or greater deformations in the structure than the environment. This
would require the material to be softer than the environment it is interacting with and would not

necessarily limit the designer to a small set of matter and engineering materials. Now our soft



robot will conform to the environment, be robust and impact resistant. Knowing this, let us define
“soft materials” concisely: 4 bulk or composite collection of matter that undergoes deformations
of similar or greater magnitude than the deformation of the environment, either plastically or
elastically, within the force regime applied by its environment. This way, we can include materials
like foams, steel wool in a sock, water in a bag and other creative materials for building our soft

robots.

1.3 Contribution to the Field

This work is the first demonstration of a soft open-cell foam robot, driven by motor-tendon
actuators, capable of robust terrestrial locomotion by means of varying the normal force at ground
contact points using a dynamic weight redistribution control scheme. A methodology for design,
manufacturing, and control of soft foam robots, is presented, which contributes to the field of soft
robotics by culminating in a novel robotic platform made from polyurethane foam and driven by
bio-inspired motor tendon actuators. The platform possesses the desirable characteristics of a soft
robot in that it: 1) conforms its bodies to the environment, rather than deforming the environment,
2) changes shape in multiple dimensions, and 3) exhibits complex behaviors, such as gaits for
locomotion. These characteristics offer many opportunities for automatic and adaptive control
strategies, such as those seen in [22, 23].

The robotic platform described in this work showcases the use of open-cell, soft, elastomer
foams as a structural material for building soft robots. These types of foam possesses the properties
desired of soft robots by conforming rather than deforming the environment, and changing shape
in multiple dimensions to create complex behaviors. As a result of using this material, the robot

is capable of crawling, turning, flipping, and other complex behaviors. These behaviors area result
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of the inherent properties of the foam and allows for the replacement of typical robot mechanisms
such as hinges, dampers, or springs because the robot naturally folds, compresses, buckles, and
rebounds.

The polyurethane foam body has a tendency to tear at high stress concentrations.
Therefore, a tendon design methodology for reducing damage and wear was inspired by vertebrate
biology and implemented in the platform by the following notions: 1) Multi-stranded tendons
lower contact stresses. 2) Ligament-like structures control the tendon. 3) Matching of material
hardness at contact points, along with lubrication, decreases wear. 4) Material gradients at the
boundaries between components increases strength, especially at the tendon anchor and ligament
connections. A design strategy is presented in this work to facilitate implementing the bioinspired
tendon design into the soft foam body of the robot. Tendon configurations, body shapes, and
configurations for the final assembly are explored.

A control strategy for terrestrial locomotion that takes advantage of the compressible foam
body and tendon design is also explored. By redistributing the weight of the robot in phase with
locomotion gaits, robust locomotion is achieved without 1) model of the properties of the foam, 2)
a model internal mechanics of the robot body, and 3) knowledge of the coefficient of friction at
the robot/ground interface. By assuming configurations with two ground interaction points by
means of quasi-static motion, the robot’s structure can be assumed to be statically determinant.
Thus, the differential friction, which drives locomotion, at the two contact points can be controlled
by means of switching the magnitude of the reaction forces at those points.

By following the design and manufacturing rules, and control scheme described in this
work, a terrestrial robot was produced that moves over untreated flat surfaces (stainless steel and

rubber) with unknown friction coefficients. Crawling is reported to be up to 2.6 body lengths per



minute and turning was demonstrated at 9 degrees per second. As designers of this type of soft
robot, we make sure to preserve, and leverage, the properties of the foam and to create interesting
and useful devices. Ensuring that the body of the robot remains compressible and easily

deformable is paramount to the notion of a soft robot.

The claimed original contributions of this dissertation are:

e A first demonstration of an open-cell foam soft robot capable of locomotion. This robot
achieves 2.6 body lengths per minute locomotion speed.

e A first demonstration of a multi-stranded, bio-inspired tendon with reinforced ligament-
like pass-throughs, and lubrication for force distribution in a soft robot. Throughout all of
the testing, operation of more than 425 gait cycles produces no observable wear or damage.

e A first demonstration of a dynamic weight redistribution control method for forward
crawling of a soft robot. The robot achieves 10 body lengths per minute if relative frictional

force at the two ends has a switchable ratio of 0.5 to 1.7.

1.4 Dissertation Overview

There is currently very little published knowledge about how to build and operate this type
of foam robot. And so, in Chapter 2, the reader will be introduced to the state of the art in soft
robotics and, more specifically, soft foam robots. Relevant theory on foams and how they are
produced is presented in this chapter. In addition, an introduction on friction and how it can be
leveraged for soft robot locomotion control is also included.

A methodology for designing soft foam robots is presented in Chapter 3. Using biology of



vertebrates as inspiration for a tough mechanical system, actuator placement and tendon routing
are explained. Most importantly, a design philosophy that leverages this mechanical system to
handle uncertainties in the environment and robust locomotion is also presented. This philosophy
is combined with a control scheme involving differential friction in a novel way for locomotion
control.

The manufacturing method for producing a soft foam robot is presented in Chapter 4.
Motor tendon actuators are combined with a foam body by casting a superstructure and attaching
components. The control method is applied to this robot and experimental methods and results are

presented in Chapter 5.
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Chapter 2
Background

This work is strongly influenced by two ideas: (1) Using polymer foam as a
structural material for building soft terrestrial robots and (2) a differential friction model for
locomotion, which uses switching normal forces to create a stick/slip behavior.

Foam is particularly interesting as a structural component because it can be made from a
wide variety of materials with different stiffness and extensibility, but are otherwise solid. When
made into foam these materials acquire new mechanical properties, such as compressibility, that
can be exploited in soft robot design [24-27]. For example, a foam robot could change its shape
dramatically, move through narrow spaces or holes, and then reform into its original shape without
active inflation. Because foam is structurally soft it is unlikely to damage its surroundings and a
foam robot can be deformed using low force actuators which make its interaction with the
environment safe. Indeed, one definition of a soft robot is that, during normal operation, it will
deform in response to applied forces rather than deform the environment [6]. Soft elastomeric
foams also have the ability conform to surface contours and macroscopic asperities, providing
interesting friction effects on locomotion [15].

Leveraging the conformal nature of the foam and applying differential friction at the
contact surface, soft foam robots are capable of quasi-static terrestrial locomotion. This is achieved
by switching the normal force via weight redistribution at two ground contact points. Robust

locomotion can be achieved even though detailed knowledge of the foam mechanical properties is
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not known, as friction at the ground/body interface dominates the locomotion. Indeed, friction can
be well controlled using dynamic weight redistribution without precise knowledge of the surface
properties. This scheme is described in this chapter and applied to a soft foam platform in

subsequent chapters.

2.1 Whatis foam?

Soft materials, like those elastomers typically used in soft robots, are made even softer by
foaming. Foam is a colloquial term for a three-dimensional lattice of cells (cellular solid) formed
by releasing gas and vapor at the appropriate time during manufacturing. Leavened bread is a
good example of a foaming process. Yeast inside the dough produces carbon dioxide gas forming
bubbles. When the dough is baked into bread, the crosslinks are formed between dough molecules,
thus hardening and forming a three-dimensional lattice of cells filled with air. Similar processes
can be used to foam almost any material where gasses are introduced (typically by a chemical
foaming agent) when a material, such as a polymer, is in a liquid state before solidifying. For
example, the polyurethane foam used in this work is produced by a condensation reaction that
produces gasses and water vapor to blow bubbles within the elastomer.

There are some materials in the literature that resemble foams such as 3D printed cellular
structures [28], or porous silicones [27, 29]. These are not foams because they are not produced
with a foaming agent that blows the cells. However, the resulting cellular structures produced by
these methods have similar properties.

A single cell from a foam can be represented, in its simplest form, as the cubic structure

shown in Figure 2. As load is applied the material response is linear-elastic and high modulus for
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very small displacements, but over a certain load threshold the cell begins to buckle as illustrated
in Figure 2B. The material then enters a low modulus linearly elastic regime. After the cell walls
fully buckle, the material becomes denser as it is compressed. (This is known as densification.)
We see each stage of compression illustrated in Figure 3.

Low density, open-cell foams deform by cell wall bending for small displacements. At
higher strains, the cell walls begin to buckle forming the large plateau region shown in Figure 3.
As the relative density (the ratio between cell density p* and polymer density p;) increases the
contribution of the cell wall mechanics dominates the deformation (p*/ps > 0.1) [30] . The linear-
elastic response of an open cell is a function of the bending modulus of the horizontal members,
the elastic modulus of the vertical members, and the viscous stresses of the flowing fluid between

cells:

Ean = T (cell wall bending modulus)
+9 (cell wall axial modulus) @2.1.1)
+h (viscous fluid flow bewteen cells)
However, only if the strain rate is very high does fluid flow through the open cells contribute to
the elastic modulus [30]. In this work, we use slow, quasi-static, motions which allow us to assume

that the material is strain-rate independent.
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Figure 2: A cubic model for a single cell in an open-cell foam. The edge length | and thickness

of the edge t are shown; however these parameters may vary slightly throughout the bulk. A

shows the undeformed cell and B shows the deformed cell after a load F is applied. This figure

was taken from the text “Cellular Solids” by Gibson and Ashby, 1999 [30].
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Figure 3: A typical quasi-static stress-strain curve for open-cell elastomeric foams [30-35].
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2.2 Using foam as a material for building robots

The first instances of the use of foamed elastomers in robotics occur in the late 1980s and
early 1990s as part of the construction of soft and compliant skins for traditional robots [8, 36-51].
Foam padding was, and still is, used to cushion delicate parts and protect people from the hard,
non-compliant robot. The fear of robots hurting people, or damaging their environment has been
a recurring theme in robotics and possibly birthed the soft robotics movement. Throughout this
period, force sensing ability was added to the skin in order for the robot to ‘feel’ the environment
[52-64]. To accomplish this, a foamed polymer is sandwiched between conductive films enabling
the detection of pressure applied to the skin, thus leading toward an even safer robot. In addition,
foamed polymers have been used in the creation of soft actuators [65-68], soft grippers [8, 69-71],
and compliant feet [72-76].

The intention of incorporating foam into robots in this manner, not only makes them safer
around people, but more compliant in their environment. However, the use of foam to make
structural elements in robots, and eliminate the hard components, is not well explored. Many
research groups that have incorporated polymer foams to replace structural elements have used
rigid foams. Rigid foams work well for replacing traditional structural elements when buoyancy
[68, 77-81], or weight [82, 83] are held paramount. This is useful when designing robots in the
sense of ridged system kinematics, but the drawback is reduced softness and compliance of the
structure.

There are a handful of research groups who have built devices around the theme of soft
robotics whose main structural material is elastomeric foam. Only a few of them can be considered

robots (Table 1, Figure 4) and of those only three locomote. Those listed in Table 2 and Figure 5
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are a variety of soft foam robot components, such as actuators and pumps.

Figure 5E depicts a "tunable-stiffness" mechanism made from open-cell polyurethane foam
coated with wax developed by Cheng et al. [28]. The wax is softened with a heating element, the
foam structure is deformed, and then the wax is cooled. The solid wax then holds the deformed
shape rather than springing back like uncoated foam. The authors determine that this mechanism
is capable of volumetric and shape change, which can hold new configurations and regain its
original shape when actuated. A larger cellular material was also made from a wax coated scaffold.
However, this was 3-D printed and not directly comparable to the idea of using elastomeric foam
presented in this work.

Similar foam bending mechanisms were developed by the research group at Cornell
University [27, 29, 84]. Their Fluid Elastomer Actuator (EFA) was made from cellular silicone.
The structure is encapsulated with PDMS to create a sealed unit that can be filled with air. When
air is pumped into the lattice, the structure deforms. The authors demonstrate that the deformation
is sufficient to be used as an actuator and several devices were constructed. These include bending
actuators as well as a fluid pump (Figure 5G-H). In addition, the authors filled the open-cell
network with a room temperature eutectic metal alloy (Figure 5F). This works similarly to the
device developed by Cheng et al. By heating the alloy, to melt it, bending the structure, and
allowing the metal to solidify into the new shape.

The first foam robot example in the literature is from 2006, out of the Robotics Institute at
Carnegie Melon. Michalowski et al. produced Roillo (Figure 4D) [85], whose body was
completely made of soft foam, and designed to be a social platform for investigating design of
nonverbal behaviors in robots, particularly, for experiments on motion and gesturing for

communication with children. The robot is constructed of a soft foam body, driven by motor-
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tendons, and can move with many degrees of freedom exhibiting "interesting behaviors." The
machine was fixed to a table and, when actuated, could gesture and move in place. This is an
excellent example of the use of polymer foam in robotics. The authors report that this design
facilitates human-machine interaction, with its robust foam body, by being difficult to damage, or
hurt the children that play with it. While exhibiting the features of soft foam robots, which make
it extremely safe around humans, this machine does not locomote or possess a particular control
scheme.

Figure 4A shows an image of a completely soft mobile robot made from silicone foam, and
developed by the Creative Machines Lab at Columbia University [25, 26]. The different colored
bricks in the picture are a combination of open and closed cell foams that were organized by an
automatic evolution algorithm. The algorithm arranges the blocks of foam to produce forward
stepping locomotion by changes in the volume of individual blocks, or voxels. Changing the
atmospheric pressure results in differential stiffness within the robot propelling it forward. The
open cell foam remains static and closed cell foam changes volume with changes in ambient air
pressure. By placing voxels of material in the appropriate way, forward locomotion was observed
with a "scooting" gait. However, it is unclear as to what physical mechanism drives the forward
locomotion.

Another terrestrial soft foam platform is InchBot-III, introduced by the Neuromechanics
and Biomimetic Devices Lab at Tufts University in 2012 [86]. InchBot-III (Figure 4B) is a
platform for exploring dynamic locomotion gaits similar to that of caterpillars and inchworms.
Silicone was foamed by introducing ethyl alcohol during the casting of the robot body. SMA
actuators drive bending behaviors which change the friction coefficient at the ground interface.

The friction mechanism that propels the robot is claimed to be a result of a combination of
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unidirectional friction elements and weight transfer, however this was not explored in detail and
remains unclear.

Also, in collaboration with the Neuromechanics and Biomimetic Devices Lab, a group
from the IGERT Soft Material Robotics program at Tufts University developed a terrestrial soft
robot in 2017 [87]. This robot (Figure 4C) is claimed to be a "caterpillar-inspired soft robot” with
an open-cell polyurethane foam body driven by motor-tendon actuators. The two ends of the foam
body are capped with hard ABS caps which the actuators pull on to produce inching locomotion.
Therefore, the foam body acts as a spring between these caps restoring them to their original
position after tension in the tendons is released. Locomotion is driven by differential friction
between the two end caps with a unidirectional roller on the bottom of each cap that only rolls
forward. The effective friction at the ends of the robot changes from sliding to rolling as the robot
contracts and extends.

This robot relies on the hard end caps to serve as anchor points for its tendons and stable
features for interaction with the ground. This was implemented because, in the early revisions of
the robot, the tendons would cut the foam body during actuation. The use of foam in this example
is not fully explored because successful contraction and deformation of the body of the robot relies
on cut-outs and specifically fabricated shapes. Having the performance of the robot depend on
hard features, like these endcaps, defeats the notion of using an intrinsically compressible material
like foam.

What is missing? A completely soft foam robot platform for exploration of design,
locomotion schemes, and control. Requirements for this platform include: a completely soft foam
body; reliable actuation that does not interfere with the ‘softness’ of the robot; and a robust control

scheme that does not rely on specific knowledge of the interaction with the environment.
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Table 1: Soft foam robots in the literature.

‘\ 1lelon
Figure 4: Robots manufactured from soft elastomeric foam in the literature.

A) [85] B)[86] C)[87] D) [85]

it ; Locomotion
Citation Affiliation Date Mz(t):ryal Faﬁl;;%a;éon Actuator % Speed
! e (body lengths/ sec.)
. . Unknown
Robotics Institute unknown Motor-
[85] Carnegie Mellon 2006 soft foam (presu_mably tendon None 0
casting)
Creative Machines Silicone Laser cut Material
[25] Lab 2011 from sheets [Volumetric| . =~ = 0.004
. . foam distribution
Columbia University and glued
N(_euro_mec_hamcs.and - . Shape- Differential
Biomimetic Devices Silicone Casting and -
[86] 2012 - memory friction not reported
Lab foam over-molding allo coefficient
Tufts University y
IGERT Soft Material Polyurethane [ Casting and Motor- Unidirectional
[87] Robotics 2017 | foamand additive tendon friction 0.052
Tufts University ABS manufacturing coefficient
. . Dynamic
This Tufts University | 2018 Polyurethane Casting and Motor- weight 0.020*
work foam suturing tendon distribution

* The speed of the robot depends on the rate at the motor is run and the stride length. The robot was not optimized
for speed and, presumably, could travel faster. However, the figure shown here is comparable to the speed of other
soft foam robots.
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Figure 5: Devices manufactured from soft elastomeric foam.

Table 2: Other soft foam devices in the literature.

E) [28] F) [29] G) [27] H) [84]

Citation Affiliation Date | Body Material [Fabrication method| Actuator | Function
Max Plank Institute . .
[28] Stony Brook University 2014 Wax encapsulated Casting ar_1d Manual L(_)c!qng
MIT polyurethane foam|  encapsulation joint
[27] Cornell University 2015 | Cellular PDMS Lost-salt casting and Pneumatic ch!qng
encapsulation joint
Lost-salt casting, Prototvpin
[29] Cornell University 2016 | Cellular PDMS filling and Manual typ g
- material
encapsulation
Cornell University .
Micro-Robotics Institute Lost-salt casting and ﬁig?'g%a
[84] IT@SSSA 2016 | Cellular PDMS enca sulatic?n Pneumatic ur,n
Bio Robotics Institute @ P acr'zuat(r))rs
SSSA
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2.3 The Motor-Tendon Actuator

Many soft robots are pneumatically actuated [88], which requires them to be built from
airtight elastic materials operating in tension [89-91]. Other soft devices are actuated by active
materials such as shape-memory alloys [92, 93] and electroactive polymers [94] that do not need
to inflate and can be constructed from a variety of deformable materials and composites. Despite
the versatility of active materials, they have not gained wide acceptance in robot applications
because of limitations in performance, durability or ease of control [95]. Some of the limitations
of pneumatic and active material actuators can be overcome using tendon systems coupled to
electric motors. Although primarily used in fixed-base manipulators [96, 97], some tendon driven
soft mobile robots have been developed [98]. In addition to their superior mechanical performance
a major advantage of motor-tendons is that they can be attached to almost any material. Here we
report on the design, fabrication, control and testing of motor-tendon robots fabricated using
polymer foams. These robots can serve as platforms for exploring locomotion strategies, ground
interaction dynamics, and control algorithms for soft compressible robots.

Motor tendon actuators apply a compressive load to the foam creating the desired bending
and buckling behaviors. Foams are not particularly strong in tension and collapse and buckle when
compressed. Tension based actuation (e.g. muscle and tendon) is the primary mechanism for
producing animal movements and the development of whole body tension is used by some soft
animals and robots as a strategy for crawling without compromising deformability [86, 98-102].
Similarly, tension is used to actuate the robot and compress the foam. It should be noted that
tension can be driven by a variety of other actuators (e.g. shape memory alloy, electro-active

polymers, artificial or lab-grown muscle) and not just by electric motors. We have chosen motor-
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tendons because they provide powerful, fast and efficient actuation to obtain the desired behaviors.

The main compressive forces are transferred to the foam body of the robot by means of the
tendon. Indeed, any actuator may be used to generate this force. The tendon, however is a good
choice for compressible robot actuation because it is flexible and conformable. In addition, when
the foam is compressed by external forces the tendon remains slack and does not interfere with
deformations. As it stands now, the electric DC motor is, most likely, the preferred method of
actuation because it is low voltage and high efficiency. In the future, perhaps, the motor could be

replaced with a soft actuator such as artificial muscle.

2.4 Polyurethane Foam — The material of choice

For the foam robots developed in this work, the elastomer of choice is polyurethane
because of its high strength, high toughness, and low cost in comparison to other elastomers. (See
Appendix A.) While polyurethane presents a wide range of mechanical properties, it is not the
only material possible for the application. It is, however, readily foam-forming when created using
a condensation reaction of di-isocyanates and polyols. Because polyurethane foams do present a
safety hazard, due to the presence of di-isocyanate, and some of the additional small molecules in
the reactive compound may be a health hazard, one may choose to substitute polyurethane with a
different elastomer (e.g. foamed latex, foamed thermoplastic elastomers). However, it is important
to note that many of the benefits described in this work are only achievable with open-cell foams.
Closed cell foams do not permit the gas trapped in the cells to escape freely and thus are limited
in their ability to deform to large extents. But they allow for significant spring-back of the structure
and are still more compressible than the bulk, as the gas trapped inside the cells is compressible.

This may be useful in other applications. Using polyurethane foam serves a few important

22



purposes in the design of soft robots:

1) Large elastic deformations: The porous, open cell nature of the material lets it
experience nonlinear, large deformations (engineering strain of at least 0.7) with little, to no,
permanent deformation set. This allows for the exploration of interesting modes of deformation
for a robot that would otherwise be difficult to create. If we were to design a rigid mechanism that
underwent complex and large deformations, it would be necessary to add many joints, with
multiple degrees of freedom each, and many members connecting them. We see this in robot
design techniques such as tensegrity [103-109], origami and kirigami [110-115], and modular
systems [116-118], which are also very interesting. As an alternative, soft polymer foams allow
for more continuum-like behavior.

2) High strain-to-stress ratio: Polyurethane foam is highly compressible and can change
its volume by greater than 70% followed by recovery to its original position facilitating shape-
morphing behaviors. Figure 6 depicts the material response of testing the foam used in this
process. This curve is the average of 30 samples (25x25 mm cylinders) tested in compression
through six strain rates (2, 4, 8, 16, 32, and 64 mm/min). The upper and lower bounds show 95%
confidence intervals for the whole set of data. When the material is compressed, and the air is
squeezed out, the structure undergoes linearly elastic large deformation with low modulus. In the
linearly elastic and low modulus region, the robot can undergo large displacements without
requiring significant power thereby utilizing smaller and lighter motors than ones used in non-
compressible robots. The return path when unloaded generally shows some hysteresis, however
this does not impact robot performance significantly. The low modulus and large deformations of
the material, when used in a motor-tendon actuated robot, minimizes the power consumption, even

with large deformations, and allows for the use of smaller and lighter motors.
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3) Light weight: Using the foamed form of a synthetic polymer lowers its density below

Ig/cc. A lighter foam body allows for faster motion and less work to move the robot.
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Figure 6: Results of compression testing the polyurethane foam used in this work. The middle

curve is the average of six strain rates 2, 4, 8, 16, 32, and 64 mm/min) at 30 samples each. The

upper and lower bounds are 95% confidence intervals on all 180 trials. The inset compares a

typical quasi-static stress-strain curve for open-cell viscoelastic polymer foams [30-35].
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2.5 Friction for terrestrial locomotion

In the literature, where soft and compliant foam feet [72-76], grippers [8, 69-71], and soft
terrestrial robots are explored, the role of the foam is to create as soft as a structure as possible in
order to not damage the surface that the robot is in contact with. The idea that is usually presented
is that, with a soft polymer contact surface, the robot conforms to asperities of the contacting
surface increasing friction and stability. This idea can be both true, or false, depending on the
robot’s surface treatment. To understand this, let us discuss friction and how it effects soft robots
in their environment.

Friction forces are considered non-conservative forces because they are associated with the
loss of mechanical energy from the system [119]. In the case of Coulomb friction, or dry friction,

energy is transferred mechanically from one body to another when they contact. The surfaces are

subject to a horizontal force F, and attempt to slide against one another. Asperities on the surfaces

contact one another and in order for the surfaces to continue sliding, they must lift away from one
another by a distance d or fracture. Separating the surfaces requires work and a force applied to
the system to initiate motion. If the force is too low, the surfaces cannot slide and insufficient work
has been done to rise above the asperities. Therefore, the work into the system is less than or equal
to the potential energy required to rise above the asperities:

F Ax < Nd (2.3.1)

where N is the normal force and x is the horizontal distance traveled. The dry coefficient of

friction u can be estimated and the friction threshold can be expressed as a function of u.

yz9—>yNz9N—>FXSyN (2.3.1)
X X
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The asperity aspect ratio can have an effect on the magnitude of x. A high aspect ratio pin in a
hole, for example, would result in an x of zero. And a completely smooth surface, where d
approaches zero, would have zero friction, and x would be infinite. It is important to note here
that this expression does not depend on the area of contact.

In addition to the mechanical work done, intermolecular adhesion forces act on the
surfaces. In order to separate the surfaces, this force has to be overcome as well. The total friction
force is therefore the sum of the Coulomb and adhesion forces:

F.<uN+oA (2.3.2)

where 4 is the actual area of contact when the soft surface wets the substrate (which is larger than

the apparent area of contact) and is the lateral shear stress at the surface.

=
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Figure 7: One atom of the sliding surface moves a distance x on a substrate. In order for this to
be accomplished the atom must overcome the normal force N, move vertically by a distance d,

and impart some energy ¢ to the substrate during collision.
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Once the lateral force is large enough to overcome the threshold, the system slips and the

lateral force is F, = 4N +c A where the shear stress o is related to the work done to slide the

surface and the intermolecular adhesion by o =2¢Ay/S5. The fraction of energy transferred
during slipping is €, the interfacial adhesion energy is v, and d is the lateral distance moved [119].

To reiterate, equation (2.3.2) only describes the force required to initiate motion and not to
continue the motion past the next asperity contact. When the next contact site is reached the kinetic
energy is absorbed by the impact and the surfaces stop moving. It is only if the force is greater
than 4N + oA that the motion can continue, and that depends on the fraction of kinetic energy
that was not transferred between surfaces. This notion tells us that we can control the friction
between our devices and the surfaces they contact by altering the load normal to the surface, the

friction coefficient, or the area of contact. More importantly, we also have two friction regimes
that govern this equation: load-controlled friction #N and adhesion-controlled friction o A.

Load-controlled friction is not dependent on the area of contact because it is related to the topology
of the surfaces. If we assume that the asperity distribution on the surfaces is uniform, the total

friction force for load-controlled friction when slipping can be written as
F.=> u(N/n) (2.3.3)

where n is the number of contact points. As the number of contact points increases, the load is
more distributed, but the number of instances increases, and Fy still equals N . The situation is

different for adhesion-controlled friction where friction increases with each additional contact

point in area A4:
Fo=Y oA (2.3.4)
n
When the two surfaces in contact are very hard, such as two steel blocks, the surfaces rest
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against one another on the tips of these asperities. This minimizes the area of contact and the load-
controlled regime dominates the friction force. Conversely, the contact area can be maximized by
having the materials flow into the interstitial space between asperities, as in the case of a very soft
rubber.

The Tokay Gecko (Gekko gecko) is a good example of increasing surface area of contact
to increase adhesion-controlled friction. Microscopic hair-like structures, called setae, on the
gecko’s feet contact the surface between asperities, thus increasing van der Waals adhesion and
passively gripping [120]. This has also been demonstrated in climbing robots [121, 122, Santos,
2007 #305, 123] and gripping mechanisms [ 124-126] where artificial setae were manufactured out
of very soft silicone elastomers. These devices, albeit not as well at the Gecko, can grip surfaces
for climbing and lifting objects. In another case, the Tobacco Hornworm caterpillar (Manduca
sexta) grips surfaces using hooks, called crochets, on its legs. The crochets hook onto the surface
asperities on hard surfaces, or dig into soft surfaces, to increase mechanical interlocking and
increasing friction [127]. This mechanism was also demonstrated in climbing robots [128-131]
and grippers [132] to scale rough walls.

Some soft materials, such as silicone rubbers, flow between surface asperities and there is
significant adhesion between surfaces. Micro-scale textures, made from viscoelastic polymers that
are extremely soft, like the ones used by robots referenced above, or very non-viscous materials
like gels, have the ability to generously conform to the micro-texture of surfaces. However, this
effect is not dominant in other soft materials where viscosity is high, or surface energies are low.
In particular, elastomeric foams, such as those used for the robots in this thesis, are soft because
of their cellular structure but often do not readily flow between surface asperities because the

elastomer itself is ridged at those length scales. Therefore, for use in this work, we will assume
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that load controlled friction dominates and the surface friction for soft foam robots is primarily

dependent on the coefficient of friction g and the normally applied load N.
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Chapter 3

Design of Soft Foam Robots

This chapter describes strategies for design and control of soft foam robots. Because the
foam is fragile, care must be taken when designing the tendon path and placing components. Hard
components easily damage soft materials and the following sections describe appropriate methods
to eliminate this damage and create a robust and functioning robot. In addition, a control strategy
is presented for reliable terrestrial locomotion. Differential friction across two ground interaction
points is implemented by means of switching normal forces at these points creating a stick/slip

scenario.

3.1 Bio-Inspiration for Durability

Animals have been ‘designed’ by evolution for robust function in their niche environments.
We can take advantage of millions of years of trial-and-error to facilitate our design process.
Vertebrates and arthropods exhibit structures and mechanisms that combine hard and soft
materials. In this section we discuss combination of dissimilar materials and how a designer of

robots can be inspired by nature to create a reliable and durable soft robot.

3.1.1 The case for a well-designed tendon.

In this work, the robots are manufactured from soft polyurethane foam and driven by
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motor-tendon actuators with polyamide (nylon) tendons. There are three situations where the
tendon interacts with the foam body:

1) When the motor is actuated, it spools the tendon drawing it across the surface of the
foam. After a short amount of time the tendon begins to wear the foam away because
the polyamide tendon material is much harder than the soft polyurethane foam.

2) As the body of the robot deforms, areas of the structure are kinked and compressed
increasing internal stress. If these areas are along the tendon path, the tendon now has
to make abrupt turns and high local stresses develop. Adding this to the abrasion
described earlier will lead to premature failure of the robot when the tendon cuts
through the foam body.

3) The tendon is anchored to the foam at the opposite end from the motor and two failure
modes can occur at this site. The tendon may separate from the body, or may tear the
body due to similar high stresses like previously described.

Early models of the robots developed in this work used a single stranded polyamide tendon.

An example layout is illustrated in Figure 8. Under the conditions above, the tendon would saw
its way through the robot with every successive motion. Eventually the tendon path would change,

as well as the robot’s behavior, making it difficult to control.
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itself with a knot.
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Figure 8: A schematic drawing of early revisions of the foam robot. Two motor-tendon
actuators with tendons routed through the first third of the body of the robot are exhibited. The
ends of the tendons are anchored at the corners, as shown, by passing through the foam body,
looping around and tying back to the tendon with a static knot that does not slip. Failure occurs

at these interaction points where the tendon cuts the foam when under stress from actuation.

In this example, the tendons are anchored to the foam body by passing through a hole,
looping around, and tied off in a knot. This situation is undesirable, because the stresses at this
point became so high that the foam would tear. The same outcome was observed at the points that
the tendon passed through the body. The robot would last two, or three, trials and then fail. This
failure happened because soft materials are not compatible with hard materials, especially where
contact surfaces are moving against one another. When materials have a large disparity in
hardness, the harder material tends to wear the softer material [133, 134]. Using traditional
hardness scales, such as Shore and Rockwell shown in Figure 9, we can compare materials and
choose the appropriate configuration for our design in order to minimize wear.

For this design, we chose polyamide for tendon material in the motor-tendon
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actuator. Polyamide (e.g. nylon 6/6) is typically chosen for cordage because of its low surface
energy, high strength, and hygroscopic characteristics. These features make the surface slippery
and well suited for moving parts. Polyamide is also hard, about 110 on the Rockwell R scale, and
is used for transmission parts (e.g. gears, racks, pinions) in small scale application, such as radio

controlled cars and aerial vehicles.
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Figure 9: Comparison of hardness, or softness, of materials.

Polyamide, while making excellent tendon material, is not compatible with the soft
polyurethane foam. Polyurethane elastomers are much softer than polyamides, as shown in Figure
9, and will wear significantly under high stress scenarios, like described above. The softest
polyurethane elastomer that we used in this project is F-105 from BJB Enterprises, with a
durometer of 5 on the Shore A scale. This is very soft, much softer than “soft tissues” found in
vertebrates. The chosen foam, TC-274 from BJB Enterprises, is even softer because the already
soft elastomer is foamed into thin-shelled cells to form a lattice structure. Since “softness” is an
extensive property (discussed in Chapter 2), when the material is foamed it become much more

fragile and susceptible to damage by the tendon.
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3.1.2 A solution from biology

Our design problem has hard tendons interacting with very soft body material of the robot,
which solicits the question: How do vertebrates not cut themselves with their own tendons?
Within the flesh of a vertebrate, there are soft tissues that make up the structure. Muscle and skin
cells are supported by a soft intracellular matrix, which could be as easy to cut as any polyurethane
elastomer because of its low hardness (Figure 9). The solution that evolution has implemented in
vertebrate physiology is to pair like materials.

In vertebrates, tendons run from muscles to bone. When the muscle is actuated, the tendon
pulls on the bone and moves it. The tendons are held in place by ligaments. Ligaments are the
structures of tissue which connect from bone to bone and bind biological assemblies together. A
good example is that of the long digital extensor tendon in grey fox, Urocyon. As illustrated in
Figure 10, the long digital extensor tendon runs from a muscle through two loops of ligament and
connects to the bones of the toes [135]. It appears that, if those ligaments were not there, the
tendon would assume a straight path from the muscle to its connection point at the toes. The high
stresses then placed on the skin at the joint would eventually cause the tendon to tear through the
animals flesh and assume a straight path. The ligaments are not cut, however, because they are
made from the same collagen material as the tendons. In addition, there is a liquid called synovial
fluid which is present along the tendon. This lubricant further reduces wear by decreasing friction
along the tendon path.

Stresses in the tendon and ligaments are reduced by increasing surface area. Each tendon
is a bundle of fascicles held together by a sheath of interfascicular tenocytes, or tendon cells. The
fascicles are bundles of collagen fibers held together by different tenocytes. Each fascicle is a

bundle of smaller fibrils, which are themselves bundles of fibrous tropocollagen [135, 136]. This
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arrangement is illustrated in Figure 11. The bundling of small fibers allows the load in the tendon
to be distributed and the axial stress lowered. In addition, the bundle is pliable, which allows it to

conform to bends and assume lower contact stresses than a large diameter monofilament.
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Figure 10: “Example of relationships among tendons, ligaments and bones shown by a lateral
view of the left ankle of the foot of the grey fox, Urocyon.” This image and quote was reproduced

from [135].

The attachment of insect muscles to cuticle is another example of material gradients in
nature. The Manduca sexta caterpillar has its muscles directly attached to the cuticle as seen in
Figure 12. To apply force to its environment, the system works similarly to a vertebrate, however
there is no tendon. The muscles pull directly against the cuticle during contraction. A sharp line
dividing the muscle and cuticle would create large stresses at the interface. To avoid this, there is
a gradual change from muscle material to cuticle material. In this way, stresses at the interface are

reduced and the caterpillar does not tear the connection between the two parts.
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Figure 11: The anatomy of a tendon fiber. The fiber is made up of smaller fascicles, which are
made up of smaller fibers, which are themselves made up of fibrils, which are made up of
collagen strands. This structure increases durability of the tendon by distributing stresses. This

image was reproduced from [136].
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Figure 12: An Insect muscle-to-cuticle interface in the Manduca sexta caterpillar. The interface
between the two materials is a gradient where the muscle becomes cuticle. Picture compliments

of Barry A. Trimmer of Tufts University Biology department.
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3.2 Design for Robustness

As designers of this type of soft robot, we should make sure to preserve, and leverage, the
properties of the foam to create interesting and useful devices. Ensuring that the body of the robot
remains compressible and easily deformable is paramount to the notion of a soft robot, and thus it
is important to carefully consider the addition of any stiff, or heavy, components (e.g. PCBs,
motors). Combining a foam body with motor tendon actuators allows the use of a single, or small
numbers, of motors. A foam robot design requires attention to certain important concepts to ensure

successful implementation, as described in subsequent sections.

3.2.1 Robot size and shape

A specific application for a foam robot may demand particular size and shape.
Nevertheless, it is important to remember that the foam is compressible and the shape of the body
will deform easily, conforming to the environment. Therefore, the shape of the robot is not critical,
beyond where the components will be located in relation to each other. The space between the
components is, effectively, filled with foam and the stiffness and mass of those components will
dominate the system. In order to design a robust system there must be enough foam material
between components so that the robot can assume the shape required. For example, if the desire
is locomotion, as presented in the following examples, the size of the foam body would be chosen
to produce a certain stride length. If this particular robot needed to fit through an opening, then
perhaps the corners should be chamfered and the body tapered to ease the transition, however as
the compressible body will deform, the orientation of the hard components will be most important

to minimize interference with the soft structure.
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3.2.2 Component Placement

The components embedded in the foam body affect the performance of the robot. When
considering an application, the designer should keep in mind that the use of certain hard or
inflexible components can be unavoidable (e.g. batteries, motors). However, these components
can be used to our advantage to make a better performing robot. Heavy components, such as the
motors, can be used as ballast to control the shape of the robot or as weight for friction
manipulation. Another example is that stiff circuit boards will interfere with the folding and
compressing of the soft body. Therefore, care must be taken when placing stiff components so

that their orientation is appropriate to maintain the desired configurations and shapes.

3.2.3 Actuation Speed

Actuation speed is of particular interest for soft foam robots because they exhibit different
behaviors depending on how quickly they are actuated, much like other viscoelastic synthetic
materials. As expressed in section Chapter 2, there is a mild strain rate dependence in the material
response. Also, at higher speeds, the effect of robot body and component inertia causes dynamic
motions, such as leaping forward rather than stepping. These two ideas can be a benefit or a
hindrance depending on the design intent, yet moving quickly is not necessarily the best
application for soft robots. Indeed, energy is absorbed by the soft and compressible foam material
making fast motions difficult. It may be that the best niche for soft foam robots is with slow, quasi-
static motions to form configurations [23]. In this way, our robot can assume a particular shape in
order to accomplish a task. For example, a crawling gait in a terrestrial robot could be created by

alternating between flat and folded configurations.
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3.2.4 Tendon Routing

Different configurations are created by routing the tendon of our motor-tendon actuator.
There are three ways that the tendon can interact with the foam: 1) At the actuator (in this case it
is an electric DC motor); 2) the anchor of the other end of the tendon; and 3) where we would like
the tendon to pass through the foam. Figure 13 illustrates some possible configurations with

different combinations of motor, anchor, and pass-through.
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Figure 13: Examples of deformed shapes with different tendon routing. The motor is shown as a
circle within the foam body. A) Concave up shape with the tendon along the top of the foam. B)
Concave down shape with the tendon along the bottom. C) When A and B are combined, an S-

shape is created. D) Two S-shapes combined.

Two primitive configurations are created with one motor tendon actuator and a slab of foam
depending on orientation. Figure 13A shows a concave up arc when the tendon runs across the

top side of the slab, and Figure 13B shows a concave down arc when the tendon is routed along
39



the bottom. With these two simple shapes the designer can imagine numerous applications
involving crawling and grasping. Combining shapes A and B results in more complex
configurations such as those presented in Figure 13C and Figure 13D.

The large plateau region exhibited by open-cell foams (see Figures 2 and 5 in Chapter 2)
makes the foam body easy to deform and thus the dimensions of configurations shown (Figure 13)
are dependent on the distance between the three interaction methods. For example, a taller arc in
Figure 13B could be formed by a longer distance between the anchor and motor. And in Figure
13C, we control the S-shape by the placement of the tendon pass-through. A shorter distance
between pass-through and anchor makes the concave-up portion small and the concave-down
portion large. In a similar fashion, the robot can be deformed to create 2D or 3D configurations
by altering the tendon path out of plane.

When the motor spools the tendon, the anchor point and the motor are drawn toward each
other. As a result, any foam between points of interaction with the tendon is buckled and pushed
away. Keeping this in mind, we can imagine the robot created with this notion as line segments
within the foam that shorten and lengthen as the motor spools and un-spools the tendon. In the
example shown in Figure 14, the tendon length shortens pulling points 1, 2 and 3 closer together.

This new configuration will buckle out of plane in the manner described in Figure 13.
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Figure 14: Points 1, 2 and 3 are drawn together as the tendon is spooled. The system responds
between points of interaction with the tendon and the foam, therefore the deformed shape is that

of the out of plane shapes shown in Figure 13 along the tendon path above.

3.2.5 Motor Selection

There are three main factors that influence the selection of the actuator motors: 1) Foam
compressibility, 2) friction along the tendon path, and 3) the mass of the motor assembly. It is
important to select a motor assembly that is heavier than the foam body. In this case the friction
at the point below the motor will be higher than the points that do not have a heavy component
above. At the same time, it is also important that the motor be strong enough to compress the foam
and overcome the friction along the tendon path. Lubrication at the points where the tendon
interacts with the foam body will greatly facilitate spooling, therefore the required motor torque 7'
is only dependent on the force required to collapse the foam structure /" and the amount of tendon

spooled AL.
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Figure 15: The motor spool and tendon force diagram. The tendon force F is equal to the
torque on the spool multiplied by the spool radius r. The angle of spool rotation a is

proportionate to the length of tendon spooled AL.

We may define the work of rotating the spool as the required torque multiplied by the angle
of rotation a:

W, =T -« (2.3.4)

spool

And the linear work done on the tendon as

W,

tendon

—F-AL (2.3.4)
Work is done by the motor on the tendon to compress the foam, therefore using (2.3.4) and

(2.3.4), the required minimum motor torque is

T=FAL (2.3.4)
(04

Determining F, and thus a minimum 7, can be done via compression testing as explained
in Chapter 2. The parameters o and AL are related to the desired stride length or behavior of the

robot.
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3.3 Control Strategy for Terrestrial Locomotion

There is an extremely large set of actuator and tendon path combinations; and designing
for a specific application is a complicated optimization problem that is outside the scope of this
work. In addition, computational design of control schemes requires an accurate model of the
large deformation, nonlinear mechanics of the body, including time varying structural properties
and friction. This is further complicated by the challenge of modeling interaction with an often
unknown and unstructured environment. Fortunately, the easily compressible nature of the soft
foam, and its tendency to move slowly, provide substantial damping, and not damage the
environment, allow considerable flexibility in control schemes. We have found that repetitive gait
cycles using motor position control can be intuitively designed and experimentally verified and
iterated without much difficulty. These gait cycles can form a set of primitives for moving, turning,
flipping or other behaviors, as will be demonstrated in the examples in the next sections.

The complexities of ground interaction forces are a major challenge for the controlled
locomotion of crawling robots. In order to make forward progress, a crawling robot must alternate
sticking and slipping behaviors at the ground contact points. Thus, horizontal reaction forces must
be less than the friction threshold at least one stationary point of contact; and greater than the
friction threshold at the moving points of contact. This could be accomplished using various
strategies. For example, varying the normal force to control motion occurs in nature with the
motion in soft bodied animals, like worms [137] and by legless vertebrates such as snakes [138].
The locomotion of worms involves radial expansion in one forward body segment, to increase
friction on a substrate, and simultaneous axial contraction of the trailing body segments. When

contraction is complete, the segment gripping the substrate is contracted and a section in the rear
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of the worm is expanded. This new section grips the substrate and the front portion of the worm
extends forward. Cycling this gait produces forward locomotion. Another example is caterpillar
locomotion [127, 139] where grippers alternately attach and release during contraction and
extension.

This type of locomotion can be applied to a 1D crawling behavior in a compressible robot.
However, we will switch stick/slip behavior by changing weight distribution, not by gripping and
releasing. For slow moving robots, friction forces at the ground-robot interface are independent
of area of contact and might be modeled as classic dry static friction:

F<uN (2.3.4)

The friction force F imposed by the substrate on the robot must remain less than, or equal
to, the friction threshold, which is the coefficient of friction « multiplied by the normal force N. If
the force becomes larger than uN, the contact will slip. In order to alternate sticking and slipping,
this threshold must somehow be periodically altered in a controlled way. There have been several
instances in the literature where authors have explored this concept. The usual strategy is to
manipulate u by switching the contact material [140, 141], or altering the interface stiffness [16].
However, this may be challenging in some environments where # is difficult to manipulate or not
well defined. In the field, maintaining consistent, or clean, contact surfaces may be required in
order to maintain a predictable . Animals, such as the gecko, have overcome this by cleaning
their contact surfaces [142] and a few robotic platforms have employed this strategy [125, 126,
143].

An alternate strategy to varying u is to vary N, the normal force, in time and allow for
uncertainty in the value of 4. For a quasi-static robot, this means that weight distribution must be
controllably varied in time. There are very few examples of robots and animals that operate in this

manner. Snakes arch their bodies during sidewinding to create two contact points with the ground.
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By varying their body geometry in this way they can control NV at those contact points [138, 144].
A few models, exploring snake-like friction, have been developed for robot control [145, 146].
Here the snake body pushes against the ground and obstacles. By controlling this pushing force,
friction with contact surfaces can be modulated to produce forward locomotion.

In this section, we explore the strategy of varying N in time using our compressible, soft,
foam robotic platform. The friction threshold is manipulated by changing the weight distribution
of the robot in time to change N. The use of soft open-cell polymer foam allows the robot to
change shape and dimensions (e.g. folding and compressing) while exerting low forces on internal
components and the environments. The compressible body, along with specifically designed
geometry is used to demonstrate locomotion control using friction manipulation via weight

distribution.

3.3.1 The robotic platform and its operation

To facilitate experiments in terrestrial locomotion using this friction manipulation
technique, the body of the robot was formed into a ‘figure-eight’ shape as seen in Figure 16. This
shape allows for preferential bending at the mid-section and thus two points of contact with the
ground when deformed (Figure 17). Two points of contact are desired for a 1D locomotion
platform because this creates a statically determinate system, where the normal forces depend only
on the weight distribution and geometry, and not on the stiftness of the body material. There is a
single motor tendon actuator [86, 98, 101, 102] for contraction. The DC motor drives a spool
where the tendon is attached and wound. The robot is approximately 240mm in length, 100mm at

its maximum width, S0mm at its minimum width, and 25mm thick.
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Figure 16: Diagram of robot and cross-section showing the relevant parts.
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Figure 17: The starting (flat) and deformed configurations of the robot.

Figure 16 shows the tendon routing in detail. The tendon is routed from the actuator spool
through an eyelet and along the centerline of the foam body. After the eyelet, the tendon passes
through the body and along the bottom, back up through another hole, and is anchored at the
opposite end. This tendon path creates the deformed, s-shaped, configuration shown in Figure 17
when the tendon is spooled. The robot extends back to the flat configuration by the restoring force

of the foam and driving the spool in reverse, thus lengthening the tendon. The length of the spooled
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tendon is directly proportionate to the distance between points 1 and 2.

In order to achieve locomotion, differential friction is required at points 1 and 2. The full
weight distribution of the body, including the weight of the motor above point 2, and a movable
weight which is placed and removed periodically above point 1 will create the periodic friction
threshold shift by changing N. When the calibrated weight, shown in Figure 16, is placed and
removed with appropriate phasing relative to the spooling of the tendon the differential friction at

contact points 1 and 2 causes the robot to crawl forward or backward.

3.3.2 Friction Model for Locomotion Control

When the motor-tendon actuator spools the tendon the foam body forms the configuration
seen in Figure 17. Since there are only two points of contact with the ground the structure is
statically determinate with respect to the normal forces, and can be simplified as two effective
masses mi and my with a soft spring k connecting them (Figure 18). A third mass m3 is switched
between contact points 1 and 2 with phasing 6 to produce the differential normal force AN required
for locomotion. The robot moves slowly between flat and deformed configurations, therefore we

will assume the motion to be quasi-static.

Figure 18: Simplified 2-point contact model.
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The force balances on the structure are then:
F-T-k-AL=0 (2.3.4)
F,+T+k-AL=0 (2.3.4)
Where F is the friction force, which must be less than or equal to the threshold, as described
by equation (2.3.4); k is the effective spring constant of the material; AL is the change in length
from the relaxed state, which is equal to the length of tendon spooled by the motor; and T is the
tension in the tendon. The change in distance between contact points 1 and 2 is equal to the change
in length:
AX, —AX, = AL (2.3.4)
In order for the robot to make forward progress, one of the two points must stick while the
other must slip, therefore, depending on the weight distribution either:

|F1| < N, (stick)

2.3.4
|F2|:,u2N2 (slip) ( )

or

|F1| =N, (slip)

(2.3.4)
|F,| < 2,N, (stick)

N; and N> can be determined by balancing the weights in the vertical direction and the
moments about one of the two points of contact. The three masses (mi, mp, and m3) are known
and AL is measured by the actuator motor encoder. Mass m3 is removed and replaced as & ={0,1}

in specific phasing with respect to contraction in order to create the stick/slip scenario. The logic

then becomes:

if N, >u,N, then Ax, =0 and Ax, =AL

234
if N, <u,N, then Ax, =AL and Ax, =0 (234)

Let N,/N, =N™* where the reaction N; is the reaction at the leading contact point in the
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forward locomotion direction. If N* is greater than 1 during the contraction phase and less than
one during the extension phase, the robot will travel forward. When the phasing is switched by 90

degrees, the robot will travel backward. We can then use equation (2.3.4) to create the following

truth table (Table 3).

Table 3: Truth table to define direction of 1D locomotion for a compressible robot with 2 points

of contact with the ground.

N* Actuation Phase Locomotion Direction
1 contract forward

> extend backward
1 contract backward

< extend forward

Table 3 facilitates decision making for gait design and control. We see that in order for the
robot to move forward N* has to be greater than 1 in the contraction phase and less than 1 in the
extension phase. A single forward gait cycle is shown in Figure 19. Point 1 sticks while point 2
slips when N* > 1 then the robot is contracted. Point 2 sticks while point 1 slips during extension
when N* < 1. This is the only mechanism driving the locomotion. If N* is close to 1, then there

would be zero differential friction and the robot’s net distance traveled should be approximately

Z€1r0.
start contract extend
20—o 1 m e — e
Point 1 neutral stick slip
Point 2 neutral slip stick
N* =1 >1 <1

Figure 19: Motion for a single forward gate cycle.
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This has two very important implications. First, detailed knowledge of the material
properties of the foam and body deformation mechanics are not necessary. As long as the motor
is powerful enough to compress the foam and achieve the deformed configuration, the robot should
move with the correct weight and phase relationship to the contraction. This is only true, however,
for a statically determinate system. For a 1D structure, if there are more than two points in contact
with the ground, then a more detailed material model would be required to determine a spring
constant k. It is therefore advantageous to design a 1D traveling system with only 2 contact points.
Extending this to 2D motion would require 3 points of contact.

A second important implication is that if p is not well known, or if the static friction model
is approximate, then in order to achieve consistent motion, N; and N> should be substantially
different so that N* is substantially greater than, or less than, 1 in each phase of motion. Indeed,
to account for uncertainty in p, the weight change should intentionally be designed to avoid the
indeterminate region near N*=1. For more uncertain environments, that excluded region near

N*=1 should be expanded.
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Chapter 4
Manufacturing of Foam Robots

A low cost and robust design and manufacturing method was created to produce a motor-
tendon-actuated soft robot platform in order to explore the concept presented in Chapter 3. The
robot is built from castable, light, and easily compressible polyurethane foam, offering large
deformations and simple geometry. The soft robot can change shape, by compressing and folding,
allowing for complex locomotion with a minimal number of actuators. Hard components, such as
motors and sensors, are sutured into cavities to facilitate the construction process and reduce
interaction with the soft body. This manufacturing method produces a highly deformable robotic
platforms that will be used to evaluate factors that affect locomotion including interaction with the
environment, material selection, structural design, and control methodologies. Two examples are
detailed in this chapter: A rectangular slab driven by two motors, and a Figure-8 slab driven by a

single motor and optimized for 1D locomotion.

4.1 Manufacturing Method

The manufacturing process (Figure 21) uses traditional casting techniques using self-
expanding polyurethane foam for the robot body. Instead of placing the components into the mold,
all components are attached via suturing at the end of the process to create a functioning robot.

Such amalgam of textile-engineering technologies, with robotic sensors and actuators, in an
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elastomer foam is unique and has not been explored elsewhere. The tools required to perform this
process are shown in Figure 20. The use of each tool is explained in more detail in the subsequent

sections. This process is also outlined in a standard operating procedure (SOP) in appendix C.

Figure 20: Equipment and tools used to build foam robot prototypes: 1) Mold clamp 2) Slab

mold 3) Foam materials TC-274 A/B 4) Mold release 5) 2x Mixing cups 6) Scale 7) Figure-8
Mold 8) Small batch mixing stick 9) Transfer pipettes 10) Metal spatula/scraper 11) Release
brush 12) Large batch jiffy mixer 13) Braided nylon sheathing 14) Hot knife 15) Hand drill

16) Heat lamp 17) Enclosure
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Figure 21: The manufacturing process. The following sub-sections are labeled with letters

corresponding to this figure.
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A Mold Making

Two example robot designs were manufactured using this process: A rectangular slab and
a figure-8 shaped slab. These designs are discussed in more detail in the subsequent sections. The
molding process for these two designs is identical, however to expedite the manufacturing process
the Figure-8 mold (Figure 20-2 and Figure 22A) was produced via fused deposition modeling
(FDM) 3D printing. For the rectangular slab, a mold (Figure 20-7 and Figure 22B) was made of
laser cut sheets of acrylic in the size of the final foam slab. The lid in both cases is removable and
secured by weight only. This way venting of the air during foaming will occur through the gap
between the top and cavity. A benefit of the 3D printed mold is that, since FDM structures are

porous, venting can occur through the mold walls keeping the internal pressures low.

Figure 22: A) The Figure-8 mold with (from left to right) the lid and core, cavity, and ejected
foam body. B) The rectangular mold with (from left to right) the lid, cavity, and ejected foam
body.

Cavities in the foam body of the robot are required to contain the actuator motors, and holes
are required for the actuator tendons to pass through. The strategy for placement of these features
is described in Chapter 3. For the rectangular slab version, these features are cut into the foam via
the manufacturing steps H and 1. After a significant number of trials with the rectangular robot,

the placement of these features was well understood for forward locomotion. Therefore, the motor
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and tendon features were added to the mold for the figure-8 design as elements of the mold. A 2
degree draft was added to all vertical surfaces to facilitate part ejection. The core of this mold
features two blocks to create the motor cavities, and three pins to create the tendon pass-through
holes and anchor.

B. Mold Release

For the rectangular mold, the cavity and lid were coated with a PTFE release agent (Miller-
Stephenson MS-143XD PTFE) to facilitate the removal of the foam slab. A release agent is always
required when molding, therefore, some release agent will be on the surface of the robot. Any
change in the surface chemistry will affect the coefficient of friction and thus the locomotion of
the robot. This can be mitigated by cleaning the surface after ejection.

PTFE worked well for the acrylic mold, because the surfaces are non-porous and flat. The
spray release could easily coat all surfaces and corners and provided a coating that lasted for about
3 mold cycles. The longevity of this release can be increased by baking, however the temperatures
were too high for the acrylic mold. In future work, the use of aluminum would provide a longer
lasting mold that could survive the baking process for a harder release coating.

The Figure-8 mold, however was constructed from porous FDM 3D printed ABS. This
required a more substantial coating. Therefore, the mold was coated with a wax release agent
(BJB Enterprises Challenge 95). This coating was brushed on so that it could fill voids in the non-
smooth wall of the mold. Two coats were applied and lasted through 2-3 mold cycles.

C. Mixing of parts A and B
Polyurethane foam (BJB Enterprises TC-274 Polysoft 2) is mixed from two parts, A and B,

diol and di-isocyanate (along with other small molecules). The urethane reaction proceeds to
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release gas and water, thus forming open cell pores that make the foam. The materials are

measured by volume to achieve the final desired part volume.

Vfinal :Vinitial ‘CExpansion (234)
VInitial :Vpart A +Vpart B (2.34)
Vpart AT Rvolume 'Vpart B (234)

Where the coefficient of expansion Ceypansion @nd mixing ratio Ry,.me depend on the material
and are provided by the manufacturer. V;,q; is the volume of cured material used in the robot
body and V)4, ; are the measured volume amounts of the two (typically two) reactants.

While volume is the appropriate unit to determine the amount of raw material required to
produce the desired robot size, it is not the best method for dispensing materials. Using graduated
cylinders or beakers to measure out parts A and B can lead to inaccurate volume because there is
residual material left in the containers after pouring. By measuring the mass of parts A and B, the
number of containers is required is only two and thus only one material needs to be poured to
create the mixture. A calculator was written in MathCAD to determine the required mass of parts
A and B, and is presented in Appendix B. Parts A and B were poured separately into plastic
containers (Figure 20-5) while being weighed on a standard lab scale (Figure 20-6). If the
containers were overfilled, the excess material was removed by transfer pipette (Figure 20-9).

It is important to pre-mix both parts separately, before combining, in order to ensure
homogeneity of the polymer chains. The pot life for the material used here is short (< 10 seconds
after mixing). After this period, the polymer begins foaming and will be difficult to pour. Ideally,
the mixture should be completely poured before foaming occurs. Therefore, parts A and B should
be added quickly and stirred with a “jiffy-mixer” (Figure 20-12,15) until fully mixed. The mixer
should be turned slowly in order to prevent air from being entrained into the mixture, thus avoiding
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large voids in the final structure. Small amounts of material can be poured into appropriately sized
containers and mixed with a stirring stick (Figure 20-8).

One significant observation to note is that mixing small batches of material produces
variable quality in the final foamed product. The reaction that produces the foamed material is
exothermic and this heat is required to crosslink the polymer and drive off the vapors that foam it.
Small batches of material do not get hot enough to create a desirable reaction. This can be
controlled by heating the mold or performing the process in an environmental chamber. However,
this equipment is expensive and not always available in a laboratory setting. A solution could be
to mix large amounts of material and divide it into several molds, but this may prove challenging
because of the short pot life of the material.

The same is true for mixing containers that are too large for the volume of material. If the
mixture is spread too thin, not enough heat is produced and poor quality product results. The
amount of material and container size should be determined experimentally before molding of
final devices. The foamed material density is reported in the data sheet and can be verified in the
molded product by letting the material free rise in a tall container, cutting a 1 inch cube from the
center and weighing it.

D. Pouring the mixture

The Mixture of A and B should be poured into the mold before foaming occurs in order to
prevent local density gradients. For the same reason, the mold is rotated slowly so that the polymer
coats the entire inside bottom surface of the mold cavity. The material will then foam evenly and
reduce the number of internal phase boundaries.
E. Closing the mold

Because the material rises as it is foaming, the mold requires a lid and that lid should be either
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weighed down or attached to the cavity. The internal pressure of the mold depends on four factors
[147]: 1) Mold temperature, 2) Temperature of the components, 3) Mold volume, and 4) Mixing
ratio. However, the dominating factor was reported to be the mixing ratio because it determines
the rate of the foaming reaction and the final volume after the material expands.

Since the molds in this project are well vented, and we calculated the final expanded volume
of the material to be exactly the volume of the mold, the mixing ratio should only contribute to the
rate of reaction. As the foam expands in the mold it quickly reaches atmospheric pressure because
no material flows out of the mold. Therefore, to seal the mold a clamping pressure, plus factor of
safety, between 1 and 2 bar is required. For the rectangular mold, a 5 kg weight (1 kPa) was placed
on top to prevent the foam from pushing the mold open. This was unreliable because the placement
of the weight could block vents, or deflect the lid. A solution was implemented in the figure-8
mold by holding it closed with a clamping fixture shown in Figure 23. In either case, there was

no damage to the mold as a result of the internal pressure.

Figure 23: The clamping fixture with the figure-8 mold installed.
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F. De-molding

After the handling time of 20 minutes is reached, the mold can be opened and the slab removed.
If the mold is properly coated with release, the part should be easy to remove. By compressing
the foam while removing it, the part can be peeled away from the mold walls without damage, and
the compression expels excess gasses trapped within the foam cells. As long as the compression
is mild and stays within the low modulus and linear elastic region, no damage to the foam will
occur during de-molding. The open cell structure can be seen in Figure 24A-C.

A skin (Figure 24D-F) will have formed on the outer surface of the foam part. This skin is
compacted polyurethane foam, which was formed by the material pressing against the surface of
the mold and collapsing the bubbles. This skin is beneficial to the robot performance. It is still
porous, although it is denser than the bulk, and allows air to pass from the open cells of the foam.
The skin is more elastic than the bulk and increases the rate of spring-back after the robot is

contracted

Interior

1x 60x 250x

Figure 24: A block of polyurethane foam (BJB Enterprises TC-274) cut from a fully cured robot.

A-C) The interior of the cast polyurethane foam. D-F) The skin formed during molding.
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G. Post-curing

Final post curing is conducted in a convection oven with no direct radiation at 40°C for 2 hours
or 12 hours at >20°C. In this step, full crosslinking of the polymer is achieved. By heating the
foam, the rate of crosslinking is increased. The manufacturer (BJB Enterprises) reports that TC-
274 increases in tear strength and tensile strength, as well as retaining stable material properties
across a wide temperature range, when properly cured and crosslinked.
H. Material removal for component installation

In this step the desired final geometry of the robot can be cut with a razor (Figure 26-4). Flash
is removed by chamfering the edges. In the case of the rectangular slab robot, this operation was
required to make space for motors, and other components. Two motor-tendon assemblies were
installed as actuators and blind slots are cut for the motors as seen in Figure 25A. The benefit of
this process is easy reconfiguring of motor position without redesign of the mold. A single slab
of foam can be cast and a variety of component locations can be tested with a single mold.

In the case of the figure-8 shaped robot, motor locations were molded in by the core of the
mold (Figure 25B). This step (H) only involved trimming flash from the top edge. Other designs
may require additional physical features to be added to the foam body. Using a razor blade makes

it easy to modify the design and produce new robot geometry without remolding.

Figure 25: The motor locations. A) Cut with a razor. B) Molded using a core.
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l. Tendon pass-through installation

An awl (Figure 26-3) is used to punch holes through the slab for the tendon path pass-through.
Locations are measured and marked, then the awl is pushed through the foam to make the hole.
The robots described here have locations where the tendons pass through the body, which produces
a particular desired motion. It is possible to quickly produce different motions by punching holes
in different locations and moving the tendon path. Experiments were performed on the rectangular
robot to verify that the hole locations produced a reliable motion. These locations were transferred

to the figure-8 mold as pin inserts to facilitate manufacturing of that particular design.
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Figure 26: Parts used for building the tendon assembly. 1) Spider Wire Stealth-Braid 8 Ib. 0.17
mm multi-filament fishing line 2) South Bend M148 8 Ib. mono-filament nylon fishing line. 3)
Wooden awl for making tendon pass-through holes. 4) Stainless steel razor blade. 5) Curved

leather sewing needle. 6) Rectangular foam slab produced by this process.
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J. Tendon installation

Polyamide (Nylon) tendons are used to pull on the structure of the slab. One end of the tendon
is tied to the motor spool and the other is anchored to the foam body. The tendon path passes
through the body at strategic points described in Chapter 3 and manufacturing step H.

Early designs used thin (300 um diameter), monofilament, nylon tendon (Figure 26-2). Nylon
is hard in comparison to polyurethane, the tendon can cut into the polyurethane foam during
actuation as described in Chapter 3. Therefore, silicone tubing (500um wall, 2mm O.D.) was used
to line the holes where the tended passes to reduce wear. A very small amount of hot melt adhesive
is used to tack the tubing in place so it does not slide out of the hole. Locally, the robot was
stiffened by the glue, but such a small amount is required that the overall deformability of the robot
is unaffected. These tubes increased the longevity of the robot, however since the hardness of
silicone is between that of polyurethane foam and nylon, the monofilament tendon eventually cut
the tubing.

In the figure-8 design the tendons were upgraded to multi-stranded, multi-filament nylon
(Figure 26-1) to reduce contact stresses. The silicone tubing was replaced with braided nylon
sheathing. This sheathing provided a flexible, and compressible, alternative that has the same
hardness as the tendon. This change virtually eliminated the wear on the tendon and the foam
body. The sheathing was installed by cutting to length with a hot knife (Figure 20-14) and glued
into the pass-through hole with a very soft, 5 Shore A, polyurethane elastomer (BJB Enterprises
F-105). The robot was placed in a fixture, as seen in Figure 27, and allowed to cure overnight.
The fixture was constructed of two polyethylene plates with dowels to hold the assembly in place.
When the top plate was added, a weight was applied to clamp the assembly. This clamping force

splays out the nylon sheath to form a smooth transition for the tendon to slide on (Figure 28). The
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dowels in the fixture prevented the pass-through from collapsing while curing.

Using this soft elastomer creates a hardness gradient from the nylon to the foam, thus the nylon
sheathing does not move in relation to the foam minimizing wear similar to that of the relationship
of tendons and ligaments discussed in Chapter 3. The tendon and sheathing have been
implemented in the figure-8 design and has not shown signs of wear throughout the life of that

robot.

Figure 27: Installing the nylon sheathing into the tendon pass-through holes. A) The nylon
sheath is coated in F-105 polyurethane elastomer, placed in the robot, and the assembly is

placed over the wooden dowels in the fixture. B) Top plate is placed on the fixture and a weight

is added to clamp the assembly. Curing time was > 12 hours.

Tendon

Pass-through

Figure 28: The tendon pass-through and anchor installed in the polyurethane foam body of the
figure-8 design.
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During actuation there is significant friction in the tendon path as the structure collapses and
folds. This causes undesirable effects, such as increased wear and increased motor load. A thin
film of lubricant (3-in-1 multi-purpose oil) is added to alleviate these problems by applying a few
drops to the inlet of the tendon pass-through. During actuation, the oil lubricated the tendon, the
pass-through, and the spool assembly reducing friction of the actuator assembly. If lubrication is
not used at these points, the friction is so great that the tendon could not be spooled by the motor

and the robot did not move.

K. Component placement

At this point, motors and components can be placed in the cut-out locations (Figure 29). All
the components are sutured in place using a curved sewing needle and the same nylon tendon.
Suturing allows the components to ‘float’ in place and reduce coupling with the foam structure. If
an adhesive were used then there would be significant stress applied to the interface between the
component and the foam resulting in failure. The sutured components minimally interact with the
foam increasing compliance and variety of deformed shapes. The tools required for this process

are shown in Figure 26.

Figure 29: The motor assembly installed and sutured in place.
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L. Tendon anchor

Now that the components are affixed to the structure, the tendons can be routed from the
motor spools to their respective anchor points. The designs shown in this paper have the tendons
emerging from the bottom of the slab, passing through one hole, and anchored to the opposite
corner. A hole is punched through the slab near the corner and a length of silicone tubing is placed.
The tendon passes through this tube and is looped around the corner and knotted to itself. When
the motor is actuated the tendon is spooled and pulls on this anchor point thus collapsing the robot.

The same method, as discussed in manufacturing step I, was used to anchor the multi-
stranded tendon. A blind hole was placed at one end of the robot. The free end of the tendon was
pushed into this hole with a dowel. The hole was then potted with the same 5 Shore A polyurethane
elastomer by means of a pipette. The pipette was filled with uncured elastomer and used to inject
the material into the hole. With a small pressure applied, the liquid elastomer flows into the cells
of the foam surrounding the hole. The elastomer also encapsulates the end of the tendon. The
elastomer bonds readily to the nylon and the polyurethane foam creating a material gradient similar
to that of vertebrate and insect tendon and muscle attachments as discussed in Chapter 3. The

anchor is shown in Figure 28.

4.2 Foam Robot Example 1: Rectangular slab

Using this manufacturing method and design methodology, we demonstrate an example of

a soft and compressible terrestrial robot that, even with simple geometry (Figure 30), exhibits
complex behavior with only two actuators. The body of the robot is a 300x150%25mm

rectangular slab of compressible open-cell foam that is contorted by two motor tendon actuators.
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The motors, tendon paths and anchor points are arranged as shown in Figure 31Figure 30. The
motor placement, tendon paths and anchor points are chosen based on the design rules above and
with attention to how ground reactions and differential friction will affect locomotion [101, 141].
For example, as seen in Figure 30, the motors were placed at the ends so that their weight will
produce the most friction while crawling. The most effective gaits are then determined

experimentally.

Foam Slab —

Figure 30: The robot pictured is a slab of polyurethane open-cell foam that is actuated with two
motor-tendon actuators. The robot is capable of crawling, turning and complex shape change
despite its simple design. Components like inertial measurement units (IMU) and motors are

attached by suturing with mono-filament nylon sutures as shown in the close-up view. The same

mono-filament line is used to drive deformations in the robot by means of motor-tendon

actuators.
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Figure 31: A schematic drawing of one possible configuration of the foam robot. In this
iteration we have two motor-tendon actuators with tendons routed through the first third of the
body of the robot. The ends of the tendons are anchored at the corners, as shown, by passing
through the body, looping around and tying back to the tendon with a static knot that does not

slip.

The motor tendon assembly was constructed of a Maxon DC 237011 motor press fit into a
3D-printed housing. The motor housing is manufactured from simultaneous printing of UV-cured
rigid polymer (Stratasys VeroClear RGD810) to provide structure, and a soft polymer exterior
(Stratasys TangoPlus FLX930) for improved friction with the sutures. To create the interference
fit, motor housings were placed in an oven at 60°C to expand and the motors were pressed in and
allowed to cool to room temperature. A spool was attached by the same interference fit method
to the motor shaft and is used to spool the tendon as the robot is actuated. Tendon lines were
attached to the spool by knotting and securing with epoxy. The tendon material used here is
monofilament nylon; however any material that is flexible and does not noticeably stretch would

work. When the motor was inserted into the appropriate cavity in the robot body and sutured in
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place, with the same tendon line, using a standard curved leather sewing needle. The sutures were
pulled tight to grip the soft exterior of the motor housing. With enough windings of the suture
there is sufficient friction to hold the housing in place and transfer the majority of the energy in
the spinning armature to spooling the tendon and collapsing the foam structure.

Tendons were anchored to the opposite corners from their origin at the motor. Along their
path, the tendons pass through the body at certain points (as shown in Figure 8) to collapse the
foam structure when actuated. The majority of the tendon does not interact with the body of the
robot, however where the tendon passes through the body, a force and moment are applied at that
point. As seen in Figure 32, when the actuator assembly shortens the tendon, the points of
interaction are drawn toward the motor compressing and bending the foam along the tendon path
to change the shape of the robot. As a result, contact area between the ground and the robot
changes shape and size, thus creating differential friction and propelling the robot. By rearranging
the tendon path, a different folding, compressing and locomotion regime can be achieved, which
would result in an alternate gait and shape change. A benefit of this simple design is that multiple
configurations can be created by punching new holes and re-routing the tendons.

Simple changes in tendon routing have dramatic effects on the robot’s behavior. For
example, 2D locomotion (i.e. turning) is exhibited when the center of mass is displaced to a
position that is out of plane from the motion shown in Figure 32.  When the robot is deformed in
two orthogonal planes (horizontal and vertical), the points at which the robot interacts with the
ground are no longer in line, bending the robot body, and revealing a turning gait. Figure 33 shows
one possible configuration that would create this scenario. Moving the tendon pass-through closer
to the motor, past the centerline, lengthens the angled portion creating a bent deformed

configuration which causes the robot to turn.
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Locomotion
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Figure 32: The original shape of the robot is shown as A. When the shape is deformed to B, the
normal force R and surface area in contact with the ground change and create differential
friction elements. The robot will move when the new shape B is oscillated and the friction forces

F change with time
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Figure 33: Changing the location of the hole where the tendon passes through the body results
in different locomotion behaviors. In this example, moving the pass-through back toward the
motor lengthens the angled portion of the tendon creating a bent deformed configuration, thus

resulting in a turning gait.
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Interesting behaviors emerge when the length of tendon spooled is varied. Forward
crawling is exhibited when the tendon is spooled, so that the robot oscillates between the
configurations shown in Figure 32. Spooling the tendon further, as seen in Figure 34, results in a
different behavior such as end-over-end flipping. The crawling gait has two points of contact with
the ground and the center of mass between them. Spooling the tendon more moves the center of
mass even further forward to that the robot falls over, and on release of the tendon tension, unfolds

to lay flat and upside down.

©) ® ® ®

Figure 34: End-over-end flipping behavior. 1) Deformed configuration with two ground
contact points (solid arrows) on either side of the center of mass (dotted arrow). 2) The tendon
is spooled further and the center of mass is now moved past the contact points. 3) The robot
falls to one side. 4) Tendon tension is released. 5) The body of the robot is now flat and upside

down

In the same manner as the actuators, sensors can be attached to the robot body as shown in
Figure 30. Any small printed circuit board or flex circuit with a sensor, such as the inertial
measurement unit (Sparkfun MMA7361) shown, may be sewn onto the foam body. The holes
that are traditionally designed into PCBs for fastening using screws are a useful anchor points for

sewing. If the attachment points are few, and thus the PCB not over-constrained, the PCB ‘floats’
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with respect to the robot body and does not interfere with locomotion. This is a step toward total

autonomy of the robot.

4.3 Foam Robot Example 2: Figure-8

The example robot from section 4.2 is an abstract design that was built to showcase the
effectiveness of the design rules and manufacturing method presented in this work. Certainly, this
is not the only type of robot, or design, that can be fashioned from this method. A second example
is presented here with a design for a single-actuator robot that exhibits robust forward locomotion
along a straight path. Here, we select a figure-eight foam body, single motor-tendon actuator, and
in-line tendon path in Figure 35.

Here the figure-of-eight body shape allows for preferential bending in the center creating to
areas of contact with the ground, like two feet. The robot alternates between a flat configuration
and that of the s-shaped configuration shown in Figure 35 to take steps forward. When the tendon
is spooled, the points of interaction between the foam body and the tendon get closer together,
thus shortening the robot and exposing the two feet. When the tendon is un-spooled the robot
lengthens taking a step forward. During this gait cycling, we implemented the control method for
locomotion presented in section 3.3. A mass was placed in the cavity not occupied by the motor
during one of the two configurations to produce locomotion. The results of this experiment are
presented in chapter 5.

During the testing of the figure-8 robot, it was observed that the tension in the sutures that hold
the motor in place affected the performance of the crawling gait. It appeared that the torque of the

motor was transferring to the foam body and distorting it in an unpredictable manner. The sutures
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were removed and the motor was allowed to float freely in the body cavity. This removed the

applied torque from the motor, allowed it to self-align, and improve performance.

S-shaped configuration

Pass-Through

Figure 35: The figure-8 robot was designed to crawl in a straight path. The tendon path was
designed with the s-shaped configuration in mind and contained along the centerline. The body
of the robot is necked in the middle to allow for preferential bending and facilitate the s-shaped

configuration. These features confine the motion to the center-line plane and thus locomotion
along a straight path. Three gait cycles are shown to the right. The total distance traveled was

approximately 100 mm.
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Chapter 5
Experimental Methods and Results

Different behaviors of the two robot designs presented in sections 4.2 and 4.3 were tested
on level terrain. Behaviors such as crawling, turning, and flipping were performed using open
loop and PI control. Locomotion was recorded using motor encoder and current data, as well as
the 3D position using a 5-camera Vicon motion tracking system. The differential friction control
scheme presented in section 3.3 was implemented in the Figure-8 design. Using dynamic weight
redistribution at two ground interaction points to control friction, robust 1D locomotion is achieved
even in the presence of an uncertain environment. This scheme is demonstrated by capturing
quantitative dynamics of the foam-bodied, robotic platform using a 5-camera Vicon system to
capture motion. To achieve robust locomotion detailed knowledge of the foam mechanical
properties is not required, as friction at the ground/body interface dominates the locomotion.
Friction can be well controlled using dynamic weight redistribution without precise knowledge of

the surface properties.

5.1 Methods

The robots were tested on an optics table where the surface was ground steel with 1 inch
spaced holes for mounting optic components, and on a polymer work surface (OLFA cutting mat

RM-MG #9891). The robots were tethered to an off-board power supply and electronics to focus
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the project on the deformation of the foam body and control scheme. Motor voltage was set to
constant 18V and the motors draw less than 1A during actuation. Current was controlled to the
motors via Toshiba TA8428K motor drivers and operated by an embedded microcontroller script.
For the rectangular slab design, an open-loop control method was employed where the motor
forward and backward spooling was timed and synchronized manually to produce locomotion
gaits. PI control of motor position was implemented in the Figure-8 design using an encoder. In
future developments, automatic control strategies will be explored that make use of feedback from

other embedded sensors to make goal-driven decisions regarding locomotion commands.

5.1.1 Motion tracking

To verify that our friction switching model (presented in section 3.3) is sufficient to
describe the locomotion of the Figure-8 robot, its motion was tracked using a Vicon MX motion
tracking system as shown in Figure 36. Five Vicon MX40 infrared (IR) cameras recorded the
motion of seven IR markers on the centerline of the robot. The 3D positions of the IR markers
were determined using a custom Matlab code in real time.

The locomotion of the robot is primarily 1D and in the x-direction. The deviation in the
transverse y-direction is an order of magnitude less than the locomotion direction x and is not
plotted. Marker numbers 2 and 7 are placed at the x-position of the ground contact points N1 and
N> respectively. The data is presented in the 2D x-z plane, with forward and backward locomotion
taking place in the x-direction, and the vertical displacement, due to bending and folding, in the z-

direction.
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Figure 36: The Vicon motion capture test area. 5 infrared MX40 cameras are used to

reconstruct the motion of 7 infrared LED markers. Markers 1, 2-5, and 7 were placed along the
centerline, and markers 2 and 6 were placed at a known offset to make room for the calibrated

weight and motor. This offset was subtracted in post processing.

The marker positions are plotted in 3D space in Figure 37 for one gait cycle. Figure 37A
shows the starting position of all 7 markers before the contraction phase. Each markers position
in is projected in the X-Y plane as an open circle to illustrate the change to two contact points after
contraction. The normal forces N; and N, at the two contact points, are plotted as vectors in the
z-direction. They are computed using the method presented in section 3.3 and the Matlab code for
processing the position data can be found in appendix D. The calibrated weight (100g) was placed
before frame A, making N1 > N>. The robot contracts (frame B) with point 2 slipping forward and
point 1 sticking. At this time, the mass is removed and the robot extends (frame Figure 37C) with

N>> Ny, so point 1 sticks and point two slips, and the robot returns to the flat configuration.

75



100 100 i_’mx’ég”‘
| m— N = 0,86 N
80 | 80 |
—~ 60, . 60,
E
< 40, = 40
N N
20 20 ® @
D ® ©) 0 ® @ (<))
200 @0 % ® ? 200 @ T
B l, 0oo0©°0?° . l
N =
0 0
. BRI
S S \ QRS W
\ e . 100 Ly NI = 100 =
Y (mm) 200 200 -100 Y (mm) 200 200 L
300 X (mm) 300 X (mm)
100 |
3
~ 40,
N
20
0, 6 ©®000%
200 \ @
l !
1o
.A\
0
\ 1
A e 2 50 200
Y (mm) 200 s 200 -100
D X (mm)

Figure 37: One gait cycle recorded by the Vicon tracing system. Markers 2 and 7 are labeled
with computed reaction forces N1 and N2 respectively. The magnitude of N1 and N2 change as
the gait cycle progresses. The starting configuration (frame A) shows N1 > N with the weight
above Point 1. The Robot contracts in frame B. The weight is removed and so the forces switch

in frame C to N1 < N2 and the robot extends forward.

5.1.2 Encoder position tracking

As discussed in chapter 3, the amount of tendon spooled is equal to the stride length of the
robot. Therefore, position control of the motor is required to maintaining a repeatable gait.
Proportional-Integral (PI) control was implemented to maintain motor position, and thus,

accurately control the amount of tendon that was spooled and released during the gait cycle. The
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PI controller was written in Matlab and presented in Appendix E. Serial communication was
established with a PC by means of a microcontroller with an embedded script and H-bridge motor
controller. This method was adequate enough to control the motor position through 5 gait cycles
(Figure 38) and demonstrate the goals of this work. It is unknown whether a larger number of gait
cycles may have increasing error, therefore further investigation or a more sophisticated control
method is required.

Four waveform types (sinusoidal, saw-tooth, triangle, and square) were tested to determine
which would produce the fastest and furthest total movement while remaining reliable. Two
complete rotations (720 degrees) of the spool produced the largest stride in the robot’s gait while
remaining within the quasi-static regime. The sinusoid waveform acted the slowest. By gradually
increasing to a maximum number of degrees and returning to zero, the robot could maintain quasi-
static motion, however the motion was too gradual. The slow speed of actuation, especially as the
function approached maximum or minimum, would cause a stick slip behavior in the tendon and
motor gearbox producing unreliable motion. The same was true for both the triangle and sawtooth
waves because of their gradual slopes.

The square wave provided the best performance, because of the instant demand for motor
current. The motor was actuated quickly, thus avoiding the slow speed stick-slip behavior. The
PI controller allowed for smooth transition to the desired position as shown in Figure 38. In
addition, the plateau regions in the square wave provided a natural dwell time for placing and

removing weight required for the differential friction locomotion scheme presented in section 3.3.
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Figure 38: Square wave implemented in the motor controller. The red line is the square
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waveform defining the encoder position in black. The motor undergoes two full rotations and the
wave oscillated between 0 and 720 degrees. The drive signal is plotted in cyan and jumps to 225
when the square wave peaks, then drops to -225 when the square wave returns to 0. The drive
then approaches 0 as the proportional and integral errors diminish. Then the cycle begins again
on the next peak of the square wave. The motor must run backward (the motor is not back
drivable) to unspool the tendon and the foam pulls the tendon from the spool as it restores its
original shape. Therefore, the black encoder position is not a continuous function because there

is some delay from when the foam responds to the sudden slack in the tendon.

5.1.3 Motor current tracking
The ability of the rectangular slab version of the robot to dramatically fold and change
shape inhibited successful use of the Vicon system for motion tracking. As seen in Figure 40, parts

of the robot become occluded and the Vicon system would lose track of the markers. Therefore,
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we experimented with tracking the current draw of the motor, as it was the only other inherent
feedback apart from the body shape and motor position.

Motor current was measured by recording the voltage drop across a 10 W shunt resistor in
series with the motor driver. With a known resistance of the shut resistor we use Ohm’s law to
determine the amount of current. The voltage was recorded using a NI My DAQ and the DAQ
Assistant user interface. It was possible to predict the configuration and locomotion gait using the

current data gathered with this method. The results are discussed in detail in section 5.2.

Motor

O "3

Shunt

N y
DAQ Assistant
data baendd

(a) (b)
Figure 39: a) The position of the shunt resistor. b) The LabView VI used, along with a NI My

DAQ, to record the voltage across the shunt resistor. Ohm’s Law (V = IR) was used to calculate

the current and plot in Matlab.

5.2 Results

These three data acquisition methods were implemented to record the behaviors
demonstrated by the two robot designs presented in sections 4.2 and 4.3. The rectangular slab
design exhibited crawling, turning, and flipping behaviors with only open loop control. Its motor
current and encoder position were tracked in real time and can be used to infer the configuration
and state of the robot. Using PI control of the motor position, the stride length and speed of the
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Figure-8 design was regulated to produce a stable crawling gait. Differential friction between two
ground interaction points was controlled with the redistribution of mass scheme presented in

section 3.3. The following subsections describe these results in detail for each design.

5.2.1 Performance of design #1: The Rectangular slab

With only two actuators and non-optimized tendon placement, the robot is capable of
dramatic shape change (Figure 40). The robot exhibits forward crawling (Figure 40a), in-place
turning (Figure 40b), and end-over-end flipping (Figure 40c) behaviors by altering the normal
force over the surface area in contact with the ground via shape and volume change. For example,
the robot flips when the robot folds itself in half, decreasing contact area to 17%, and moving the
center of mass forward past this contact area.

Locomotion depends on differential friction, and thus, on normal force and friction
coefficient (contact with surface asperities and adhesion) with the substrate. The body must be
contorted into a shape that has mass distributed unevenly over contact patches. Orienting these
contact patches appropriately yields different types of motion such as crawling and turning. For
example, some configurations arrange the mass of the robot so that there is more weight over the
front contact area than the rear contact area (Figure 40a). These result in the rear of the robot being
pulled to the front during actuation. When the motor is run backward, the spool unwinds and the
robot lays flat. As tension is released, the body changes shape again and there is enough friction
on the rear surface to overcome the friction on the front propelling the robot forward. Forward
crawling speed is approximately 13mm per second on the steel surface of the optics table shown
with a maximum current draw of less than 500 mA at 15 V.

Forward inching is evident in the motor encoder (Figure 41) and current data (Figure 42:

Forward Inching). We see the motor position advance as the tendon is spooled. When the motor
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is run in the opposite direction the tendon is unspooled and the encoder position returns to zero.
This behavior is the result of open loop control and running the motor for the same time forward
as it is run backward. From this, we can infer that hysteresis in the foam does not significantly
affect the performance of the robot since the gaits are effective for forward locomotion and
repeatable over all gait cycles until the system failed mechanically.

A similar technique is implemented to make the robot turn by forming a contact area on
one side to rearrange the mass and allow it to pivot about that patch. By actuating the opposite
corner, the robot turns approximately 9 degrees per second (Figure 40b). In order to perform a
turn, the robot assumes the required configuration in phase A. In phase B, the motor spools and
unspools taking small steps around the contact patch. This stepping behavior is evident in the
current plot (Figure 42: Clockwise Turning) where current rises and falls with every step of the
robot.

The flipping behavior (Figure 40c) appears similar when superficially examining the
current data shown in Figure 42: Flipping. However, on closer inspection, there is evidence in the
current data that can be used to differentiate behaviors. In phase C (Figure 42: Flipping), the robot
folds itself into an over-center configuration where the center of mass is now beyond the front
motor. This draws a significant amount of current similar to when it assumes the configuration for
turning. In phase D, the robot flips over, is now upside down, and not making forward progress.
The current data during this configuration is relatively smooth and does not oscillate like when the
robot was turning, or crawling. We can then infer that the robot is not taking steps forward, but

only ‘freewheeling’ in place.
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Figure 40: a) The robot demonstrating a crawling gait. This gait produces a forward
locomotion speed of approximately 13 mm per second. b) The robot demonstrating a turning
gait. Each motion of this configuration produces about 18 degrees of rotation. c) The robot

demonstrating a flipping behavior.

82



Forward Inching

& 2000

. (@) O e O O (o)

S

@ 1000 F

[=]

a. . . .

3 ‘o . )
S 0 0] Q I | o Q o) |
S 0 1 2 3 4 5 6 7 8 9 10

Step Number
Figure 41: Encoder data for forward inching behavior. Black is compression of the robot and

red is the extension. Black open dots are the beginning and end of a single step and red open

dots are mid step.

It appears that the current data can be useful in determining the state of the robot,
identifying behaviors, and, potentially, controlling motion with only the information internal to the
motor. It may be possible, that sensors that recognize and read the external world are only required
to determine a heading.

Furthermore, the notion of differential friction and tendon placement becomes interesting
when the robot is actuated at different rates. Open-cell foam deformation response is strain-rate
dependent and inertial effects become important at higher speeds. Therefore, when the tendons
are wound we see a variation in behavior depending on the rate. Additionally, how the tendon is
routed and where it interacts with the body of the robot can change the deformed shapes. When
these two characteristics are combined, a large number of gaits can be produced from a small
number of actuators. Characterizing this performance is non-trivial and is important future work

in this field.
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Figure 42: Current data for forward inching, clockwise turning and flipping behaviors. A is the
compression phase where the robot is distorted to the preferred shape for turning and B is the
movement phase where the robot takes steps and turns. C is the first step where the robot flips
and D is the motor trying to step but making no progress while upside-down. The current rises
and falls with stepping behavior in both the forward inching and turning gaits. However, when
the robot flips over from C to D, the current draw is relatively constant because the robot is not

interacting with the ground.

5.2.2 Performance of design #2: The Figure-8
The rectangular slab design was able to crawl forward because it places it center of mass over

the leading edge as it draws the training edge in. The center of mass the shifts to a position above
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the trailing edge and the motor is released. The elastic energy stored in the foam causes the leading
edge to shoot forward finalizing the gait cycle. This works, however, the friction at the ground-
robot interface and the mass distribution of the robot are not well defined in this experiment and
the robot slips as it takes steps. Forward crawling is not as effective as it could be because energy
is lost when an interaction point slips when it should stick to the ground.

To explore how to achieve optimal locomotion, the friction switching scheme, explained in
section 3.3, was implemented in the Figure-8 design using a servo DC motor to spool and unspool
the tendon, and manual placement and removal of the added weight. A PC running Matlab and a
microcontroller were used to send a square wave drive signal and record motor encoder position.
(See appendix E for Matlab code.) The motor was turned to spool the tendon, pause for weight
placement, then rewound to unspool the tendon over 5 gate cycles, and pause again for weight
removal. In each case, five repeated gait cycles were run. Trials were run in the forward and
backward directions, for 25, 50, and 100 grams over contact point 1. The motor assembly has a
mass of approximately 75 grams. This allows exploration of different regimes in the N* space
from the friction switching control scheme described in section 3.3.2.

The seven IR markers divide the robot into seven elements, as shown in Figure 43. Each
marker was placed over the center of mass of that element. The weight of the volume of foam at
each element, the motor, and the calibrated mass are known and used to determine the force at
each point. The system in Figure 43 is statically determinate; therefore the reactions N; and NV, are
calculated from a force balance in the z-direction and a moment balance in the x-z plane. For each
instant in time the robot deforms and a new set of moments is calculated in the deformed shape by

solving the system:
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> F, = N1+N2—Z7:Wn =0
= (3.2.1)

7

> Mg = (romxW,)+(roz xN;) =0

n=1
Where o is the position vector from point n to point o, and W, is the weight of the particular

section of the robot as shown in Figure 43.

W+W
@ W5 6 motor
W,

Figure 43: The robot divided into 7 elements with the weight vector W shown at the center of

mass of each element and the reaction forces N at the ground.

Once the reaction forces are known, the ratio 4N, /1, N, =N*, can be plotted versus
time as seen in Figure 44. The ratio changes as the robot deforms and is influenced by the
calibrated mass placement above point Ni. In the figure, we presume that z4 = x4, for purposes of
presentation, thus N*~ N, /N, . The assumption £, =, applies for these experiments because
the substrate that the robot is crawling on is consistent. It should be possible to control the friction
when 14 # u,, however integration of slip sensing may be required to make decisions on how

much weight to apply to minimize slipping. When the calibrated mass is present during the

contraction phase, and absent during the extension phase, the robot moves forward. We see this
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in Figure 44 as N* changing from less than 1 to greater than 1 while the motor is off and greater
than 1 to less than 1 when the motor is on. When the phase relationship between mass placement
and motor drive is changed by 90 degrees, the robot crawls in the backward direction, as shown in

Figure 44.

Forward

Time (sec.)

Figure 44: An example case (Wmass = 100g) of N* calculated from 3D position data of the
moving robot and plotted on the same time axis as the motor drive signal. By letting N* > 1
during the contraction phase and N* < 1 during the extension phase we achieve forward motion.
When the relationship between motor drive and N* is changed by 90 degrees the robot travels

backward.

This locomotion regime was explored in six cases. Three different calibrated mass values,
100g, 50g, and 25g,were used to achieve different magnitudes of N*. In each case the forward and
backward phasing relationships were both tested. The results of N* are shown compared to the
distance traveled by the center of mass of the robot Figure 45. X-direction travel of the center of

mass of the robot is normalized to the distance between contact points 1 and 2:
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X* = (AXeom )/(le ~Xy, ) (3.2.2)

There is a significant difference in x* in the 100g case from the other two (25g and 50g)
cases in both the forward and backward directions. In the 100g case, when N* crosses substantially
above and below 1, x* reaches approximately 1, a full body length of motion in 5 gait cycles. In
the 50g case, when N* barely crosses 1, x* reaches approximately 0.5, but does still show the
ability to travel both forward and backward with switched phasing. In the 25g case, when N* does
not cross 1 at all, the value of x* stays close to zero and indicates no forward locomotion. In this
case, the system does not switch direction with a change in phasing.

When N* switches substantially above and below 1, there is a large friction differential
between the two ground interaction points. Np is much larger than N> during the contraction phase
and NV is much larger than Vi for the extension phase. This results in a robust forward locomotion
gait and switching the phase by 90 degrees results in a robust backward locomotion gait. However,
less certain locomotion is achieved when N* does not substantially cross 1. In this case, N at the
two ground interaction points are similar, and the fiction threshold at those points is now influenced
by an uncertain x. Since u at the two contact points is sometimes equal, and sometimes not equal,
the resulting plot of x* sometimes increases and sometimes remains constant. As a result, it is
unknown which point will stick and which point will slip. This is on a well-controlled surface in
the lab, so in the field, on an uncertain surface, the effect would be even more pronounced.

If N* does not cross 1, the friction threshold is larger at one interaction point and lower at
the other throughout the gait cycle. For example, when the 25g mass is placed, there is always
more friction at interaction point number 2, therefore the stick/slip switching behavior does not
occur. This is also evident in the control experiment shown in Figure 46 where the calibrated mass

is not switched through the gait cycle. In these three cases, leaving the mass in place results in no

88



significant locomotion because the value of N* does not cross 1.

Figure 46 also shows that when the N* range is narrow and does not cross 1, the robot
demonstrates a slight preference for backward locomotion. This is most likely due to a small
unintended asymmetry in the robot’s body geometry. The result serves to illustrate the main point
of the control strategy. Achieving robust locomotion is best accomplished by a substantial change
in N* across the N* = 1 threshold.

The total change in x* at the center of mass of the robot, for all test cases, is shown in
Figure 47. Substantial forward locomotion is achieved when N* > 1 during the contraction phase
and N* < 1 during the extension phase (forward phasing). By inverting the phases (backward
phasing), substantial backward locomotion is achieved. The figure also illustrates that as the
magnitude of N* decreases, the locomotion becomes less substantial and less robust. When N*
does not cross 1, the robot does not make any substantial locomotion progress. Similarly, when the

weight is not switched at all, the result is very little locomotion.
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Figure 45: Five successive gait cycles are shown for forward and backward phasing with N*

switching. Different calibrated mass (ms3) values are shown in the title of the subpanels. The

leftmost panels have mz = 100g, so N* shifts the most. The robot only makes significant

progress when the N* curve crosses 1, otherwise little or no progress is made.

Constant 100g , Constant 50g ) Constant 25g
r — — —  —— -
L i 1= S T e
M — — -
0 0
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50

0 10 20 30 40 50
Time (sec.)

0 10 20 30 40 50
Time (sec.)

0 10 20 30 40 50
Time (sec.)

Figure 46: Five gait cycles are shown with no switching of the calibrated mass (ms), shown in

the title of the subpanels. N* changes only with the weight of the foam body and we see almost

zero locomotion progress with the robot slipping forward and backward.
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Chapter 6
Conclusions and Future Work

The design and manufacturing method described in this work is robust and allows for fast
production of many foam robots that produce substantially different gaits with different actuator
orientations and tendon placements. A few tendon paths and body geometries were explored in
this work, however, there are more possible configurations to explore in future designs. The design
space for these robots is immense when considering strain-rate, tendon paths and component
placements, making this a promising method for the production of prototypes for future research
in materials, controls, and system modeling.

Polyurethane open-cell foam and sutured components demonstrate the desirable
characteristics of soft robots in that they: 1) conform their bodies to the environment, rather than
deforming the environment, 2) change shape in multiple dimensions, 3) exhibit complex behaviors,
such as gaits for locomotion. These characteristics offer many opportunities for automatic and
adaptive control strategies. Further work is ongoing for achieving a fully autonomous motor-
tendon actuated soft robot using the techniques described in this work. The incorporation of the
electronics package and a lightweight power source appear achievable. Exciting challenges remain
in system modeling and gait selection. In addition, we are considering the many opportunities that
exist for novel application areas best addressed by soft robots.

Furthermore, the manufacturing method is less expensive and faster than 3D printing or

other rapid prototyping methods. For the cost (>$400 ) of a similar sized (1.6 liter) elastomer robot
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printed with UV cured resin in several hours we can cast about 130 robots out of polyurethane
foam in 30 minutes per mold. The use of foam allows us to replace typical mechanisms (e.g.
hinges, dampers, and springs) with a continuum of material that naturally folds, compresses,
buckles, and rebounds. Costly (in both time and money) methods, such as printing or machining,
are eliminated by using a configurable foam slab.

Several design issues were discovered and solved and the most important being the
integration of nylon tendons with the fragile and soft foam body of the robot. Taking inspiration
from nature, a method was developed that lowered contact stresses by distributing loads with a
multi-stranded tendon. Inspiration drawn from vertebrate structures motivated the use of nylon
ligaments to control the path of the tendon reducing friction and wear. The adoption of a material
gradient between the tendon and the foam created a strong anchor. These three bio-inspired design
features created robust robotic platform and virtually eliminated the apparent failure modes of
previous revisions. This allowed us to conduct experiments in locomotion strategy and control
without mechanical failure.

A method of robustly controlling soft foam robot locomotion using dynamic weight
redistribution has been demonstrated. With two ground contact points, 1D locomotion is statically
determinate, and therefore, can be controlled without knowledge of the internal foam mechanics.
Elastomers, and especially their foamed forms, have high damping coefticients and make their
mechanical response to actuation appear “lossy.” This model is sufficient for controlling such
robots as long as the motion is quasi-static, and inertial or damping effects are minimal. It is seen
in the results that locomotion is robust as long as the ratio of normal forces at the two contact
points is substantially greater than 1 during contraction and substantially less than 1 during

extension. If this ratio of normal forces does not cross 1, no net progress is made.
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The advantages of this scheme are that, with an easily compressible material like open cell
foam, detailed knowledge of the mechanics of the material are not needed. The friction at the
ground/body interface dominates and the stiffness of the body does not affect the locomotion as
long as the actuator is powerful enough to compress the material. This greatly simplifies the design
process. In addition, in order to achieve robust locomotion, a detailed model of the ground
interaction is not required. As long as the weight distribution avoids the uncertain region near
N*=1, reliable locomotion is achieved, even in the presence of uncertain ground interactions. The
size of this forbidden region near N*=1 can be increased if ground conditions become more
uncertain.

The use of weight redistribution avoids the need for other switchable friction mechanisms
such as hooks, grippers, or switchable adhesives. The next step is to incorporate the switching
mass into the design of the robot. One can imagine having movable masses within the body of the
robot. Possible systems might include masses that slide, or tubes that redistribute liquids. It might
even be possible to design clever structures whose internal deformation would naturally shift the
weight at the appropriate times in the gait cycle.

Finally, we plan to extend this 1D locomotion scheme to 2D motion using a robot body
that contacts the ground at 3 points. By distributing the mass across the three contact points, in a
similar way to that described in section 3.3, we may achieve that robust 2D locomotion with a

single contractile actuator.
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Appendix A:

Ashby Diagrams

The following four charts are output from the GRANTA material database software. These charts
show the benefits of using polyurethane foams in relation to other materials. As seen in these
charts, polyurethane covers a wide range of elastic modulus while remaining constant density and
toughness, as well as low cost. When transformed into foam we see decreased density, toughness,
strength and cost. For the application described in this work, low density and strength translates
to increased safety. The cost of the foamed polymer also decreases. These features make foamed

polyurethane the ideal material choice for soft robots.
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Appendix B:

Foam Mixture Calculator

This MathCAD code calculates the mass of Parts A and B of the foam material required to
produce a predetermined volume of foamed polymer. It is important to use mass as the unit of
measure when dispensing raw materials as it is more accurate than using volume. The bottles of
parts A and B should be shaken enough to mix the molecules into solution, however do not shake
vigorously in order to avoid air entrainment.

The user inputs the volume and weight mix ratios, the specific gravity of parts A and B,
and the expansion coefficient from the data sheet. The volume of the mold will yield the size of
the foam robot. A multiplier is then added to the total liquid volume in order to make up for any
material left behind in the mixing container or on the mixer.

A standard solver ‘Find’ is used to solve for the volumes of parts A and B using two
simultaneous equations for the total volume of liquid and the volume mix ratio. The specific
gravity of each part is then used to calculate the mass from the volume. The ratio of mass of part
A to mass of part B is then compared to the weight mix ratio. Error is reduced the closer this value

isto 1.
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BIB Enterprises
TC-274 A/B
Polysoft 2 4lb Flexible Polyurethane Foam

From the Data sheet: VolumeMizRatio:=0.43
WeightMizRatio:=0.50
SG,:=1.19
SGg:=1.03

Mold Dimensions: ClavityVolume:=367102.556693 mm’ =367.103 mL

_ CavityVolume
10

Assume expansion by 10x: LiquidVolume : =36.71 mL

Add 30% to fill the mold: LigquidVolume := LiquidVolume - 1.30=47.723 mL

Calculate volumes of Part A and Part B:

& vy=1mL

2l Vgi=1mL

E_

]

2| LiquidVolume=V, +Vpg

1=}

=

5| Va=VolumeMizRatio-Vy
g - _[14.35 ]
g V=Fnd(Va, V)= 35 503

Volume of Part A: V, :=‘VD ,=14.35 mL

L]

Volume of Part B: Vpi=V_ =33.373 mL

1

Check if Correct:  V,+V5=47.723 mL
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Change to mass:

Density of Part A:

Density of Part B:

Mass of Part A:

Mass of Part B:

p4:=5G 41000 k_g_{1 19.10°) Z9_ k-g

m m
ppi=SGg+1000 9 =(1.03.10") ZL_ kf"
m m.

mB = PE 'VB:D.D34 kg

Check against data sheet: m,

Grams of Parts A and B:

Mg
WeightMixRatio

=0.994 Good to mold!

Part A: m,=17.077 gm

Part B: mg=34.37T4 gm
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Appendix C:

Foam Manufacturing SOP

Chemical Process for TC-274 A/B foam

Standard Operating Procedure

Faculty Supervisor: Prof. Robert White, Mechanical Engineering (x72210)

Safety Office: Peter Nowak x73246 (Just dial this directly on any campus phone.)
(617)627-3246 (From off-campus or from a cell phone)

Tufts Emergency Medical Services are at x66911.

Revised: November 2, 2018
Goal:

Make a flexible polyurethane foam articles.

Warnings:

The chemicals you are working with here are hazardous. Read carefully Accident Procedure. All

processing must be done in a well-ventilated area with approved safety glasses or goggles.

1. Material Requirements:

1.1 Equipment and tools: Two small containers, mold (typically aluminum or epoxy

mold)
1.2 Chemicals: TC-274 A, TC-274 B

1.2.1 Hazards associated with chemicals:

1.2.1.1 TC-274 A contains 4,4’-Diphenylmethane dissocyanate (30-60%),

polymeric diphenylmethane diisocyanate (10-30%), isocyanic acid
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and 2,4’- Diphenylmethane diisocyanate (7-13%). It is harmful if
inhaled. It causes irritation to skin, eye, and respiratory tract.
Prolonged, repeated contact, inhalation, ingestion, or absorption
through the skin, may cause toxic effects to internal organs.

1.2.1.2 TC-274 B contains Polyether polyol mixture (60-100%),
diethanolamine (0.1-1%) and tertiary amine mixture(0.1-1%). It
will cause irritation if it contacts the eye.

1.3 Engineering Controls: Use process enclosures, local exhaust ventilation, or other

engineering controls to control airborne levels below recommended exposure limit.
Dispose of chemicals as described at the end of this document.

1.4 Personal Protective Equipment: Nitrile gloves, eye protection and lab coats or smocks

are required for all procedures.

2.0 Procedure:
2.1 Prepare
2.1.1 Warm the mold to between 75-85 F
2.1.2 Use 44.3 grams for Part A and 89.1 grams for Part B
2.1.3 Mix TC-274 A and TC-274 B in a container (Figure 1)
2.1.3.1 Gently shake TC- 274 B before blending
2.1.3.2 Mix for 5 to 8 seconds (until uniform blended appearance)
2.1.4 Immediately pour mix in mold
2.1.4.1 Do not scrape any material

2.1.4.2 The mold should be well sealed
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2.1.4.3 Wait for at least 15-20 minutes

2.1.5 Remove from mold

Figure 1 — TC-274 part A (on the left) and TC-274 B (on the right)

2.2 Clean up
2.2.1 When finished mixed remain chemical in container to obtain solid waste.

Do NOT put anything in the sink.

3.0 Storage:

3.1 TC-274 A and TC-274 B should be stored at ambient temperature

4.0 Waste Disposal:

4.1 TC-274 A/B waste:
4.1.1 Solid waste for this chemical should go in the trash

4.1.2 Empty containers must be disposed of in a safe way

5.0 Accident Procedures:
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5.1 Contact: Read SDS prior to working with any chemical to familiarize yourself with
the symptoms of exposure and recommendations for treatment.
511 TC-274 A and TC-274 B:

5.1.1.1 Skin contact: Immediately wash skin with soap and water. Remove
contaminated clothing. Get medical attention if irritation develops.
Wash clothing before reuse

5.1.1.2 Eye contact: Wash with water for at least 15 minutes. Get
immediate medical attention

5.1.1.3 Ingestion: Call a physician immediately. Do not induce vomiting
unless directed to do so by medical personnel. Wash out mouth
with water

5.1.1.4 Inhalation: Remove exposed individual from area and contact
health professional if necessary

512 TC-274 B:

5.1.2.1 Skin contact: Wash exposed area with water

5.1.2.2 Eye contact: Wash with water for at least 15 minutes. Get
immediate medical attention

5.1.2.3 Ingestion: Call a physician immediately. Do not induce vomiting
unless directed to do so by medical personnel. Wash out mouth
with water

5.1.2.4 Inhalation: Remove exposed individual from area and contact
health professional if necessary

5.2 Spill:
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5.2.1 [If asmall, contained spill occurs, wipe it up with chemical wipes and
dispose of in the appropriate trash container.
5.2.2 [If alarge spill occurs that you are not comfortable cleaning up:
5.2.2.1 If it is a TC-274 A spill, contain and absorb onto an inert, non-
flammable adsorbent carrier (such as earth or sand). Shovel into
open-top drum or plastic bags for further decontamination. Notify
the Tufts emergency services (x66911) immediately. Also notify
the faculty advisor.
5.2.2.2 If it is a large TC-274 B spill, contain and absorb onto an inert,
non-flammable adsorbent carrier (such as earth or sand). Notify the
Tufts emergency services (x66911) immediately. Notify the

faculty advisor.

If at any time you feel a situation is dangerous, do not hesitate to call the safety office (x73246,

Peter Nowak) or the faculty supervisor (x72210, Robert White).

Report all accidents (injuries, major spills, fires) to the safety office at x73246 (Peter Nowak)
and the faculty supervisor at x72210 (Robert White). For emergencies, call Tufts Emergency

Services at x66911.
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Appendix D:

Motion Data Processing Code

1. Main program

function SLABotTracking

disp(*);

disp("Welcome to the SLABot Tracking Software!");
disp(*);

m=input('Do you want to continue? [Y/N]:','s");
disp(*);

if m=="y'
MotionDataProcessing;

disp(");

m=input('Process data into Disp./Vel./Acel.? [Y/N]:','s");

if m=="y'
MotionDataAnalysis('MarkerPositionData.mat');

end

disp(');
m=input('Do you want to calculate the ground reactions? [Y/N]: ','s");
if m=="y'
ReactionForces('MarkerPositionData.mat');
end

PlotResults;

disp(*);
m=input("Would you like to create an animation? [Y/N]:','s");
if m=="y’
MotionDataAnimation;
end

disp(* );
disp('All done!);
clear all;
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close all;

else
clear all;
close all;
end

2. Motion data processing function

Contents

Load data from experiment.

Throw out data before and after the experiment.
Starting with the first frame, idenify all 8 Markers.
Determine the marker number in subsequent frames.
Zero the marker positions:

Save Data

> > > > D>

%This is an attempt at reconfiguring the motion data of the SLABot robot
%taken by the Vicon motion capure system. 5 cameras were used to capture
%the 3D position of 6 IR LED markers on the robot in real time.

%

%Data from experiment is stored in a cell array named ViconNodes

%Each cell is a moment in time containing a 1D column of three variables
%and one 3x6 array storing the 3D positions of the markers.

%

%mMarkerCount displays the number of markers whose position was recorded.
%mFrameNum displays the frame number.

%mFrameMS displays the time in milliseconds.

%

%mMarker3DPos is the 3x6 array of 3D postion for each marker in
%millimeters. However, the identity of the marker is unknown and for
%every frame we must determine which position is associated with which
%marker. The column is the marker and the rows are X, Y, and Z from top
%to bottom. For example:

%ViconNodes{1,1}.mMarker3DPos(1,1) is the x-position of the first marker
%ViconNodes{1,1}.mMarker3DPos(2,1) is the y-position of the first marker
%ViconNodes{1,1}.mMarker3DPos(3,1) is the z-position of the first marker
%

%The markers should be in order where the leading marker is located on the
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file:///C:/Users/Nikolas/Box%20Sync/Soft%20Robotic%20Platform/SLABot_V4/Data/25g_B_t1_06-26-2018/html/MotionDataProcessing.html%233
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file:///C:/Users/Nikolas/Box%20Sync/Soft%20Robotic%20Platform/SLABot_V4/Data/25g_B_t1_06-26-2018/html/MotionDataProcessing.html%238

%top of the robot at the end furthest from the motor. The next marker is
%the lowest one at the bottom of the robot. Therefore, we should be able
%to label the markers relative to the lowest one.

%

%The starting position was with the leading edge of the robot close to the
%origin. Let's call that marker #1. The next marker in the positive
%x-direction will be marker #2. This is the lowest marker in the
%z-direction. The next marker will be #3 and so on...

%

function MotionDataProcessing

Load data from experiment.

prompt = 'Please input the name of the folder containing Vicon Data. \n';
folder = input(prompt,'s");
files = dir([folder "\*.mat]);

for fileInd = 1:length(files)
data(fileInd) = load(files(fileInd).name);
end

disp(‘Files loaded...");
disp(‘Combining files... Please wait.")

combined = {};
for fileInd = 1:length(data)
combined = [combined, data(fileInd).ViconNodes];
end
ViconNodes = combined;

for n = 1:length(ViconNodes)
frameMS(n) = ViconNodes{n}.mFrameMS;
markerCount(n) = ViconNodes{n}.mMarkerCount;
frameNum(n) = ViconNodes{n}.mFrameNum;

end

figure(100);

hold on;

plot(frameMS, frameNum);

xlabel('time’)

ylabel('Frame Number")

yyaxis right;
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plot(frameMS, markerCount);
ylabel('Marker Count’)
hold off;

disp(" );

input('Does this data look complete? [Y/N]:','s");
disp();

close figure 100;

Throw out data before and after the experiment.

disp(‘'Trimming data set...");

newViconNodes = {};
cnt=1;
for n = 1:length(ViconNodes)
if ViconNodes{1,n}.mMarkerCount ==
newViconNodes{1,cnt} = ViconNodes{1, n};
cnt=cnt + 1;
end
end

clear frameMS markerCount frameNum;

for n = 1:length(newViconNodes)
frameMS(n) = newViconNodes{n}.mFrameMS;
markerCount(n) = newViconNodes{n}.mMarkerCount;
frameNum(n) = newViconNodes{n}.mFrameNum;

end

figure(100);

hold on;

plot(frameMS, frameNum);

xlabel('time")

ylabel('Frame Number")

yyaxis right;

plot(frameMS, markerCount);

ylabel('Marker Count')

hold off;

disp(* );
input('Does this data look correct? [Y/N]: ','s");
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disp(' );
close figure 100;

ViconNodes = newViconNodes;
LengthViconNodes = length(VViconNodes);

Starting with the first frame, idenify all 8 Markers.

disp('Detecting markers...")

%Zero the timer.
time = 0;

%Sort marker locations by x value to deterimine marker order.
Markers = sortrows(transpose(ViconNodes{1, 1}.mMarker3DPos),1,'descend’);

%Make the marker with the largest y-value Marker 8.
[~,minInd] = min(Markers(:,2));
A = Markers(minind,:);
%newMarkers = zeros(8,3);
for n = 1:minind-1

Markers(n,:) = Markers(n,:);
end
for n = minind:7

Markers(n,:) = Markers(n+1,:);
end
Markers(end,:) = A,
%Markers = newMarkers;

%Store marker locations as point cloud object.
Markers = pointCloud(Markers);

%Retrieve marker locations and store as individual points.
Markerl = select(Markers,1);
Markerl = Markerl.Location;

Marker2 = select(Markers,2);
Marker2 = Marker2.Location;

Marker3 = select(Markers,3);
Marker3 = Marker3.Location;
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Marker4 = select(Markers,4);
Marker4 = Marker4.Location;

Marker5 = select(Markers,5);
Marker5 = Marker5.Location;

Marker6 = select(Markers,6);
Marker6 = Marker6.Location;

Marker7 = select(Markers,7);
Marker7 = Marker7.Location;

Marker8 = select(Markers,8);
Marker8 = Marker8.Location;

%Create a new array of time stamp,
%and 3D positions of markers in order and labeled.
PositionData{1,1} = struct(‘time’, time,...

'markerl’, Marker1,...

‘marker2', Marker2,...

'marker3’, Marker3,...

‘marker4’, Marker4,...

'marker5’, Marker5,...

'marker6', Marker®,...

'marker?7', Marker7,...

'marker8', Marker8);

disp('The starting marker arrangement is:");
PositionData{1,1}

Determine the marker number in subsequent frames.

disp(‘Processing the subsequent frames...")

for n = 2:(LengthVViconNodes)
if ViconNodes{1,n}.mMarkerCount ==

%Timer in milliseconds.
time = ViconNodes{1, n}.mFrameMS - ViconNodes{1, 1}.mFrameMS;
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%Store 3D position of all 8 markers at current timestep.
ptCloud = pointCloud(transpose(ViconNodes{1, n}.mMarker3DPos));

%Compare points to previous list of Markers,

%And store PointCloud postions as new Markers.

[Index1,~] = findNearestNeighbors(ptCloud,Marker1,1,...
'MaxLeafChecks',inf,'Sort',false);

Markerl = select(ptCloud,Index1);

Markerl = Markerl.Location;

[Index2,~] = findNearestNeighbors(ptCloud,Marker2,1,...
'MaxLeafChecks',inf,'Sort',false);

Marker2 = select(ptCloud,Index2);

Marker2 = Marker2.Location;

[Index3,~] = findNearestNeighbors(ptCloud,Marker3,1,...
'MaxLeafChecks',inf,'Sort',false);

Marker3 = select(ptCloud,Index3);

Marker3 = Marker3.Location;

[Index4,~] = findNearestNeighbors(ptCloud,Marker4,1,...
'MaxLeafChecks',inf,'Sort',false);

Marker4 = select(ptCloud,Index4);

Marker4 = Marker4.Location;

[Index5,~] = findNearestNeighbors(ptCloud,Marker5,1,...
'MaxLeafChecks',inf,'Sort',false);

Marker5 = select(ptCloud,Index5);

Marker5 = Marker5.Location;

[Index6,~] = findNearestNeighbors(ptCloud,Marker6,1,...
'MaxLeafChecks',inf,'Sort',false);

Marker6 = select(ptCloud,Index6);

Marker6 = Marker6.Location;

[Index7,~] = findNearestNeighbors(ptCloud,Marker7,1,...
'‘MaxLeafChecks',inf,'Sort',false);

Marker7 = select(ptCloud,Index7);

Marker7 = Marker7.Location;

[Index8,~] = findNearestNeighbors(ptCloud,Marker8,1,...
'‘MaxLeafChecks',inf,'Sort',false);

Marker8 = select(ptCloud,Index8);

Marker8 = Marker8.Location;

%Add to the time-position array.
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PositionData{end+1} = struct('time’, time,...
'markerl’, Marker1,...
'marker2', Marker2,...
'marker3', Marker3,...
'marker4’, Marker4, ...
'marker5’, Marker5,...
'marker6’, Marker®,...
'marker?7', Marker7,...
'marker8', Marker8);

end
end

disp('The final configuration of the robot is:")
PositionData{1,end}

Zero the marker positions:

disp(‘Calibrating the axes...");

% Marker8Z = 11.45; %Height of Marker 8 in mm.

% Marker2y = 43.72; %Y-dir. offset of Marker 2 in mm.

% Marker3dy = 7.59; %Y -dir. offset of Marker 3 in mm.

% Marker6z = ; %Z-direction offset from motor top to top of foam in mm.

for n = 1:length(PositionData)

%Timer in milliseconds.
time = PositionData{n}.time;

%Zero all markers by subtracting their inital position.

Markerl = [PositionData{n}.marker1(1)-PositionData{1}.marker1(1),...
PositionData{n}.marker1(2)-PositionData{1}.marker1(2),...
PositionData{n}.marker1(3)-PositionData{1}.marker1(3)+25];

Marker2 = [PositionData{n}.marker2(1)-PositionData{1}.marker1(1),...
PositionData{n}.marker2(2)-PositionData{1}.marker2(2),...
PositionData{n}.marker2(3)-PositionData{1}.marker2(3)+25];

Marker3 = [PositionData{n}.marker3(1)-PositionData{1}.marker1(1),...
PositionData{n}.marker3(2)-PositionData{1}.marker3(2),...
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PositionData{n}.marker3(3)-PositionData{1}.marker3(3)+25];

Marker4 = [PositionData{n}.marker4(1)-PositionData{1}.marker1(1),...
PositionData{n}.marker4(2)-PositionData{1}.marker4(2),...
PositionData{n}.marker4(3)-PositionData{1}.marker4(3)+25];

Marker5 = [PositionData{n}.marker5(1)-PositionData{1}.marker1(1),...
PositionData{n}.marker5(2)-PositionData{1}.marker5(2),...
PositionData{n}.marker5(3)-PositionData{1}.marker5(3)+25];

Marker6 = [PositionData{n}.marker6(1)-PositionData{1}.marker1(1),...
PositionData{n}.marker6(2)-PositionData{1}.marker6(2),...
PositionData{n}.marker6(3)-PositionData{1}.marker6(3)+25];

Marker7 = [PositionData{n}.marker7(1)-PositionData{1}.marker1(1),...
PositionData{n}.marker7(2)-PositionData{1}.marker7(2),...
PositionData{n}.marker7(3)-PositionData{1}.marker7(3)+25];

%Marker 8 only gets zeroed in the z-direction becasue it is for timing.

Marker8 = [PositionData{n}.marker8(1),...
PositionData{n}.marker8(2),...
PositionData{n}.marker8(3)-PositionData{1}.marker8(3)];

%Rebuild the time-position array.
MarkerPositionData{n} = struct('time’, time,...

'markerl’, Marker1,...

'marker2', Marker2,...

'marker3', Marker3,...

'marker4’, Marker4, ...

'marker5’, Marker5,...

'marker6’, Markers,...

'marker?7', Marker7,...

'marker8', Marker8);

end
disp('The zeroed initial configuration of the robot is:")
MarkerPositionData{1}

disp(‘'The zeroed final configuration of the robot is:")
MarkerPositionData{end}
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Save Data

%The saved data is a structure array with each cell containing the time
%stamp in milliseconds and position data for each marker as x,y,z.
save('MarkerPositionData.mat', 'MarkerPositionData');

%clean up
clear all; close all;

disp(' )
disp('Processing done!")

3. Motion data analysis function

Contents

Analysis Time!!!

Time:

Displacement / Velocty / Acceleration:

Determine when weight was placed from user input

clean up

p O N, S S

%SLABot MOTION DATA Analysis
%Revision: 0

%Date: January 2,2017

%Author: Niko Kastor

%Assisted by: Guy Levy

%Advisor: Robert D. White

function MotionDataAnalysis(filename)
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Analysis Time!!!

%L oad data from motion data file created by MotionDataProcessing.m
load(filename);
disp([filename, ' loaded)

disp(‘Analyzing...");

%Length of data array:
LengthMPD = length(MarkerPositionData);

%Total distance traveled by marker #7:

M7start = abs(MarkerPositionData{1}.marker7);
M7finish = abs(MarkerPositionData{end}.marker7);
M7deltaX = M7finish(1) - M7start(1);

M7deltaY = M7finish(2) - M7start(2);

M7deltaD = sqrt(M7deltaX"2 + M7deltaY”2);

disp( );

disp(['Distance traveled in the x-dir: ', num2str(M7deltaX), ' mm);
disp(['Distance traveled in the y-dir: ', num2str(M7deltaY), ' mm?);
disp(['Total distance traveled: ', num2str(M7deltaD), ' mm');

%Average speed of marker #7:
startTime = MarkerPositionData{1}.time;
endTime = MarkerPositionData{end}.time;
TotalTime = (endTime - startTime) * 0.001;
disp(['Elapsed time: ', num2str(TotalTime), ' sec.])

AverageSpeed = M7deltaD / double(TotalTime);
disp(['Average speed: ', num2str(AverageSpeed), ' mm/s')

Time:

time = zeros(1, LengthMPD, ‘double’);

for Nodelnd = 1:LengthMPD

%time in seconds...

time(Nodelnd) = double(MarkerPositionData{Nodelnd}.time)*0.001;
end

116



Displacement / Velocty / Acceleration:

disp(‘Making displacment, velocity and acceleration plots.");
disp('Please wait...");

%Memory allocation for position array.

X
Y
Z

= NaN(1, LengthMPD);
= NaN(1, LengthMPD);

= NaN(1, LengthMPD);

%Set up filter for moving average filter
windowsSize = 10;

b = (1/windowsSize)*ones(1,windowSize);
a=1;

for Markerind = 1:7

%
%
%
%
%
%
%
%
%
%

mFieldName = sprintf('marker%i', Markerind);
disp(['Processing Marker #', num2str(MarkerInd), "...7);

%Determine marker coordinates from data set:

for Nodelnd = 1:LengthMPD
X(Nodelnd) = double(MarkerPositionData{NodelInd}.(mFieldName)(1));
Y (Nodelnd) = double(MarkerPositionData{Nodelnd}.(mFieldName)(2));
Z(Nodelnd) = double(MarkerPositionData{Nodelnd}.(mFieldName)(3));

end

%Filter data to remove jitter using moving average low pass filter:
cutoff = 2.5; %Cuttoff frequency in Hz.

samplerate = 50; %Smaple rate in Hz.

[a,b] = butter(1,(cutoff/(samplerate/2)));

X =filtfilt(a,b,X);

Y = filtfilt(a,b,Y);

Z = filtfilt(a,b,2);

%EXxtract the first few gate cycles:
numCycles = numSteps;
Dmag = sqrt(X.A2 + Y.A2 + Z/2); %Displacement magnitude
%Find the indicies when the displacmenet magnitude changes.
Changelndx = findchangepts(Dmag,'MaxNumChanges',13");
InitChangelndx = Changelndx(1)-50; %Beginning of the gate cycle.
FinChangelndx =Changelndx(numCycles*2)+50; %End of the gate cycle.
%Remove the beginning of the data where the robot is not doing
%anything and the data after the desired number fo gate cycles.
X = X(InitChangelndx:FinChangelndx);
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%
%
%
%
%

Y = Y(InitChangelndx:FinChangelndx);

Z = Z(InitChangelndx:FinChangelndx);

time = time(InitChangelndx:FinChangelndx);
%Restart time from zero:

time = time-time(1);

%Differenital time for velocity and acceleration:
dt = diff(time);

%Recalculate displacement magnitude:
Dmag = sqrt(X.A2 + Y.A2 + Z."2);

%Determine marker velocitiy:

Vx = diff(X)./dt;

Vy = diff(Y)./dt;

Vz = diff(2)./dt;

Vmag = sgrt(Vx."2 + Vy.*2 + Vz."2); %velocity magnitude

%Determine marker acceleration:

Ax = diff(Vx)./dt(1:end-1);

Ay = diff(Vy)./dt(1:end-1);

Az = diff(Vz)./dt(1:end-1);

Amag = sqrt(Ax."2 + Ay."2 + Az."2); %Accel. Magnitude

%Create an array of the calcualted data:

TelemetryData(MarkerInd) = struct(...
‘Marker', MarkerInd,...
Time', time,...
'PositionXYZ', [transpose(X) transpose(Y) transpose(Z)],...
‘VelocityXYZ', [transpose(VX) transpose(VYy) transpose(Vz)],...
'‘AccelerationXYZ', [transpose(AX) transpose(Ay) transpose(Az)]);

%Set up the figure window and title:

fig = figure;

txt = uicontrol,

title = ['Telemetry of Marker #', num2str(MarkerInd)];

set(fig,'Name' title,'NumberTitle','off','Units','Normalized',...
‘OuterPosition’,[0.25 0.25 0.5 0.6]);

set(txt,'Style','text’,'Units','Normalized',...
'Position’,[0 0.89 1 0.1],'String',title,'FontSize',186,...
'FontWeight','Bold");

%Create plot of marker displacement in 3D and magnitude:
f1 = uipanel(fig, Title','Displacement (mm)','FontSize',12,...
'FontWeight','Bold’,'Units’,'Normalized',...
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‘Position’,[0 0 0.3333 0.93]);

subl = subplot(4,1,1,'Parent',f1); hold on;
tPlots = plot(time,Dmag);
tAxes = get(tPlots, ‘parent’);
tYAXis = get(tAxes, "YAXIs');
set(tYAxis, 'Exponent’, 0);
ylabel('mag.’,'Color','k’,'FontWeight','bold");
hold off;

sub2 = subplot(4,1,2);
tPlots = plot(time,X);
tAxes = get(tPlots, ‘parent’);
tYAXxis = get(tAxes, "YAXIs');
set(tYAXxis, 'Exponent’, 0);
ylabel('x-dir.",'Color','k','FontWeight','bold");

sub3 = subplot(4,1,3);
tPlots = plot(time,Y);
tAxes = get(tPlots, ‘parent’);
tYAXxis = get(tAxes, "YAXIs');
set(tYAXis, 'Exponent’, 0);
ylabel('y-dir.",'Color','k','FontWeight','bold");

sub4 = subplot(4,1,4);
tPlots = plot(time,Z);
tAxes = get(tPlots, ‘parent’);
tYAXxis = get(tAxes, "YAXIs");
set(tYAXxis, 'Exponent’, 0);
ylabel('z-dir.",'Color','’k','FontWeight','bold");
LgAxes = axes('Parent',f1);
bkclr = get(f1,'BackgroundColor");
set(LgAxes, Xcolor',bkclr,"Ycolor',bkclr,'box’,'off','Color’,'none’);
xlabel(‘time (s)','Color','k");
uistack(LgAxes, bottom’);

%Create plot of marker velocity in 3D and magnitude:

f2 = uipanel(fig, Title','Velocity (mm/s)','FontSize',12,...
'FontWeight','Bold’,'Units’,'Normalized',...
'Position’,[0.3333 0 0.3333 0.93]);

subl = subplot(4,1,1, Parent',f2);
plot(time(1:end-1),Vmag);
ylabel('mag.’,'Color','k’,'FontWeight','bold");

sub2 = subplot(4,1,2);
plot(time(1:end-1),Vx);
ylabel('x-dir.",'Color',’k','FontWeight','bold’);
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sub3 = subplot(4,1,3);
plot(time(1:end-1),Vy);
ylabel('y-dir.",'Color','k','FontWeight','bold");

sub4 = subplot(4,1,4);
plot(time(1:end-1),Vz);
ylabel('z-dir.",'Color','’k’,'FontWeight','bold");

LgAxes = axes('Parent’,f2);

bkclr = get(f2,'BackgroundColor');

set(LgAxes, Xcolor',bkclr,"Ycolor',bkclr,'box’,'off','Color’,'none’);

xlabel(‘time (s)','Color','k’);

uistack(LgAxes, bottom);

%Create plot of marker Aceleration in 3D and magnitude:

f3 = uipanel(fig, Title','Acceleration (mm/s/s)','FontSize',12,...
'FontWeight','Bold’,'Units','Normalized',...
'Position’,[0.6666 0 0.3333 0.93]);

subl = subplot(4,1,1, Parent',f3);
plot(time(1:end-2),Amag);
ylabel('mag.’,'Color','k’,'FontWeight','bold");

sub2 = subplot(4,1,2);
plot(time(1:end-2),Ax);
ylabel('x-dir.",'Color','k','FontWeight','bold");

sub3 = subplot(4,1,3);
plot(time(1:end-2),Ay);
ylabel('y-dir.",'Color','k','FontWeight','bold");

sub4 = subplot(4,1,4);
plot(time(1:end-2),Az);
ylabel('z-dir.",'Color','’k','FontWeight','bold");

LgAxes = axes('Parent’,f3);

bkclr = get(f3,'BackgroundColor');

set(LgAxes, Xcolor',bkclr,"Ycolor',bkclr,'box’,'off','Color’,'none’);

xlabel('time (s)','Color','k");

uistack(LgAxes, bottom);

disp(['Marker #, num2str(MarkerInd), ' done!");

saveas(fig, [ TelemetryData_Marker ', num2str(Markerind)]);
end
%Save Data
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save('MotionAnalysisData.mat',...
'M7deltaX',...
‘M7deltaY",...
'M7deltaD’,...
‘Total Time',...
'‘AverageSpeed',...
‘TelemetryData');

Determine when weight was placed from user input

close all;

%Did the robot translate with weight?
disp(' ); disp(');
didStep = input('Did the robot translate by taking steps? [Y/N]:','s");
if didStep =="n'
for n = 1:LengthMPD
MarkerPositionData{n}.MassPresent = 0;
end
save('MarkerPositionData.mat', 'MarkerPositionData');
figure; hold on;
for n = 1:LengthMPD
mass(n) = MarkerPositionData{n}.MassPresent;
xPos(n) = TelemetryData(2).PositionXYZ(n,1);
end
plot(1:LengthMPD,mass,'-k')
xlabel('Index");
ylabel('Mass Present’);
yyaxis right
plot(1:LengthMPD,xPos,'-")
ylabel("X-Position of Marker 2');
savefig('MassPlacement.fig');
hold off;
return;
end

disp(");

%Determine number of robot steps from user:

disp('); disp(");

numSteps = input('How many steps were taken by the robot? ','s");
numsSteps = str2num(numSteps);

disp(*);
%Iload('MarkerPositionData.mat');
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openfig(‘'TelemetryData_Marker 2.fig');

disp('); disp(');
disp(‘'Please use the cursor to select the times, ‘);
disp('in order, when the weight was placed and removed.");

disp(*);
numinputs = (numSteps * 2) + 1;

disp(['You will have to click ', num2str(numInputs), ' times."]);
disp('The best place to do this is in the Z-dir. Displacement plot.");

disp(");
[x,~] = ginput(numInputs); %Get user inputs from plot clicks as [time,y]

%find the index of each x in time:
for m = L:numlinputs

[~, timelndex(m)] = min(abs(x(m) - time));
end

%Then set an object in the position data that says when the weight is
Y%present:
for n = 1:LengthMPD
MarkerPositionData{n}.MassPresent = 0;
end
cntr=1;
for m = 1:round(length(timelndex)/2)
if cntr+1 <= length(timelndex)
for p = timelndex(cntr):timelndex(cntr+1)
MarkerPositionData{p}.MassPresent = 1,
end
cntr = cntr+2;
else
break;
end
end

figure; hold on;

for n = 1:LengthMPD
mass(n) = MarkerPositionData{n}.MassPresent;
XPos(n) = TelemetryData(2).PositionXYZ(n,1);

end

plot(1:LengthMPD,mass,'-k")

xlabel('Index’);

ylabel('Mass Present’);

yyaxis right
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plot(1:LengthMPD,xPos,'-")
ylabel("X-Position of Marker 27);
savefig('MassPlacement.fig');
hold off;

%Save mass present data
save('MarkerPositionData.mat', 'MarkerPositionData');

clean up

clear all; close all;
disp(' )
disp(‘Analysis done!")

4. Motion data analysis function

Contents

Load data from motion data file
List Parameters

Calculate Raction Forces

Save Data

Create Plot

p O N S S

%SLABot REACTION FORCE Analysis
%Revision: 0

%Date: Feburary 8,2018

%Author: Niko Kastor

%Assisted by: Guy Levy

%Advisor: Robert D. White

function ReactionForces(filename)

Load data from motion data file

load(filename);

disp([filename, ' loaded])
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%Length of data array:
LengthMPD = length(MarkerPositionData);

List Parameters

%Density of the foam in kg/m”3:
RobotVolume = 367102.56; %mm~”3
RobotMass = 42.8; %grams

Density = RobotMass / RobotVolume;

%Standard Gravity:
g = -9806.65; Y%omm/s"2

%SLABot Discretized Section Information:
%\Volume in mm~3.
%COM location is the distance from center of robot along x-axis in mm.
%Mass in grams.
%Marker 1:
Voll =54919.39;
COM1 =-101.76;
Massl = Voll * Density;
W1 =[0,0,g * Massl];
%Marker 2:
Vol2 = 86510.75;
COM2 =-70.71;
Mass2 = Vol2 * Density;
W2 =[0,0,g * Mass2];
%Marker 3:
Vol3 = 38489.25;
COM3 =0;
Mass3 = Vol3 * Density;
W3 =10,0,g * Mass3];
%Marker 4:
Vol4 = 62500.00;
COM4 = 37.48;
Mass4 = Vol4 * Density;
W4 =10,0,g * Mass4];
%Marker 5:
Vol5 = 86510.75;
COM5 =70.71;
Mass5 = Vol5 * Density;
W5 =1[0,0,g * Mass5];
%Marker 6:
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Vol6 = 54919.39;
COM6 = 101.76;

Mass6 = Vol6 * Density;
W6 =[0,0,g * Mass6];
%Marker 7:

Vol7 = 62500.00;
COM7 =-37.47,

Mass7 = Vol7 * Density;
W7 =10,0,g * Mass7];

%Mass of motor assembly:
MotorMass = 76.1; %grams
Wmotor = [0,0,MotorMass * g]; %weight of Motor

%Mass of calibrated weight:
CalMass = 100; %grams

Calculate Raction Forces

% %Declare a vector for data storage:
% disp(' "); disp('Allocating memory...");
% ReactionForces = NaN(1,LengthMPD);

disp(*);
disp(‘Calculating reactions... Please Wait.");

for Nodelnd = 1:LengthMPD
clear Reactions R1 R2 sumWeights sumVertR

%Delcare symbolic vector variables:
%https://www.mathworks.com/help/symbolic/sym.html#bulrgzj-1
R1=sym(R1', [13]); %R1=[R11, R12, R13]

R2 =sym('R2', [1 3]); %R2 =[ R21, R22, R23]

%syms R1 R2

%time in seconds...
time = double(MarkerPositionData{Nodelnd}.time)*0.001;

%Mass of the calibrated weight used to generate locomotion:
if MarkerPositionData{Nodelnd}.MassPresent ==

Wmass = [0,0,CalMass * g]; %weight of Calibrated Mass in Newtons;
else

Wmass = [0,0,0];
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end

%Distance vectors
riBx = MarkerPositionData{Nodelnd}.marker1(1)...
- MarkerPositionData{Nodelnd}.marker7(1);
riBy = MarkerPositionData{NodelInd}.marker1(2)...
- MarkerPositionData{Nodelnd}.marker7(2);
riBz = MarkerPositionData{Nodelnd}.marker1(3)...
- MarkerPositionData{1}.marker7(3) + 25/2;
riB = [r1Bx, r1By, riBz];

r2Bx = MarkerPositionData{Nodelnd}.marker2(1)...
- MarkerPositionData{Nodelnd}.marker7(1);
r2By = MarkerPositionData{Nodelnd}.marker2(2)...
- MarkerPositionData{Nodelnd}.marker7(2);
r2Bz = MarkerPositionData{Nodelnd}.marker2(3)...
- MarkerPositionData{1}.marker7(3) + 25/2;
r2B = [r2Bx, r2By, r2Bz];

r3Bx = MarkerPositionData{Nodelnd}.marker3(1)...
- MarkerPositionData{Nodelnd}.marker7(1);
r3By = MarkerPositionData{Nodelnd}.marker3(2)...
- MarkerPositionData{Nodelnd}.marker7(2);
r3Bz = MarkerPositionData{Nodelnd}.marker3(3)...
- MarkerPositionData{1}.marker7(3) + 25/2;
r3B = [r3Bx, r3By, r3Bz];

rdBx = MarkerPositionData{Nodelnd}.marker4(1)...
- MarkerPositionData{Nodelnd}.marker7(1);
r4dBy = MarkerPositionData{Nodelnd}.marker4(2)...
- MarkerPositionData{Nodelnd}.marker7(2);
r4dBz = MarkerPositionData{Nodelnd}.marker4(3)...
- MarkerPositionData{1}.marker7(3) + 25/2;
r4B = [r4BX, r4By, r4Bz];

r5Bx = MarkerPositionData{NodelInd}.marker5(1)...
- MarkerPositionData{Nodelnd}.marker7(1);
r5By = MarkerPositionData{NodelInd}.marker5(2)...
- MarkerPositionData{Nodelnd}.marker7(2);
r5Bz = MarkerPositionData{Nodelnd}.marker5(3)...
- MarkerPositionData{1}.marker7(3) + 25/2;
r5B = [r5BX, r5By, r5Bz];

r6Bx = MarkerPositionData{Nodelnd}.marker6(1)...
- MarkerPositionData{Nodelnd}.marker7(1);
r6By = MarkerPositionData{Nodelnd}.marker6(2)...
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- MarkerPositionData{Nodelnd}.marker7(2);
r6Bz = MarkerPositionData{Nodelnd}.marker6(3)...
- MarkerPositionData{1}.marker7(3) + 25/2;
réB = [r6BX, r6By, r6Bz];

r7Bx = MarkerPositionData{NodelInd}.marker7(1)...
- MarkerPositionData{Nodelnd}.marker7(1);

r7By = MarkerPositionData{Nodelnd}.marker7(2)...
- MarkerPositionData{Nodelnd}.marker7(2);

r7Bz = MarkerPositionData{NodelInd}.marker7(3)...
- MarkerPositionData{1}.marker7(3) + 25/2;

r7’B = [r7BX, r7By, r7Bz];

rABx = MarkerPositionData{Nodelnd}.marker2(1)...
- MarkerPositionData{Nodelnd}.marker7(1);

rABy = MarkerPositionData{Nodelnd}.marker2(2)...
- MarkerPositionData{Nodelnd}.marker7(2);

rABz = 0;

rAB = [rABX, rABy, rABz];

rBB = [0, 0, 0];

%Moments

M1B = cross(r1B, W1);

M2B = cross(r2B, (W2+Wmass));
M3B = cross(r3B, W3);

M4B = cross(r4B, W4);

M5B = cross(r5B, W5);

M6B = cross(r6B, (W6+Wmotor));
M7B = cross(r7B, W7);

MR1B = cross(rAB, R1);

MR2B = cross(rBB, R2);

%Sum of Vertical Direction Forces
sumF = (W1+W2+W3+W4+W5+W6+W7)+ R1 + R2 + Wmass + Wmotor == 0);

%Sum of Moments
sumMB = (M1B + M2B + M3B + M4B + M5B + M6B + M7B + MR1B + MR2B == 0);

%Solve system of equations for R1 and R2 in newtons

Reactions = solve([sumF,sumMB(2)], [R1 R2]);

Reactionl = [double(Reactions.R11)*10"-6, double(Reactions.R12)*10"-6,...
double(Reactions.R13)*10"-6];

Reaction2 = [double(Reactions.R21)*10"-6, double(Reactions.R22)*10"-6,...
double(Reactions.R23)*10"-6];
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%Check
sumWeights = double(W1+(W2+Wmass)+W3+W4+W5+(W6+Wmotor)+W7)*1e-6;
sumVertR = double(Reaction1(3) + Reaction2(3));

%Store values!

ReactionForces{Nodelnd} = struct('Time’, time,...
'R1', Reactionl, 'R2', Reaction2,...
'sumWeights', sumWeights, 'sumVertR', sumVertR);

end

disp('Done calculating reaction forces!");

Save Data

disp(‘Saving...";
save('ReactionForces.mat’, 'ReactionForces’);
disp('Reaction forces saved!");

Create Plot

disp(‘Generating plot of Reactions...");

for n = 1:length(ReactionForces)
time(n) = ReactionForces{n}.Time;
index(n) = n;
reactionl1(n) = ReactionForces{n}.R1(3);
reaction2(n) = ReactionForces{n}.R2(3);
x2star(n) = (MarkerPositionData{1}.marker2(1)-MarkerPositionData{n}.marker2(1))...
/(MarkerPositionData{1}.marker7(1)-MarkerPositionData{1}.marker2(1));
x7star(n) = (MarkerPositionData{1}.marker7(1)-MarkerPositionData{n}.marker7(1))...
/(MarkerPositionData{1}.marker7(1)-MarkerPositionData{1}.marker2(1));
rStar(n) = (reaction1(n)/reaction2(n));
sumWeights(n) = (ReactionForces{n}.sumWeights(3));
sumVertR(n) = ReactionForces{n}.sumVertR;
end

figl = figure;

hold on;

plot(time, reactionl,'r");
plot(time, reaction2,’b");
xlabel('Time (sec.));
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ylabel('Force (N)');

legend('R1', 'R2);

hold off;
saveas(figl,'ReactionForces.fig');

fig2 = figure;

hold on;

plot(time, abs(sumWeights), 'or’);
plot(time, sumVertR, ".b");
xlabel('Time (sec.));

ylabel('Force (N)";
legend('sumWeights', 'sumVertR’);
hold off;
saveas(fig2,'CompareSumForces.fig');

fig3 = figure;

hold on;

plot(time, rStar,-k");
ylabel('R*");

yyaxis right;

plot(time, x2star,"-b");

plot(time, x7star,'--b");
ylabel("X*");

xlabel('Time (sec.));
legend('R*', 'Marker 2 X*', 'Marker 7 X*");
hold off;
saveas(fig3,'ReactionRatio.fig');

clear all; close all;

% A = length(MarkerPositionData)-1

%

%

% for m = 1L:A

% positionTime(m) = MarkerPositionData{m}.time;

% locationR1(m) = MarkerPositionData{m}.marker2(1);

% locationR2(m) = MarkerPositionData{m}.marker7(1);

%  xStarMarker4(m) = (MarkerPositionData{1}.marker4(1)-
MarkerPositionData{m}.marker4(1))...

% /(MarkerPositionData{1}.marker7(1)-MarkerPositionData{1}.marker2(1));
% deltaX(m) = (MarkerPositionData{m}.marker4(1)-MarkerPositionData{1}.marker4(1));
%

% end
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5. Motion data analysis function

Contents

A Plot the motion of the markers

%SLABot MOTION DATA PROCESSING
%Revision: 0

%Date: December 29,2017

%Author: Niko Kastor

%Assisted by: Guy Levy

%Advisor: Robert D. White

function MotionDataAnimation
%Load Data
load('MarkerPositionData.mat")
load('ReactionForces.mat');
disp('MarkerPositionData.mat and ReactionForces.mat loaded!")

%Determine the length of the data vector
LengthPositionData = length(MarkerPositionData);

%Total time of test in sec.
total Time = (double(MarkerPositionData{end}.time...
- double(MarkerPositionData{1}.time))/1e3);

%Setup video writer:
opengl hardware
tRem = pwd,;
%Define the delimiter as slash and back-slash,
%Dbecause each of them can be used as a folder delimiter
%(in different environments).
[tStr, tRem] = strtok(tRem, ‘/\);
while(length(tRem))
[tStr, tRem] = strtok(tRem, "/\");
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end
v = VideoWriter(tStr, 'Uncompressed AVI');
v.FrameRate = LengthPositionData / total Time;
open(v);
v
MarkerPositionData.mat and ReactionForces.mat loaded!
V=

VideoWriter

General Properties:

Filename: '25g_B_t1 06-26-2018.avi'

Path: 'C:\Users\Nikolas\Box Sync\Soft Robotic
Platform\SLABot_V4\Data\25g B t1 06-26-2018'

FileFormat: ‘avi'

Duration: 0

Video Properties:

ColorChannels: 3
Height: [

Width: 1
FrameCount: 0
FrameRate: 24.2019
VideoBitsPerPixel: 24
VideoFormat: 'RGB24'

VideoCompressionMethod: 'None

Plot the motion of the markers

%Create 3D scatter plot:
figure; hold on;
s = 100; %Marker size on plot.

P1 = scatter3(nan,nan,nan,s,'k");
T1 = text(nan,nan,nan,'1','Horizontal Alignment','center,...
'Vertical Alignment','middle");
S1 = scatter(nan,nan,'MarkerEdgeColor','k’,' MarkerFaceColor','none’);
P2 = scatter3(nan,nan,nan,s,r','LineWidth',1.5);
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T2 = text(nan,nan,nan,'2','Horizontal Alignment','center’,...
‘Vertical Alignment','middle’);
S2 = scatter(nan,nan,'MarkerEdgeColor','r','MarkerFaceColor','none’);

P3 = scatter3(nan,nan,nan,s,'k’);
T3 =text(nan,nan,nan,'3','Horizontal Alignment','center’,...
‘Vertical Alignment','middle’);
S3 = scatter(nan,nan,'MarkerEdgeColor','k','MarkerFaceColor','none’);

P4 = scatter3(nan,nan,nan,s,'k’);
T4 = text(nan,nan,nan,'4','Horizontal Alignment','center’,...
‘Vertical Alignment','middle’);
S4 = scatter(nan,nan,'MarkerEdgeColor','k’,' MarkerFaceColor','none’);

P5 = scatter3(nan,nan,nan,s,'k’);
T5 = text(nan,nan,nan,’s','Horizontal Alignment','center’,...
‘Vertical Alignment','middle’);
S5 = scatter(nan,nan,'MarkerEdgeColor','k’,' MarkerFaceColor','none’);

P6 = scatter3(nan,nan,nan,s,'k’);
T6 = text(nan,nan,nan,'6','Horizontal Alignment','center’,...
‘Vertical Alignment','middle’);
S6 = scatter(nan,nan,'MarkerEdgeColor','k’,' MarkerFaceColor','none’);

P7 = scatter3(nan,nan,nan,s,’b’,'LineWidth',1.5);
T7 = text(nan,nan,nan,'7','Horizontal Alignment','center’,...
'Vertical Alignment','middle");
S7 = scatter(nan,nan,'MarkerEdgeColor','b’,' MarkerFaceColor','none’);

%Make vector plot of reactions:

R1 = quiver3(nan, nan, nan, nan, nan, nan,...
‘LineWidth',3,'ShowArrowHead','on’,'MaxHeadSize',50,...
'‘AutoScaleFactor',15, Tag','R1','Color','r",'DisplayName’,'/R1");

R2 = quiver3(nan, nan, nan, nan, nan, nan,...
‘LineWidth',3,'ShowArrowHead','on','MaxHeadSize',50,...
'‘AutoScaleFactor',15,'Tag','R2','Color’,'b’,'DisplayName’,'R2");

L = legend([R1,R2],'AutoUpdate’,'off");
xlabel("X (mm)");

ylabel("Y (mm)’);

zlabel('Z (mm)");

axis([-300 200 -200 200));

zlim([0 100]);

grid on;

rotate3d on;

view(170,30);
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% hold off;

% figure;

% plot(nan,nan,’-");

% plotl = plot(nan,nan,'o’);
% hold on;

disp(‘Creating animation of marker movement...");
for n = 1:LengthPositionData;

%
%
%
%
%

%
%
%
%
%

%tic

if isempty(MarkerPositionData{1,n}) ~= true

time = MarkerPositionData{1,n}.time;

%3D position of marker #1.:
MarkerlX = MarkerPositionData{1,n}.marker1(1,1);
MarkerlY = MarkerPositionData{1,n}.marker1(1,2);
MarkerlZ = MarkerPositionData{1,n}.marker1(1,3);
set(P1,'XData’,MarkerlX,"YData',MarkerlY,'ZData',Marker1Z);
set(T1,Position’,[MarkerlX MarkerlY MarkerlZ]);
if MarkerlZ <=25.5
set(S1,"XData’,Marker1X,"YData',MarkerlY,'Marker','0");
else
set(S1,'Marker','none");
end

%3D position of marker #2:

Marker2X = MarkerPositionData{1,n}.marker2(1,1);

Marker2Y = MarkerPositionData{1,n}.marker2(1,2);

Marker2Z = MarkerPositionData{1,n}.marker2(1,3);

set(P2,' XData’,Marker2X,"Y Data',Marker2Y,'ZData',Marker2Z);
set(T2,'Position’,[Marker2X Marker2Y Marker2Z]);
set(S2,'XData’,Marker2X,"Y Data',Marker2Y);

%3D position of marker #3:
Marker3X = MarkerPositionData{1,n}.marker3(1,1);
Marker3Y = MarkerPositionData{1,n}.marker3(1,2);
Marker3Z = MarkerPositionData{1,n}.marker3(1,3);
set(P3, XData’,Marker3X,"YData',Marker3Y,'ZData',Marker3Z);
set(T3,'Position’,[Marker3X Marker3Y Marker3Z));
set(S3,'XData’,Marker3X,"YData',Marker3Y);
if Marker3Z <=25.5
set(S3,'XData’,Marker3X,"YData',Marker3Y,'Marker','0");
else
set(S3,'Marker','none");
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%

%
%
%
%
%
%

%
%
%
%
%
%

%
%
%
%
%
%

end

%3D position of marker #4:
Marker4X = MarkerPositionData{1,n}.marker4(1,1);
MarkerdY = MarkerPositionData{1,n}.marker4(1,2);
Marker4Z = MarkerPositionData{1,n}.marker4(1,3);
set(P4, XData’,Marker4X,"YData',MarkerdY,'ZData',Marker4Z);
set(T4,'Position’,[Marker4X Marker4dY Marker4Z]);
set(S4,'XData',Marker4X,"YData',Marker4Y);,
if Marker4Z <=25.5
set(S4,'XData’,Marker4X,"YData',Marker4Y,'Marker','0");
else
set(S4,'Marker','none");
end

%3D position of marker #5:
Marker5X = MarkerPositionData{1,n}.marker5(1,1);
Marker5Y = MarkerPositionData{1,n}.marker5(1,2);
Marker5Z = MarkerPositionData{1,n}.marker5(1,3);
set(P5, XData',Marker5X,"YData',Marker5Y,'ZData',Marker5Z);
set(T5, Position’,[Marker5X Marker5Y Marker5Z]);
set(S5,'XData’',Marker5X,"YData',Marker5Y);
if Marker5Z <=25.5
set(S5,'XData’,Marker5X,"Y Data',Marker5Y,'Marker','0");
else
set(S5,'Marker','none";
end

%3D position of marker #6:
Marker6X = MarkerPositionData{1,n}.marker6(1,1);
Marker6Y = MarkerPositionData{1,n}.marker6(1,2);
Marker6Z = MarkerPositionData{1,n}.marker6(1,3);
set(P6, XData',Marker6X,"Y Data',Marker6Y,'ZData',Marker6Z);
set(T6, Position',[Marker6X Marker6Y Marker6Z]);
set(S6,"XData’,Marker6X,"YData',Marker6Y);
if Marker6Z <= 25.5
set(S6,'XData’,Marker6X,"Y Data',Marker6Y,'Marker','0");
else
set(S6,'Marker','none");
end

%3D position of marker #7:

Marker7X = MarkerPositionData{n}.marker7(1);

Marker7Y = MarkerPositionData{n}.marker7(2);

Marker7Z = MarkerPositionData{n}.marker7(3);
set(P7,'XData’,Marker7X,"YData',Marker7Y,'ZData',Marker7Z);
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set(T7,'Position’,[Marker7X Marker7Y Marker7Z]);
set(S7,'XData',Marker7X,'Y Data', Marker7Y);

%Normal force vectors:

R1data = ReactionForces{n}.R1;

set(R1,’XData’,Marker2X,"Y Data',Marker2Y,'ZData',0,...
‘UData’,R1data(1)*10,"VData',R1data(2)*10,'WData',R1data(3));

R2data = ReactionForces{n}.R2;

set(R2, XData’,Marker7X,"Y Data',Marker7Y,'ZData',0,...
‘UData’,R2data(1)*10,"VData',R2data(2)*10,'WData',R2data(3));

set(L,'String' . {['N1 =", num2str(R1data(3), %3.2f")," N']...
[N2 =", num2str(R2data(3),'%3.21")," N'1});

% set(plotl,"XData',time/1e-3,"Y Data',Marker2X);
drawnow;
%Get frames for video and write to video file:
frame = getframe(gcf);
writeVideo(v,frame);
%toc
end
end
%
close(v);

close all;
disp(['Animation created as ', tStr]);

6. Plot results function

Contents

A Plot R* and Drive Signal

clear all;

load('MarkerPositionData.mat');
load('ReactionForces.mat');
load('MotorControlerData.mat’);
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A = length(MarkerPositionData)-1;

form=1:A
positionTime(m) = MarkerPositionData{m}.time;
locationR1(m) = MarkerPositionData{m}.marker2(1);
locationR2(m) = MarkerPositionData{m}.marker7(1);
xStarMarker4(m) = (MarkerPositionData{1}.marker5(1)-
MarkerPositionData{m}.marker5(1))...
/(MarkerPositionData{1}.marker7(1)-MarkerPositionData{1}.marker2(1));
deltaX(m) = (MarkerPositionData{m}.marker4(1)-MarkerPositionData{1}.marker4(1));
x2star(m) = (MarkerPositionData{1}.marker2(1)-MarkerPositionData{m}.marker2(1))...
/(MarkerPositionData{1}.marker7(1)-MarkerPositionData{1}.marker2(1));
x7star(m) = (MarkerPositionData{1}.marker7(1)-MarkerPositionData{m}.marker7(1))...
/(MarkerPositionData{1}.marker7(1)-MarkerPositionData{1}.marker2(1));

end

forn=1A
forceTime(n) = ReactionForces{n}.Time;
R1(n) = ReactionForces{n}.R1(3);
R2(n) = ReactionForces{n}.R2(3);
Rstar(n) = R1(n)/R2(n);

end

for o = 1:length(MotorControlerData)
controlTime(o) = MotorControlerData{o}.time;
setPoint(o) = MotorControlerData{o}.SetPoint;
end

Plot R* and Drive Signal

figR1 = figure;
fSize = 14,

title(Forward','FontSize',fSize);

hold on;

plot(control Time, setPoint/max(setPoint),’--k’);
plot(forceTime, Rstar,'-k");

set(gca, fontsize',fSize-2)
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xlabel('Time (sec.)','FontSize' fSize);

legend('Drive Signal', 'N*','Location’,'north’,'Orientation’,'horizontal’);
xlim([0 55])

ylim([-0.1 2])

hold off;

saveas(figR1,'Phasing.fig");

figR2 = figure; hold on; plot(positionTime/1073, locationR1,""); plot(positionTime/10"3,
locationR2,"."); yyaxis right plot(forceTime, R1,'-k"); plot(forceTime, R2,'--k); xlabel('Time
(sec.)','FontSize',fSize); legend('X-Position (mm)', '‘Drive Signal (counts)’, 'R2 (N)"); hold off;
saveas(figR2,'resultsR2.fig");

fig3 = figure;
fSize = 14;

hold on;
subplot(2,1,1)
plot(forceTime,Rstar,-k");
set(gca, fontsize',fSize-2)
title('Forward progress (100g)','FontSize',fSize);
threshold = refline(0,1);
set(threshold,'Color','’k’,'LineStyle’,'--";
xlim([0 55])
ylim([0 2])
ylabel('N*','FontSize',fSize, rotation',0,...
'Units’, 'Normalized', 'Position’, [-0.1, 0.5, 0]);
subplot(2,1,2)
plot(positionTime*10/-3,xStarMarker4,'-k");
set(gca, fontsize',fSize-2)
text(40,-0.4,[\Deltax* = ",...
num2str(xStarMarker4(end))], FontSize',fSize-2);
text(30,-0.2,['\Deltax C O M =",...
numz2str(deltaX(end)),” mm‘],'FontSize',fSize-2);
ylabel('x*','FontSize',fSize,'rotation’,0,...
'Units’, 'Normalized', 'Position’, [-0.1, 0.5, 0]);
xlabel("Time (sec.)','FontSize',fSize);
ylim([-1 1])
xlim([0 55])
hold off;
saveas(fig3,'RESULT _forward100g.fig');

% fig4 = figure;

% fSize = 14;
% hold on;
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% plot(forceTime, Rstar,'-k");

% plot(positionTime*10”-3, x2star,":k','LineWidth',2);
% plot(positionTime*10/-3, x7star,--k','LineWidth',2);
% set(gca,'fontsize',fSize-2)

% xlim([0 55])

% ylim([0 2])

% xlabel('Time (sec.));

% legend('R*', 'x*_1', 'x*_2''Location’,'eastoutside’);
% hold off;

% saveas(fig4,'ReactionRatio_StickSlip.fig');

clear all;

Published with MATLAB® R2017b
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Appendix D:

Motor Control Program

Contents

Motor encoder setup:

What we want the robot to do:
PID motor control parameters:
Allocate memory forsaved data:
Motor Control Loop:

Clean Up and save

Create plot at end of program

> > > D> D> >

%SLABot Movement Program
%Revision: 0

%Date: March 21,2018
%Author: Niko Kastor
%Assisted by:

%Advisor: Robert D. White

disp("Welcome to the SLABot drive software!’);

%Create new arduino object
disp('Creating a new Arduino Object.");
delete(instrfind({'Port'},{'COM3}));
myArduino = arduino('COM3")
pause(3);

disp(*);
disp('Setting up parameters...");
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%Setup LED for video syncronization...

RED = 6;

BLUE =7,

IR=5;

myArduino.pinMode(RED, output’);
myArduino.pinMode(BLUE, output’);
myArduino.pinMode(IR, output’);
myArduino.digitalWrite(RED, 0);%RED
myArduino.digital Write(BLUE, 1);%BLUE
myArduino.digital Write(IR, 0);%INFRARED

Motor encoder setup:

MotorNumber = 2;

SF=530; %counts per revolution
myArduino.encoderRead('zero’);
%pause(0.5);

What we want the robot to do:

steps = 5; %Number of steps we want the robot to take.
% distance = 3; %Amount of tendon to spool to make one step in inches.

%Waveform parameters:

period = 10; %number of seconds per period or step.

duration = steps*period + period/4; %length of test in seconds.
rotation = 2; %number of motor rotations per period.

vertical = 0; %vertical shift in degrees

PID motor control parameters:

Kp=0.85; %proportional term PWM/degree

Ki=0.5*Kp; %integral term

IntegratorSaturation=rotation*360; %integrator saturation in degrees
Kd=0*Kp; %derivative term

tau_filter=2; %derivative time constant low pass filter

Offset=0; %motor drive offset

%Initialize PID:

140



IntegralError=0;
OldDerivativeError=0;
error=0;

t=0;

Allocate memory for saved data:

disp(‘Allocating memory...");

%Create a new structure array to preallocate memory:

numVals = 3000;

t=0;

val = 0;

setpoint = 0;

error = 0;

IntegralError = 0;

DerivativeError = 0;

drive = 0;

for n = 1:numVals;

MotorControlerData{n} = struct(...

time',t,...
'EncoderValue',val,...
'SetPoint',setpoint,...
'EncoderError',error,...
'IntegralError',IntegralError,...
'DerivativeError',DerivativeError,...
'MotorDrive',drive);

end

disp(‘'Reticulating splines...");

Motor Control Loop:

disp(');

disp('Running motor controller...");
disp("Watch for robot movement!’);
disp('Red light means go!");

%Encoder starting value. (Should start at zero.)
myArduino.encoderRead('zero’);
StartPosition = myArduino.encoderRead('position’)*360/SF

%Test is starting, turn on red and ir LEDs
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myArduino.digital Write(RED, 1);%RED
myArduino.digitalWrite(BLUE, 0);%BLUE
myArduino.digitalWrite(IR, 1);%INFRARED

%Run Test!

tstart2=tic;

ind=1;
while(toc(tstart2)<duration)

%Motor control function
val=myArduino.encoderRead('position’)*360/SF; %motor encoder degrees
Oldt=t;

t=toc(tstart2);

%Square wave
setpoint=(rotation*180)*square(2/period*pi*t+pi)...
+(rotation*180)+vertical;

%PID controlled motor drive
OldError=error;
error=setpoint-val;
if abs(IntegralError)<IntegratorSaturation
IntegralError=IntegralError+error*(t-Oldt);
end
DerivativeError=OldDerivativeError+((t-Oldt)/tau_filter)...
*((error-OldError)/(t-Oldt)-OldDerivativeError);
drive = Kp*error + Ki*IntegralError + Kd*DerivativeError + Offset;
if drive>255
drive=255;
elseif drive<-255
drive=-255;
end

%run motor at determined drive rate
myArduino.motorDrive(MotorNumber,drive);

%Record Values:
MotorControlerData{ind} = struct(...
time't,...

'EncoderValue',val,...
‘SetPoint',setpoint,...

'EncoderError' error,...
‘IntegralError',Integral Error,...
‘DerivativeError',DerivativeError,...
'MotorDrive',drive);
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ind=ind + 1;
end

%Stop motor when test is done.
myArduino.motorDrive(MotorNumber,0);

%Switch LED Color to BLUE b/c test is over
myArduino.digital Write(RED, 0);%RED
myArduino.digitalWrite(BLUE, 1);%BLUE
myArduino.digital Write(IR, 0);%INFRARED

%Print encoder end value.
EndPosition = myArduino.encoderRead('position’)*360/SF

disp(‘Test done!");

Clean Up and save

disp('Saving data and cleaning up...")
save('MotorControlerData.mat','MotorControlerData’)
%Delete arduino object to purge buffer of encoder reads
delete(myArduino)

clear all;

disp('Data saved!);

Create plot at end of program

disp(*);
disp('Plotting data. Please wait...");

load('MotorControlerData.mat');

for n = 1:length(MotorControlerData)

time(n) = MotorControlerData{n}.time;

EncoderValue(n) = MotorControlerData{n}.EncoderValue;
SetPoint(n) = MotorControlerData{n}.SetPoint;
EncoderError(n) = MotorControlerData{n}.EncoderError;
IntegralError(n) = MotorControlerData{n}.IntegralError;
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DerivativeError(n) = MotorControlerData{n}.DerivativeError;
MotorDrive(n) = MotorControlerData{n}.MotorDrive;
end

figure

xlabel('Time (s)")

ylabel('Degrees’)

hold on

plot(time,EncoderValue,'k.") %Plot motor encoder value

plot(time,SetPoint,r.") %Plot waveform

plot(time,EncoderError,'b.") %Plot error encoder position and waveform

plot(time,IntegralError,'y.) %Integral term error

plot(time,DerivativeError,'g.)%Derivative term error

yyaxis right;

plot(time,MotorDrive,'c.") %Drive rate value

ylim([-250 250])

ylabel('Drive Value";

legend('Encoder position','Wave Form','Encoder error',...
‘Integral error','Derivative error','Drive value");

disp(*);
disp(‘All done!);

Published with MATLAB® R2017b
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