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Abstract

The compliance of soft robots makes them particularly well suited for grasping
applications where target objects are fragile, compliant, or topologically complex, as well as
scenarios where target objects have an uncertain size or location. This thesis is an explo-
ration of soft robotic design and fabrication that enables three modes in which characteristics
of the contact interface between soft grippers and their target objects can be strategically
tuned. First, passive digit structures and materials can be used to reduce contact stress
concentrations and adapt to varying object sizes. Second, active surface structures can be
used to increase dexterity of soft grippers by modulating contact friction. Third, a new
grasping strategy of randomly distributed contacts can be used to achieve grasps that are
individually gentle and collectively strong. We call this strategy entanglement grasping and
present novel manufacturing methods to create the high aspect ratio soft actuators and large
arrays that are the basis for this technique. The structural compliance of high aspect ratio
large collectives enable passive, stochastic adaptation to compliant target structures and
complex topologies. For each modality of contact tuning, passive, active, and distributed, I
present novel mechanisms, fabrication methods, and design tools to create soft grippers for

gentle grasping and manipulation.
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Chapter 1

Introduction

The structural and material compliance of soft robots makes them particularly
well suited for grasping applications where gentleness is a necessity. Gentleness, by itself,
however, is not sufficient for successful and robust grasping. This thesis explores how the
design and fabrication of soft robotic grippers can create grasps that are gentle, confor-
mal, secure, and adaptive. To achieve these grasp characteristics, specifically, I investigate
three modalities of tuning the contact interface between soft grippers and their target ob-
ject; I introduce passive contact adaptations via underlying chosen materials and geometric
design, active contact modulations via controllable surface structures, and distributed con-
tacts via large arrays of highly compliant actuators. Each modality is approached from a
combined perspective of design and fabrication to present solutions that are inspired by the

opportunities and challenges that stem from the compliance of soft robots.

1.1 Motivation: challenging target grasps

Compliance makes soft robotic grippers an attractive alternative to rigid grippers
and is also the root of the advantages and disadvantages of soft robots. The compliant
materials that compose soft grippers are an opportunity for embodied intelligence that
allows them to conform to target objects in a form of mechanical impedance matching
[1]. The same quality, compliance, makes soft robots difficult to control and limits their
inherent strength [2, 3]. Acknowledging these as strengths and opportunities (challenges),
it is clear that soft robotic grippers have the potential to excel at tasks that are challenging

for rigid robotic grippers. Similarly, they will not replace rigid grippers in tasks that
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demand a combination of strength and precision at high speeds, for which rigid grippers are
particularly well suited. Therefore, to explore where soft grippers might have the greatest
impact, my work specifically targets grasping objects that have proven challenging for rigid
grippers, including target objects that may be compliant, fragile, or topologically complex
[4].

Deep-sea biological sampling is a task that is replete with compliant, fragile, and
topologically complex specimens and further exacerbates the difficulty of grasping with
thousands of pounds of hydrostatic pressure, corrosive salinity, and restricted access and
feedback. The delicate manipulation of fragile species on deep-sea reefs is the initial moti-
vation that inspired my work on soft contact, as a task that would leverage the advantages
of soft grippers and highlight opportunities for development by nature of the task difficulty.
Further background information is provided to motivate application to deep-sea biological
sampling in Chapter 1, which lead to our demonstration of the first use of soft robotics in
the deep sea for the gentle sampling of benthic fauna. Developing gripping solutions for an
extreme operating scenario, such as the deep sea, drives the creation of a robust tool that
can also be translated to less challenging environments. Thus the contributions introduced
in the following chapters are not limited to deep-sea or hydraulic actuation. While the
deep-sea has a wealth of compliant, fragile, and complex specimens, these traits can also be
found in target objects on land and tested in a laboratory setting, as previewed in Figure

1.1.

1.2 How soft contact can adapt for challenging grasps

Three grasps illustrating some of the attributes that make for challenging target
objects, as well as the three modalities of contact tuning that I explore in this thesis,
are shown in Figure 1.1. The first, a holothurian (sea cucumber) grasped at a depth of
approximately 1800 m under water is a highly complaint (and arguably fragile) animal that
would normally not survive retrieval with the rigid manipulators traditionally used for
deep-sea exploration. In this instance, the animal was safely picked up (gently hugged)
and then replaced on the sea floor. The creature showed no signs of distress and did not
engage in its known defense mechanisms. The gripper uses embodied intelligence built into
the underlying structure and materials to passively create a gentle grasp (< 2kPa contact

pressure), that is also conformal and strong. The central photo of Figure 1.1 shows a
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gripper installing a fragile light bulb with the assistance of tunable fingertip friction pads.
This allows the grip to maintain a minimal normal force while it carries the bulb to the
light socket and screws it into place. By activating or inactivating the friction pads, the
gripper can modulate the contact friction of the grasp on and off, (on) enabling it to apply
traction and turn the bulb, or (off) allowing the finger tips to slip over the surface to adjust
the pose of the gripper on the bulb while still applying supportive contacts. In the third
photo of Figure 1.1, a complaint, fragile, and topologically complex ivy plant is held by a
novel gripper that is able to stochastically apply soft, distributed contacts. We call this
novel device an entanglement gripper. By applying an array of highly compliant, soft,
filament-like actuators, this entanglement gripper creates a grasp of many distributed and
low-force contacts that sum to a collectively robust grasp. The gripper is thus gentle but
also capable of supporting the weight of the plant and soil, and capable of adapting to the

complex topology without perception or feedback.

Figure 1.1: Three demonstrations in which the design and fabrication of a soft gripper
was used to specifically tune the contact interface to adapt to a target object. (Left) A
hydraulically actuated gripper applies a gentle, conformal, and secure grasp to a holothurian,
1800 m under water. (Center) A pneumatically actuated gripper installs a light bulb with
the help of controllable friction pads on its finger tips. (Right) An entanglement gripper
applies distribute contacts to adapt to and gently lift an ivy plant.

1.3 Challenges and opportunities designing for soft systems

The relative nascency of soft robotics holds a lot of opportunity to expand and

improve upon the tools and methods that we use to create soft structures designed for large
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deformations. The development of the grippers shown in Figure 1.1 and discussed through-
out this thesis relies on simultaneous consideration of both the design and fabrication of
soft mechanisms. For mechanism design (in mechanical engineering), most of the tools and
foundational training for characterization, design, and fabrication were developed for rigid
systems. Built into that framework is a frequent simplifying assumption of rigid materials
that will undergo small deformation, whereas soft mechanisms cannot be assumed to be
rigid and the most successful mechanism designs are ones that leverage large deformations
for functionality. Even if a mechanism designer is able to shift to a soft framework of
large deformations, the tools that we use to both design and fabricate soft systems are still
predominantly informed by rigid systems, which then has ramifications on the resulting
designs [2, 5]. Designing soft systems to be fabricated with tools developed for rigid de-
vices and, conversely, fabricating soft structures developed with design tools of rigid origins
has produced a wealth of work in the field of soft robotics already. But there is arguably
great potential for future disruptive impact in the simultaneous evolution of design and
manufacturing of soft robots. Furthermore, the reliability and robustness of soft actuators
resulting from their combined design and fabrication will be a limiting hurdle in expanding
their utility, applications, and commercialization. Therefore, the design and fabrication
with which we create soft robots, especially in concert, is an interesting area of research.
While the design and fabrication tools and methods developed in this work focused on the
application of soft grippers, many of the lessons learned can also be extended to applications
in physical therapy and assistive devices, functional robotic apparel, lightweight temporary

shelters, robot locomotion, and the study of biological systems.

1.4 Contributions and chapter organization

The work described in this thesis is divided generally by the modalities of contact
tuning described above: passive contact tuning via materials and structure, active contact
tuning via control over surface structure, and distributed contact via large arrays of highly
complaint actuators. As described below, distributed contact is divided into two chapters,
while the other two are covered in one chapter. Pictures of some of the relevant platforms
that will be discussed in each chapter are shown in Figure 4.2.

Chapter 2 focuses on passive contact tuning: Gentle, conformal, and robust grasps

can be achieved by tuning the passive mechanics of soft digits. I have demonstrated a use
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e
Passive contact tuning Active contact tuning Distributed contact
(structure) (friction) (soft arrays)

Figure 1.2: (A) The structure and materials of a soft gripper can be used to passively tune
contact for a conformal, gentle, and robust grasp. (B) Active structures can be added to
the surface of a gripper to modulate contact friction and introduce dexterity. (C) Large
arrays of soft actuators allow for distributed contact points that are individually gentle and
collectively strong.

of geometric design, incorporation of strain-limited fibers, and coupling of non-linearly
elastic materials to tune the closure and contact stress of grippers for biological sampling
in the deep-sea (Fig. 4.2A). These grippers have been successfully demonstrated at depths
exceeding 3.5km. They achieve a gentle grasp (approximately 2kPa of contact pressure)
while operating under thousands of pounds of hydrostatic pressure, in temperatures around
3°C, and in corrosive saline environments.

Chapter 3 focuses on active contact tuning: An element of dexterity can be in-
troduced to soft grippers via modulations in contact friction. I present friction tuning
structures made of selectively constrained elastomeric membranes that can be actively or
passively applied to robotic grippers and crawlers. My mechanism utilizes fluidic power
input that could be part of an existing drive (passive) or controlled by an additional input
(active) (Fig. 4.2B).

Chapter 4 introduces the first part of distributed contact: Distributed contact in
grasping relies on the use of large arrays of high aspect ratio actuators. (This is developed
into the concept of collective entanglement in the next chapter.) Large arrays and high

aspect ratio actuators are both challenging to achieve in soft robotic fabrication. I provided
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a solution with a new fabrication technique combining dip coating with mechanical motion
programming via gravity, fiber inclusions, surface tension, and electric fields. I demonstrate
the fabrication of high aspect ratio actuators (>200:1) and my actuator arrays are among
the largest (n=256) of directly-driven soft actuators that can also be arbitrarily segmented
in zones of actuation. An example array with a mechanically programmed vector field
of actuation is shown in the bottom of Figure 4.2C. The mold forms that I developed to
create both arrays and individual actuators are inexpensive, modular, rapidly fabricated,
low precision, and scalable.

Chapter 5 concludes the second part of distributed contact: Arrays of the high
aspect ratio actuators developed in the previous chapter are applied to create distributed
contact points for the purpose of grasping. I describe a new strategy for robotic grasping via
entanglement with soft, pneumatic, filament-like actuators. Large arrays of highly compliant
filament actuators enable stochastic engagement with a target object. Random interactions
rely on structural and material compliance to adapt to complex and compliant topologies
while reducing the reliance on complicated vision, path planning, and controls (Fig. 4.2).
This breaks from traditional strategies for robotic grasping, which use deterministic methods
to achieve rapid, precise, and dynamic tasks by developing accurate models and using
machine learning studies to optimize trajectories.

Chapter 6 is a conclusion on this work on soft contact and a proposal of future

work and applications for the methods, mechanisms, and concepts presented in this thesis.

1.5 Previously published manuscripts

Much of the content of this thesis has been published in the following manuscripts:

e Galloway KC, Becker KP, Phillips BT, Tchernov D, Wood RJ, Gruber DF, “Soft
robotic grippers for biological sampling on deep reefs,” Soft Robotics, vol. 3, no. 1,

pp. 23-33, 2016. (Cover Article)

e Becker KP, Bartlett NW, Malley MJD, Kjeer PM, Wood RJ, “Tunable friction
through constrained inflation of an elastomeric membrane,” IEEE International Con-

ference on Robotics and Automation, Singapore, May, 2017.

e Becker KP, Chen Y , W ood, RJ, “Soft actuator arrays: mechanically programmable
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dip molding of high aspect ratio soft actuator arrays,” Advanced Functional Materials,

2020, Wiley Online Library. (Cover Article)

e Bartlett NW, Becker KP, Wood, RJ, “A fluidic demultiplexer for controlling large
arrays of soft actuators,” Soft Matter, vol. 16, no. 25, pp. 5871-5877, 2020, Royal
Society of Chemistry.

e Becker KP, Teeple CB, Charles N, Mahadevan L*, Wood RJ* “Grasping via entan-

glement,” 2021. Under review. (*co-advised)

e Bell MA, Becker KP, Weaver J, Wood RJ, “Injection molding for soft robots,” 2021.

In preparation.



Chapter 2

Passive Contact Tuning

2.1 Introduction

In this chapter, I explore how the design, materials, and fabrication of digits for
soft robotic grippers can be leveraged to achieve a grasp that is conformable to a large range
of object sizes, a grasp that limits contact stresses, and a grasp that is robust (or secure).
While these are useful traits in most robotic grippers, these qualities were particularly
motivated by the application to deep-sea biological sampling. Consulting with marine
biologists, we established desirable performance criteria for a soft robotic gripper including
the ability to distribute contact and limit peak contact pressures, the ability to conform to
the often irregular specimen shapes, the ability to alter the surface texture of the actuator,
and the ability provide a sufficiently robust grip so as not to drop precious specimens in the
collection process. The criteria were successfully achieved through the passive mechanics of
the various materials and their arrangement, as well as the overall geometric structure of
the grippers.

In deep-sea biological sampling, an ever present challenge is an abundance of un-
certainty as to the specimen that will be encountered on a given excursion. The pilots of
unmanned submersible vehicles or ROVs (Remotely Operated Vehicles) must be prepared
to pick up a variety of specimen, some of which they may have never seen before, using
teleoperated robotic arms and manipulators. The lack of predictability is especially present
for missions in previously unexplored territories and it is estimated that less than 0.0001%
of the benthic regions in the world beyond 200m of depth have been explored [6]. Space

and payload capacity for available tooling is limited on an ROV, so dive missions are often
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constrained to a limited variety of tools loaded on the vehicle to accommodate the different
specimens encountered. Also, with time required to travel to sampling depth is on the
order of hours, vehicles usually remain at depth for long missions of several hours up to
full days without the vehicle returning for repairs and tool changes. To accommodate the
uncertainty of the dive conditions and target specimen, we set out to design a gripper that
could accommodate a large variety of specimen sizes and shapes while providing a gentle
and secure grasp.

In addition to the uncertainty going into a dive mission, deep-sea biological sam-
pling is a particularly challenge grasping task that highlights the potential advantages of
soft robotic grippers, as well as opportunities to advance the state of the art. An example
specimen and grasp that embodies several challenging traits is shown is Figure 2.1. The
crab in these pictures has an irregular shape that complicates grasp planning, it requires
gentle contact to prevent damage, it was visibly obscured by marine snow, it was highly
mobile, and it retreated under an obscuring outcropping of rock. ROV pilots responsible for
operating the rigid manipulators that would typically be used for this task have developed
an enormous amount of skill in compensating for these challenges. However, soft robotic
grippers can accommodate much of the uncertainty related to the specimen and limited
vision. Soft robotic grippers can also passively limit applied forces and adapt to irregular
object shapes, thereby simplifying grasp control. Furthermore, soft grippers can allow the
pilots to spend less time (and stress) on particularly challenging specimens and cover more
area of exploration during precious dive time. The challenges above are exacerbated by
deep-sea conditions but are valid challenges in all grasping tasks, aquatic and terrestrial.
By addressing them in this challenging environment of limited access, limited visibility and
feedback, thousands of pounds of hydrostatic pressure, low temperatures, and corrosive

salinity, we believe the same principles can be applied to less adversarial environments.
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Figure 2.1: Field testing of an early generation of our deep-sea soft robotic gripper picking
up a crab. The crab grab required a gentle touch while accommodating an irregular shape,
avoiding the obstructing boulder, following a moving target, and working with little to no
visibility. The scale bar in each panel represents approximately 10cm in the incident plane
of the green lasers used for a visual size reference. After picking the crab up, it was safely
returned to the sea floor from which it came.

2.2 Motivation: deep-sea biological sampling

Representing 95% of the world’s ocean by volume, the least explored biome on
Earth is the deep sea [6]. Various hot spots for unique biological diversity and genetic
adaptions have only recently become accessible to scientists due to advances in ROV and
submersible vehicle technology [7]. While Darwin described corals from depths reaching
128 m in 1889 [8], and the expeditions of the Challenger in the 1870’s provided the discovery
of thousands of species, the majority of benthic deep ocean area has yet to be explored [7].
Exploration and understanding of these areas is increasingly important as an estimated
19% of the world’s shallow coral reefs have recently been lost, with a further 35% expected
to disappear in the next 40 years [9]. Reefs occurring at depths greater than 30m are
somewhat buffered from human and natural disturbances and represent a potential refuge
[10, 11]. But deep reefs remain dramatically understudied compared to other highly diverse

habitats [12, 13]. Only with the relatively recent development of technical diving, ROVs,

10
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and submersibles has it also become possible to make in situ observations of deep-sea fauna.
In the last few decades, this increase in access has greatly expanded mesophotic reef biology
[14, 15, 16, 17], and increased our awareness of the diversity of species, (a majority of which
are believed to be not yet identified) that are also likely unique to a various deep-sea habitats
such as vents, seamount coral gardens, whale-falls, and trenches [18].

Development of deep-sea ROVs has made this under-explored biome more accessi-
ble, but biological collection and study remains a challenging task. Robotic manipulators are
required to collect and handle animals below depths accessible to technical divers. Com-
mercially available manipulators that are designed to withstand and operate in deep-sea
conditions have historically been developed for the oil industry. This translates to rigid
grippers that are designed to apply gripping and lifting forces up to 2.2kN (500lbf), and
this is not ideal for picking up delicate specimens [19]. Some advanced systems incorporate
feedback, but the force threshold to trigger feedback to an operator is sufficient to destroy
a biological sample. From speaking with ROV pilots, we have come to understand that
they often turn off the haptic feedback of the manipulators during their most delicate and
sensitive tasks. They explained that it is more likely to disrupt concentration than provide
meaningful feedback in the moment. Less expensive grippers tend to lack feedback or the
feedback is not intuitive and thus not useful.

The industrial nature of available rigid deep-sea gripper options causes a major
challenge for researchers valuing delicate specimens. Deep reefs are known to have slow
growth rates and their populations are suffering from seasonal bleaching events [20] so it
is of the upmost importance to take steps to study these ecosystems for the purpose of
their preservation but to also minimize any potential damage while doing so. Furthermore,
molecular biology and biochemical analysis of these animals can be affected by induced stress
responses so, in addition to minimizing damage to the ecosystem overall, care must be taken
to minimize stress applied to the specimen before RNA stabilizers (such as RNAlater) can
be used. These chemicals are applied to stabilize the sample for further transport and
sequencing, thereby facilitating gene expression and transcriptomic analysis performed on
these animals [21, 22]. The compliant materials of soft robots offers an option that provides
an inherent advantage in conforming to natural materials and environments, distributing
contact, and minimizing contact stress on soft or fragile organisms. A recent jellyfish study
confirms that the stress response associated with the use of an ultra-gentle soft gripper is

minimal [23].
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2.3 Background and prior art for compliant grippers

Soft robotics is a growing alternative to rigid robotic systems, providing a safer
alternative for robots to interact with and operate in close proximity with living organisms
[24, 25, 26, 27, 28, 29, 30]. By using soft materials instead of more traditional metals and
hard polymers, robotic components can closely mimic the properties of natural systems.
Grippers made of materials with a stiffness on the same or similar orders of magnitude to
their target object are more likely to conform to natural systems, thereby reducing forced
deformation and damage to those systems.

Underactuated and compliant grippers have proven to be a robust option for ma-
nipulating a wide variety of object shapes and sizes in unstructured environments. Recent
research from Stanford University explored the development of a compliant, underactuated
gripper to augment human capabilities and reduce strain related injuries for professional
divers working at depths up to 100m. Their gripper mimics the grasps needed to manipu-
late welding equipment and power tools that would otherwise be used by human hands [31].
The design and actuation of the compliant underwater gripper demonstrated by Stanford
is similar to the shape deposition manufactured hand developed at Harvard, using a single
tendon to drive each finger and coupling the rigid polymer phalanges of each finger with
elastomeric flexure joints [32].

Similar to underactuated, compliant hands, fully soft robotic grippers are adept at
adapting to variations in object size and shape. Furthermore, soft robotic systems are ideally
suited for gripping and manipulating delicate objects and complex shapes by conforming to
the object’s shape and distributing grasping forces. Soft systems also offer improved safety
as these pneumatically and hydraulically actuated soft materials are inherently safe for
interfacing with humans and animals due to their natural compliance and ability to be back-
driven [26, 33]. Suzumori conducted some the earliest work on soft robotic grippers where
he created continuum-style soft actuators that consisted of three parallel, fiber-reinforced
elastomeric chambers that were spaced evenly around a central axis. Coordinated fluid
pressurization of the actuators’ chambers can produce multi-degree of freedom bending, and
can be used as fingers to create soft robotic grippers [34]. Lane et al. designed a soft robotic
subsea hand with tri-chamber continuum actuator fingers similar to those demonstrated by
Suzumori; however, we were unable to find any record evaluating the gripper on an ROV or

in open water [35]. In addition to soft grippers, several soft robotic continuum arms have
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also been developed for the purpose of grasping. Two such arms preceeding this work, the
OCTOPUS robot by Chianchetti et al. [28] and the OCTarm by Walker et al. [36], have
demonstrated grasping in relatively shallow waters, but have not operated at significant
depths. Since the first generation of our gripper, a number of shallow water soft grippers
and crawlers have also been demonstrated, most for shallow water exploration [37, 38].

The distinction between a capacity for grasping and manipulation is important and
the soft grippers presented in this chapter were developed with the primary goal of gentle
grasping and are capable of power grasps but not precision grasps an no more manipulation
than moving an object from one location to another. The following chapter, however,
introduces a direct successor to the bellows-type gripper that incorporates active friction
tuning to the gripper surface. This ability to actively modulate friction and surface traction
adds a level of dexterity to the gripper and capacity for simple manipulation that starts to
reassemble the capacity of some simplistic rigid manipulators [39]. Another two successors to
the bellows-type gripper described below is are grippers by Teeple et al. [40] and Abondance
et al.[41], which add the ability to switch between a power grasp and precision grasp, and
a capacity for in hand manipulation, respectively. There are also several examples of more
complex, anthropomorphic soft grippers that use a similar construction to the boa-style
actuators discussed in this chapter and the fiber-reinforced actuators on which the boa-type
actuators are based [42, 43, 27]. Conversely there is also a wealth of grippers that break
from digitated designs and prioritize conformability and gentle grasping over a potential
for manipulation, employing strategies that include suction cups, jamming enclosures, and
enveloping shrouds driven by positive or negative fluidic pressures [44, 45, 46, 47]. These
gripper are all fluidically actuated but there are, of course, a wealth of soft grippers and
manipulators that range from simplistic to complex and represent a variety of actuation
modes [47].

The soft robotic actuators that create the ‘digits’ of our grippers are monolithic
composite structures and are modularly coupled to a rigid palm. The simple construction,
inexpensive materials, and modular design of our soft grippers allow one to quickly modify
or repair a system in the field with minimal expense or mechanical expertise. The palms are
connected to a wooden ball that a rigid manipulator like the Predator (Kraft Telerobotics)
can retrieve from a tool holster on the ROV. A typical ROV, with a predator robot arm and
rigid manipulator are shown in Figure 2.2A. The soft gripper holster is also visible on the

‘front porch’ of the ROV. Operation of the soft gripper at the end of the rigid manipulator,
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can be seen in Figure 2.2B. A closer view of one of the grippers holding a holothurian (a
sea cucumber) is also included in Figure 2.2C. The soft fingers are modularly attached to a
palm, which is in turn connected to the wooden ball. The fingers, palm, ball, and hydraulic
connections can all be individually replaced or repaired.

Two different forms of soft actuators (described further in Section 2.4) were used
for the soft robotic deep-sea gripper and are interchangeable on the red palm that is visble
in Figure 2.2C. The structure and operating principles of the actuators is based on the
PnueNet, fast-PnueNet, and fiber-reinforced soft actuators developed at Harvard [26, 48, 27],
with modifications to achieve increased stiffness in an actuated state, more conformal grip
over a larger range of object sizes, higher burst pressure, and higher cycled pressure to
failure. With these modifications, they have successfully been used for biological sampling

tasks at depths greater than 3.5 kilometers underwater in field-testing. These modifications

are described in section 2.5 of this chapter.

Figure 2.2: (A) The Nautilus, Ocean Exploration Trust’s research vessel on which most of
the field testing was performed. (B) Front view of Hercules, the ROV that operates from
the Nautilus. The rigid robot arms used for deep-sea biological and geological sampling are
visible on the front corners of the ROV. Also visible is a soft gripper in a tool holster on
the ‘front porch’ of the ROV that is accessible to the rigid manipulator. The inlay shows a
view into the top of the holster. (C) During operations, the soft gripper is held in the rigid
manipulator by a wooden ball. (D) A picture of the back deck of the Nautilus while the
ROV (Hercules) was being launched for a field test. (E) A close-up image of the soft gripper
holding a holothurian at a depth of 1800 m in Arguello Canyon, off the coast of California.

14



Chapter 2: Passive Contact Tuning

2.4 Two hydraulic soft actuator architectures

Two different soft actuator architectures used as the basis for our grippers are
presented below — fiber-reinforced and bellows-type architectures. They have previously
been introduced in the field of soft robotics and were chosen and modified for use in deep-
sea biological sampling as described in Section 2.5. These fluidically-actuated architectures
are a natural choice for incorporation into deep-sea ROV platforms because they can be
hydraulically actuated using commercially available pumps that are rated for and used in
deep-sea operations. With an incompressible working fluid, the actuators can operate on a
differential pressure and are resilient to enormous hydrostatic pressure (in excess of 35M Pa).
Furthermore, the silicone rubbers and plastics that we use to create these actuators are inert
to the corrosive saline environment, allowing us to pull in salt water from the surroundings
to power the actuators. By avoiding the use of hydraulic fluids, a leaky actuator poses no
risk of contamination.

Actuation of the fiber-reinforced architecture is dominated by a strategic arrange-
ment of composite materials to allow tensile strain in some regions and impose directional
restrictions in other regions. By contrast, the bellows architecture leverages more geo-
metric reconfiguration and relatively low strain values to achieve actuation. (Although we
will detail the incorporation of strain-limiting elements on the bellows-type architecture as
well.) Some of the work detailed in this chapter applies to both architectures, but focus is
more heavily applied to the bellows-type actuator because more of the novel contributions
in this work were applied specifically to that architecture. The fiber-reinforced actuator
can be built to operate at higher pressures than the bellows-style architecture and can
be mechanically programmed to achieve complex motions that couple bending and twisting
motions, which would be difficult to replicate in a bellows-style actuator. Preference toward
the bellows-type gripper, however, was motivated by the fact that the fabrication process
could be made simpler and faster than that of the fiber-reinforced grippers. The bellows
architecture could also be successfully applied to more of the required biological sampling
tasks than could the fiber-reinforced architecture in field testing. Both actuator types are

described further below.
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2.4.1 Boa-type actuator

The fiber reinforced actuator, referred to here as a boa-type actuator, was fabri-
cated based on the method developed by Polygerinos et al. for molding elastomeric tubular
bladders with embedded fiber-reinforcements to program the material’s strain response to
a pressurized fluid input [27]. With this technique, the fiber reinforced actuators can be
mechanically programmed to execute complex motions as determined by the arrangement
of strain limiting elements or fibers. The ‘mechanical program’ that prescribes the complex
motions can be changed between actuators but is fixed once the actuator is fully fabricated.
A finished actuator will always repeat the same motion unless disrupted by external objects
and forces. Inspired by the boa constrictor and tentacled cephalopods, we implemented
an arrangement of uni-axial glass fibers and Kevlar thread to program the boa-type soft
actuator to coil around target objects. The boa-type gripper can access tight spaces, and
reversibly shape change from a cantilevered straight beam to a helical structure around a
target object. This coiling behavior is demonstrated on a sea whip in the Red Sea in figure

2.3.

Figure 2.3: Picture of boa-type gripper coiling around a sea whip in the Red Sea at a depth
of approximately 100 m.

As mentioned above, the path of motion is dependent on the actuator geometry,
elastomeric material properties, and fiber-reinforcement placement. The unencumbered
path, as shown below in Figure 2.4, is always repeated in the absence of external forces and
obstacles. The compliance of the actuator gives it the ability to bend and comply to objects,

thus tolerating greater uncertainty of sample size, location, shape, and stiffness. As interior
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fluid pressure increases, the 300 mm long (and 15 mm wide) actuator wraps around an object
to increase surface area contact and distribute forces. The boa-type actuator we developed
for field-testing was designed to wrap around objects as small as 12 mm in diameter. The
operating pressure used throughout the tests and images shown is approximately 310 kPa
(45psi) unless noted otherwise, though the actuators can be easily programmed to operate
at higher and lower pressures by adjusting the geometry, material stiffness, and spatial

density of fiber-reinforcements.
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Figure 2.4: Pressurization path of motion of a boa-type gripper in the absence of external
forces and obstacles.
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2.4.2 Boa-type actuator fabrication

The boa-type actuator fabrication process, shown in Figure 2.5, begins with mold-
ing a bladder on a semi-circular stainless steel rod that is suspended inside of a 3D printed
mold. A 2mm gap between the rod and interior mold walls determines the bladder skin
thickness. The interior walls of the mold also include grooves that will later guide the
winding of the kevlar fibers that contribute to the bending motion of the finished actua-
tor. The rod and mold are 300 mm in length. The mold parts were printed in Vero Clear
and Tango Blue Stratasys resin on Objet Connex and Scholar printers. The rod is held in
place by a top cap, which is the small part visible in figure 2.5A. On the other side of the
molding assembly, a pin is press-fit into the end of the rod that aligns with a hole in the
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printed mold. The mold is first sprayed with mold release and then clamped together in a
vertical orientation without the rod or cap. The rod does not need to be coated with mold
release and is not yet inserted into the molding assembly. We use a 30A shore hardness
rubber, Elastosil M4601A/B (Wacker Chemie), for the internal bladder. The rubber is
mixed with a thinky centrifugal mixer for a total of 120s at 2000RPM and poured into the
mold. The mold is degassed with care taken to avoid overflow as trapped bubbles expand.
After degassing, the half-round rod is pushed into the mold until the pin is pressed into
its alignment hole. The cap is placed over the top portion of the rod and mold, and the
full assembly, as shown in Figure 2.5B, is left in a room temperature pressure chamber to
cure overnight. (The reason for a room temperature cure is that the Vero Clear and Tango
Blue resin will soften at elevated temperatures and deform under the pressure of clamps.)
Once the rubber is fully cured, the rod is removed from the mold with the rubber in place,
as shown in Figure 2.5C. The bladder remains on the rod for the next few steps and it is

helpful to clamp the exposed end of the rod in a vice.

[

Figure 2.5: Pictures showing the fabrication process of boa-type grippers. (A) 3D-printed
molds are used to cast the inner bladder of the actuator. (B) Casting of the inner bladder.
(C) The Bladder is released from the mold and (D) covered with fiber reinforcements.
(E) An outer layer is cast around the assembly to cover the fibers reinforcements. (F)
The Actuator is removed from the second mold. (G) The half-round rod is removed and
connective hardware is stalled through the open end of the actuator. (H) The open end of
the actuator is sealed with rubber. (I) The final length of the actuator is 290 mm.
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Nonwoven glass fibers are glued to the flat face of the bladder with a silicone glues
such as Silpoxy (Smooth-On). This can be replaced with a fine metal mesh or fabric. The
glass fibers were chosen because they had the lowest occurrence of delamination or tearing
during cyclic testing. A strip of woven glass fibers is then glued around the pinned tip
of the bladder and over the non-woven glass fibers as shown in Figure 2.5D. The edges
of the woven strip should fully overlap on the flat face of the bladder. Kevlar thread is
then wound around the bladder and fibers, following the guiding grooves mentioned above.
The pitch of the winding can be modulated to change the bending motion of the resulting
actuator [49], however we maintained an even pitch to achieve a constant curvature with
the boa actuator. A second mold, similar to the first but larger in diameter, is used to
then cast a skin around the wound bladder. The larger mold is sprayed with mold release,
clamped, filled with mixed Dragonskin20 (Smooth-on), and degassed. (One might notice
that the rubber in Figure 2.5E does not have the typical color of the elastomers listed. Pink
fluorescent dye was added to increase visibility under black light. This was to help visualize
the gripper while operating in low-light settings with a black light to investigate fluorescent
animals.) Once again, the rod, now with windings, is pushed into the rubber until the pin
fits into an alignment hole at the base of the mold and a cap is put in place to keep the rod
centered within the mold. The assembly is then placed into a pressure chamber and left to
cure at room temperature overnight. Isoprpyl alcohol squirt inside the actuator can help to
slip it off of the rod after curing.

Once de-molded, and the rod removed, the actuator is plumbed with hardware
to attach to the modular deep-sea gripper palm and the open tip is sealed. The hardware
before installation is shown in Figure 2.5G. A vented screw with a laser-cut acrylic half-
round washer to match the interior cross-section of the actuator is pushed down into the tip
of the actuator. The vented screw is pushed through the hole from the mold alignment pin
and screwed into a quick-disconnect fitting (Mcmaster PN:5012K46) that is modified with
internally tapped threads to match the vented screw. The quick-disconnect fitting is also
installed into a 3D-printed cap. Before screwing the hardware together, the 3D-printed cap
is lightly filled with sil-poxy to help ensure a seal. The tip of the actuator is then also back
filled with rubber and left to cure to seal the open end.
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2.4.3 Bellow-type actuator

Bellows-type soft actuators are a common architecture that creates asymmetric
motion by unfolding the excess material in the bellows. Compared to fiber-reinforced ac-
tuators where the elastomer material must undergo significant strain to create motion, this
unfolding approach places less strain on the material, which can increase the longevity of the
actuator and lead to lower operating pressures. Bellows-type actuators also have the advan-
tage that certain geometries can support bi-directional bending by alternating pressurized
fluid and vacuum, as deomonstrated in Figure 2.7. Furthermore, fiber-reinforcements can
be incorporated into bellows-type actuators to increase the actuator’s operating pressure

and output force, and reduce its radius of curvature when actuated.

Figure 2.6: Picture of first generation bellows gripper picking up soft coral in the Red Sea
at a depth of approximately 100 m.

2.4.4 Bellows-type actuator fabrication

The first step in fabricating a bellows-type soft actuator begins with molding the
soft core, (first introduced by Galloway [19]), which will define the internal geometry of the
final actuator. This was introduced with our first generation of the deep-sea soft robotic
gripper. The soft core must be molded prior to starting the bellows-style finger. Similar to
the fiber reinforced actuators, the molds are 3D printed in Tango Blue and Vero Clear resin
from Stratasys. The soft core is molded in silicone (elastosil M4601 by Wacker Chemical)
using a 3D printed two-part mold. Two stainless steel rods are co-molded with the core, as

skewers that support and align the core in later molding steps. The core should then be

20



Chapter 2: Passive Contact Tuning

124 kPa

Figure 2.7: Range of motion of the bellows actuator under vacuum and 124k Pa.

liberally coated with mold release and set aside to be incorporated in the molding of the
actuator, as shown in Figure 2.8C.

A second 3D printed mold, shown in Figure 2.8A, defines the outer geometry of
the soft actuator and is prepared by applying mold release to all interior surfaces. Pins (or
side pulls) are also added along the bottom of the mold to create through-holes at the top
of each bellow nod. These features serve as anchor points to add reinforcements, bridging
materials, and other functions to the actuator discussed further in Section 2.5.2. The pins,
visible in Figure 2.8B, are stainless steel and thus do not necessarily need mold release. The
silicone (Smooth-Sil 950 by Smooth On) for the bellows-type actuator is poured into both
halves of the mold. When casting these actuators, care should be taken to minimize air
entrapment, particularly when pouring rubber into the bellow cavities and around the pins.
To extract bubbles, the mold halves with freshly poured silicone, as shown in Figure 2.8B,
are placed under vacuum for several minutes, along with any excess mixed rubber that may

be used to top the mold off later in the process.
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As shown in 2.8C, after the soft core is inserted into the mold, and soft core skewers
are gently pushed into alignment slots built into the mold. The positioning of the core on
its skewers is critical to the alignment of the cores inside of the mold. This is defined by the
distance between the tip of the core and the tip of the skewers, which is set in the core molds.
When reusing a previously used core, this distance should be checked by reinserting into a
core mold. After the core is in place, the two halves of the mold are brought together and
clamped (Figure 2.8D). This should be done quickly, but the mixed viscosity of Smoothsil
950 is high enough that rubber does not run quickly when the mold is tipped upward. The
base of the mold halves should be aligned first and then hinged closed so that bubbles are
pressed upward and exit through overflow ports at the top of the mold, along with excess
rubber. The mold is then left to cure in a pressure chamber at room temperature overnight.
This step compresses any bubbles that might lead to a pin hole in the walls of the actuator,

which are only 2mm thick, (2.7mm in later versions).
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Figure 2.8: Pictures showing the molding process of bellows-type actuators, beginning with
(A) a 3D-printed mold. (B) Pins are placed in the mold to define holes that will later be
used for reinforcements and a two-part silicone is poured into either side of the mold. (C)
A previously molded soft core is positioned into the freshly poured silicon and (D) the mold
is clamped together. (E) After curing in a pressure chamber, the pins are removed and the
actuator and soft core freed from the mold. This process is continue in Figure 2.9. The
center to center spacing of the bellow nodes is 10 mm and the finished actuator in Figure 2.9
is 128 mm in length.

Once the silicone has cured, the side pulls can be removed and then the actuator
and core liberated from the mold. The soft core skewers extend beyond the end of the
actuator and are removed next, which leaves two small holes at the end of the actuator face
that is pointed away in Figures 2.8 and 2.9. These can be plugged with a small amount

of silicone glue (e.g., Sil-Poxy by Smooth On). The flange at the base of the actuator in
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Figures 2.8E and 2.9F is included to help removed the soft core. In Galloway et al. [19],
the flange is used to couple to vacuum pressure to help pull outward on the actuator walls
while removing the soft core. In successive generations of the bellow actuators, I no longer
use a vacuum for removal but included the flange as a sacrificial feature to provide a small
reservoir of rubber at the top of the mold to account for rising bubbles, as well as provide
a place to grip while removing cores. In the final preparation of an actuator, the flange is
cut off (Fig. 2.9G), and a 3D printed hub installed with a quick-disconnect fitting is glued
into the open end of the actuator (Fig. 2.9H). Internal grooves defined by the soft core are
complemented by the geometry of the 3D printed hub to help reinforce the glued interface.
Kevlar thread is tied around the exterior of the base for further reinforcement (Fig. 2.91I)
and tacked with Sil-Poxy. Black heat-shrink tubing is applied to the exterior in part to
protect the wrapping but mostly for aesthetic purposes (Fig 2.9J).

o e

Figure 2.9: Pictures showing the hardware installation for bellows-type actuators. The
hardware allows for modular attachment to a deep-sea gripper palms. (F) The soft core
is removed from the actuator and (G) the flange is removed. (H) Connective hardware
is glued into the base of the actuator, (I) reinforced with Kevlar thread, (J) and covered
with heat-shrink tubing. The finished length of the actuator from connector to finger tip is
128 mm.

G

A particularly important element of this fabrication process is the incorporation
of the soft core, which forms the complex internal geometry that must be achieved for the
bellows-style actuators. These were first introduced by Galloway [19] and I have added
design guidance in Section 2.5.4.1 for soft cores, as well as for the molds for soft cores and
actuators to double the burst pressures and achieve approximately five times greater cycling
longevity than the original generation of the soft-core-molded bellows-style actuators shown

above, as well as more durability in the soft cores themselves.
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2.5 Creating gentle, conformal, and robust grasps

2.5.1 Rapid digital prototyping of geometric designs for large deforma-

tions

The large deformations experienced by the materials in soft robots make it dif-
ficult to create simple models with which to explicitly prescribe their motion. With the
increasing availability and ease of additive manufacturing, it can be more pragmatic to take
an experimental approach to understanding and mapping the key design parameters [48].
FEA (Finite Element Analysis) is also a powerful modeling alternative that has successfully
been leveraged to optimize the performance of soft actuators [49, 50]. Artificial intelligence
and machine learning has also been explored in the conceptual design of soft locomoting
robots [51] as well as path planning for grasping and manipulation [52].

Empirical testing and simulations are all valuable tools for the development of
future soft robots. I believe there is also potential value in a lighter-weight simulation plat-
form to speed up the ideation and development process for novel soft actuators. Most of the
tools and methods that we use to create soft robots were developed around characterization,
design, and fabrication methodologies for rigid systems. This is important to note when
considering the methods of prototyping a system will influence its eventual manifestation
as well as its development and user perception at each stage of the development process
[5]. Most engineers involved in machine and mechanism design learn to start by simplify-
ing systems. We assume bodies are rigid and all deformations are relatively small. These
assumptions do not translate well to soft systems and we consequently have less experience
designing for soft systems with large deformations. Given that experience is required to
develop expertise, a rapid digital prototyping tool for soft robotic structures can be helpful
for a designer to quickly build experience in design for large deformations. Additive manu-
facturing of molds for soft actuators, (or of soft actuators directly), or creating robust and
accurate FEA models can take hours to days to troubleshoot and complete. I propose a
tool that exchanges precision for the purpose of ideation, similar to the concept of rapid
prototyping. This does not replace physical tests or modeling, but augments the toolkit
available in the early development process. A prototype of such a design tool is shown in
Figure 2.10.

To explore the use of a rapid digital prototyping tool for soft robots, I built a
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Figure 2.10: A simple model in which a (A) bellows actuator is approximated by a set of
(B) parametrically driven faces (C) that are converted to a triangular mesh. The mesh
acts as a network of springs that are pressurised by a normal vector at the centroid of each
triangle. These models were built in Rhino and Grasshopper.

simplistic bellows actuator geometry to represent basic elements of the bellows-type actua-
tor, similar to the one used for our soft deep-sea gripper. This actuator is shown in Figure
2.10A and its simplified form is represented in 2.10B as a parametric NURBS (Non-uniform
rational basis spline) model. This was built in Grasshopper, which is a visual programming
environment for Rhino, a commercial 3D computer graphics and computer-aided design
(CAD) application software by Robert McNeel Associates. Within Grasshopper, the model
is split into faces, converted to a triangular mesh, and stitched back together. An internal
pressure is approximated as a normal force applied to the centroid of each triangle and the
edges of the mesh are modeled as simple spring elements, the result of which is shown in
2.10C. The model can run in less than three minutes but does not take into account the
thickness of the material and thus trades accuracy for low computational costs and quick
iteration times. Similar to prototyping for the purpose of ideation, the quality of the sim-
ulation is intended for early exploration that can be validated and optimized with physical
experiments or a rigorous FEA study.

The stiffness and pressurized deformation of the digital actuator was tuned to

mimic the curvature of five nodes of the physical actuator in 2.10A. Those dimensions
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were then used as a datum. The pressure and spring stiffness of the datum was then used
to explore the effects of varying individual parameters of the geometry of a bellows-style
actuator. Five characteristic parameters were chosen to describe the actuator geometry, as
labeled in Figure 2.10B. Examples digital actuators with variances for each of the parameters
are shown in Figure 2.11. For each example, only one parameter is modified and all other
parameters are held constant to match those of the datum. Because the length of a node
is coupled to the number of nodes and the height of the actuator, the node length was
not independently varied. The model also does not incorporate interference from adjacent
nodes, which is a point for further development. Issues arising from this interference can

be seen in Figure 2.11, in the first variant that exhibits an increased number of nodes.
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Figure 2.11: Table of rapid digital prototypes of a bellows-style actuator concept. The
datum on the left serves as a reference case. Each of the variants on the right have one
parameter modified from the datum actuators, as indicated by a dimension in the top row.
Unless indicated otherwise, all other parameters match those of the datum actuator.

Exploring each parameter as an independent vector in a multi-dimensional design
space does not capture the complex interactions between variables but can still help identify
the salient impacts on performance. A number of performance metrics could be considered
when building a cost function with which to compare the success of design variants. How-

ever, a simple starting metric is the deflection of an actuator given a fixed input pressure, as
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shown in Figure 2.12A. The horizontal deflection of each digital actuator is normalized to
the datum actuator and compared in the plots shown in Figure 2.12B. Each plot represents
a different vector in the design space where, similar to the table in figure 2.11, only one
parameter is varied and all others remain the same as the datum actuator. The deflection
(normalized to the datum actuator) is plotted on the vertical axis and the varied parame-
ters (also normalized to the datum actuator) are given on the horizontal axis of each plot.

The dashed vertical line extending through each of the plots shows where the datum point

intersects with each of the design vectors.
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Figure 2.12: And rapid digital prototype exploration of the design space for a bellows-
style actuator concept. (A) The horizontal deflection of the datum actuator is used to
compare the performance of design variants. (B) Each parameter, normalized to the datum
actuator, is individually varied while all other parameters are held constant for each plot. A
dashed line indicates the intersection of the datum actuator with performance results each
parameter exploration. (C) A reference schematic of the parameters being varied.
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The plots in Figure 2.12B reveal the relative impact of varying different parameters
in the geometric design of a bellows-style actuator. For example, changes in the width of the
actuator creates the greatest slope while the height of the nodes has relatively little effect.
As mentioned above, the exploration of varying the number of nodes is adversely affected
by the model’s inability to resolve interference between the nodes and can be improved
for future use. It is also worth noting that the model was constructed using a parametric
description of orthogonal planar faces. Future iterations of this design tool should consider
different approaches to building primitives that are less restrictive and more focused on
leveraging large deformations for useful motion. As the field of soft robotics progresses,
“light weight” rapid digital prototyping tools such as this could be a useful tool for early
exploration performed before experiments and FEA. By reducing time and material cost,
rapid digital prototyping can speed up the ideation process, increasing creativity while also
building up experiential learning. While the model sacrifices accuracy, the low computing
time also makes risky designs less costly and thus more accessible while also reducing the
material waste associated with the prototyping process.

As applied to the design and fabrication of soft robotic deep-sea grippers, the rapid
digital prototyping exercise revealed that, within reasonable manufacturing constraints, we
would likely not achieve a conformal grasp with a single material bellow actuator. This
lead to the addition of several materials to provide tighter grip closure, stronger grips, and

lower contact pressure, as described in the following sections.

2.5.2 Modular strain-limiting elements

A simple lacing technique was introduced to reversibly modify the actuators, ex-
panding the versatility of the soft grippers to be able to accomodate a larger range of object
sizes. The lacing technique couples different textures to a bridging material, which is then
laced to the actuator body. Ripstop nylon with a TPU backing was used as a bridging
material because it is flexible, can be laser cut without unraveling or fraying), allows adhe-
sive bonding to the nylon surface, and TPU films can be heat-welded to the TPU-coated
surface. While this is a simple vehicle with which to attach various surfaces to both the boa
and bellows-type actuators, it also adds fiber-reinforcements to the bellows-type actuator.
For the bellows-type actuator, lacing has the added benefit of reinforcing the actuator and

enabling it to operate at higher pressures (up to 170 kPa as opposed to 70 kPa without lace
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reinforcements). Additionally, by restricting the radial deformation, the lacing redirects
deformation of the actuator into the curling motion, thereby achieving tighter closure with

the same operating pressure, as demonstrated in Figure 2.13.

Figure 2.13: Pictures of a bellows-style actuator with and without lacing, bridging material,
and foam. The actuation pressure is the same for both configurations, demonstrating that
the lacing and bridging materials constrain radial deformation and thus tighten closure of
the actuator. Foam attached to the bridging material creates a tighter internal radius,
enabling the bellow to grip a pretzel stick (approximately 10 mm in diameter.)

Tighter closure of the gripper is achieved without increasing the inflation pressure,
as shown in Figure 2.13 but the remaining gap to conform to smaller targets was achieved
with an open cell polyurethane memory foam, further discussed in the next section. The
lacing shown in in Figure 2.13 provides reinforcements and radial constraints to the bellow-
style actuator, similar to the Kevlar windings cast into a fiber-reinforced actuator, but the
bridging material also provides a platform with which to easily attach and replace materials
and textures onto the gripping face of the actuators. The silicone materials use to create
the actuators are ideal to withstand the harsh environments of field testing because they
are tough and inert, but this also makes it difficult to bond to those surfaces with adhesives.
The bridging material supports adhesives on the nylon side, and thermal bonded TPU on
the TPU coated side. This allows for attachment of foam, connection interfaces for tools

and instruments, or webbing between fingers of a gripper to help provide greater enclosure
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of a grasped sample. Because the lacing is reversible, these coverings can also be replaced to
minimize damage to the underlying actuator and refresh the surfaces of the actuator after

extended use.

2.5.3 Mechanically programmed contact stress limits

The soft grippers in this work do not rely on sensors for force feedback, but are
mechanically programmed to limit contact forces via the chosen materials and geometric
design. This is important for biological material collection as well as underwater archae-
ology, where the pressure distribution around an object and the gripper’s load carrying
capacity are important to know before attempting a grasp. Some of the material selection
is discussed below and I empirically examine the contact pressure and resistive forces of the
boa- and bellows-type actuators in Section 2.6.1.

The materials, geometry, and internal pressure of an actuator are integral to the
contact pressure that they apply. The bridging material from the lacing technique de-
scribed above allows the additional incorporation of materials with a non-linear response
to compressive strain on the contact interface of the grippers. This serves as a means to
enhance the effect of mechanically programming stress contact limits integrated into the
passive behavior of the gripper by using an open-cell low density memory foam. This is
a lightweight and compliant material that provides a particularly non-linear compression
response. In our observations, a 12.7mm (0.5inches) layer of soft foam (Mcmaster-Carr,
Inc., part: 86195K33) attached to the bridging material does not significantly impede an
actuator’s range of motion. As discussed above, the foam actually reduces the actuator’s
radius of curvature as it closes around an object, a useful feature for grabbing narrow
specimens. Memory foam also has desirable non-linear stress-strain properties that help
distribute forces and conform to irregular shapes. This non-linear behavior is demonstrated
via a compression test, the results of which are shown in Figure 2.14. Several thicknesses
and densities of open-cell memory foam were compressed in a materials characterization
system (Instron 5544A). In all of the samples, the stress plateaus after approximately 10%
compressive strain. The softer foams exhibit the longest plateau where stress is held around

2 kPa until nearly 50% compression, thus creating a contact pressure buffer.
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Figure 2.14: Plot of the stress-strain response when compressing the TPU foam attached
to the interior of the gripper. The non-linear response is leveraged in designing for a stress-
limited grasp.

2.5.4 Fabrication details to enhance cycle-life and burst pressure

While minor fabrication details are often relegated to an appendix, the relative
nascency of soft robotics necessitates greater attention to the tools and methods that we
use to create soft structures designed for large deformations. Just as we need to reconsider
how to approach the design process, it is important to consider details of fabrication in the
process of developing more robust and reliable soft actuators. I believe the reliability and
robustness of soft actuators will be a limiting hurdle in expanding their utility, applications,
and commercialization. The subsections below are included because they were important
developments that I have not found in other literature, and have enabled substantially
higher operating pressures and actuator life cycles with seemingly subtle or no changes in
geometry, fabrication, and material considerations. The following fabrication adjustments
have nearly doubled the burst pressure of the bellows-style actuators with and without strain
limiting elements, respectively. More testing is required to assess statistical significance, but

an initial cycling test suggests that the fabrication adjustments might at least quadruple
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the number of cycles to failure of the bellows actuator.

2.5.4.1 Soft cores

The soft core molding method was a key improvement to the fabrication process
for bellows-style soft actuators. The high aspect ratio features renders any rigid core me-
chanically constrained and can lead to damage to the core and the actuator body during
demolding. Mosadegh et al. used a two-step molding technique where one-half of the bellow
was molded and then bonded to the other half [48]. However, this introduces a materially
weak seam along the actuator’s entire perimeter and becomes the source of most actua-
tor failures. The operating pressures in that work are also less than half of the operating
pressures used for the deep-sea bellows grippers. Marchese et al. present a method where
dissolvable cores are used to define the inner bellow geometry; however, this is a time con-
suming process requiring a new core for each new actuator and time spent dissolving the
core [53]. Reusable soft cores introduced by Galloway help to overcome these challenges.
This allows for the entirety of the soft digits to be molded in one step for a seamless soft
body that can withstand higher operating pressures.

To maximize operating pressures, I found it is important to carefully trim the
flashing or excess rubber from the parting lines. These should be trimmed to the surface
of the core with a preference for cutting into a core over leaving excess flashing. Remnant
flashing translates to a thin spot in the skin of the actuator after molding. This thin spot is
structurally similar to a crack, due to the shape of flashing, and leads to stress concentration
in the actuator wall and possible rupture. To facilitate trimming and mitigate deleterious
effects of flashing, the parting line of a mold can also be moved to more accessible edges for
trimming and place any defects in lower strain regions of the actuator. Injection molding in
combination with higher clamping forces in mold assembly can also minimize flashing but
care should be taken in this fabrication strategy because minimal flashing can be harder
to trim and still detrimental to actuator robustness. Similarly, trimming flashing to the
point where it is smaller but not eliminated makes successive trimming more difficult and
still poses a risk to actuator robustness. A fresh razor blade or scalpel has been the most
effective tool for trimming flashing while applying light tension to the flashing if there is
enough to hold safely. Shorter or minimal flashing will tend to bend and slip beneath the

blade and is challenging to trim effectively.
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The silicon rubbers used for the soft cores were chosen for having a high elongation
to failure to allows high deformation in the removal process and avoid plastic deformation
so the cores can be reused. Elastosil was initially used for the soft cores and is still a
preferable choice for its low cost and high elongation to failure (700%). However, True Skin
30 (Quantum Silicone) has a comparable price to the lines of Smooth-on products frequently
used in soft robotics and touts a 1000% strain to failure. This is helpful for creating reusable
cores for more complex internal geometries that require more deformation to successfully
remove the core. It is also helpful in scenarios where there is a high ratio of surface area to
core volume, which leads to higher forces applied to smaller cross-sectional areas. A shore
hardness of 30A provides a balance of stiffness that can support its weight in the nodes of
the bellows actuator (with the help of the stainless steel skewers mentioned above) but can
also deform easily enough to facilitate removal. Elastosil and True Skin are able to endure
higher strain and resist plastic deformation over similar 30A durometer two-part silicones

used for casting.

2.5.4.2 Material compatibility and mold design

Similar to the stress concentrating effects of molding with soft cores with untrimmed
flashing, artifacts from the 3D printing process can create thin spots and surface textures
that are more prone to tearing. This was particularly true of vertical and overhung interior
walls of molds that were made on the Polyjet printers (Object Scholar and Conex). Vertical
and overhung walls require support material to hold tight tolerances on these features. Once
the support material is removed, it reveals a roughness that is less than 1 mm in magnitude
but, because the layer height at which the variation in wall thickness occurs is small, these
can behave like minor cracks in the wall of the actuator and lower the burst pressure and
cycle life of an actuator. To avoid this, all interior mold walls that define the inflatable
portion of the actuator had at least a 1° draft angle. A draft angle is normally included in
injection molded parts to facilitate removing rigid parts from a rigid mold. A draft angle
is not strictly necessary for soft parts but was found beneficial for this purpose of creating
a smoother molding surface and greater actuator longevity. Until making this change to
the molds, every actuator failure point occurred within the regions that were defined by
surfaces that once touched support material in the mold printing process. The problem of

surface texture also arises with parts from FDM printed molds. This can be mitigated with
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an acrylic spray coatings or partially dissolving the surface of the mold with Acetone vapor
but these will also affect the mold fidelity. Another solution is to use alternative printing
options such SLS (Selective Laser Sintering) of nylon or SLA (stereolithography) printed
molds, though each comes with their own considerations and trade-offs.

The majority of molds used to make the deep-sea fingers were polyjet-printed in
Vero Clear (Stratasys) because it was a readily available high resolution printer and the
transparent mold walls facilitated the trouble shooting process. Another important caution
is that a component in the poly jet resin also inhibits curing of most of the silicones used in
this work. The issue of cure inhibition was also present with SLA parts made from the clear
FormLabs resin. The issue becomes exacerbated as the ratio of the surface area to molding
volume increases. To mitigate this, support material had to be thoroughly removed via
a pressure washing station and molds were baked overnight in a 65°C' oven. A sacrificial
molding of rubber that would be thrown away (or several) was also a useful final cleaning
step. A mold release can provide a minor barrier but will not resolve the problem of cure
inhibition. If a part is cured enough to be removed from the mold but is still soft and tacky,
removing it from the mold and continuing to bake it in an oven may partially resolve this
issue. A more reliable solution, though, would be to treat this as a sacrificial casting, clean
the mold of any residue, and start again. A sintered nylon part would not exhibit this cure

inhibition problem but was not used primarily on the basis of cost and convenience.

2.6 Characterization of gentle, conformal, and robust grasps

2.6.1 Grasp contact pressure

Contact pressure tests of the forces between a gripper and target objects were
intended to evaluate and demonstrate the inherent safety, form closure, and grasp strength
of the chosen designs. A gripper’s performance under these metrics can be adjusted easily
through changes in geometry and materials. Several bench top experiments were performed
to understand the magnitude of the force and pressure applied to static objects. A 63.5 mm
diameter plastic tube was selected as the target object because both soft actuator types
could cradle more than half the circumference of the tube and the radius of curvature
was large enough to be wrapped with a Tekscan (model: 5051-20) pressure mapping sheet

without damaging the sheet or inhibiting measurements. Several actuator configurations
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were evaluated including the boa- and bellows-type actuators with and without memory
foam. Figure 2.15, depicts the experimental setup and corresponding pressure map for the
boa-type actuator. Pressurized to 310kPa (45psi), the boa-type actuator without a foam
texture had a narrow pressure distribution with most pressures ranging from 6 kPa-10 kPa,
while the boa-type actuator with a foam inner surface had a wider pressure distribution
with most recorded contact pressures below 5kPa (0.72psi). The bellows-type actuators
(pressurized to 69 kPa (10psi) had a similar response where the maximum pressures detected

were 2kPa (0.29psi) and 7kPa (1psi), with and without foam, respectively.
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Figure 2.15: Map of the measured contact pressure of a boa wrapping around a 63.5 mm
diameter cylinder (A) without and (B) with foam. The rectangular maps on the left show
what the measurements would look like if unrolled to a flat sheet. The center map follows
the orientation and experimental setup shown in the right-hand images.

2.6.2 Grasp strength

While the first design criterion of the soft deep-sea grippers is to provide a gentle
grasp, it is also important for the gripper to have enough strength to securely pick up
a sample and move it to a collection box on the ROV, withstanding gravity and inertial
forces while moving through the water column. Given the added effect of buoyancy, drag
forces while moving in the water is often the more substantial effect. Grasp strength was

evaluated with a materials characterization system (Instron, model: 5544A single column)
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that analyzed load-extension characteristics for several gripper scenarios including load
direction and object size. In the experimental protocol, an acrylic tube ranging in diameter
from 12.7, 25.4, and 50.8mm was positioned next to the palm of the gripper, and the
actuators were inflated to their target pressures to enclose the cylinder. Figure 2.16 shows
an example of a test with a bare boa wrapping around a 50.8 mm (2inch) diameter cylinder
in a vertical orientation, as well as a foam-clad boa wrapping around a 12.7mm (0.5inch)

diameter cylinder in a horizontal orientation.

Figure 2.16: Experimental setup for grip force testing of a boa-style actuator without and
with foam. Results of these experiments are shown in Figures 2.17 and 77

All bellows-type actuators were pressurized to 124 kPa (18psi) and boa-type ac-
tuators were inflated to 310kPa (45psi) with one exception where the boa-type actuator
was pressurized to 345kPa (50psi) to fully close around the 12.7 mm diameter tube. The
grip strength of the bellows-type actuators were evaluated with two actuators, one opposing
the other. The gripper was anchored to the table, and the Instron pulled on the tube at a
fixed velocity (8mm/s) until the cylinder was pulled from the actuator’s grasp. Each test
configuration was conducted five times and averaged. In the following plotted results, the
solid black line is the average of the results while the shaded area represents one standard

deviation. A comparison of the bellows-style gripper with foam and the boa-style grip-
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per with and without foam closing around a 50.8 m diameter in a vertical and horizontal

orientation is shown in Figure 2.16.
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Figure 2.17: Grip force of a boa and bellows-style grippers as a 50.8 mm diameter tube is
pulled (A) horizontally and (B) vertically from their grasp.

While gripping the 50.8 mm diameter tube, the bellows-type gripper had the great-
est resistive force in the vertical direction (16.6 N) (Fig. 2.17B), and offered relatively lit-
tle resistive force in the horizontal direction (5.6 N) (Fig. 2.17A). The boa-type gripper
demonstrated significantly higher vertical and horizontal resistive forces across a range of
tube diameters. In vertical pull tests with the 50.8 mm diameter tube, the boa-type gripper
without foam had an average maximum holding force of 52.9 N, while peak average of the
actuator with foam was 44N (Fig. 2.17B). Furthermore, in experiments where the tube
diameter was reduced to 25.4 mm and 12.7 mm, the hold force remained high compared to

the bellows actuator (Fig. 2.18).
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Figure 2.18: Grip force of a boa-style gripper with foam as a 12.7, 25.4, and 50.8mm
diameter tube is pulled (A) horizontally and (B) vertically from its grasp.

2.7 Field-testing

The first field test of the bellows and boa-type actuators was a pilot study in the
Gulf of Eilat, in the northern Red Sea, in 2015. To our knowledge, these field trials were
the first time soft robotic grippers were employed for deep sea marine biology collection and
manipulation. With the bellows-type gripper, we retrieved a red soft coral (Dendronephthya
sp.) after landing the ROV on the sea floor. The four bellows-type actuators gently closed
around the specimen without damaging any of the branches. The boa-type gripper proved
very effective at wrapping around long and narrow (less than 12 mm diameter) coral whips
that extended vertically from the sea floor. In the pilot study, the soft gripper was deployed
in over a dozen dives at depths ranging from 100 m to 170 m and successive generations of
the gripper have also been demonstrated at various locations in the Pacific and Atlantic
Oceans at depths exceeding 3.5km. Samples collected by the crew of the Nautilus and
Ocean Exploration Trust using our soft grippers now reside in the collection of the Com-
parative Zoology Museum at Harvard University. The grippers have also contributed to
the permitted biological sampling of deep-sea coral performed by the crew of the Nautilus.
Fragments of the coral were distributed to various marine biology labs for genomics study in
collaboration with the Ocean exploration trust. In accordance with permitting restrictions,
all others animals the grippers have picked up are non-protected species. Furthermore,

unless there was a need for a sample as decided by the research directive of marine biology
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teams associated with these missions, gripper testing focused on the demonstration of gen-
tle grasps and returning the specimen safely to the sea floor. Examples of these grasps are

shown in Figure 2.19.

Figure 2.19: Photos of various specimens picked up in the Cordell Bank marine sanctuary.
(A) A soft coral sample (Paragorgia) retrieved at 952m with a three-finger cylindrical
gripper, after being dropped during an attempted grasp with rigid manipulators. (B) A
crab grasped and then released with a three-finger spherical gripper at a depth of 1205 m.
(C) A snail grasped and released with a four-finger spherical gripper at a depth of 1287 m.
(D) A sponge collected with a three-finger spherical gripper at a depth of 1700m. (E) A
sea star grasped and released with a three-finger cylindrical gripper at a depth of 1050 m.
(F) A sponge collected with a five-finger spherical gripper at a depth of 2647 m.

In the effort of creating soft robotic grippers suitable for the task of deep-sea bio-
logical sampling, I have demonstrated soft robotic grippers that are capable of grasps that
are gentle, conformal, and robust. Through the use of novel designs, design tools, and re-
finement of fabrication methods, I have developed a new generation of bellows actuator that
can accommodate a larger ranger of bending curvatures, is stronger than its predecessors,
and has a higher burst pressure and cycle life than its predecessors.

For more details on the locations of testing, pumps and engines used to provide
hydraulic control, and the user interface, please refer to the publications included in the

bibliography [19, 54, 55, 56, 57, 58].
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Active Modulation of Surface

Contact

3.1 Introduction

Contact interfaces are an important consideration in how robots interact with the
world. Enhanced adhesion or friction at a contact interface can contribute to a more secure
grip on a given target, or to more traction for walking and climbing. The ability to actively
adjust a contact interface, however, allows additional control over the ways in which robots
interact with their environments. A gripper, for example, can use the modulation of contact
friction as a way to enhance dexterous manipulation. For grasping, control over the friction
of a gripper could enable using a low friction state to ease optimal positioning of the gripper
on a target, as well as selectively increasing friction for grasping and manipulation tasks. It
can be useful to decouple closure and normal contact forces of a soft gripper from the ability
to apply traction. I demonstrate this by carrying and screwing in a light bulb with a soft
gripper equipped with tunable friction at its finger tips. I also implement this in a simple,
one degree-of-freedom crawler. In both of these cases, adding a tunable friction mechanism
can reduce the complexity of the control or add additional control opportunities.

In this chapter, I describe a fully soft friction tuning mechanism made of selectively
constrained elastomeric membranes that may be actively or passively applied to robotic
grippers and crawlers. My mechanism utilizes fluidic power input that could be part of an

existing drive (passive) or controlled by an additional input (active). The friction tuning
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mechanism is evaluated independently as well as integrated in a gripper and crawler.

3.2 Background and prior art

Electro-adhesion, suction, folding mechanisms, and rigid toggles are some mech-
anisms used for actively tuning contact mechanics [47, 59, 60, 61]. Contact friction is a
central consideration in almost any robotic system, especially those involved in locomotion
or grasping. A number of studies have used artificial microstructures similar to those of
gecko setae to enhance friction in applications ranging from endoscopy to climbing robots
[62, 63, 64, 65]. Others have examined fabrication techniques to make devices that enable
directional friction [66]. While these techniques have demonstrated increased friction (and,
in some cases, adhesion), the resulting systems are inherently passive. The addition of active
friction control has the potential to further enhance the performance of these systems.

Prior to the original publication of the soft mechanism described in this chapter,
there have been relatively few studies regarding controllable friction in soft systems. Kim
et al. have exploited shape memory polymers to achieve thermally controllable adhesion
with actuation cycle times on the order of 100 seconds [67]. Lin et al. discuss a real-time
mechanically tunable adhesive, though integration of this adhesive may be challenging in
a fully soft system [68]. A self-assembling polymer network that creates a coating that
modulates texture under UV light was described by Liu et al. [69]. Vikas et al., building on
the work of Umedachi et al., have succeeded in creating soft crawling robots that leverage
variable friction [70, 71]; their friction tuning mechanism is intimately coupled to the overall
structure of the robot, enabling simple actuation though limiting the design space. With
regards to locomotion, being able to modulate the friction acting on a leg or foot could
enable a single degree-of-freedom system to move forward by creating asymmetric surface
traction [72].

It is common practice to apply textures and materials to the surface of grippers to
passively modify their contact mechanics. The benefit of this is generally common knowledge
but some of the subtleties of strategically complaint contacts have recently been described
for the purpose of robotic grasping and manipulation [73, 59, 74, 47]. Incorporating suction
on the fingertips of a underactuated gripper is a form of friction modulation that can increase
the normal forces between a gripper and contact surface without increasing the forces applied

by the digit of the gripper [31, 60]. More recent publications have also introduced active
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friction tuning elements for rigid robotic grippers [61, 75], as well as friction reduction for
soft grippers [76].

In contrast to the work mentioned above, this chapter described a fully soft active
friction tuning mechnism. The proposed mechanism relies on local pneumatic actuation
with positive-pressure. This approach may have roots in biology, as geckos have been hy-
pothesized to modulate pressure in their vasculature to aid in attachment to and release
from substrates [77]. The mechanism described in this chapter can be incorporated into
a soft system in either a fully integrated or modular fashion. Directly integrating into
the existing actuation and control systems of a pneumatic or hydraulic soft robot provides
enhanced function with little to no additional complexity to the existing system. Alter-
natively, when independent articulation is necessary, modularity can also enable separate

adhesion control and actuation.

3.3 Soft mechanism for active friction modulation

3.3.1 Principle of operation

The fully soft, friction-tuning mechanism consists of two main elements: an inflat-
able membrane and a restraining layer. The inflatable membrane is an elastomeric material
that exhibits high friction, while the restraining layer is a relatively inextensible, low-friction
material that features periodic holes. Before inflation, the restraining layer is in contact
with a substrate of interest. When the membrane is inflated, it pushes through the holes in
the restraining layer such that the elastomer contacts the substrate, thus enhancing friction.

Schematics and photographs illustrating this mechanism can be seen in Figure 3.1.

3.3.2 Model

A theoretical analysis using the Kirchhoff-Love theory for thin plates assisted in
the choice of design parameters for the tunable friction mechanism. Because not all of the
assumptions of this theory hold for large elastomeric deformations, the model was used to the
guide design rather than to precisely predict performance. The elastomer was modeled as
a circular plate subject to a uniform pressure with a zero displacement boundary condition

along the edge. With the assumption of an isotropic material, the governing equation
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Figure 3.1: (a) Before inflation, the membrane does not protrude beyond the thickness of
the restraining layer, so the substrate only touches the low-friction restraining layer. (b)
Upon inflation, the membrane pushes through the holes in the restraining layer, increasing
the effective friction.

simplifies to:

P
22 — 3.1
V2v2h . (3.1)

2Et3
e — 3.2
where C 5= 9) (3.2)

Here h is the maximum vertical deflection, P is the applied pressure, v is the Poisson’s

ratio of the elastomer, E is the Young’s modulus of the elastomer, and ¢ is the elastomer

thickness. Solving the above for h, we obtain:

B 3Pa* (1 — 1/2)

3.3
32E3 (3.3)

where a is the radius of the hole in the restraining layer.
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Equations (3.1) — (3.3) provide an analytic expression for the relationship between
pressure, hole size, membrane thickness, and maximum deformation. This model does not
account for deformation of the restraining layer that occurs at high inflation pressures, nor
the deformation of the elastomer upon contact with an object. Nevertheless, the equations
indicate feasible combinations of geometries and actuation pressures for the mechanism and

prove useful in guiding design parameters.

3.3.3 Geometry and materials

Preliminary testing with a number of different materials led us to use polydimethyl-
siloxane (PDMS) for the membrane material (Sylgard 184, Dow Corning). Regardless of the
fabrication technique (in this work we used both molding and spin coating), all membranes
were fabricated to be 200 pm thick.

The restraining layer was fabricated from a 75pm thick polyester film (Dura-
Lar, Grafix Arts). We chose this material for its inextensibility, low-friction, and ease of
machinability. This particular thickness was chosen to ensure minimal plastic deformation
upon actuation. We laser-cut the film with a hexagonal array of circular holes that were
3mm in diameter spaced 4 mm apart (center-to-center). The size and spacing of the holes
in the restraining layer were chosen in conjunction with the thickness and material of the
inflatable membrane to enable actuation at a low pressure. As described by equation (3.3),
a thinner (thicker) membrane could be used with smaller (larger) holes to achieve a similar
actuation pressure. Two laser cutters were used for fabrication: a diode-pumped solid state
(DPSS) laser (E-355, Oxford Lasers Ltd.), and a CO3 laser (VLS 6.60, Versa Laser). The
DPSS laser minimized reflow and charring when cutting the polyester film. The CO4 laser
was otherwise able to cut larger areas and cut faster than the DPSS laser. The COs laser
also worked well in cutting the rip-stop nylon fabric used to create the bridging material
described in the previous chapter. This bridging material was reused to incorporate the
friction tuning mechanism into the the gripper discussed in Section 3.5.1.

From equation (3.3) in the preceding section, the calculated actuation pressure
required for the membrane to extend up to the thickness of the restraining layer is ap-
proximately 0.7kPa. To extend one millimeter beyond the restraining layer, an actuation
pressure of approximately 9.7 kPa is required. For a point of comparison, a typical soft

bending actuator operates at 69kPa [19].
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3.4 Characterization of friction modulation mechanism

The soft friction modulation mechanism described above was evaluated first as an
independent module and then as and integrated feature in the finger tips of a two-digit
soft gripper. The purpose of the characterizing the independent module was to have a
performance metric that is not influenced by the shape, configuration, or application of the
mechanism. Characterization of the effect of a mechanism integrated into a soft gripper
is less readily abstracted, but offers a useful benchmark of how an instantiation of the
mechanism might affect performance in grasping tasks as well as providing strategies for its

integration into soft systems.

3.4.1 Module for isolated mechanism testing

We characterized the tunable friction mechanism performance on a universal test-
ing machine (Instron 5544, Instron) to measure friction forces with varying preload forces,
substrate materials, and inflation pressures. To facilitate characterization and mounting to
the Instron, we made a standalone friction tuning device coupled to a rigid fixture. The
friction tuning device consisted of an inflatable elastomer bladder with one (200 pm thick)
side in contact with a polyester restraining layer. The bladder was cast as a single piece
of PDMS using a mold made from a stack of laser-cut acrylic plates and 200 pm stainless
steel shim stock to precisely control the membrane thickness. The restraining layer and
bladder were mounted in a rigid acrylic fixture and clamped together with four bolts. A
pneumatic line was plumbed into an inflation port in the side of the elastomer bladder to
provide pressure. A schematic and photograph of the friction device can be seen in Figure
3.2. The device assembly served as a modular test device to facilitate swapping components

and varying inputs in the experiments described below.

3.4.2 Testing setup

The friction tuning device was incorporated into a custom Instron fixture designed
to enable measurement of horizontal friction forces. This lateral pulling configuration was
used in place of the typical vertical setup to minimize off-axis loads applied to the load cell
of the Instron and to simplify testing procedures. The Instron fixture used for the testing
is illustrated in Figure 3.3. A pneumatic cylinder mounted to the Instron fixture allowed

measurements to be made under a variety of preload forces. Because the friction tuning
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Figure 3.2: A (a) schematic and (b) photograph of the standalone friction tuning device.
Note that the device is oriented upside-down in the photograph to better show the friction
tuning features and the schematic is oriented to match the photograph. The restraining
layer and elastomeric membrane were oriented downward for testing.
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device remained stationary, the substrate of interest was fixed to a mobile sled. The top of
the mobile sled was in contact with the inflatable membrane, and its bottom was coated
with Teflon. To minimize the influence of frictional forces from sources other than the
inflatable membrane on the substrate of interest, the mounting plate for the Instron fixture
was also coated in Teflon, providing a Teflon-Teflon interface between the mobile sled and
the Instron fixture mounting plate. The mobile sled was attached to a 0.64 mm diameter
Kevlar string that, through a pulley, connected to the moving stage of the Instron. As the
Instron stage moved, the load cell measured the force required to counteract the friction
applied by our friction tuning device.

The effects of three variables (preload force, substrate material, and inflation pres-
sure) on the performance of our friction tuning device were measured on the Instron. Preload
forces were applied to the friction device via the pneumatic cylinder, which was controlled
with a regulated pressure supply. We calculated the preload force as the pressure applied

to pneumatic cylinder multiplied by the cylinder bore.
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Figure 3.3: A schematic of the Instron fixture setup used to measure horizontal friction
forces. The friction tuning device (with the inflatable membrane) remains stationary and is
pressed downwards into the mobile sled via a pneumatic cylinder. The mobile sled, which
carries the substrate of interest, is pulled by the Instron through a pulley.

3.4.3 Effect of preload force

In the first series of tests, we applied a constant preload force to the friction device
and performed a ramping lateral pull force test (10 N/min) with the Instron. Each of these
tests was performed on a glass substrate. We then determined the pull force at which
the device began to slip. This test was conducted at three preload forces (2.46, 4.91, and
7.37N), as well as four inflation pressures (0, 13.79, 27.58, and 41.37 kPa).

The resulting friction forces shown in Figure 3.4 suggest that the effect of preload
force is minimal compared to other effects (see following sections). The preload force does,

however, influence the efficacy of increasing the inflation pressure.

3.4.4 Effect of substrate material

In a second series of tests, again using a ramping force profile (10 N/min), we
maintained a single preload force (4.91 N) but varied the substrate material and inflation
pressure. This second set of tests compared the effect of glass, Teflon, and stainless steel
substrates.

The effect of varying substrate material for a given preload force and varying
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Figure 3.4: Graph of friction force data as a function of inflation pressure for different
preloads, as measured on the Instron. These tests were performed on a glass substrate.
Note that, for all conditions, each inflation pressure was tested at least three times.

inflation pressures is shown in Figure 3.5. As expected, the friction tuning device exerts
lower frictional forces when applied to slippery surfaces such as Teflon. Higher-order effects
that do not scale with inflation pressure, such as tribological variables or adhesion forces
(e.g. van der Waals, bulk electrostatic, or capillary), may also be present; these effects could
be an interesting area of future study. However, for all substrates, we do see that there is

a significant increase in friction with any nonzero inflation pressure.

3.4.5 Effect of inflation pressure

We conducted a final set of tests to explore the differential in kinetic friction forces
between the unactuated and actuated states of the friction tuning device. With the Instron
programmed to move with a constant rate of extension (10 mm/min), we allowed the device
to slide on a glass substrate in its unactuated state. After a short delay, we exerted a
step input to the inflation pressure up to various values (13.79, 27.58, and 41.37 kPa). We
recorded the average value for the force measured by the load cell before and after the step
input (corresponding, respectively, to the unactuated and actuated states as recorded in

Table 3.1). This test was also repeated at different preload forces (2.46, 4.91, and 7.37N).
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Figure 3.5: Graph of friction force data as a function of inflation pressure for different
substrates, as measured on the Instron. These tests were performed with a constant preload
force of 4.91 N. Note that, for all conditions, each inflation pressure was tested at least three
times.

As alluded to above, the inflation pressure has a much more substantial effect
than preload force on the measured friction forces. The increase in friction force measured
between our unactuated and actuated friction device on glass exceeds an order of magnitude
in some conditions, as shown in Table 3.1. Note that the data reported allow one to see the
effects from variation in preload force with constant inflation pressure as well as the effects
from variation in inflation pressure with constant preload force. The stronger dependence
on inflation pressure is attractive for applications like crawling or grasping, where it may
be advantageous for friction forces to be relatively insensitive to crawler weight or grasping
force, and more sensitive to a controllable variable such as internal pressure.

In addition to considering frictional force, we can examine the effect of preload
force and inflation pressure on the coefficient of friction (see Table 3.1). The coefficients of
friction are simply the frictional forces divided by the preload forces. From this perspective,
the data show that higher coefficients of friction are achieved at lower preload forces, which is
beneficial for soft robotics given the typically low forces involved. This also makes intuitive
sense as a high preload force will tend to compress the high friction membrane to the point

where contact is then distributed between the high friction membrane and the low friction
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restraining layer.

Table 3.1: Results of kinetic friction differential testing

Preload Inflation Unactuated Actuated
Force Pressure Force CoF* Force CoF*

N kPa N = N -
2.46 27.58 1.14 0.46 12.15 4.94
2.46 27.58 1.27 0.52 12.50 5.08
2.46 27.58 1.43 0.58 12.82 5.21
4.91 13.79 2.16 0.44 7.26 1.48
4.91 13.79 2.01 0.41 7.78 1.58
4.91 13.79 2.77 0.56 8.57 1.74
4.91 27.58 2.66 0.54 13.46 2.74
4.91 27.58 2.82 0.58 14.49 2.95
4.91 27.58 2.25 0.46 14.69 2.99
4.91 41.37 1.77 0.36 18.88 3.85
4.91 41.37 1.73 0.35 20.04 4.08
4.91 41.37 1.80 0.37 19.35 3.94
7.37 27.58 2.68 0.36 15.94 2.16
7.37 27.58 3.31 0.45 16.54 2.24
7.37 27.58 3.38 0.46 17.05 2.31

This table details the change in the kinetic friction force (for a given preload force and inflation pressure)
that occurs as the friction device is actuated on a glass substrate. The data are available to compare across
inflation pressures for a given preload force as well as across preload forces for a given inflation pressure. One
can see a much stronger dependence on inflation pressure than preload force. ¥*CoF denotes the coefficient
of friction.

3.5 Soft robot integration

3.5.1 Integration with a soft gripper

To demonstrate the application of friction modulation in soft robotic grasping, we
created a soft robotic gripper that has the ability to modulate the friction of its fingers,
which can be seen in Fig. 3.6. Each finger of the gripper is a pneumatic bending actuator

with a tunable friction pad attached to its fingertip. The friction pads are made of two layers
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of PDMS bonded together with oxygen plasma treatment. For a restraining layer, we used
thermoplastic polyurethane (TPU) coated taffeta (heat sealable taffeta, Seattle Fabrics).
We deviated from our typical restraining layer choice of polyester in this demonstration
to take advantage of certain properties of the taffeta that aid in integration with the soft
bending actuator; used as the bridging material described in the previous chapter, the TPU
coated taffeta resists tearing under the tension of the actuator lacing and accommodates
the flexing and bending of the underlying actuator. The taffeta also cuts well in the COq
laser. In addition to serving as the restraining layer for the inflatable membrane, the taffeta
also mechanically secures the friction pads to the bending actuators and helps reinforce the

body of the actuator via the lacing technique explained in Section 2.5.2.

Figure 3.6: The gripper consists of pneumatic bending actuators that have been modified
with friction pads at the fingertips. The friction pads are made of two layers of PDMS
plasma bonded together. The taffeta anchors the friction pad to the bending actuator and
serves as a restraining layer for the inflatable membrane. The two inset pictures show the
friction pads unactuated (top) and actuated (bottom).

In this demonstration, the friction pads are actuated independently from the main
bending actuators. That is, this gripper is a multiple degree-of-freedom system with inde-
pendent control over finger actuation and friction modulation. The friction pads actuate
at approximately 7kPa, whereas the fingers are fully actuated at approximately 55 kPa.
If found to be advantageous, the system could be redesigned with only minimal effort to

directly couple the actuation of the fingers and the friction pads. As seen previously, the
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actuation pressure of the friction pads has a strong dependence on both membrane thickness
and restraining layer hole size, so altering these parameters is a simple way to modulate
actuation pressure of the friction pads. In this way, the bending actuators and friction
tuning elements that comprise the gripper could be actuated by a single pneumatic input.
The friction tuning elements could then be adjusted to engage at a predefined pressure
threshold that corresponds to a desired curvature of the bending actuators. Similarly, as
discussed in the previous chapter, the calibration of curvature versus operating pressure of
the bending actuator can be independently adjusted.

To evaluate the tunable friction performance of the soft gripper, we measured the
force required to remove a plastic cylinder from its grasp with both actuated and unactuated
friction pads. With the Instron programmed to move at a constant rate (50 mm/min), the
grasp forces were measured for three cylinder diameters (25.4, 50.8, and 76.2mm). The
bending actuators were pressurized to 75.8 kPa and the friction pads were pressurized to
17.2kPa for each of the tests. A picture of the test setup is shown in Figure 3.7 and it is
worth noting that the off-set two finger setup shown provides an estimate of the retaining
force that could be achieve from two bellows actuators, but this would likely not create a
stable grasp in a less constrained setup. The fingers would be better arranged in line with
one-another or in an arrangement of three digits in a cylindrical grasp or a spherical grasp
arrangement as shown in Figure 3.6.

The resulting force-extension data from the cylinder grasp tests are shown in Figure
3.8. The plot shows the average values from the testing, as well as one standard deviation
above and below the average values. As expected, the peak forces recorded as the cylinder
slips through the actuated friction pads (represented by the solid lines) are much higher
than those from the cylinder slipping through the same pair of pneumatic bending actuators
with unactuated friction pads (represented as dashed lines).

Using the gripper setup shown in Figure 3.6, we successfully positioned a light
bulb into a mating socket. Frames from a video of this process can be seen in Figure 3.9.
The internal pressure of the bending actuators was held at approximately 50kPa for the
duration of the task. By switching between actuated and unactuated friction states, the
gripper slid over the surface of the bulb to adjust its gripping position while still cradling
and preventing the light bulb from falling. In Figure 3.9A, the bulb is carried to the socket
and the gripper starts to install it with a quarter turn. At this point, the bulb would fall if
the gripper were removed but the digits of the gripper continue to apply a light, stabilizing
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Figure 3.7: Instron test setup used to measure the force require to pull cylinders of various
diameters. The two bending actuators feature friction pads on their fingertips, which were
tested in both actuated and unactuated states.

force as the friction pads are turned off to allow the gripper to pivot over the surface of the
bulb. Figure 3.9B shows six sequential frames where, in the first three frames, the gripper
applies both a stabilizing force as well as traction from the friction finger pads to screw
the bulb in clockwise. In the second three frames, the friction pads are disengaged to allow
the gripper to slide counterclockwise over the bulb’s surface. An ‘x’ drawn on the surface
of the bulb helps to visualize this movement. Finally, in Figure 3.9C, the gripper finishes
installing the bulb with the friction pads activated and then the pads are deactivated so
that the gripper can pull away from the bulb.

3.5.2 Integration with a crawling robot

To evaluate a second use case, we incorporated our tunable friction mechanism
into a crawling robot, which can be seen in Figure 3.10. The robot consists of a minimal
body and two legs. Each leg is a pneumatic bending actuator, (similar to the ones used
in other soft robotic applications [19]), that has been modified to accommodate tunable

friction pads. The friction pads rely on the same mechanism as above, consisting of a
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Figure 3.8: Forces required to pull cylinders of varying sizes from between two bending
actuators with actuated (solid lines) and unactuated (dashed lines) friction pads. The
shaded regions show one standard deviation above and below the average values (n = 5). In
all tests, the bending actuators and friction pads were pressurized to 75.8 kPa and 17.2kPa,
respectively.

polyester restraining layer and an inflatable PDMS membrane. A second polyester sheet
serves as a backing to the membrane, completing the inflatable structure. We sealed the
membrane to the polyester backing with a silicone adhesive (Loctite Superflex Clear RTV,
Henkel Corp.), and then sewed the edges with cotton thread for reinforcement. If stronger
adhesion between these layers is required, success has been found by using silane treatment
and oxygen plasma to bond PDMS to plastics [78, 79]. The friction pads were mechanically
attached to the sides of the legs with an air port protruding into the internal cavity of the
leg, thereby creating a direct pneumatic coupling and resulting in a single degree-of-freedom
system.

Upon inflation, the friction pads actuate first (at approximately 7kPa), providing

a pivot point for each leg. Upon increasing the pressure, the legs begin to bend (at ap-

54



Chapter 3: Active Modulation of Surface Contact

proximately 35kPa), pushing the robot forward. When quickly vented, the friction pads
and legs deflate simultaneously, allowing the elastomeric membrane of the friction pads to
retract as the legs return to their initial, unactuated state. Without the high friction pivot
points at the distal ends, the legs sweep back to their unactuated state without pushing the
robot body backwards.

The crawling robot was tested on a glass substrate (Fig. 3.10). With an actuation
frequency of 0.5 Hz, the crawler was able to propel itself forward at a speed of 0.2 body
lengths per second (12mm/s). To confirm the utility of our friction pads, we tried operating
the crawling robot with small polyester sheets under the friction pads, effectively neutral-
izing our tuning mechanism. Additionally, we attempted crawling with legs made from
unaltered bending actuators (i.e., without any friction pads). We found that, after numer-
ous actuation cycles, neither modified robot was able to produce any net motion, proving

the necessity of our tunable friction mechanism for locomotion in this configuration.
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friction <=2
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Figure 3.9: Example use case where the gripper with friction-tuning finger pads is used
to screw in a light bulb. The gripper digits are pressurized during the entirety of the
demonstrated to provide a light normal force and the friction pads are turned on and off
as indicated. Three sets of frames show (A) the initial delivery and insertion of the light
bulb, (B) screwing the lightbulb in further, and (C) securing the light bulb to the point of
turning the bulb on and then pulling the gripper away.
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Figure 3.10: (A) The crawler in its initial state. Each leg consists of a bending actuator
with a tunable friction pad at its distal end. (B) As the legs actuate during the power
stroke, the friction pads engage, creating pivot points that allow the body of the robot to
move forward. (C) As the legs are vented, the friction pads depressurize and the high-
friction membrane retracts. With the low-friction restraining layer now in contact with the
substrate, the friction pads slide forward with the legs in the return stroke, resulting in
net forward motion. Frames (D) and (E) show another cycle. The dashed line serves as a
position reference.
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3.6 Conclusions and future work

Quantitative force testing shows that a tunable friction mechanism can modulate
friction forces by over an order of magnitude between unactuated and actuated states. The
mechanism described in this chapter can be used to actively modulate the surface contact
of a soft system so as to augment its functionality. This augmented functionality is demon-
strated in a gripper with the capacity to effectively turn friction on and off at its fingertips.
This control over gripper friction allows for more dexterous manipulation of objects and a
five times differential in grasping force. The augmented functionality is also demonstrated
in a crawler that can produce forward motion with a single degree of freedom input. Fur-
thermore, this mechanism demonstrates a broader concept of hierarchical functionality and
structure built into a soft robot. The friction tuning structures are integrated with the
grippers and can be independently controlled or directly coupled to the actuation of the
underlying structure.

The instantiation of the friction tuning mechanism described above was achieved
largely by integrating modularly fabricated soft components. Future work could focus on
an approach of directly integrating these active surface structures into the body of the
underlying actuators. Alternatively, a modular approach can make fabrication and repair
simpler, and future work could instead focus on improving those methods for efficiency of
production, reliability of performance, and a lower-profile to more easily incorporate similar
mechanisms into a range of soft systems.

Also, while this work explores the use of active surface structure to modulate the
contact interface, there is also much potential value to be achieved from the development of
passive surface tuning structures. There is already a wealth of work in the soft robotics field
on bio-inspired surface structures to achieve traits like enhanced adhesion [80], directional
friction [81], and structural colors [82]. An area of interest going forward is the investigation
of the infundibular surfaces of octopus and squid suckers where surface morphology can be

brought to bear in passively tuning the contact interface of soft robotic devices.
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Distributed contact via soft arrays

4.1 Introduction

The compliant materials of soft robots demonstrate advantages over their rigid
counterparts through passively adaptive mechanics, the ability to achieve complex motions
with relatively few inputs, and the potential for safe human-robot interactions. This com-
pliance also effectively limits the forces that an individual soft actuator can apply to its
environment. Many actuators together, however, can create an array of distributed contacts
that are individually gentle and collectively strong. Furthermore, high aspect ratio actua-
tors are structurally compliant and can thus deform more than low aspect ratio actuators in
ways to create greater engagement with target objects. Arrays of high aspect ratio soft ac-
tuators can be valuable in applications involving fluid manipulation, locomotion, grasping,
and delicate object manipulation.

In this chapter, I describe new fabrication strategies to create high aspect ratio
soft actuators individually as well as in integrated arrays. Fabrication of large arrays of high
aspect ratios is challenging with the majority of techniques being used to create pneumatic
and hydraulic soft actuators because it requires complex molds with high precision over large
areas, or the need to join many soft components together. By developing a modified dip-
coating process, I present an inexpensive, modular, and scalable method to build integrated
soft actuator arrays, as shown in Figure 4.1. The molds are ‘open-faced’ and do not fully
enclose all surfaces of the liquid elastomers. The exterior geometry of the actuators is
instead defined by surface tension, gravity, and the viscosity of the mixed rubber, eliminating

the need for tight tolerances between mold faces. Within this dip-molding approach, four
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strategies are provided to mechanically program the motion of these actuators, including
the use of fiber inclusions, gravity, surface tension, and electric fields.

These techniques were used to demonstrate the fabrication of soft actuators with
aspect ratios up to 200:1 and integrated arrays of up to 256 actuators. Furthermore, these
methods have the potential to achieve higher aspect ratios and larger array sizes. Operating
pressure, curvature, and curling strength tests reveal the design space in which we can select
fabrication parameters. This flexibility in fabrication parameters allows us to tune the input
and output parameters of soft bending actuators. Integration with a fluidic demultiplexer
demonstrates compatibility of dip-molded actuators with microfluidic controllers, for which
the ease of tuning input and output parameters is particularly useful. Minor modifications
to the process also allowed for the fabrication of tri-chambered actuators with two-degrees
of freedom, which were driven by the demultiplexer.

An individual, 30 mm long bending actuator made with these methods weighs
between 0.15g and 0.5g, and can hold up to 2N. They can also be designed to work in
groups to increase collective grasping and manipulation forces of an array while maintaining
distributed and low-force contacts. Individual actuators can also be made longer to achieve
greater engagement and wrapping around target objects than the short actuators. In the
following chapter, these long filament-like actuators are integrated into a novel gripper that
leverages the structural and material compliance of the high aspect ratio actuators in a
new grasping strategy, referred to as entanglement grasping. In entanglement grasping, an
array of these highly complaint actuators are stochastically applied in grasping and excel
in picking up topologically complex target objects. We chose to use actuators that are
approximately 300mm long for the entanglement grasper but have fabricated actuators

with lengths up to 1 m.
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Figure 4.1: Examples of large arrays of structures made using open face molds. (A-D) A 149-
part array, mechanically programmed to bend in alternating clockwise and counterclockwise
rings defined by the placement of fibers on the pins of an open face mold. (E-H) A 256-
part array of inflatable structures that are mechanically programmed to bend in the same
direction using gravity augmented molding. FEach column of 16 elements is controlled by
a separate channel. Images (E-H) show frames from a video of a wave pattern moving
through the actuator columns and pushing a petri dish. The pictures shown are from Os,
5s,15s, and 104s. The schematic below the images shows which column is being actuated.
The scale bars in all images represent 1cm.
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4.2 Background and prior art

High aspect ratio actuator arrays can be leveraged in systems that emulate ciliary
movement for the purpose of fluid mixing, fluid propulsion, general fluid manipulation, and
low Reynolds number swimming. Test systems ranging from micron to millimeter scales
have been fabricated by direct molding of actuators, casting into micro machined molds
[83], casting into a deep-chemical etched silicon wafer molds [84], and casting into multi-
part precision molds with the help of capillary action to create one [85] and two degree of
freedom cilia arrays [86]. Passive arrays of branching structures have been formed with a
three part mold for the purpose of passive locomotion [87] and similar methods could be
used to create artificial ciliary systems. Larger arrays of smaller scale cilia structures have
been demonstrated using a variety of alternative fabrication strategies including molding
in a sacrificial filter that is later dissolved [88], self assembly of magnetic particles [89],
magnetic manipulation of rubber with embedded magnetic particles [90], and roll touch
molding [91]. Related work focused on ambulatory locomotion has also demonstrated the
use of magnetic fields to form and later control large arrays of high aspect ratio structures
from silicone filled with magnetic particles [90]. Most of the arrays mentioned above are
either passive structures, indirectly actuated by deformations in supporting structures, or
manipulated via changes in a local magnetic field. The arrays created by Gorissen et al.[85]
and Milana et al.,[86] however, are pneumatically actuated and the cilia are individually
controllable.

Complementing fluid flow manipulation, a variety of high aspect ratio actuators
have been made into tentacles and miniature grippers for delicate grasping and manipulation
of small, discrete objects. Corrugated micro tentacles have been created by casting silicone
rubber into a two part micro-machined mold [92] and also integrated into a three finger grip-
per [93]. Moving away from traditional molding, bulk silicon fabrication techniques were
used to create a four-fingered micro-gripper driven with pneumatic Parylene film balloons
[94]. Similarly, Parylene balloons have been used to create an array of bending actuators to
emulate cilia capable of macro-scale object manipulation [95]. Researchers have also demon-
strated casting PDMS into molds created with the use of MEMS fabrication techniques and
stereo lithography to cast 2.5D components that are then bonded to construct microfingers
[96] and microactuators for retinal surgery [97]. Arrays of similar actuators have then been

integrated into a five-fingered micro-hand [98]. Microfingers have also been fabricated with
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2.5D molding that has been augmented to incorporate nanofiber strain-limiting inclusions
[99], similar to demonstrations of multi material actuators at larger scales [100, 101, 27]. As
a novel alternative to molding, a micro-tentacle gripper has been fabricated by dip coating
a horizontal rod, using gravity to bias the wall thickness in the rubber coating that was
formed around the rod. Once cured, the rod coating is removed, sealed on one end, and
used as a soft pneumatic bending actuator [102]. The fabrication methods presented in this
paper are most closely related to this dip coating method and expand it further to larger
arrays, longer actuators, and additional strategies to mechanically program bending motion
into the actuators.

In the above examples, high aspect ratio actuators with diameters ranging from
microns to a few millimeters have been used for fluid flow manipulation, locomotion, and
miniature grippers. Individual high aspect ratio actuators have been demonstrated in the
form of continuum arms, tentacles, and tendrils for grasping and manipulation [103, 56,
104, 105, 106]. Various other high aspect robots resembling worms and snakes have also
been use to demonstrate locomotion [103]. The individual gripping actuator that most
closely resembles the dimensions and curling behavior of the actuators presented in this
paper was created by Must et al., and their tendril-like robot utilizes a novel reversible
osmotic actuation that occurs on time scales of approximately one hour. Several macro-scale
applications have made use of arrays of high aspect ratio actuators. McKibben actuators
can be made very long with relative ease and Kurumaya et al. bundled a group of thin,
high aspect ratio McKibben actuators to be used as artificial muscles, demonstrating an
array working together in place of a single actuator. The array achieves a greater system
compliance while maintaining comparable composite strength to more traditional individual
McKibben actuators of larger diameter [107]. A different use of high aspect ratio features to
incorporate compliance into a larger structure was explored by Zhou et al, who incorporated
arrays of passive silicone pillars on the inner palm and finger surfaces of a soft robotic hand
[108]. The effect of these pillars can be compared to the memory foam used by Galloway
et al. to minimize the (already low) stress concentration induced by soft grippers [19].
Covering a soft robotic hand with macro-sized cilia can create a more gentle and robust
grasp, where the compliant pillars conform to objects while offering lower resistance to shear
deformations than memory foam [108]. By introducing fabrication strategies to enable high
aspect ratios and large arrays of actuatable soft structures, we hope to contribute to this

work of compliant structures that are able to provide distributed strength and manipulation
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capacity. This could be in the form of enhanced object grasping and manipulation with
an active array of short pillars to augment the grasping concepts proposed by Zhou, larger
arrays of macro cilia for fluid and object propulsion, or systems for locomotion.

The molds introduced in this work consist of inexpensive and modular laser-cut
acrylic parts and commercially available stainless steel pins. In place of machining high
precision interlocking mold parts, the mold components are assembled into a structure that
is dipped into liquid rubber or poured over with liquid rubber. These open face molds
define the internal part of the final geometry and the remaining (outer) geometry is entirely
dictated by gravity, surface tension, and viscosity. These open face molds can be used to
create functional soft robotic actuators that are mechanically programmed to bend in the
same uniform direction or to bend in an arbitrary predefined vector field of directions. As
mentioned earlier, actuators made from a form of dip coating have also been demonstrated
by Paek et al.[102] I extend these principles to achieve higher aspect ratio actuators as well
as larger arrays of actuators. Through the use of modular open face mold forms, it is possible
to rapidly and inexpensively make new molds, various sizes, and custom arrangements of
soft actuators. We also introduce new strategies for mechanically programming the motion
of these actuators, including modifications of familiar strategies such as fiber inclusions
and gravity, as well as more novel strategies that make use of surface tension and electric
fields. In this chapter, I focus on the fabrication of actuatable bending soft structures (soft

actuators), but the same techniques can be used to create passive soft structures.

4.3 Open face molds and dip molding

The primary fabrication strategy presented in this work for the creation of high
aspect ratios and large arrays of soft structures leverages the simplicity of open face molds,
where a significant portion of the material being molded is not enclosed by a mold face. An
example and schematic of how an open faced mold can be set up is shown in Figure 4.2.
We are able to drastically reduce the complexity and tolerance requirements of the molds
by relying on the balance of gravity, surface tension, and the rubber viscosity to determine
the dimensions of the final structure, rather than requiring highly precise, fully enclosed,
multi-part molds. This dip coating technique mimics those used in the fabrication of dipped
candles, latex balloons, and doctors’ gloves, where the thickness of the resulting structure

is not controlled by a precise mold but the rheology of the liquid applied [109]. In the case
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of some of the larger arrays, rubber is poured over the mold in place of dipping but the

mold design and execution remains the same.
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Figure 4.2: Overview of dip coating fabrication strategy including open face mold setup,
dip coating results, mold removal, and sealing of pressure supply channels. Fibers are used
for mechanical programming in this example and the resulting actuators bend toward the
center of the assembly, in the direction of the fibers. The top row shows a schematic of the
open faced mold assembly and dip coating with fiber inclusions, while the bottom row shows
pictures of the dip coating process that correspond to the stages depicted in the schematics.
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The basic form used for the open faced molds in this work consisted of arrays of
stainless steel pins press-fit into laser-cut acrylic plates, strips, and rings. A laser-cuter and
acrylic plates were chosen for convenience but the molds could be made via additive manu-
facturing, injection molding, milling, or even hand drilling in a variety of plastics or metals.
In the work presented here, the use of laser-cut acrylic forms and commercially available
pins allowed for easy creation of cut files and rapid, inexpensive construction of new molds.
With standardized spacing, modular molds could be constructed with interchangeable parts
for the purpose of reusing mold components as well as creating larger composite mold forms.

The general dip-coating process used to make an array of actuators similar to those
shown in Figures 4.1 and 4.2 begins with assembling an open face mold. The mold form
is assembled onto a laser-cut acrylic base plate that fixes the relative positioning between
components. Acrylic rings or bars are then placed on top of the base plate as rails that
define the open channels that will supply fluid flow to the actuators. Rubber shims are
cast in the region between the rails. Once cured, the acrylic fixture and rubber shims are
pulled apart and then reassembled with fabric woven between the components, as shown in

Figure 4.2. The pins that will define the interior dimension of the actuator are then press
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fit into holes going through the rails and base plate.

Before the first full dip coating of the open faced mold form, the tips of the pins
are dipped into liquid rubber and allowed to cure upside-down so that rubber does not drip
along the length of the pin. This prevents thin spots from forming on the pin tips and later
creating holes in the actuators. After the tip coatings are cured, the pins are dipped into
liquid rubber or, in the case of larger assemblies, poured over with liquid rubber, taking
care to obtain full coverage of the pin surfaces. Once fully coated, the pin assembly is
left at room temperature to cure with the pins pointing upward. The purpose of curing
at room temperature is to allow ample time for the rubber to flow to a steady state and
minimize variations in rubber thickness. After curing, another layer of rubber can be added
to increase the overall actuator thickness. The thickness of an individual layer is determined
by the balance of gravity, surface tension, and viscosity of the rubber used. Thinners and
thickeners may be mixed into the uncured silicone rubbers to adjust this but may also affect
the stiffness and tear strength of the cured rubber. The pins can also be preheated or placed
into an oven after dipping to speed up the curing time, thereby increasing viscosity soon
after dipping, resulting in thicker layers. In order to limit the variables tested in the initial
exploration of this concept, we chose to only vary the number of layers to control the outer
diameter of the actuators.

Once the desired number of layers are added, the acrylic fixture and pins compris-
ing the open face mold are removed and the resulting rubber structure can be sealed by
pouring a thin sheet of liquid rubber over a piece of fabric and lightly pressing the open
pressure supply channels into the liquid rubber. The fabric that was previously pinned
between the rubber shims and base plate helps to mechanically anchor the previously cured
rubber structure with the liquid rubber. Further detail of this process and the role of this

interwoven fabric layer can be found in section 4.7.

4.4 Four methods of mechanical programming

While the dip-coating and pour-over techniques mentioned above are the fun-
damental methods used to create the arrays of soft structures presented in this work, a
secondary component of the fabrication process is necessary in the creation of bending
actuators. The purpose of the second component, described below, is to introduce an in-

tentional structural bias that causes the soft structures to bend and curl when internally

66



Chapter 4: Distributed contact via soft arrays

pressurized. This mechanical programming is accomplished with the use of fiber inclusions,
gravity, surface tension, and electric fields to complement the forms created by the open
face molds. A schematic of these modification methods is shown in Figure 4.3, as well as
cross-sections of soft actuators that were created with each method. A brief explanation

of the four modification methods follows, and further fabrication details can be found in

Section 4.5.
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Figure 4.3: Schematics and cross-section examples of different methods of mechanical pro-
gramming used with open face molds. The scale bars indicate 1 mm. The first cross-section
shown in (D) is torn because the actuator ruptured in pressure testing prior to removing
the cross section.

While exploring strategies for mechanically programming the soft actuators formed
with open-faced molds, modeling of similar soft actuators presented by Gorissen et al.
provided a guide of advantageous design characteristics for the cross-sectional geometry.
From their model, it is expected that bending actuators with larger internal diameters
and high eccentricity will achieve the highest bending curvature for minimal stress in the
material. The eccentricity is defined as the offset between the center point of the internal
void and the center of the external shape. This is, of course, inherently limited by the
fact that the internal diameter and eccentricity of the structure should not create non-
zero wall-thicknesses. Furthermore, wall thicknesses nearing zero pose higher fabrication
challenges [110]. Gorissen et al. chose to constrain their analysis to actuators with a 1 mm
outer diameter, while the variety of actuators in this work were constrained to a fixed inner
diameter, as prescribed by the pins of the open faced molds. The guiding principle remains
the same, though fabrication methods influenced which variables were constrained while

exploring the design space. Further, while this model provides a valuable design guideline,
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the exploration in the work presented in this chapter is predominantly focused on assessing

manufacturing feasibility and the design space achieved by our new fabrication methods.

4.4.1 Actuation direction programmed via strain-limiting fibers

Within an array of dip molded actuators, each individual actuator can be mechan-
ically programmed to bend in an arbitrary direction with appropriately positioned strain
limiting fibers in the fabrication process. An example array programmed with this method
is shown in Figure 4.1A-D and an overview of the fabrication process, including the fiber
incorporation, is shown in Figure 4.2. Encasing fibers into the side wall of the structures
causes asymmetric stretching of the actuator when internally pressurized, thereby inducing
a bending motion. A schematic of this mechanical programming method and a resulting
cross-section can be seen in Figure 4.3A. This strategy is similar to larger scale soft ac-
tuators that use fiber reinforcements to program bending motions in fluidic soft actuators
[111, 33], as well as similarly-scaled devices [99, 112]. To accomplish this, we lightly tack the
fibers onto the open mold pins prior to inserting them into the mold form for dip coating.
When the open face mold is dip coated or poured over, and the rubber cures on the pins,
the fiber is mechanically incorporated into the side wall of the actuator, and releases from
the pin when the mold assembly is removed.

Due to surface tension, a side effect of the fiber on the side of the pin is that the
wall thickness is greater on the fiber side of the actuator. This is visible in Figure 4.3A.
The corners between the fiber and pin are also more likely to trap bubbles in the dip
coating process and one such bubble is shown up close in Figure 4.3A. The greater thickness
increases the stiffness of the actuator side wall, while bubbles reduce the stiffness, creating
a weak point if they are too large. These effects on stiffness, however, are second to the
strain limiting effect of the fiber and we did not observe any failures from popping through

bubbles trapped near the incorporated fibers.

4.4.2 Unidirectional actuation established via gravity

The use of gravity as a mechanical programming method is limited to uni-directional
actuation, but it is also the least complex and least labor-intensive of the strategies pre-
sented in this work. As depicted in Figure 4.3B, the open face mold that has been dipped

in liquid rubber is propped at an angle with respect to gravity during the curing process.
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As a result, more of the rubber drifts to the lower side of the pin, creating a thickness bias
in the side wall of the actuator. When pressurized, the actuators will thus bend in the
direction of the lower side because the thinner side wall inflates and stretches more than the
thicker side. Given its simplicity, this method is convenient for constructing large arrays of
actuators, such as the 256-part array shown in Figure 4.1E-H, as well as the construction
of very high aspect ratio actuators like the one shown in Figure 4.4. In a prior demonstra-
tion of this mechanical programming strategy in the micro-tentacle created by Paek et al.,
the soft actuator was formed by curing rubber on a horizontal rod and later sealed after
removal from the rod [102]. In this work, curing angles ranging from five to sixty degrees
offset from vertical successfully produced bending actuators, though we focused on thirty
to sixty degrees. The open face mold creates a sealed actuator tip while also pneumatically

coupling the actuators to the rest of the array.
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Figure 4.4: Inflation of an actuator that was formed on a 1.59 mm diameter, 1 m long pin.

An alternative strategy using gravity to create a structural bias in the dip-molding
process, depicted in Figure 4.3E, uses droplets formed at the tips of an inverted open faced

mold shortly after dip coating. The mold is then rotated 90° and the liquid silicone droplets

69



Chapter 4: Distributed contact via soft arrays

shift to one side of the pin tips. The mold is then fully reverted such that the pins are
pointing upward and the droplets then run down one side of the pins, leaving a thicker

coating of rubber on one side.

4.4.3 Actuation direction established via surface tension

Similar to programming the bending motion of an actuator with fiber inclusions,
the use of surface tension as a mechanical programming strategy allows for arbitrary arrange-
ment of bending directions within an array of actuators. The bending motion is determined
by biasing wall thickness through the use of pins with non-circular cross-sections. The
cross-sectional profile of the pins is designed to leverage passive effects of surface tension on
the liquid silicone to create thick and thin portions in the rubber coating. A schematic of
this concept is shown in Figure 4.3D, as well as images of cross-sections from two actuators.
The interior profile of the actuator is defined by the pin shape while the exterior profile
of the pin coating will tend toward a cross-section that minimizes the overall surface area,
owing to surface tension acting on the liquid rubber. The pin geometry can thus be used
to create thicker sections where rubber fills into concave pin surfaces, and thinner sections
around features that protrude further and have tighter convex curvatures than neighboring
features. We explored pin designs that focus on the creation of thick and thin features, and
found that designs that leveraged convex protrusions to create thinner wall sections were
more successful at achieving a bending motion through differential wall stiffness and greater
curvature at lower actuation pressures. Additional pictures of pin designs and functional

actuators can be found bellow in Section 4.5.4.

4.4.4 Actuation direction established via electric fields

The final method for mechanical programming makes use of static electricity to
introduce a net charge into the liquid rubber-dipped pin. The pin is connected to a high
voltage power supply and a nearby grounding electrode is used to attract the mass of the
rubber off center with respect to the axis of the pin. This method does not allow for the
creation of a fully arbitrary vector field of actuation, but does enable non-uniform actuation
directions depending on the electrodes employed and electric field formed in the vicinity of
the open-faced molds. A schematic of this setup and a cross-section of a resulting actuator

is shown in Figure 4.3C. In this work, demonstrations were limited to single pins and small
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arrays connected to a —5kV potential, which are shown in Section 4.5.5. Future work can
be done to expand these into larger arrays, taking care to account for effects of multiple
pins in the same electric field. To develop an understanding of the electric field acting
on the rubber coating a single pin, a simulation of the electric field was made using an
approximation of the pin as a point charge and the electrode as an infinite ground plane.

Results from this simulation are shown in Section 4.5.5.

4.4.5 Comparison of mechanical programming strategies

The modification methods presented here have different advantages and disadvan-
tages. The gravity method is the easiest to set up for large arrays in that any mold can be
propped to a fixed angle while curing to accomplish the goal of mechanical programming,
but is limited in that all actuators will then bend equally in the same direction. Fibers
allow for arbitrary direction selection but must be manually placed in the desired direction.
This can be automated but is time consuming when assembling by hand. Surface-tension
programming also allows for arbitrary direction arrangements and could provide variation
in output curvature between different pins, as well as over the length of one pin, for a
given input pressure. The output curvature versus input pressure can also be varied axially
along the pin by varying the pin shape along its length. The surface-tension strategy does,
however, require custom pins, (though pins may be reused). Electric-field programming
can also support custom arrangements of actuation directions but this is limited by the
complexity of electric field interactions as the number of charged pins increases.

Because the gravity and fiber programmed actuators achieved a higher burst pres-
sure, tighter curvature, and higher engagement forces, we focused on these two methods for
further exploration and characterization in Section 4.6. The surface tension and electric-
field programmed actuators were not able to curl sufficiently to engage with some of the
characterization tests described below but there is documentation of several functional ex-
amples in Section 4.5.5. The surface-tension method was limited to one or two dip coatings
at the scale used for this exploratory work. The first and second coatings achieve the great-
est differential in wall thickness and, as the pin geometry is covered by rubber, successive
dip coatings add even layers and thus reduce the relative difference in wall thickness. Ad-
justments might be made to work around this and achieve a tighter curvature and higher

engagement forces by exploring the use of different rubbers, alternative pin fabrication
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methods that would allow further geometry exploration that is not possible with the 3D
printers used in this study, or multiple rubbers of varying stiffness to exaggerate the effect
of the first layers while successive layers could just provide a soft skin to increase the overall
thickness. Similarly, the electric-field actuators were limited by a low differential in wall
thickness, as is visible in Figure 4.3C. This differential could be enhanced with a stronger
electric field by increasing the applied voltage, adjusting the electrode shape, or moving the
pins closer to the electrode. The rubber could also be doped with magnetic materials to
make it more responsive to the applied electric field.

A summary of the mechanical programming methods that we were able to suc-
cessfully demonstrate with our dip coating process is shown in Figure 4.5. This is similar
to Figure 4.3, with the addition of specific dimensions on the cross-section images of the
example actuators. These dimensions are from a small sample set and thus do not represent
the dimensions of the full design space of the actuators made with our dip coating method,
but are meant to help illustrate patterns and distinctions between the various mechanical
programming strategies. One such pattern is that the gravity-angle programmed methods
showed the greatest differential in wall thickness within a single actuator. By contrast, the
wall thickness differential in the electric field and gravity droplet formation strategy meth-
ods are very low. In the case of the fiber-inclusion strategy, it was not the goal to create a
thickness differential in the side wall of the actuators, but a difference still resulted from the
presence of the fiber and its effect on the pin shape and surface tension in the dipping pro-
cess. Though there is a thickness differential within the sidewalls of the fiber-programmed
actuators, the strain limitation of the fiber creates a more significant effect on the bending
motion of the actuator than the wall thickness variation. The two example cross-sections
of the surface-tension programming strategy also exhibit unique distributions of thickness
in that there are more abrupt, almost discrete transitions between thick and thin portions
of the side wall. This could be further exaggerated with different pin designs, although
the thickness differential created using surface tension cannot continue to increase with
successive dip coatings. The absolute difference between thick and thin sections increases
with successive dips for the gravity and electric field strategies, but decreases for the fiber
and surface tension strategies. Furthermore, while the fiber-inclusion actuators continue to
function with the increased number of dips and overall thickness, as do the electric field
and gravity programmed actuators to a degree, the surface tension strategy is limited to

creating relatively thin actuators of one or two coatings with the current rubber and pins
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being used.
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Figure 4.5: Motion programming fabrication schematics with measured cross-sections of
sample actuators.

4.4.6 Scale and aspect ratio limitations

To explore the size and aspect ratio limitations of this process, dip-coated actuators
were made on pins ranging from 0.4 mm to 6.35 mm in diameter, and 6.35mm in to 1m in
length, some of which can be seen in Figure 4.4 and Figure 4.6. Qualitatively, 0.4 mm was
found to be challenging because the rubber starts to collect into droplets due to surface
tension and these droplets significantly affect the function of the final actuator. The next
size up, 1.59 mm, was found to reliably produce functioning actuators without the formation
of droplets during the dipping and setup process. A small actuator diameter is appealing
in the pursuit of high aspect ratios, lower bending moments, and a higher packing density
in arrays. Therefore, as the smallest reliable size, we used 1.59 mm pins to create actuators
ranging from 6mm 1m in length. Most of the process characterization was done with
actuators formed on 38.1 mm long pins. These were chosen primarily by price point from
the supplier and to have sufficiently long actuators to characterize bending radius versus
operation pressure and to be able to curl fully around small objects.

The longest actuator fabricated for the purpose of this study was formed in three

coatings on a 1 m long rod with a diameter of 1.59 mm, and cured at an angle of 45° to create
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Figure 4.6: Demonstration of a range of aspect ratios achievable with variations on the
dip coating fabrication method. The shortest actuator pictured is 6.35 mm long, and the
longest is 30 cm. The scale bar in the image represents 1 cm

a bias in the wall thickness. A picture of this actuator at several stages of inflation between
0kPa and 173kPa is shown in Figure 4.4. After three coatings of rubber, the effective
aspect ratio of the actuator was 200:1 in its resting state. The appropriate length, and
thus aspect ratio, of a desired actuator will depend on the intended application. Actuators
with embedded fibers were also fabricated up to 1 m in length, but the gravity programmed
actuators were easier to demold and create a more consistent curling radius over the length
of the actuator. Ultimately, the limiting parameters for the maximal aspect ratio are the
curing time, viscosity, and surface tension of the rubber used. Additionally, long pins used
for dip coating will start to bend under their own weight. We found that a steeper curing
angle, such as 10° from vertical, is sufficient to mitigate this but it is also yet unclear what

the utility of actuators longer than 1 m may be.

4.5 Fabrication details for motion programming methods

The actuators in this work were made from silicone rubber, Elastosil m4601
(Wacker Chemie) because of its high elongation at failure (700%), high tearing stress,
and relatively low cost. The open faced dip coating molds were fabricated with laser-
cut acrylic and stainless steel pins. The pins used to demonstrate the gravity, electric field,
and fiber inclusion strategies were 1.59mm, 38.1 mm long stainless steel pins (Mcmaster
PN:90145A427). The surface tension pins were custom pins and are discussed in Section

4.5.4.1. The fabrication process was also successfully reproduced with pins and molds made
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from varying plastics, including polyethylene, Teflon, and Delrin. The rubber does not stick
to these materials and, once cured, they can be removed without the use of mold release.
This is important to avoid mixing mold release into the liquid rubber, which would create
a risk of thin spots and holes in the sidewalls of the actuators. While all of these materials
successfully produced actuators, acrylic was used for mold structures because of its ease
of laser-cutting and stainless steel pins were selected for their ability to rigidly hold their
form, thus making it easier to assemble large, well-aligned arrays of pins. The pins could
also be temporarily press-fit into a laser-cut acrylic fixture without risk of bending. For all
variations of the fabrication process other than fabricating the actuators on the 300 mm and
longer pins, the tips of the pins were dipped in rubber and allowed to cure before applying
the first full coating. Without this step, the actuator tips would be too thin, resulting from
gravity and surface tension affecting the rubber distribution. If all pins in an open-face
mold assembly are the same length, the assembly can all be dipped at the same time for

efficiency.

4.5.1 Actuator plumbing

For testing purposes, the individual actuators were pulled off of the printed pins
after fully curing and mounted onto a 1/16” barb to Luer Lock fitting. Cotton twine (same
as above) was wrapped two to four times around the base of the actuator to help secure the
actuator to the barb fitting and a small amount of silicone glue (silpoxy, Reynold’s) was
added to further secure the twine. Without this wrapping to secure the actuator to the barb,
the base of the actuator expands at relatively low pressures and is blown off of the barb.
The same process was use to mount the gravity-programmed and electric-field-programmed
actuators for testing, as well as for the gripper described in Chapter 5. A larger barb was

used to mount the surface-tension-programmed actuators, as mentioned below.

4.5.2 Fiber inclusion pin preparation

To incorporate fibers into the actuator side walls, we lightly tack the fibers onto the
open mold pins prior to dip coating. A small amount of silicone glue (Silpoxy, Smooth-on)
was used for the tacking because it can be incorporated into the final actuator structure.
A minimal line or several spots of glue was first applied to the pin and then lightly pressed

again a pre-cut fiber. Cotton fibers were found preferable because they have a high surface
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area for better mechanical integration into the liquid rubber. For the demonstrations shown
in this thesis, a cotton twine (McMaster-Carr PN1929T12) was untwisted to isolate one of
the plies. One of the plies was then cut to size, and tacked onto the pins. The length of
the fiber should cover the exposed length of the pin after it is inserted into the fixture for
dipping (or pouring). We did not find that this needed to be precise, and gaps between the
pin and fiber end up to 4 mm on either side were tolerable, although we tried to keep them
below 2mm or 3mm. When fabricating the longer actuators, (approximately 300 mm and

longer), the ends were trimmed after curing and thus the fiber positioning was less critical.

4.5.3 Fixtures for gravity programmed actuators

Laser-cut acrylic fixtures, such as the ones shown in Figure 4.7, were used to
create the gravity programmed actuators with different angles of tilt during the curing
process. Our testing focused on angles of 15°, 30°, 45°, and 60° from vertical. For each
batch of actuators, we dipped a set of nine pins and removed one or two actuators after
each successive dip to create and compare actuators with different numbers of dip coatings

that were fabricated in the same production run.

45° 30° 15° 10° 5°

e bt

Figure 4.7: Fixtures used to fabricate gravity programmed actuators at varying degrees of
tilt for the curing process.

For the gravity-programmed actuators used in the gripper presented in Chapter
5, the angle was reduced to 10° from vertical to minimize bending in the rods, which were
mounted from above with the bottom hanging free to facilitate dipping long pins, further
described in Section 4.7.2. For the 1m long actuator shown in Figure 4.4, the pin was

supported on both ends.
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4.5.4 Fabrication of surface tension programmed actuators
4.5.4.1 Surface-tension pins

Custom sets of pins were printed for the surface tension tests. They were printed
both as individual pins and sets of four to nine pins, similar to the set shown in the CAD
image in Figure 4.8. The custom pins used for the surface tension experiments were printed
on a Formlabs Form 2 printer in the clear resin (RS-F2-GPCL-04, Formlabs). This printer
and resin were chosen because it had sufficiently high print resolution and the printed pin
could be pulled from the cured Elastosil M4601 rubber without the use of mold release.
Furthermore, the printed parts did not inhibit the rubber from curing, as was the case
with parts printed with Stratasys resins. Other silicone rubbers were tested with molds
created with Formlabs resins, including Reynold’s Dragon Skin, Smoothsil, and Ecoflex
series. The use of Elastosil M4601 was chosen for reasons mentioned above, but it also
released from the Formlabs resin without mold release more easily than the other rubbers
that were explored. The approximate pin diameters were increased from the 1.5 mm used
in the other programming methods to 2mm to 3mm in order to achieve sufficient stiffness
such that the pins could be printed with little to no support structure contacting, and thus
marring, the molding surfaces. For larger production of custom pin forms, one could switch
to injection molded or extruded plastic pins. This may also allow for smaller diameter pins

than 3D-printing, if desirable.

= 1mm

Figure 4.8: Example CAD model of custom pins printed for surface tension motion pro-
gramming method.

As mentioned in Section 4.4.3, the most successful pin designs where those designed
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to specifically control and place the thin sections of the actuator side wall for high expansion
areas, as opposed to the designs that prioritized the concentration of material to limit strain.
The placement of thinner sections is dictated by convex surfaces with tighter curvature.
From the initial testing, this programming of thin sections was achieved most successfully
with “tear drop” and “heart” shaped cross-sections, as shown in 4.9. The radius of curvature
in the wide and narrow sides of the tear drop is 1.5mm and 0.25mm, respectively, and the

radii of curvature of the heart bottom and upper lobes are 1.5mm and 1mm, respectively.

Figure 4.9: Picture of pressurized actuators programmed with surface tension and their
cross-sections. The actuator shown in (B) was inflated to the point of failure and the point
of rupture can be seen in the cross-section photo.

4.5.4.2 Surface-tension actuator plumbing

One or two coatings of the heart and droplet pins produced a functional actuator,
but further dips reduce the functionality of the resulting actuators because the first dip
creates a layer that inherently obscures the pin geometry, making it less influential on
successive dips. For testing purposes, the individual actuators were pulled off of the printed
pins after fully curing and mounted onto a 1/8” barb to luer lock fitting. Cotton twine
was used to help secure the actuator to the barb fitting and a small amount of silicone glue
(Silpoxy, Smooth-on) was used to to fill gaps between the base of the actuators and the

barb that result from the non-circular cross-section.
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4.5.5 Fabrication for electric-field programming
4.5.5.1 Fabrication setup

Two examples of dip molded actuators programmed with the use of an electric
field are shown in Figure 4.10. These actuators are the result of one and two dip coatings,
using a -5kV potential to bias the thickness of the rubber coating the pin to the side nearest
to a grounded plate. This results in a small difference in wall thickness, but is sufficient to

produce a bending motion when the actuators are pressurized.

Figure 4.10: Picture of actuators programmed with electric fields and their cross-sections.
The actuator shown in (A) was made with one dip coating and the actuator in (B) was
made with two dip coatings.

One setup for the electric field programming strategy is shown in Figure 4.11.
The same 38.1 mm long stainless steel pins referenced above were used for the electric field
experiments. The pins were press fit into holes laser cut into 3.2 mm thick acrylic plates.
The bottom of the pin was pushed through the acrylic plate to the point of sticking out
approximately 6 mm and a copper wire was striped and wrapped around the base of the pins
to provide a connection to the high voltage power supply. Underneath the wire wrapped
pins, another acrylic plate was added to the bottom of the assembly for stability.

With the copper wire attached to the pins but not the power supply, the pin (or
multiple pins) in the assembly was dipped first on the tip and cured to prevent thin spots
at the tip. They were then fully submerged into a freshly mixed cup of rubber and then
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placed next to the grounded plate. The copper wire was then connected to a power supply
set to provide an electric potential of —5kV. An aluminum plate, 0.2 cm thick, 3cm cm
tall, and 2 cm cm wide, was positioned 1.5 cm from the pin and connected to ground. This
was successfully tested with the flat side of the plate most proximal to the pin as well as
having the thin edge most proximal to the pin. The cross-sections and inflation tests shown
are from the setup with the thin edge of the electrode positioned nearest to the pin in order

to generate a stronger field concentration in the vicinity of the pin.

Figure 4.11: Picture of electric field programming test with an array of pins connected to a
-5kV potential and positioned next to a grounded sheet of aluminum.

The setup was left to cure at room temperature while in a charged state until the
rubber reached a point where it would not reflow and change the thickness distribution
once the potential field was removed. The power supply was turned off approximately three
hours after the initial dip. Another trial was run with the help of a heat gun to speed up
the curing process. in this run, the power supply was turned off twenty minutes after the
initial dip. The flow of the heat gun was directed downward over the pin and kept on a
low setting so as not to blow the uncured rubber around on the pin. Both trials produced
similarly functional actuators. Once sufficiently cured and the power supply turned off and
disconnected, the pins were removed from the rubber.

Another example of the electric field programming strategy setup is shown in
Figure 4.12. The primary differences between the two setups shown in Figure 4.11 and
Figure 4.12 are the grounding plate and its orientation, and the number of pins included in

the array. Both setups produced similarly functional actuators. For simplicity, the setup in
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Figure 4.11 was used as the sample setup to explore in the simulations below. Intuitively,
we would expect the edge of a plate to create a more concentrated electric field than the flat
side of a plate, and that the presence of multiple pins will affect the field that is experienced
by each individual pin.

Figure 4.12: Picture of electric field programming test with a single pin connected to a -5kV
potential and positioned next to the edge of an aluminum plate.

4.5.5.2 Electric-field modeling

A model was created by Kevin Chen to help illustrate the electric field for a
simplified setup similar to that of Figure 4.11. The pin was approximated as a line charge of -
5kV and the aluminum plate as a grounded infinite plane. Results from this model are shown
in the plots below, in which the axes represent the physical spacing of the experimental
setup in meters. A representation of the predicted electric field is show in figure 4.13. The
relative intensity and polarity of the electric field is then mapped in Figure 4.14, showing
the magnitude of the X, Y, and Z components of the electric field at the base, mid point,
and top of the pin. Each of the plots depicts the experimental setup as viewed from above,
with the grounding plate indicated by a red line at the top of the plot. While the modeling
of larger, more complex arrangements of actuators programmed with the use of electric
fields would be out of the scope of this work, we used the simplified model to aid in our
understanding of the forces acting on the rubber during the forming and curing process and
the sensitivity of these forces to the charge provided to the pin and the spacing between the

pin and the grounded plate. Further modeling of complex setups could provide a fruitful
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exploration of how to mechanically program functional motion patterns into a larger array
of these actuators but we limited our experimental variables. For our feasibility tests, we
were interested to know whether individual actuators could be successfully fabricated and
demonstrated, whether an array fabricated in parallel could be made functional despite the
possible electrical field complications, and whether this mechanical programming strategy

would be compatible with the dip coating process.
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Figure 4.13: Above view of the electric field formed between pin charged to -5kV and a
grounded plate with a 10cm gap between the grounded plate and the dip coating pin. The
lines represent the direction and relative concentration of the electric field as compared to
the field shown in Figure 4.15. From the plot, a fabrication setup with this spacing seems
unlikely to be successful in creating a bias in the wall thickness of a dip-coated actuator.

The model represented in Figure 4.13 and Figure 4.14 depicts a setup where the
dip coating pin is 10cm from the grounding plate. Figure 4.15 and Figure 4.16 show how
that compares to a setup in which the dip coating pin is 2cm from the grounding plate,
assuming all other parameters are held constant. Figure 4.14 and Figure 4.16 show that
the orientation of the electric field is similar between the two setups and, as expected, the
z-component of the field is radially symmetric and goes to zero in the middle of the pin.
Comparing Figure 4.13 and Figure 4.15, it can be observed that the increased proximity of
the grounding plate, reducing the gap from 10cm to 2cm, changes the distribution of the

electric field surrounding the pin, creating a bias where the magnitude of the electric field
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Figure 4.14: Electric field intensity map for various orientations with 10cm between the pin
charged to -5kV and a nearby grounded plate.

near the grounding plate is larger. This is important to be able to pull the rubber to one
side of the pin, thereby forming the bias in the wall thickness of the resulting actuator,
which then induces a bending motion upon inflation. This bias could be further increased
by applying a larger charge to the pin, decreasing the distance between the pin and the
grounding plate, and using a narrower geometry of the grounding plate to create a local
concentration in the electric field. An example of a narrower geometry would be to simply
turn the edge of the plate toward the pin, as depicted in Figure 4.12. Material-based
options for exploration could also include additives to adjust the material’s permittivity, or
incorporating magnetic particulate. It would be important, however, to be mindful of effects
on the bulk mechanical properties of the resulting composite material. Adding particles to

the rubber could also increase the risk of pin holes and thus leaky actuators.

83



Chapter 4: Distributed contact via soft arrays

0.05 -

-0.05 -

y [m]
e

-0.15

-0.25 | ‘ . ‘ ‘ ‘ ‘ ‘ ‘
-02 -015 -01 -005 O 005 01 015 02
X [m]

Figure 4.15: Above view of the electric field formed between a pin charged to -5kV and a
grounded plate with a 2cm gap between the plate and pin. The lines represent the direction
and relative concentration of the electric field as compared to the field shown in Figure 4.13.
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Figure 4.16: Electric field intensity map for various orientations with 2cm between the pin
charged to -5kV and a grounded plate.
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4.6 Characterization of individual actuator performance

The characterization of the actuator arrays produced by the dip coating and pro-
gramming strategies presented here was motivated by potential applications in manipulation
of fluid flow and discrete objects, distributed grasping tasks, and locomotion. In the inter-
est of these applications, the unconstrained curvature and holding force were measured for
various fiber and gravity programmed dip coated actuators. The goal of these tests was
to assess the sensitivity of actuator performance to fabrication parameters, including the
number of dip coatings, the mechanical programming method, and variations within the
programming method such as the pin angle. In the case of pneumatic actuators, one might
want to tune a structure to bend a certain amount at a fixed pressure or tune a structure
to have a specific threshold of engagement force. These tests are aimed to map a portion of
the design space, as affected by fabrication variables, to allow intentional selection of the
operating parameters.

Having a map of the operating pressures, resulting curvatures, and grasping forces
is useful in selecting appropriate fabrication recipes to build actuators for an intended task.
Another important consideration is matching to a suitable pneumatic power and control
system that must be balanced with the operating parameters of the actuators. The internal
pressures applied to each of the actuators was varied between the point when minimal
pressure before deflection was observed up to failure by leaking or rupture. The results
of these tests were used to inform fabrication parameters for the construction of the two
arrays of actuators in Figure 4.1, as well as the high aspect ratio actuator in Figure 4.4.
Following curvature and force characterization, a subset of the actuators were subjected to
destructive testing. They were inflated to rupture to measure burst pressure and sliced to
expose the cross-sectional distribution of thickness.

Smaller sample sets of operational pressure tests were also performed on actuators
programmed with surface tension and electric fields but they were not subjected to grip
force testing because they did not achieve a sufficiently tight curvature to hold on to the
testing fixture. Further development of these mechanical programming strategies may en-
able greater curvature, otherwise they may only be used for applications that require less

bending range, such as fluid flow manipulation.
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4.6.1 Operational pressure and curvature characterization

The unconstrained curvature was measured through a range of inflation pressures
from the initial deformation up until the actuator curled onto itself. Tests were stopped
when the actuator came in contact with it’s own base, or earlier if the actuator leaked or

burst before before fully curling up.

4.6.1.1 Automated measurement of curvature and operating pressure

To help with the characterization of operating pressure and curvature, Kevin Chen
wrote a custom image processing script in Matlab (Mathworks) to track the edge of actuators
in a series of pictures taken at various pressurization levels. Though the image tracking
program was set up to find the inner and outer edge of the actuators, the outer edge was
used for the curvature measurements below because it was more easily identified in the
pictures by the tracking script due to the lighting in the pictures taken for this data set.

Given a raw image like the one shown in Figure 4.17A, the algorithm thresholds the
image based on the color differences between the actuator and the background. The largest
component in the foreground is identified as the actuator. Based on this segmentation result,
the raw image is converted into a black and white binary image, such as the one shown
in Figure 4.17B. Next, the algorithm finds the outer contour of the actuator. The result
is shown in Figure 4.17C and it is accomplished by computing the gradient of the binary
image shown in Figure 4.17B. Based on this edge contour (shown in white in Figure 4.17C),
the algorithm identifies an outer arc (red) and an inner arc (green). These arcs are found by
first identifying the actuator’s base and tip locations, and then splitting the edge contour
into two parts. Figure 4.17C shows that the middle 30% of the upper and the lower contours
are identified as the outer and the inner arcs.

We calculate the arc radii and centers through least-square regression. The equa-
tion of a circle is given by:

(x —a)’+ (y —b)* =,

where a, b, and ¢ are the unknowns. We rearrange the equation into the matrix form:
Av = s, where A = [z,y,1], v = [2a;2b;¢* — a? — V?], and s = 22 + 3. Figure 4.17D

superimposes the fitted outer and inner circles on the original image.
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Figure 4.17: An illustration of an automated curvature tracking method. (A) The original
image. (B) A binary image distinguishing the background and the actuator. (C) The outer

arc (red) and the inner arc (green) are segmented from the actuator’s edge contour (white).
(D) Circles are fitted to the upper and lower arcs to estimate bending radii.

4.6.1.2 Resulting curvature and operating pressure relationship

Figure 4.18 shows the curvature achieved at various operating pressures for actu-
ators mechanically programmed with fibers and gravity. The gravity-programmed samples
represented in Figure 4.18 were cured at 30°, 45°, and 60° from vertical for the purpose of
biasing the side wall thickness.

As may be expected, the most significant fabrication variable affecting the rela-
tionship between curvature and operating pressure is the number of dip coatings, and thus
the overall thickness of an actuator. As shown in the plots in Figure 4.18, this manifests
as discrete jumps between samples with different numbers of dip coatings, where the oper-
ational pressures shift higher with each coating. A notably higher operational pressure is
also achieved through the incorporation of fibers into the dip coated structures versus the
operating pressure of the gravity-programmed structures. Among the gravity-programmed
actuators, their curing angle can be used to make finer adjustments to the operating pres-
sures and the initial engagement pressure.

There is an unexpected overlap between two of the lines in Figure 4.18A. Using

images taken during each of these pressure tests, we do not notice aberrant behavior of
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Figure 4.18: Plots of the curvature versus input pressure for actuators made with varying
numbers of coatings and programmed with different gravity curing angles as well as fiber
embedded actuators.

the actuators other than the fact that the five dip actuator begins to bend out of plane at
higher pressures. Bending out of plane would register as an artificially higher curvature in
the tracking script. Adjusting for this might move the five dip line downward but does not
fully explain the fact that the two, three, and five dip actuators set a pattern that the four
dip actuator does not closely follow. From this data and our experience in building these
actuators, we draw the conclusion that there is some uncontrollable variance in the fiber
programming method due to the hand-placement of the fibers. This may be improved with
automation as well as the sourcing of straighter fibers. (The fibers used were unwound from
cotton twine to achieve the desired diameter and thus have a residual helical shape that
is difficult to straighten.) We do not expect the small variations to be problematic when
averaged over large arrays, and the accuracy can be improved if necessary. Another option
is to use the gravity programming approach for a higher degree of accuracy and consistency.
This also influenced our decision to use the gravity programming method for the largest

array and longest actuator prototypes, which benefit from a high degree of consistency.
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4.6.2 Holding force characterization

In the interest of gauging the potential for grasping, manipulation, and attachment
with these fluidic bending actuators, their holding force was evaluated by measuring the
force required to pull a 6.35 mm diameter rod out from an encircling actuator. The effect
of varying internal pressurization values was also measured. These tests were performed
on an Instron material testing machine with the setup shown in Figure 4.19. The range
of pressures represented in the holding force test plots below varies for each actuator due
to the variance in operational pressures. For the actuators made with different fabrication
parameters, the low end of the pressure range measured was chosen based on the pressure at
which the actuator was sufficiently curled to wrap around the rod, as shown in Figure 4.19.
The high end of pressure testing was determined by the point at which the actuator could
no longer maintain a seal around the barb and Luer lock connection, or the actuator failed.
The progression of increasing pressure was also stopped if the actuator showed signs of being
near to failure, such as when the rubber reaches sufficient strain to begin turning white.
Therefore, plots with a small number of lines had a smaller functional range in which the

actuator curled sufficiently and had capacity to operate at increased internal pressures.

Figure 4.19: Picture sequence of a grip test.

Examples of holding force measurements for three individual actuators with dif-
ferent fabrication parameters are shown in Figure 4.20. The first three example actuators
represented in the plots in Figure 4.20 were made with four dip coatings and mechanically
programmed by curing at inclines of 15°, 30°, and 60°. The example actuators in Fig-
ure 4.20D and 4.20E were programmed with fiber inclusion and made with three and four
dip coatings. These plots represent a subset of the collection of tests shown in Figures 4.22,
4.23, and 4.24. Each black line on the plots represents an average value of five trials and the
shaded colored line represents one standard deviation above and below the average value.

The color of the shaded region behind the lines corresponds to the operating pressure that
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was used for each test and the same scale is used on all of the plots. The pressure values
for each test are also labeled individually for each line. The oscillations in the plots are due
to the stick slip interaction between the actuator and the rod as they slide past each other.
A summary of the peak forces for four-dip actuators and various mechanical programming

parameters is shown in Figure 4.21.
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Figure 4.20: Example results from holding force tests. The center line represents the average
value of five tests and the colored band is one standard deviation above and below average.
The inflation pressure is labeled directly for each line and also corresponds to the color.
The actuators represented include gravity programmed samples with four dip coatings and
cured at a A) 15° B) 30°, and C) 60° angles. Plots are also shown for fiber programmed
actuators with D) three and E) four dip coatings. Plots of maximum holding forces values
for actuators made with four dip coatings are summarized in figure 4.21.

From the results shown in Figure 4.20 and Figure 4.21, it can be seen that the
force output is affected by the fabrication parameters, as well as the relationship between
curvature and input pressure. In other words, a thicker actuator and higher input pressure
does not automatically translate to higher holding forces. The results in these figures show
that increasing the pressure in a given actuator will generally lead to an increased pull force,
but a different actuator recipe may be able to achieve the same pull force with more or less
internal pressure. Comparing this information to the curvature data shown in Figure 4.18
suggests that the relationship between operating pressure and curvature has an effect on

the holding capacity of an actuator, likely related to the size of the object being grasped in
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Figure 4.21: Overview of pull test data for actuators with four coatings. Each point repre-
sents the maximum average value of a set of five pull test trials, such as the ones shown in
Figure 4.20.

relation to the enclosing geometry formed by the actuator.

The force applied to the rod as it is pulled away from the encircling actuator is
largely dependent on the friction force between the actuator and the rod, which is affected
by the actuator curl and the local contact shape. As would be expected, actuators that do
not fully curl around the rod cannot apply an appreciable force in this test. As the rod is
pulled out of the encircling actuator, the actuator is extended upward and uncurled, which
results in a reduced holding force. When uncurled, a more distal portion of the actuator
is in contact with the rod, creating a more compliant path between the rod and base of
the actuator. As the actuator uncurls, there is also less engagement with the rod, resulting
in lower friction between the two. As expected, we see that the holding force decreases as
the actuator nears its fully uncurled extent in all of the plots in Figure 4.20. The actuator
surfaces were were not specifically cleaned or prepared in any way for the test, but were
minimally handled prior to testing. An interesting point for future study would be to test
the holding force in the presence of contaminants and lubricants.

The shape of the test curve is also affected by the initial curvature of the actu-
ator, as determined by the inflation pressure and fabrication parameters. For example,
Figure 4.20B and Figure 4.20E show trends in several operating-pressure trials that suggest

that the actuator becomes better seated with a small amount of extension. Artifacts on the
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inner surface, such as bumps from underlying fibers, as well as the tension in the actuator
skin can also affect the measured grip force. When the actuator is fully curled but still
compliant, the surface of the rubber conforms and sticks to the rod. By contrast, when
an actuator is maximally pressurized, the surface conforms less to the rod and does not
achieve that same adhesion. A fully pressurized actuator also provides greater resistance
to uncurling and will lead to disengagement with the rod. In some cases this translates to
reduced contact as that actuator arc does not conform to the rod. In more extreme cases,
the actuator may twist sideways and slip off the side of the rod without fully uncurling. We
believe these effects at higher pressures are connected to the downward trend seen in the
higher pressures in Figure 4.20C.

The compliance of these actuators is both a challenge and an asset. A strategy
to navigate the trade-offs of compliance could be to use these fabrication methods to build
arrays of actuators that work in concert to grasp and manipulate objects in a way where
individual contact forces remain low and gentle, but the distributed forces may add up
to a stronger aggregate force. The holding forces achieved by the actuators built in these
studies ranged from 0.25 N to 2 N. While these are relatively small forces, one could increase
the holding capacity of a system by increasing engagement with a target object by using
longer actuators, like the one pictured in Figure 4.4, in addition to using an array of arrays
to work in parallel. Chapter 5 explores a grasping strategy of stochastically distributed
contact using an array of long (300 /mm) dip-molded actuators. The strategy is referred to
as entanglement grasping and the high-aspect-ratio actuators as filaments.

Furthermore, the fact that holding force is not solely dictated by the internal
pressure of the actuator, as one might have expected, opens paths for the next steps of
this work and the entanglement gripper in the next chapter. Depending on the intended
application of the actuators fabricated by these methods, the actuators could be specifically
tailored and optimized for certain tasks, optimized for interacting with objects of interest
that have characteristic features within a specific range of dimensions, and tuned for desired

holding force thresholds.
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Figure 4.22: Results of actuator holding force testing for actuators with two dip-coatings

(left) and three dip-coatings (right). From top to bottom, the actuators were programmed
at a 30° angle, a 45° angle, a 60° angle, and with a fiber inclusion.
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Figure 4.23: Results of actuator holding force testing for actuators with four dip-coatings
(left) and five dip-coatings (right). From top to bottom, the actuators were programmed

at a 30° angle, a 45° angle, a 60° angle, and with a fiber inclusion.
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Figure 4.24: Results of holding force test for four dips, fifteen degree gravity programmed
actuator.
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4.6.3 Burst pressure

After operational pressure testing and holding force tests were performed, individ-
ual actuators were pressurized to the point of failure by bursting. In each case, the failure
point was a rupture in the thinner side of the actuator wall, near the base. Intuitively, this
was expected because the actuators are formed as a seamless body and the weakest point
undergoing the most strain is the thinner side wall a couple millimeters above where the
actuators is attached to a barb fitting. The rubber covering the base of the pin tends to be
slightly thinner due to surface tension and gravity. A picture of this is shown in Figure 4.28
in the context of the fabrication process for large arrays in Section 4.7. The cotton twine
fixing the actuator to the barb covers this thin spot and also constrains extension of the
rubber. This edge effect leads to a higher combination of axial and radial strain and thus
creates the most probable failure point.

Burst pressure values for the actuators represented in Figure 4.18 are shown in
parenthesis, next to the line labels. Figure 4.25 also shows a table of the same burst
pressure values that are consolidated, color coded by pressure value, and organized by
fabrication variables. Burst pressure values ranged from 103 kPa to 448 kPa for gravity and
fiber programmed actuators with two to six dip coatings. As expected, burst pressures
increase with the number of dip coatings. Within sets of actuators of the same number of
dip coatings, gravity-programmed actuators formed at low tilt angles and fiber-programmed
actuators had the highest burst pressure. Burst pressures decreased with increasing tilt
angles, related to the fact that larger tilt angles lead to a greater difference between the
wall thickness on either side of the pin and thus thinner walls on the upper side of the dip-
coated pins overall. The values in Figure 4.25 represent only a single trial each and future
work will incorporate larger sample sizes for burst pressure testing, to evaluate variance in
the results.

In all fiber-programmed and gravity-programmed actuators at tilt angles of 30°,
45°, and 60°, the actuators were able to curl to their full extent, which was limited by
the point at which the actuator tip made contact with the base of the actuator. Gravity-
programmed actuators fabricated at tilt angles of 15° and three, four, and five dip coatings
were able to curl to their full extent, while those with two coatings only curled up to 180°.

Two- and six-coat actuators programmed at 15° were not tested.
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Fabrication Variable
Fiber 15° 30° 45° 60°

100kPa
-
3 207 2221

4 269 331 310 207 207

Dip Coatings

5 359 414 303 276 250

6 448 328 369 276
450kPa

Pressure [kPa]

Figure 4.25: Bursting pressure of gravity and fiber programmed actuators made with vary-
ing numbers of dip coatings. The colors (ranging from blue to yellow) correspond to the
measured burst pressure of a single actuator in each cell, and are mapped to the maximum
and minimum values of the table.

4.7 Fabrication modifications for large arrays, long actuators,

and control integration

4.7.1 Large arrays
4.7.1.1 Rubber pouring and cycling for large arrays

To fabricate large arrays of actuators without requiring a large reservoir of rubber
for dipping, rubber was poured over the top of the pins. Angling the mold for the purpose
of using gravity to bias the wall thickness also allowed the rubber to be collected at the
lower edge of the tilted mold, funneled into a cup, and re-poured. Care should be taken
to limit pouring (and re-pouring) within the working time of the rubber The rubber will

otherwise start to set and it becomes impossible to get an even coating across the array.

4.7.1.2 Strain limiting in the base of arrays

Cotton cheese cloth (McMaster-Carr PN8808K11) was used to help mechanically
anchor the layers of rubber forming the top and bottom of the pressure supply channels
underneath the actuator array. The cheese cloth also limits the strain in the walls of the
pressure supply channels. We chose to use cotton cloth as a means of mechanical anchoring
in place of plasma bonding techniques to achieve higher strength with lower equipment
requirements, and potentially less material and process sensitivity. The upper surfaces of

the cheese cloth are incorporated into the first dip coated layer. As depicted in Figure 4.2,
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after the mold components have been removed, the cheesecloth on the underside of the
array is later used to mechanically bond the structure to a new layer of rubber that closes
the bottom side of the pressure supply channels. The new layer is poured on a flat surface
and the array is carefully pressed into the pool of liquid rubber and allowed to cure. A layer
of cheesecloth is also incorporated into the bottom layer of the assembly to limit strain.
Without this strain-limiting element, the support structure of the arrays may balloon in
unwanted ways. In the array overview shown in Figure 4.2, the channels are then fully
closed and a small hole is cut in order to insert an air supply. In some layouts, however, the
channels are left open from the molding process and are sealed with silicone glue (Silpoxy).
Another overview that includes this step as well as more details of the other steps for

creating large arrays can be seen in Figure 4.26.

4.7.1.3 Fabrication steps for Large Arrays

An overview of the process used to make a large rectangular array of actuators
is shown in Figure 4.26. This process leverages modular mold pieces made out of laser-
cut acrylic, making them cheap and fast to fabricate, and easy to reconfigure. The mold
materials also do not require the use of mold release in the process. The primary mold
parts consist of a bottom plate that controls the relative positioning of the pins that will
be dip coated to form actuators and the acrylic rails that define the open channels that will
later serve as pneumatic lines that connect to the actuators. The pieces of the mold are
held together with press fit pins, which are the same pins as those used for the dip coating
process. The press fit assembly allows the mold to be assembled and disassembled by hand
or with a pair of needle nose pliers for every step of the molding process.

For the first step in making an array of actuators, the mold parts are pinned
together, as shown in panels A and B of Figure 4.26. Panels C and D show the process
of casting rubber spacers that will later be used to define the walls that separate pressure
supply channels under the array of actuators. In this case, the spacer divides the array
into sixteen rows that can be individually actuated. Each row can later be joined or kept
pneumatically independent. These channels can also be redefined to group different zones
or arrangements of actuators, without requiring a redesign of the mold. The spacers are
created by first adding a retaining wall around the assembled mold parts and then pouring

rubber into each of the gaps between the acrylic rails. In the example, a simple retaining
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wall was made with masking tape attached to and overhanging the edge of the base plate
of the mold. In the example shown, the rails are 3.15 mm tall and 7.5 mm wide and the
rubber for the spacers is poured up to approximately the same height as the rails. Once
the rubber has cured, the mold is pulled apart and the spacers separated and trimmed of

excess rubber.

C

Figure 4.26: Overview of the fabrication process for actuator arrays. (A-B) The mold is
pinned together, (C) masking tape is added, and (D) rubber is poured to form spacers. The
mold is disassembled and (E-F) reassembled with cheesecloth weaving under the acrylic
rails and over the rubber spacers. After coating the pin tips (G) a layer of rubber is poured
over the top of the array, which is then cured at an angle. (H) Additional layers are poured
over the mold and cured at an angle. (I) The array is trimmed and (J) the base plate of
the mold form is removed. (K) The cheese cloth on the bottom has been intentionally kept
clear of the rubber poured on top. (L-M) The acrylic rails are removed and (N) then the
pins are removed. (O) The bottom is sealed by placing the array over a pool of rubber with
a layer of cheesecloth. (P) The array is trimmed and ready for plumbing.

With the spacers cured and trimmed, the mold is then assembled again to prepare
for the fabrication of the actuator array. In this process of assembling the mold, a strip

of cheese cloth is woven up and down between the rails, spacers, and bottom plate of the
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mold, as shown in panels E and F of Figure 4.26. The direction of the weave is important,
with the cheese cloth wrapping about the acrylic rails and below the spacers. This wrapping
direction allows the rails to later be removed from the bottom of the array, while the rubber
spacers are incorporated into and remain in the final assembly. This cheesecloth layer may
be omitted, depending on the desired size and arrangement of actuators, but is helpful in
the example design for the purpose of strain limiting the air supply channels, which are not
intended to expand, and anchoring successive layers of rubber. The strain limitation can
be especially important where the pneumatic supply channels have greater internal surface
area than the actuators. The air channels and strain limiting cheese cloth are indicated in

the schematic of a nine-part array of actuators and cross-sections in Figure 4.27.
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Figure 4.27: Schematic showing various cross sections of a nine-part array of actuators.

During mold assembly, the rubber spacers are slightly compressed to fit the added
thickness of the cheese cloth. This compression helps to prevent rubber from flowing from
the top surface of the array to the bottom surface by traveling between the spacers and rails.
The cheese cloth on the top surface is integrated with the rubber that is poured over the
pins to create the actuator array, while the bottom facing cheesecloth is kept clear of rubber.
This result can be seen in panels J through N of Figure 4.26, where the bottom facing cheese
cloth was preserved from the rubber that was poured over the mold assembly. Later, when
the assembly is removed from the mold, these exposed portions of cheesecloth on the bottom
are used to create a mechanical anchor into a new layer of rubber that forms the bottom of

the pneumatic supply channels. Cured silicone is difficult to bond to, but the natural fiber
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of the cheesecloth helps increase the surface area that incorporates with the new rubber for
mechanical anchoring and distribution of forces. This mechanical bonding is not required
for low operating pressures and can be accomplished with an adhesive treatment or plasma
bonding. This strategy of mechanical incorporation, which is inspired by fiber reinforced
soft actuators, requires some design and fabrication consideration but provides a useful and
straightforward bonding alternative that is robust to high pressures.

As the cheese cloth, rails, and spacers are placed, the pins are pressed through
the cheese cloth, into the rails and underlying bottom plate. Once all of the pins, rails,
spacers, and cheesecloth are assembled, the tips of the array of pins are dipped in rubber.
This is shown in Figure 4.2 of the main text. This tip dip is to prevent thin spots and is
accomplish by pouring a puddle of rubber onto a flat surface so that the dip mold assembly
can be turned over and all of the pins dipped simultaneously. The assembly remains oriented
such that the freshly dipped pin tips are still facing downward until the rubber is cured
and is no longer at risk of running down the sides of the pins. Once the tips have cured,
the assembly is then turned right-side up again, back to the orientation shown in panels
G and H of Figure 4.26. The assembly is then propped at an angle using a scaled up
version of the fixtures in Figure 4.7. In the case of the large array demonstration shown
in Figure 4.1E-H, the assembly was propped at a 30° angle for the dual purpose of using
gravity to mechanically program the motion of the actuators under inflation and to allow
runoff of excess rubber.

For the example array shown in Figure 4.1E-H, we poured three coatings of rubber
over the pins to create the actuators. Prior to this, we also tried a version with two pourings
but observed five small holes over 256 pins that had to be located and covered, and thus
increased to three coatings to make the process more robust to small defects. Panel G
of Figure 4.26 shows an array after one coating and Panel H shows an array after three
coatings. In the coating process, it is important to get full coverage of all of the pins,
however the coating is ultimately made uniform passively by gravity and surface tension
forces. To ensure full coverage, we applied two passes of freshly mixed rubber over the
array. To make this slightly easier and minimize waste, a collection tray and funnel of
aluminum foil was placed under the mold to direct and concentrate flow into a cup that
could then be poured back over the assembly. While pouring over the pins and recycling the
collected runoff rubber, it is important to also keep in mind the working time of the rubber.

Related to the working time, we limited each coating to two pour-over passes, completed
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in approximately fifteen minutes or less. After much longer, the rubber starts to cure and
increase in viscosity. The increased viscosity means that the flow is slower and cannot even
out the thickness of the coating as readily, ultimately resulting in uneven coverage. Some
of this effect can be seen in the nonuniform actuators in Figure 4.28.

Another effect that can be seen in Figure 4.28, other than the uneven coating
from pouring rubber too far past its initial mix time, is the development of thin spots at
the base of the actuators. In arrays that have otherwise been evenly formed (i.e., rubber
is only poured shortly after mixing and is given time to even out to a uniform thickness),
thin spots develop consistently at the base of the pin, on the higher side of the pin as
they are oriented at an angle. The cause of the thin spots is a combination of gravity
and surface tension pulling the rubber to the lower side of the pin and toward the pool of
rubber along the floor of the array surface. These thin spots inflate before the rest of the
actuators, causing them to lean over in a straight shape rather than curling over. With a
further increase in pressure, if the thin spots do not pop, the rest of the actuator will then
begin to curl. While this may be an interesting effect to exploit for the purpose of exploring
more complex and non-linear deformations as a part of the mechanical motion programming
strategy, we decided to counteract this behavior to simplify the design considerations and
make a more robust array of actuators. Our solution to counteract this behavior involved
pouring a final layer of rubber along the floor of the actuator array. While still in the angled
setup used for the overall coatings, we started the pour at the base of the upper edge of the
array and let it flow down the array, thus leaving the majority of the length of the actuators
uncovered, but flowing over and coating the base of the actuators and thus covering the
thin spots.

After the final coating of the actuator bases (to cover the thin spots) was fully
cured, the arrays looked like the one shown in Figure 4.26H and the edges of the array
assembly were trimmed with a pair of scissors or razor blade, using the edge of the base
plate of the mold as a guide. A trimmed array is shown in Figure 4.261. After trimming the
edges, the base plate is removed, as shown in Figure 4.26J, revealing the rails and cheese
cloth, which are shown up close in Figure 4.26K. It can be helpful to push the pins partially
through the base plate with a spare pin to make removing the base plate easier. With the
base plate removed, the array is flexible in one direction, but the rails still enforce some
directional rigidity. Once the rails and pins are removed, the array looks like the pictures

in Figure 4.26M and Figure 4.26N. The rails and pins can be removed in either order. A
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Figure 4.28: Photo showing area where arrays of dipped actuators develop a thin spot (A)
and areas of uneven coating (B).

pair of needle nose pliers makes the pin removal much easier and care should be taken to
not invert the actuators while removing the pins.

Once all parts of the mold have been removed, the bottom face of the air supply
channels are then enclosed by pouring a puddle of freshly mixed rubber and then carefully
placing the array assembly into the puddle to cure. The rubber is first poured onto a sheet
of polyethylene (or another plastic film), which releases easily from the rubber without
the use of any mold release. After pouring and spreading a layer of mixed rubber on the
polyethylene sheet, a piece of cheese cloth was placed on top of the wet rubber. The cloth
was pressed into the rubber, and then additional rubber was spread over the cheese cloth.
Once the cloth is fully saturated, embedded in the rubber, evenly spread, and degassed, the
array of actuators and the exposed cheese cloth on the bottom of the array was carefully
pressed into the wet rubber. Care should be taken to press the array down enough to help
the cheese cloth woven into the bottom of the array to soak up and incorporate the new
rubber, but not press so much that the new rubber plugs the air supply channel or the holes
that lead to the inlets of the actuators.

Once the bottom layer is fully cured, the assembly can be pulled off of the polyethy-
lene sheet and again trimmed to the previously defined edges. The holes on the side of the
air supply channels, like the ones visible in Figure 4.26P, can then be plugged on one side
with silicone glue, such as Silpoxy (Smooth-On). Inlet tubes can then be inserted on the

remaining open end. For this, we used silicone tubing with a 3mm inner diameter, (Boxer
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Pumps, model 9000508). We first applied glue around the outer rim of the tubing, inserted
the tubing into the end of the air supply channel of the array and then smeared the glue
around the outer edge of the connection with a cotton swab to roughly create a filleted
geometry, adding glue if necessary to fill any holes. The tubing sizing can be reduced and
the resulting gaps filled with additional glue, or the pressure supply channel hole size can
reduced by adjusting the size of the mold rails. Similarly, to increase the tubing size, one
can increase the size of the molding rails to thus increase the size of the pressure supply
channels. An example of polyurethane tubes plumbed into the end of the air supply chan-
nels is shown in Figure 4.28. The polyurethane tubing connections were less able to bond
to the Silpoxy and we therefore switched to the silicone tubing in later array iterations.
These are intended to be makeshift connections for actuator testing. A cleaner pneumatic
connection can be made by fully sealing the supply channels, punching connection holes in

the side wall with a biopsy punch, and inserting a barbed tube fitting.

4.7.2 Fixture and pouring modifications for long actuators

For the fabrication of actuators longer than a few centimeters, including the one
shown in Figure 4.4, we adjusted the process to minimize the amount of rubber and size of
the container needed to dip coat a pin. This slightly modified process was used to form the
‘filament’ actuators described in the following chapter. By cutting a hole in the bottom of
a small cup, we can dip coat an arbitrarily long pin. The cup is held at the top of the pin
with the pin passing through the hole, partially filling the cup with newly mixed rubber,
and then pulled down the length of the pin. To facilitate this, the pins were suspended from
above with a fixture designed to hold the pin at the desired angle. Pulling the cup down
rather than up the length of the pin is helpful in making the process relatively insensitive
to the size and position of the hole because the pin exits through the meniscus at the top
of the vessel instead of through the hole at the bottom. The hole needs to be large enough
to allow the pin to pass freely and small enough that the rubber does not pour out quickly,
though some rubber leakage is tolerable. Having the cup lightly touching the pin while
pulling up would be problematic in that it would scrape rubber from the side of the pin,
while pulling down ensures that there is full coverage. Care should be taken so the cup is
not tilted such that the upper lip can scrape the freshly coated pin. Because the cup can

also be refilled during this downward pull, this can effectively act as an infinitely deep vessel
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for dip coating pins of arbitrary length. For parallel fabrication of long actuators, a shallow
laser-cut tray with multiple holes and a retaining wall was used as a liquid rubber vessel.
With this “infinite dipping vessel,” the primary limitations on the length of actuators will
be the available space and encumbrance of working with large rods that are difficult to
maneuver, the sag in the rod when tilted over a longer distance creating a variation in the
tilt angle, and the mix viscosity and cure time of the rubber limiting the ability of the

rubber to flow and fine out to an even coating.

4.7.3 Two degree of freedom actuators

All of the actuator variants presented above have one DOF (degree of freedom) of
motion but the dip-coating process can also be modified to create tri-chambered pneumatic
bending actuators [113] capable of two DOF of motion. Using the same pins and materials
described above, the pins can be press-fit into an open-face mold assembly in sets of three,
as shown in Figure 4.29. When the three pins are sufficiently close together, liquid rubber
bridges between the three pins. When the pins are removed, the result is three individually
addressable pneumatic chambers that are coupled in a single soft actuator body. Because
each chamber is offset from the neutral axis of the actuator, pressurizing any one chamber
produces a moment which causes the actuator to bend. By modulating the pressure in each
chamber, the actuator can bend in any radial direction. An example of a 2DOF actuator

and the cross-section is shown in Figure 4.30

Figure 4.29: Pins for dip molding 2DOF actuators pressed through the elastomer with
microfluidic components, and into an alignment fixture.
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Figure 4.30: Photos of a 2-DOF dip molded actuator (A) in a rest state with and inset of
the cross-section of an actuator and (B-D) with three of the separate chambers actuated.

The spacing between the three pins is an important variable to consider when
designing tri-chambered actuators for dip-coating. Tighter spacing leverages surface tension
to counter gravity forces and holds rubber between the pins as it cures. The rubber trapped
between the pins bridges the walls of the three chambers together into a single tri-chambered
actuator. When the sets of pins are more closely spaced, fewer dips are needs to completely
cover and connect the pin triplets. However, tighter spacing also increases the likelihood of
cross-talk or leaking between chambers. Leaking between chambers is most often caused by
a bubble trapped between the pin upon dip coating. Wider spacing between pins, conversely,
minimizes the likelihood of leaking but the larger central gap creates wider overall actuators,
which are stiffer and thus more difficult to bend. The larger gap also requires more dips to
fill, resulting in thicker chamber walls that demand a higher pressure to induce bending. A
3mm center-to-center spacing of pins prevents cross-talk failure modes while maintaining
low actuation pressures (approximatley 90kPa), which was desirable for the integration
with a fluidic control system, such as a microfluidic de-multiplexer, described further in
Section 4.7.4 below. The design and fabrication of the demultiplexer was developed by
Nicholas Bartlett [114]

Similar to the steps for the one-DOF actuators above, the tips of the pins were
dipped into liquid rubber and then hung upside-down to cure. Because the tri-chamber
serves the purpose of motion programming, the pins were dip coated without any of the
mechanical programming modifications described above. The first dip coating resulted in

pins that were coated but not bridged. Cotton twine (McMaster-Carr PN1929T12) soaked
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in liquid rubber was then inserted between the sets of pins, ensuring that liquid rubber
wetted to the interior edge of each pin to avoid gaps. The cotton twine was allowed to
cure again with the pins pointing upward. A final dip was added over all of the pins and
left to cure with the pins pointing downward. The twine served two purposes, creating
a strain-limiting core in the tri-chamber structure and helping to fill and bridge the gap
between the pins.

The actuators can be made without inserting fibers in the central axis. Additional
layers of dip-coating can be added with a combination of upright and hanging curing orien-
tations. Hanging cure steps are useful for bridging without fibers. Connecting the pin tips
with rubber in the initial tip coating step or adding paper or fiber to prematurely bridge
the tip can also help bridge the rest of the internal gap in successive dips but was observed
to also increase the risk of trapping bubbles between the pins. The advantage of including
fibers in the central axis of the actuators is that bubbles are less likely to occur if done

carefully and it is less problematic when bubbles do occur.

4.7.4 Integration with microfluidic control

With large arrays of soft actuators, the need for compact and integrated control
becomes more pressing. The 2-DOF actuators described in Section 4.7.3 demonstrate how
this need can be exacerbated if each actuator in an array requires mutliple inputs. A solution
developed by Nicholas Bartlett to help address this need is a microfluidic demultiplexer, a
device capable using two static pressure lines and n high/low input pressure lines to address
2™ output pressure lines. As a demonstration of the demultiplexer and 2-DOF dip molded
actuators, we created an integrated system of a demultiplexor with four logic input lines
to drive an array of five 2-DOF actuators, which can be seen in Figure 4.31. Because the
actuators only required 15 pressure inputs, one output of the demultiplexer was left unused.
Details of the demultiplexer development can be found in the original paper [114] and a brief
description of the related modification to the dip molding process to facilitate integration
with the microfluidic controls is below.

The first consideration in integrating the demultiplexer with an array of actuators
was to tune the operating pressure of the two subsystems. This is a key consideration in
the integration with all microfluidic circuits and soft actuators. By changing the number of

layers added, we have been able to make the 1-DOF dip-coated actuators functional over an

108



Chapter 4: Distributed contact via soft arrays

Figure 4.31: Photos of an integrated system with a four (variable) input, 16 output demul-
tiplexer couple to five tri-chambered actuators arranged at the vertices of a pentagon. The
stem is shown at rest and in three modes of actuation. Only 15 of the available 16 outputs
from the demultiplexer are used by the actuators.

operational pressure range of 7 to 344 kPa. The microfluidic logic and fabrication are more
robust at lower pressure. On the other hand, the tri-chamber actuators exhibit a trade-off
in that fewer coatings during fabrication enable a lower actuation pressures, but also pose
a higher risk of failure due to a defect in a thin chamber wall. In a large array in which a
single failed actuator would compromise the entire system, we prioritized robustness over a
lower operating pressure. We determined the minimum required actuation pressure to be
90 kPa, which we accomplished with two dip coatings.

After picking an appropriate operating pressure, which was aided by the character-
ization in Section 4.6.1, relatively few modifications to the two fabrication procedures were
necessary to integrate the two halves of the system. Coupling points appropriately spaced

to create vias to the pins were designed into the microfluidic circuit. Holes for the vias
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were punched manually with a 14-gauge needle with the aid of an acrylic alignment fixture
wetted to the top of the elastomer. After removing the punching aid, the stainless steel pins
were pressed through the holes in the elastomer and into a second acrylic fixture underneath
the elastomer as shown in Figure 4.29. This helped to rigidly constrain the pin with a 3 mm
center to center spacing perpendicular to the circuit surface. Packing tape was applied to
areas that needed to be kept clear of errant rubber in the dipping process. Dip coating then
followed the process outlined in Section 4.7.3. We ensured the surface of the demultiplexer
was kept clean prior to the dipping process but no other step was necessary to achieve a
sufficient bond between the two elastomers used at the chosen working pressure (90kPa).
If necessary, a strategy of mechanical reinforment like the approaches described in Sections
4.7.1.2 could be incorporated into the process to support higher operating pressures. After
the dip-coating process was completed and the rubber was cured on the pins and the top
surface of the elastomer, the pins were removed through the bottom of the vias. The exit
holes were then sealed by plasma bonding an additional layer of elastomer over the bottom

of the assembly.

4.8 Conclusion

This chapter describes a fabrication strategy for using open-faced molds to create
large arrays of dip-molded high aspect ratio soft actuators. It also describes four ways
to modify those structures in the forming process in order to intentionally bias molding
thicknesses or incorporate strain-limiting fibers. The thickness bias and fibers are then
leveraged to mechanically program these soft structures to function as pneumatic bending
actuators. Depending on the strategy chosen, actuators fabricated in integrated arrays
may all bend in the same direction or can be prescribed an arbitrary vector field of bending
directions. For more direct control of bending direction, methods for creating tri-chambered
2-DOF actuators are also presented along with the integration with microfluidic circuitry.
Compatibility between the dip-molding process and microfluidic fabrication methods helps
to address the need to reduce the bulkiness of control lines when driving individual fluidic
actuators in large arrays. The achievement of long individual actuators as well as large
integrated arrays of actuators is facilitated by the simplicity, low precision requirements,
and low cost of the open face molding techniques that we present. We demonstrate a 1 m

long actuator, as well as a 256-part array but believe that these processes could produce
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longer actuators and larger arrays, if desirable. The use of laser cut acrylic mold parts
also allows for rapid generation and iteration of mold designs at low cost. The designs can
also be created and edited as relatively simple, two-dimensional designs in vector graphics
software.

Future work with these fabrication methods could include exploring strategic ac-
tuation patterns or vector fields of bending motion direction mapped into large arrays of
these actuators for the purpose of fluid manipulation, object manipulation, gentle grasping,
and locomotion. A continuation of this work would also include the combination of multi-
ple mechanical programming strategies in a single array or varying the parameters over the
length of the pin to create purposeful variation in the bending profile. The programming
methods utilizing surface tension and electric fields in particular may have a relatively low
increase in manufacturing complexity to program variations in the bending profile over the
height of the finished actuator. The pin cross section and proximity of electrodes could
be varied along the length of the pin. Potential areas of exploration for the electric field
strategy more specifically might also include placement of arrays of pins to intentionally
affect the resulting electric field that biases the actuator thickness. The charging setup
could also be modified to incorporate multiple charge states, such that the dipping mold
could be segmented into different charge patterns that cycle at a frequency that allows two
or more distinct electric fields to affect subsets of the forming actuators. More broadly, the
open face molding strategies can also be further developed to incorporate these arrays onto
non-flat architectures as well as underlying functional structures that might allow for active
morphology changes, such as an array of grasping cilia built onto a soft hand or tentacle

designed to securely and gently pick up items.
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Chapter 5

Entanglement Grasping

5.1 Introduction

Leveraging the material and structural compliance of the high aspect ratio soft
actuator arrays presented in the previous chapter, it is possible to achieve robotic grasps
composed of distributed contacts. In this chapter, I present a novel grasping strategy,
entanglement grasping, that uses the collective entanglement of an array of actuated high
aspect ratio actuators called filaments. This collective entanglement can be used to created
a grasp that is gentle, strong, and adaptive to object topology. An example gripper com-
posed of twelve filaments is shown in Figure 5.1. As described in the previous Chapter, and
depicted in Figure 5.2, the individual filaments curl when fluidically actuated. Upon actu-
ation, the filaments randomly entangle with each other and with a target object to create
a soft conformable grasp. This stochastic application of distributed contacts is a departure
from most deterministic, feedback-driven grasping solutions. This stochastic strategy also
excels in gripping complex and compliant topologies for which traditional grasp planning
and execution is challenging due to visual and structural complexity. Through experimental
demonstrations, I show that this intentionally unstructured collective of contacts is capable
of adaptive grasps without any perception, planning, or feedback. Using a custom tool built
to simulate the collective mechanics of filaments in contact with complex objects, I explore
the design space of the filament-based entanglement grippers. I also show the capacity of
this collective entanglement-based strategy to apply gentle yet robust grasps in scenarios
that would challenge traditional grippers, from lifting a potted plant by entangling with its

complex arrangements of shoots and leaves, to lifting a sea star from the ocean floor.
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Figure 5.1: A) Picture of an entangling filament gripper consisting of 12 hollow elastomeric
filaments in a resting state and pneumatically actuated around a house plant. The scale
bar represents 10cm.
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Figure 5.2: A) Schematic of filaments and section of filaments at ambient and increased
internal pressure. B) Schematic of filaments intertwining. Filaments start mostly straight
when hanging under gravity, develop a slight curve at low pressure, and then snap to a
tightly curled shape close to the operating pressure (OP). The operating pressure for the
filaments shown in this work is approximately 25psi (172 kPa).
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Figure 5.3: The final shape of the actuated filaments and resulting grasp is affected by
object interactions. The schematic shows (A) unactuated and (B) actuated states in the
presence of a sphere, tube, bottle, and artificial plant. (C) The photos show examples of
physical tests corresponding to the objects depicted in the schematics.

The collective behavior of a large number of curling and twisting filaments allows
them to entangle with a target and thus drape, cradle, or conform to it as a function of
the actuation pressure, as shown in Figure 5.3. This further enhances the ability of an
actuated array to grasp complex objects without perception, planning, or feedback, as a
passive consequence of their geometrically-defined collective compliance. A schematic and
a physical realization of how an array of such filaments interacts with different objects is
shown in Figure 5.3. The filaments can engage on, around, and in a range of target objects
such as spheres, cylinders, and corals, and can grasp them via collective entanglement. The
numerous interactions are highly compliant individually, but capable of substantial stiffness
collectively. This effect is not unlike tangled hair that is stronger than an individual strand
[115]. The simplest grasps, as with the sphere, bear some resemblance to traditional grasping
[116], whereas higher degrees of entanglement represent a larger departure from traditional
grasping. Entanglement excels in grasping topologically complex, compliant, and often
delicate structures ranging from common house plants to deep-sea corals, but can also be

used to grasp common household items such as bottles, tubes, tools, and toys.
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5.2 Background and prior art

Grasping an object securely typically requires some knowledge of its size, shape,
and mechanical properties. Historically, a large effort in robotic grasping has focused on
understanding the mechanics, dynamics, and control of grippers as they interact with target
objects [116, 117]. One common approach is to study how the form and stiffness of the
grasper (relative to that of the target) determines the number (topology), shape (geometry),
and magnitude (mechanics) of contacts and associated stresses, while also improving sensing
and perception of the target [118, 119]. This has been implemented in both a hand-centric
design paradigm [117], as well as more simplistic gripper morphology [39]. In either family
of gripper designs, there is typically a high reliance on an opto-motor feedback loop linking
perception, planning, and action to achieve a grasping goal. Modern rigid grippers show
great promise with many controllable degrees of freedom and embedded sensors [120, 121,
122, 123, 124], but can present challenges for grasp planning and control in the presence of
uncertainty, or with complex target geometries [125, 4].

More recently, the introduction of compliant elements and under-actuated con-
trol into otherwise-rigid fingers provides a form of embodied intelligence that drastically
reduces the planning and control requirements for successful grasping. These graspers are
exemplified by having a small number of degrees of freedom associated with the distal
portions and a series of proximal joints that are soft and can thus allow increased adapt-
ability of contact configurations with the target [126, 127, 128, 129, 130]. This concept of
strategic compliance is further extended in fully-soft robotic digits, utilizing soft materials
throughout the entire digit structure to enable them to conform to a wider variety of objects
[42, 19, 108, 43, 131, 132, 41]. Fully soft graspers circumvent precise feedback control and
instead rely on mechanical deformation, both distally and proximally, to passively adapt
to target objects. Some of the mechanical complexity of a grasping task is thus resolved by
morphology where passive mechanics and dynamics leads to conformable contact. Even in
the absence of feedback, these soft grippers are thus adaptable and robust to a range of vari-
ations in the target shape, size, and properties [1, 47, 133]. However, even with integrated
compliance, these same soft grippers typically still rely on relatively few digits (three, four,
or five), and few regions of contact. This still leaves open the question of how to grasp
objects that are geometrically and topologically complex, and mechanically heterogeneous,

e.g. plants, produce, fragile marine fauna, or many human-made devices.
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While soft gripper materials allow compliant interactions with target objects, the
structural compliance of high aspect ratio actuators like the filaments introduce geometrical
and mechanical flexibility. Applying both material and structural compliance allows a
soft actuator to achieve greater engagement with and topological conformation to target
objects. The basic building block of this strategy is a slender elastomeric filament with an
eccentric hole running axially (sealed at one end). Filaments are made using the dip-coating
technique [134] described in the previous chapter. These filaments are similar to, but much
larger than, recently developed micro-tentacles [102], and also operate in a manner similar
to plant tendrils [135] and tendril inspired robots [106], but are much faster owing to the
rapidity of pneumatic actuation relative to growth or shrinkage driven tendrils and tendril-
bots. Sinatra et al’s nanofiber programmed fingers [99, 132] may be the closest relative
soft robotic fingers given their high aspect ratios and highly compliant grasp strategies, but
those efforts still aim to mimic a traditionally configured palm.

The key capabilities that make our gripping platform well suited for entangle-
ment grasping stem from our actuator fabrication method. Our dip molding methods allow
for easy and uniform construction of large array of actuators with a high aspect ratio for
compliance, sufficient length for intertwining and engaging with target objects, and a suf-
ficiently high actuation bandwidth for grasping tasks. The large arrays are particularly
important in allowing for random contacts and the graceful degradation to failure of an
individual filament. Our dip molding methods (see Chapter 4) allow for cheap, easy, and
uniform construction of large arrays of actuators with a high aspect ratio (up to 200:1). The
configuration shown in Figure 5.1 and used in the experiments below uses 12 300mm long
filaments distributed in a 50mm diameter circle and connected to a single pressure source,
but this design can easily be modified. When an individual filament is pneumatically or hy-
draulically actuated, it bends because of the eccentricity of the hole, as shown in Figure 5.2.
This enables an individual filament to hang straight down under ambient pressure, form
a slight curve and approach nearby filaments at low pressures, and then snap into a high
curvature state to form soft distributed contact zones either with a target object, itself or
other filaments as it reaches its operational pressure, as shown in Figure 5.2. The operating
pressure can be tuned via fabrication methods described in the previous chapter and is set
to 25psi (172 kPa) in this application.

Applying collective arrays of complaint, adaptive, and tangling filaments to a tar-

get object, we can rely on stochastic interactions to create a robust grasp in the absence
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of perception, planning, or feedback control. In this way, our grasping strategy resembles
that of tentaculate entangling predator behavior of many medusae, siphonophorae, and
ctenophorae [136]. With entanglement grasping, we propose the next paradigm shift in the
design of robotic grasping devices toward utilizing “strategic randomness” and a combina-
tion of both material and structural compliance. The entanglement grasping strategy we
present in this work is based on larger arrays of soft high aspect ratio “digits” (filaments)
engaged in non-deterministic motion. As a result, the contact interactions are intentionally
random, relying on the quantity and compliance of the filaments to achieve a stable grasp.
While we do not anticipate entanglement replacing traditional rigid or soft robotic grasping,
it extends the variety of objects that can be successfully manipulated via robotic grasping.
Traditional grippers are better at grasping simple objects like spheres and cubes, while the
strategic randomness of entanglement grippers are better suited for topologically complex
objects. This intentional randomness makes the entanglement strategy less sensitive to
noise or the demands of path planning for computationally difficult or demanding scenarios

or objects.

5.3 Evaluation of entanglement strategy: physical testing

We evaluated the performance of entanglement grasping using a task-based ex-
perimental and simulation approach. Analytical frameworks used to understand and plan
grasps such as form and force closure, and contact curvature analysis become intractable
with the large degree of randomness in contact interactions that entanglement relies upon.
Furthermore, our strategy suggests that the notion of force closure used in deterministic
grasping [118, 137] may be less relevant to entanglement and should be revisited in a prob-
abilistic setting. In addition, the notion of static equilibrium that is necessary for stable
grasping is very different for simple contacts typical of deterministic grasping compared to
the present case of redundant soft distributed contacts. Experimental (Section 5.3) and
simulation (Section 5.4) based evaluations allow for comparison with similar experimental
studies used to evaluate traditional grippers. In defining an appropriate task, we use the
common definition of a stable grasp: A grasp is statically-stable if the grasped object is
in static equilibrium. Additionally, a common practical definition of grasp success during
a manipulation task is used as a proxy for grasp stability since the actual force balance

is intractable to measure in hardware: A grasp is successful if the target object is able to
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be moved from its initial position to a desired location without being dropped. Using this
evaluation framework, we explored the effects on grasp success rates when varying approach
strategies, target object topology, and position offsets between the gripper and target object

during the grasp sequence.

5.3.1 Object set for grasp testing

The object set used for the experimental testing in this study is shown in Figure
5.4 and the object masses, materials, and characteristic dimensions are listed in Table
5.1. The tubes and sphere were selected to represent a few variants on simple geometric
primitives similar to the YCB object set [138]. The torus and branched structures were
included to introduce a set of objects for testing that are more topologically complex. The
simple branched structures are more complex than the objects in the YCB object set but
simple enough be reproduced on widely available FDM printers and simple enough to be
implemented in simulations without high computational cost. Dimensions for the branched

structures are shown in Figure 5.5.

4 Branched
Tree
Sphere Torus
100mm 2 100mm OD 8 Branched
80mm ID Trees

Tree

Tubes
25.4mm, 38.2mm, 63.5mm OD
3.2 mm wall thickness

Figure 5.4: Set of target objects used in testing. The dimensions and weights of the objects
are listed in Table 5.1. Not shown are the Aluminum bars that were attached to the bottom
of the tree structures for adding weight for the robot arm grasp tests. These aluminum bars
are visible in Figure 5.6.

Within the set of simple branched structures, “trees”, used for testing, we explored
the effect of two geometric parameters, branch angle and branch number, on grasping

success with the entanglement grasping strategy. The number of branches (distributed
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Table 5.1: Physical properties of the objects used in this study

Object Dimensions (mm) Mass (g) Material

Sphere 100 diameter 10  Styrofoam

Tube 25 OD x 300 length 43 Polycarbonate
Tube 25 OD x 300 length 91 Polycarbonate
Tube 64 OD x 300 length 130 Polycarbonate
Torus 80 ID x 100 OD 69 PLA (3D printed)

Tree (8 branches, 45 deg) 80 width x 120 height 147  PLA + aluminum base
Tree (8 branches, 90 deg) 100 width x 100 height 148 PLA + aluminum base
Tree (8 branches, 135 deg) 80 width x 120 height 147 PLA + aluminum base
Tree (4 branches, 90 deg) 100 width x 120 height 144 PLA + aluminum base
Tree (12 branches, 90 deg) 100 width x 120 height 153 PLA + aluminum base

Top view Side view

B
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All Arms: @ 7mm

N Trunk: @ 10mm

0 =45°,90°,135° i s s

120mm
NN

105mm

60mm

n=2,486

Figure 5.5: Dimensions for one of the branched structures. The number and angle of the
branches changes for the other structures while all other dimensions are held constant.

evenly between two rings on the trunk) and the angle between branches and the trunk were
varied as shown in Figure 5.4 and Table 5.1. The other characteristic dimensions were held
constant, including the trunk height of 120 mm, trunk diameter of 10 mm, branch diameter
of 7mm, and location of branching points at 60 mm and 105 mm (from the bottom of trunk

to the bottom of the branches).

5.3.2 Evaluation of approach strategies

We evaluate the efficacy of a grasp minimally in terms of successfully lifting and
moving an object from its initial to its final position and begin by varying the initial approach

and interaction with a target of varying complexity. For trajectories, we tried draping
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from the top (“top-drape”), draping from the side (“side-drape”), and dropping from the
top (“plop”), as shown in Figure 5.6. A top-drape approach was a slow lowering of the
filaments onto the object and then actuation occurs, in a side-drape approach the filaments
were lowered next to the object and then horizontally translated in the direction of the
object to 50 mm past the center point of the object, and in a plop-on-top approach the
filaments were first actuated above the object before being lowered to the intended grasp
height and then released to fall around the object and actuated again for a grasp. These
strategies were tested using a robot arm (URbe, Universal Robots) on a sphere, a hollow
cylinder, a torus, and two tree variants, as shown in Figure 5.7. The robot arm attempted
five grasp trials per strategy and object, with each object centered on a table below the
gripper. The resulting success rates are shown in Figure 5.7.

Overall, the top-drape approach strategy had the highest success rate for both
simple and complex objects, whereas all other approach strategies failed to grasp the three
simplest objects. The side-drape did, however, outperform the other two trajectories in
grasping the simple branched structures and could potentially compensate for centering
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Figure 5.6: Three heuristic grasping approach trajectories used for evaluating entangle-
ment grasping success rates. Pick-and-place operations with each of the three approach
trajectories are shown, where the object’s initial pose remains constant for all tests.
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1.0 EEE Top-Drape
HEl Side-Drape

*  Not Tested
n=5

Grasp Success Rate
o

Figure 5.7: Grasp success rate with objects centered beneath the gripper. Grasps on mor-
phologically complex objects are most successful, particularly with a side-drape grasp. Con-
versely, the gripper has a lower success rate when attempting to grasp simple objects, with
only a top-drape producing successful grasps for the three simplest objects.
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The same three grasping approaches were applied to each of the tree variants
described in Section 5.3.1. As can been seen in Figure 5.8, the side-drape approach strategy
gave the highest performance for all branched structures, with 100% grasp success rate for
all but the eight-branched tree with a 45 deg branch angle. The top-drape achieved higher
performance for objects with more branches. The plop-on-top approach worked well for the
tree with eight branches and branch angle of 90 deg, but performance dropped off as both

number of branches and angle of branches changed, up or down.
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Figure 5.8: Three heuristic grasping approach trajectories were evaluated on the set of
branched objects using the same procedures as for the tests represented in Figure 5.7
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Another influential variable for future study is the height of the gripper at the
point of actuation. Most of the robot arm mounted tests were performed with the tips of
the filaments approximately aligned with the surface of the table. Shown in Figure 5.9 and
Figure 5.13, however, is another set of data taken from a physical centering test where the
filaments were lowered -80mm below the point where they touched the table. This produced
a significant increase in performance, where the grippers were able to retrieve the tree some
portion of the time up to 50mm away from the center position (100% of the object radius).
Some of the performance increase may be explained by the fact that, upon hitting the table,

the filaments can splay outward, effectively extending their horizontal reach.
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5.3.3 Work space and sensitivity to position error

Using the top-drape as the most broadly-successful method of approach, we eval-
uated the entanglement gripper’s sensitivity to positioning errors following the methods
used by Aukes et al. [139] and Sinatra et al. [132]. Using a subset of objects (a sphere,
cylinder, and branched structure), we performed grasps with controlled centering offsets in
increments of 10mm, and measured the resulting grasp success rate over five trials at each
location. The results of these experiments are shown in Figure 5.9, as a function of the offset
between the center axis of the gripper and the center axis of the target object (normalized
to the object radius). Overall, we found that complex objects are tolerant to large cen-
tering errors. Our empirical investigation of grasping performance using non-deterministic
entanglement is particularly successful in grasping topologically and geometrically complex
objects [125, 4] without the need for planning, but has trouble with simpler objects like
spheres and vertical tubes where traditional deterministic grippers work well, e.g., the YCB

object set of generally cylindrical, spherical, and cuboidal targets [138].
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Figure 5.9: Grasp success rate test of the top drape approach with increasing centering
offsets between the gripper and target objects. Offsets are normalized to the object dimen-
sions. Top-drape grasps on complex objects are robust to centering errors up to 0.5x the
object diameter.

5.3.4 Grip strength

To characterize the strength of our gripper in the top-drape mode, we attached

an object rigidly to the frame of an Instron universal testing machine and measured the
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gripper force or entanglement force opposing object pull-out. Pictures of the test setup with
a subset of the objects tested are shown in figure 5.10, along with plots of the raw force versus
extension data. Only top drape approaches were performed because of the configuration
limitations of the testing frame. The objects were also rigidly anchored, which was not true
in the grasp success trials with the robot arm but the rigid anchoring provided a benchmark
of the grip strength and a quantitative measurement to compare with simulation results. For
the same gripper with 12 filaments and an operating pressure of 25psi (172kPa), the force-
displacement curve was measured. We found that the maximum grasping forces achieved
over the various objects was 27.6N, which is comparable to many robotic hands with soft,
pneumatic fingers operating at similar pressures (e.g., in [19, 42, 108, 43, 40]). A summary
of the average maximum gripping values observed from each trial as well as the maximum
observed values across all trials is summarized in Figure 5.11. The examples of the trial sets
from which these values are derived, shown in Figure 5.10, include the branched structure
with eight limbs, the 63.5 mm diameter horizontal tube, the 25.4 mm diameter vertical tube,
and the 63.5 mm diameter vertical tube.

As one might expect, the maximal gripping force achieve by the filament grip-
per was highly affected by the target object. Furthermore, the shape of the force versus
extension curves shown in Figure 5.10 reflects the nature of the engagement between the
filaments and the object. For example, the filaments predominantly rely on friction to hold
the vertical tubes. As the object is pulled from the gripper, the forces in Figure 5.10C and
Figure 5.10D are relatively level and show the friction forces as the object slides through
the grasp of the filaments. By contrast, the trials from the branched structure in figure
5.10A and horizontal tube in Figure 5.10B appear to have a larger degree of variation that
related to how many of the filaments wrapped around the tube or branches. There are also
larger jumps in the data as individual filaments are pulled away and forced to release the
object.

Using the shape of the data to discover information about an object may be an
interesting direction for future study with entanglement grasping platforms. An example
that could be investigated in greater depth is a slight upward trend in the data from the
25.4mm tube and a slight downward trend in the data of the 63.5mm tube, which may
possibly be explained by the way in which the filaments engage with the two objects. The
testing setup associated with these two trial sets is shown in Figure 5.10D and Figure 5.10C.

As shown in the pictures, the filaments were draped around the outside of the 25.4 mm tube
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Figure 5.10: Examples of the raw pull force data. The plots show how much force was
exerted on an object as it was pulled out of the grasp of the twelve filament entanglement
gripper. The corresponding test setup for each plot is shown in the pictures. Objects are
rigidly mounted to the bottom of the test frame and the entanglement gripper is mounted
to a load cell on a moving platform above the object. The objects shown are (A) an eight
branch tree, (B) a horizontal 63.5 mm diameter tube, (C) a vertical 25.4 mm diameter tube,
and (D) a vertical 63.5mm diameter tube.

but the 63.5 mm tube was large enough that they were lowered inside. As the filaments are
pulled up from the object, their coils are extended, which would cause the coil diameter to
contract and thereby cause a slight increase in forces as the filaments squeeze the outside
of the smaller tube and decreased forces as the filaments pull away from the inner wall of

the larger tube.

5.3.5 Grasp toughness metric

While grip strength is a standard metric for robotic grippers, we propose that a
more comprehensive metric is the toughness of a grasp - i.e., the energy required to break
it. Grasp toughness is evaluated by the integral under the measured force-displacement
curve during a pull-out test, which encompasses the elasticity and compliance of a grasp in

addition to its strength. This metric scales with both the bending energy to straighten the
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Average Maximum of
maximum maximum
value [N] values [N]
4 Branch tree 3.92 6.03
8 Branch tree 6.86
12 Branch tree 9.14 12.66
8 Upward branch tree 2.306 4.68
8 Downward branch tree 5.99 13.42
1"2 Tube horizontal 6.85
2.5"2 Tube horizontal 8.65
1"2 Tube vertical 1.7 5.5
1.5"2 Tube vertical 6.98 8.64
2.5"2 Tube vertical 3.77 9.91
Sphere 0.76 2.06

Figure 5.11: Maximum values observed in the grasping force tests. The left column is a
the average of the maximum values observed for each set of trials and the right column is
the maximum value observed over all trials. The trees with levels arms and the 38.1 mm
vertical tube had five trials performed, all other objects had ten trials performed.

filaments and is a function of the topological complexity of the target object and the level
of entangling engagement achieved. Values for the entangling 12-filament grasper tested in
this work ranges from 10mJ for a 10 cm sphere, to 380mJ for a simple branched structure,
and 770m.J for a vertical 51mm cylinder. For comparison, values for the grasp toughness
of recently developed soft grippers holding on to cylinders with diameters of 51 to 76mm
are 200m.J [41], 300m.J [40], and 750m.J [19]

To calculate the grasp toughness metric, we numerically integrated the area under
the averaged force-displacement curves of the grasp strength tests, such as the ones shown
in Figure 5.10. The comparison values for the grasp toughness of soft grippers were similarly
calculated from the data sets presented in prior soft gripper work, including the four-finger
gripper with added tips around a 76 mm tube from Abondance et al. [41], the two finger
power grasp around a 51 mm tube from Teeple et al. [40], and the two finger power grasp
(with foam) around a 51 mm tube from Galloway et al. [19]. It should be noted that these
values are low estimates owing to the fact that the raw grip tests trials were truncated to

the shortest release in order to more easily calculate an average run.
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5.3.6 Contact distribution

Randomly distributed contact points is a distinguishing feature of entanglement
grasping with the filament gripper. To examine the collection of contacts in a given grasp,
the filament gripper was mounted onto a frame on top of a rotating platform and five
pictures of the example grasps were taken at 45deg increments. The camera remained
stationary while the platform supporting the gripper and support structure were rotated.
The objects were manually raised into the filaments to simulate a top drape approach with
the fixed gripper mount. Two examples of the results are shown in Figure 5.12. The contacts
were grouped by filament, as indicated by the color. Individual contact points were visible
in multiple views and thus have the same labels that appear in multiple images. This is
difficult and time consuming to quantify in physical experiments but relatively easy to pull
out of the simulation environment discussed below in Section 5.4. For comparison between
simulations (Sec. 5.4) and physical testing (Sec. 5.3), we manually counted contact points

on the four and eight branch tree objects and this is further discussed in Section 5.4.2.
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Figure 5.12: Manual count of contact distribution of a four-branch tree from the object
set. The pictures are taken at five different orientations, each 45 degrees apart. Individual
contact points are counted and labeled. The contacts are grouped by the filament with
which they are associated, as indicated by the color of the circle used to mark a contact
point. (A) This is an example grasp on a four-branch tree and has seven contact points
from five unique filaments on the twelve filament entanglement gripper. (B) An example
grasp on an eight-branch tree has thirteen contact points from seven unique filaments on
the twelve filament entanglement gripper.

5.4 Exploration of entanglement gripper design space via nu-

merical simulation

To explore the design space of a filament gripper, we use the director-based
Cosserat continuum framework for slender filamentous objects [140, 141]. Simulations from
this framework were created by Nicholas Charles and the original simulation platform from
which it is modified is presented by Gazzola et al. [141]. Details on the framework used to
capture the dynamics of entanglement grasping with elastic filaments can be found in the
original manuscripts where they are first presented [141, 142]. In the numerical simulation

of entanglement grasping, the filaments are suspended from one end and hang straight down
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under the force of gravity and are lowered over an object in a top-drape approach. Then,
the filament actuation is replicated by changing the intrinsic curvature of the filaments from
a straight to a non-zero curvature at the instant of actuation. This curvature, calibrated by
measurements of the physical filament actuators, is applied simultaneously over the length
of the filament. This follows the assumption that the propagation of internal pressure
happens faster than equilibration of grasping dynamics between the filaments and target
objects. In isolation, the gripper filaments curl into helices, but the numerical simulation
also captures their interactions with neighboring filaments and the target objects, which
results in a soft entangled grasp.

The success rate predicted by the numerical simulation in trial grasps of the eight-
branch test object compared to results of physical experiments is shown in Figure 5.13
and a side-by-side comparison of example experimental and simulated grasps are shown in
Figure 5.15. The simulation framework is able to tangle with and lift a branched structure
using a top-drape, remaining successful until the scaled offset is as large as 30% of the
target size. The conservative nature of this estimate compared to the results of physical
experiments is due to the fact that the simulation does not accounted for static-frictional
effects. Though the simulation framework does not account for the effects of static friction,
it is still capable of capturing the qualitative aspects of entanglement mediated grasping and
replicating experimental observations, shown in Figure 5.13. The effects of static friction
were substantial in grasping objects in the robotic arm tests but are quickly reduced when
the grippers is used to grasp objects underwater.

A second influential force that leads to higher success rates in physical testing is
electrostatic forces due to charge build-up in sliding filaments. The effect of charge build-
up is that the filaments repel one another, casting a greater radius of spread in their free
ends as they’re draped over a target object. The effect of static charging is visible in the

top-drape approach shown in Figure 5.6.
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Figure 5.13: A plot of the experimental and simulated position error sensitivity while grasp-

ing a 52g eight-branch tree test object in comparison to the results presented in Figure 5.9
with a 148g eight-branch tree.

130



Chapter 5: Entanglement Grasping

5.4.1 Entanglement grasp success phase space

Using the simulation to replicate the interactions among entanglement-grasper
filaments and the branched structure target object, we explored the design space around
the twelve-filament prototype gripper in terms of a phase space that spans the ratio of the
target object spatial density ¢, the filament spatial density ¢, and a ratio of the density
of the target object to that of the gripper. Three examples of these trials are shown in
Figure 5.14, as well as their location on four planes of this phase space. Each point on the
plots in Figure 5.14 represents the results of seven trial runs of a simulated object grasp-and-
pickup of an eight-branch structure like the one used in physical testing. An individual trial
was considered successful if the object was lifted off of the ground and remained suspended
after 60s in the simulated time frame. The contour plot shows the success rate at the
individual points and interpolates the predicted success rate between trial points using a
Delaunay triangulation.

The effect of increasing target weights (from left to right in Figure 5.14) is pre-
dictable but still interesting to see the degradation of the successful grasping space as the
gripper pulls on heavier objects. Similarly, lower spatial density in the target object (longer
branches) makes the target easier to pick up until the benefit of accessible entanglement
area is counteracted by cumulative mass. At first, one might also expect the filament spa-
tial density to have similar implication on performance when, in fact, the grasp success
rate shows much less sensitivity to this lumped variable than to the object spatial density.
Observing the entanglement behavior of the physical system as well as the numerical simu-
lation quickly clarifies that the starting spacing becomes less apparent as the filaments are
actuated. With a dynamic actuation, the filaments bump into one another and the target
object, swinging around and increasing entanglement. Additionally, in the initial moments
of actuation, before the filament snaps into a coil, the tips of the filaments begin to shift
several centimeters from their starting position, thus counteracting effects of their initial
spatial density.

The dimensionless parameters above were selected as a tractable starting set with
which to explore the generalized design or phase space of entanglement grippers. In future
work, it will be interesting to expand the phase space to include additional parameters,
incorporating more information about object topology and filament characteristics, as well

as further exploration of the actuation and approach strategies.
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Figure 5.15: Examples of contact distributions when the entanglement gripper holds an 52g
eight-branch tree in a physical test and simulated test. Contacts are indicated and sorted
by the number of contacts made by unique filaments. In both of the examples shown, 14
contacts are made with eight unique filaments from an array of 12 filaments.

5.4.2 Preliminary contact study

From each of the grasp test simulations represented in Figure 5.14, it was possible
to extract information on the contact points between the gripper and tree. The number
of contact points observed from successful grasp simulations ranged from 11 to 32 discrete
points of contact. The contacts from the pictured eight branch object grasp in Figure
5.12 is shown in Figure 5.15, next to an example of a simulated grasp of an eight-branch
structure. In the examples shown, fourteen contact points are made by eight of the twelve
gripper filaments. Not all contacts counted were necessarily load bearing, as can be inferred
by the examples in Figures 5.12 and 5.15, but this suggests that, for a given filament
strength, there is a critical threshold of engagement or contacts that leads to a successful
grasp and that the number of contact points increases with target object weight. We have
observed successful grasps with lower numbers of contacts from physical testing but this
is dependent on the object weight and static friction, (which is not represented in the
simulation). In future work, we can look at the spatial distribution of contacts in addition
to the number of contacts to further characterize the engagement of entanglement grippers
with their target objects. The entanglement gripper performance and contact also changes

with object topology, which we intend to explore further in future work.
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5.5 Prototype entanglement gripper

5.5.1 Hardware

The gripper used for all of the physical tests in this chapter is comprised of
twelve silicone filaments attached to a 3D printed palm (manifold). The filaments were
approximately 260 mm in length and 4.5mm in diameter prior to actuation. The fila-
ments were mounted to polypropylene and nylon luer lock plug to barb fittings (Mcmaster
PN51525K141, PN51525K121) on one end and sealed at the other end. The luer lock fittings
mounted in the ends of the filaments attached to a 3D-printed manifold via nickel coated
brass threaded luer lock sockets (Mcmaster PN51465K161). This allowed for modular re-
pairs and replacement of individual filaments in the case of a leak. The individual ports on
the manifold could also be closed with luer lock end plugs (Mcmaster PN51525K311) for
fewer numbers of filaments and easily rearranged for different array formations, although
the testing in this study utilized all twelve ports for all of the experiments. The Manifold
was printed in a semi transparent resin (Stratysys Vero Clear OBJ-03271) on a Stratasys
polyjet 3D printer. Three different mounting attachments were used for (1) mounting to the
robot arm for grasp testing, (2) mounting in the materials characterization system (Instron
5544A) for grip strength tests, and (3) mounting on a ROV for deep-sea tests. For all of the
tests, however, the configuration of the ports on the distal portion of the gripper remained
the same. The ports were evenly spaced in two concentric circles. The outer circle had
diameter of 50 mm and contained eight of the twelve ports, while the inner circle had a

diameter of 25 mm and contained the remaining four of twelve filaments.

5.5.2 Filament actuator fabrication

Following the procedures outlined in Chapter 4, the filament actuators were made
from silicone rubber, Elastosil m4601 (Wacker Chemie). The rubber filaments were formed
by dip molding silicone onto 305 mm (12 in) long stainless steel pins (McMaster-Carr
88915K11). The pins (or rods) were coated with liquid silicone rubber and then fixed at a
10 degree angle from vertical while the rubber cured. For the fabrication of the filaments,
it was easier to suspend the rods from above, and the rods remained suspended between
successuve coatings. The filaments used for the tests in this study were formed with four

coatings on pins that were 10 deg from vertical. To ease the release of actuators off of longer
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pins, the pin was pulled off of the dipping fixture and the ends trimmed while still on the
pin. Removal of the silicone from the pin was aided by 15-30psi of air pressure applied via
a 1/16in hose barb into one side of the silicone. This does not create a perfect seal but
supplies enough internal pressure to cause the actuators to expanded and slip off of the
pin more easily. This demolding pressure may be modulated depending on the operating
pressure of the actuators. Care was taken to apply tension to the actuator during removal
from the pin so that, if the barb slipped and the internal pressure dropped, the actuator
did not snap back and stretch over the tip of the pin, potentially creating a weak spot or
pin hole.

After removing the actuators from their forming pins, one end was sealed using
Sil-Poxy (Smooth-On Ic.) or newly mixed Elastosil. For filaments used in a deep-sea field
test, 1/16” diameter, 1/4” long steel pins were inserted into the end before sealing it. This
served the purpose of weighting the ends to make them settle down faster after being moved
through the water. The filaments otherwise drift in the water and are harder to direct. The
pins also allowed the ends of the filaments to stick to a magnet on the ROV holster to keep
them from drifting around until deployment. The remaining end of the filament was fixed
onto a plastic 1/16” Luer-lok barb (part listed above) and secured with Sil-Poxy and a
wrapping of cotton twine (McMaster-Carr PN1929T12). After all Sil-Poxy and rubber was
fully set, the Luer-lok fitting could then be attached to the gripper manifold as described

above.

5.5.3 Pneumatic actuation and control

For repeatable and tunable actuation of the filaments in the robot arm grasp
testing, the input pressure of the filament gripper was controlled by a custom pneumatic
pressure control system based on the system used in the studies of Teeple et al. and
Abondance et al. [40, 41]. The controller enables execution of arbitrary pressure trajectories
in real time with an accuracy of 1.4 kPa. The working control range is between —35 kPa and
350 kPa, and preliminary testing shows this system has a response time of approximately
0.2s, enabling high-bandwidth operation. Finally, the system utilizes custom ROS drivers
allowing high-level coordination between the gripper (pressure controller) and our robot
arm. As this system is being actively developed at the time of writing, documentation

about the hardware and software is available on GitHub [143].
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Figure 5.16: Photos from a field test at 800m under water, demonstrating that the filaments
can also be operated hydraulically and can operate under high hydrostatic pressure. The
scale bars in the images represent 10cm.

5.5.4 Field tests and challenging objects

In addition to the set of objects used for laboratory and simulation grasp tests, the
gripper was tested on a remotely operated arm and ROV in a deep-sea field test evaluation.
This adds the complications of a different surrounding fluid, currents, unpredictable target
objects, and limited testing vision and feedback. A twelve-filament array like the set used
for the laboratory and simulated grasp success testing was successfully used to pick up a
benthic sea star at a depth of 800 m (Fig. 5.16), which was then released after grasping.
The field tests were performed with the help of the Schmidt Ocean Institute, the crew of
the Falkor, the ROV pilots operating the vehicle SuBastien, and our collaborators from the
URIL (Undersea Robotics & Imaging Laboratory) lab at the University of Rhode Island.
Development of the entanglement gripper was originally motivated by challenging grasping
tasks in the deep-sea, where the gentle grasps of deep sea life and precious artifacts cannot
be done by human hands due to the hydrostatic pressure.

While the filament gripper was originally inspired by challenging deep-sea grasp-
ing tasks, entanglement grasping can also augment the abilities of robotic grasping with
everyday objects on land. As discussed above, we have begun initial performance charac-
terization with a small subset of test objects. Rigorous testing with more complex objects,
as well as discussion of how to classify the complexity of objects will be a subject of future
study. The set of objects in Figure 5.17 is intended to demonstrate the feasibility of using
entanglement grasping for familiar household objects that might prove more challenging for

the vast majority of robotic grippers. The collection includes an array of houseplants, irreg-
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ularly shaped toys, and a flexible phone tripod. The grasping demonstrations in Figure 5.17
were not performed with a robot arm. To emulate a top drape approach while allowing the
gripper to remain in a static position, the object was manually raised up into the array of
unactuated filaments and the filaments were then pneumatically actuated around the object

with an operating pressure of 25psi (172kPa).

Figure 5.17: Topologically complex household objects held by a 12-filament entanglement
gripper.

5.6 Conclusion

Secure and gentle grasping of an object often requires a characterization of the size,
shape, mass distribution, and stiffness of the target. This characterization requires percep-
tion, planning, and action with feedback. Distributed contact realized in entanglement
grasping offers an embodied solution to this problem. The flexible topology and geometry
of the grasper leads to adaptable grasping without perception, planning, or feedback. In
laboratory experiments, the filament gripper excelled when grasping topologically complex
targets (torus, branched structures), which would normally challenge traditional grasping

platforms. Features such as curved surfaces and narrow cuts or protrusions traditionally
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make a target object more challenging to grasp [125, 4] but provide more features on which
curling filaments can catch and hold onto an object. Conversely, our entanglement gripper
had trouble with simpler objects like spheres and vertical tubes, which are easier for tradi-
tional grippers due to convexity and rotational symmetry. While many household objects
are simple in shape (for example, most objects in the YCB Object set are cylindrical, spher-
ical, or rectangular [138]), many objects such as plants, produce, cables, and other high
aspect ratio or porous objects are much more topologically complex. The entanglement
gripper can blindly distribute contact on complex objects without the need for planning,
but may not distribute contact sufficiently on simpler objects.

In this first instantiation of robotic grasping via entanglement, the goal was to
demonstrate the use of a uniform array of filament grippers to adapt to complex topologies
without perception, planning, or controls. In this passive mode of operation, an entangle-
ment gripper is able to excel in grasping objects that would be challenging for tradition
grippers in both their passive and active operational modes. In future work, however, we
can explore the potential of a hybrid approach, where some level of perception and control
is combined with the benefits of the stochastic nature of entanglement. We can explore
sensorization of the filaments and composite gripper to trigger actuation without central
control, like the ambush hunting behavior of medusae, siphonophorae, and ctenophorae
[136]. By incorporating strain or capacitance sensing, the filaments may also be able to
provide information about the material and topology of objects with which it is interact-
ing, expanding on the differing entanglement pull-out force profiles discussed above. With
further characterization of target object topologies and interactions with the filaments, we
can also introduce a hybrid of planned dynamic approaches and random distribution of
contacts for more strategic grasping. Or, remaining in a passive operational mode, the use
of non-uniform arrays might allow adaptation to more target object variability. Conversely,
the coiling behavior of the filaments could be tuned to down-select for certain characteristic
topologies. This is a new platform for robotic grasping as well as a new grasping strategy

with a wide space for potential exploration.
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Conclusions and Future Work

The three modalities of contact tuning that were explored in this thesis include
passive contact tuning via materials and structure, active contact tuning via control over
surface structure, and distributed contact via large arrays of highly complaint actuators.
These modalities were leveraged to create soft robotic grippers that are gentle, conformal,
secure, and adaptive. Gentleness could be quantified as contact pressure passively limited
to 2kPa or less. The quality of being conformal was quantified on a pressure map to
show an increase in contact area and reduction of stress concentration, as well as visually
demonstrating a grasp that could adapt to object diameters ranging from approximately 1
to 10em without significant change on the contact stress. Security of grasps was confirmed
by quantifying the forces required to break a gripper’s hold on an object, and ranged from
10 to 60 N. Finally, adaptability was demonstrated as both a friction tuning mechanism to
increase the pose dexterity as well as via the introduction of a stochastic grasping strategy
that uses highly compliant filaments to blindly adapt to complex geometries. From the
desktop to the deep sea, the resulting grippers excel in grasping and manipulating target
objects that are challenging for traditional grippers, including objects that are compliant,
fragile, or topologically complex. In doing so, these grasping strategies are not poised to
replace traditional rigid grippers but can be used augment what is currently possible with

robotic grasping as a whole.
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6.1 Integration

Moving forward, the three contact tuning modalities were explored relatively in-
dependently of one another but can be more directly integrated, creating a system that
is both functionally and physically hierarchical. With the feasibility of these modalities
demonstrated individually, the next challenge is developing fabrication methods for full
integration of these concepts into multi-functional soft systems. I presented fabrication
methods that are independently robust and demonstrated their compatibility with other
soft manufacturing processes, such as microfluidic fabrication. More work remains, how-
ever, to ensure that system integration is scalable and easily translated to other practitioners
in the field without extensive experience. While the creation of the friction tuning mecha-
nism soft actuator and arrays has been made simple, their integration into larger systems is
not yet a straightforward process. As an example, for the friction-tuning mechanism to be
useful to a robotic manipulation specialist, or soft arrays useful as a model for a biologist
to study ciliary beating patterns, the platforms should have a relatively straightforward
standard operating procedure for modifying designs and incorporating them into soft and
rigid robotic systems.

Within any system, soft or rigid, hierarchical structures translate to an increasing
span of functional scales. As the range of scales represented in a single construction in-
creases, so does the complexity of fabrication. Adding to this complexity is that fact that
modular integration of soft components is not possible in the way that it is for rigid com-
ponents. Soft components, for example, cannot be bolted, braised, or bonded together in
the same way that rigid components might. The integration of soft components and func-
tional structures, therefore, must typically be integrated in both the design and fabrication
processes from a very early stage. A future goal is to introduce a library of methods for low

profile modular and seamless integration for similar soft systems.

6.2 Passive tuning: surface and structure

Chapters 2 and 3 explored passive contact tuning via materials and structure, as
well as active contact tuning via control over surface structure, respectively. Ultimately,
the notions of active versus passive, and underlying structures versus surface structures can

also be interchanged. Active tuning of the underlying structure can be used to affect the
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contact interface, and passive surface structures can be used to adjust friction and adhesion.
Active stiffening of the underlying structure is an area of interest in the field of soft robotics,
largely explored via phase transition materials and jamming [144, 145, 146]. These could
be further explored for the express intention of tuning the contact interface of a gripper
via the controllable stiffening of the underlying structure. Passive surface structures to
tune contact, particularly bio-inspired adhesion and suction, have also been explored in soft
materials [147, 65, 81, 148, 149].

Active or passive, the interplay between internal and surface structure is very
apparent. One can isolate the surface structure on a rigid substrate for characterization,
but the underlying mechanics should also be taken into consideration when evaluating the
role of surface structures implemented in soft systems. Furthermore, I believe merging the
two for consideration will be a challenging but interesting area for further study. Mentioned
in Chapter 3, as an interesting example of this, Geckos have been hypothesized to modulate
pressure in their underlying vasculature to aid in attachment to and release from substrates

[150).

6.3 Application of friction tuning: dexterous manipulation

The concept of a gripper with friction-tunable fingers tips was presented in Chapter
3 with a demonstration of the capacity to modulate surface friction. Most prior work on
tuning the adhesion forces in soft robots has targeted increased adhesion for climbing or
increased grasp force. In contrast, the intent of the mechanism presented was to increase
dexterity of a soft gripper. Since the publication of the original manuscript, there has also
been expressed interest in incorporating related mechanisms for the purpose of adaptive
manipulation in rigid robotic grippers [61]. The next logical step for this work in soft
contact is to incorporate the mechanism into a study that further evaluates the use of tunable
friction in a soft gripper for dexterous manipulation. For example, one might incorporate
an element of friction tuning to augment the in-hand soft manipulation demonstrated by
Abondance et al. [41].

In future work, the friction pads should also be made into a lower profile setup that
can flex with the surface of the larger actuators to which they are coupled. The underlying
support structure on the back side of the friction pads, while made of soft material, was

not very complaint. This contributed to the decision to only apply friction pad to the tip
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of the soft digits and not the entire inner surface. A lower profile version of this structure
could be modularly coupled to soft gripper with the use of the lacing and bridging material
techniques discussed in Chapter 2, or they could be integrated more directly in to the finger
structure.

As I demonstrated in a simple gripper and crawler, coupling of the pneumatic con-
trol between the surface structure and supporting actuator can also be handled in two ways.
One can opt for separate control of the friction and underlying actuator as demonstrated in
the gripper digits (2DOF). The other option is coupling the friction directly to the pressur-
ized volume of the underlying actuator, as was done with the crawler leg (1IDOF). Either
means of coupling could be applied to grasping and locotmotion but there is an opportunity
for more development of the direct coupling approach to further tune the actuation profile.
By tuning the relative pressures at which individual components of the integrated system
operate, the surface structures and underlying structures can be engage sequentially at dif-
ferent pressures supplied by the same pressure line. This was demonstrated in the crawler

but could be optimized to better emphasize the hysteretic path and forward motion.

6.4 Application of arrays: study of biological systems

Soft robots benefit from incorporating bio-inspired soft structures. Our under-
standing of soft biological structures can also benefit from the use of soft robots [103, 151,
152]. In Chapter 2, I described how we developed tools to carefully handle precious spec-
imens from the deep sea, but soft structures can also be used to directly emulate and
thereby study the morphology and behavior of soft biological systems. In particular, the
large arrays of high aspect ratio soft actuators introduced in Chapter 4 are a new platform
that could be leveraged in the study of behavior like cilia beating and fluid flow manip-
ulation [153, 154, 155], or the locomotion of echinoderms and coordination of their tube
feet [156]. Milana et al. propose a pneumatic cilium morphology with two input chambers
for the purpose of creating a hysteretic stroke for greater fluid propulsion but were limited
to experiments with a single cilium [86] and the single-chamber predecessor of this setup
was limited to a six-part array [110]. By modifying my dip molding process, a large, a
dip-molded, 2D array of similar two-chamber soft actuators could be used to explore more
complex cilia beating patterns and interactions. As demonstrated in Chapter 2, it would

also be possible to create an array composed of tri-chambered dip-molded actuators for two
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degrees of freedom in each cilium.

With the ability to control large soft arrays, address segments or individual ac-
tuators within the arrays, and program arbitrary vector field of actuation, this platform
can augment biological study by complementing the findings of biological observation and
numerical simulation. A physical array of actuators could, for example, be programmed to
test open loop patterns for fluid flow manipulation or robot locomotion. In a closed loop for-
mat, the arrays could also be incorporated into experiments to explore the implementation

of coordination and distributed control in soft bodies.

6.5 Further exploration and application of entanglement

Entanglement grasping was presented in Chapter 5 as a novel strategy enabled
by the combined geometric an material compliance of the filament-like actuators intro-
duced in Chapter 4. We examined the gripper’s sensitivity to object topology and centering
error. The effects of gripper and target spatial density were also characterized in a non-
dimensionlized phase space. This begins to construct an understanding of the functional
design space for entanglement grasping but does not yet incorporate secondary design pos-
sibilities, including intentional variance of the characteristic curvature of the filaments,
filament length, and staggered operating pressure and actuation times for the filaments.
Furthermore, passive or active surface tuning structures may also be incorporating into the
filaments.

The arrays of filament actuators used to demonstrate entanglement grasping were
uniform. However, intentional randomness or controlled variation in the filament curvature,
diameter, and length might allow the gripper to accommodate a greater diversity of objects.
Conversely, the filaments could be tuned to passively filter and select for targets with specific
characteristic dimensions, weight, surface roughness, or topological complexity. Similarly,
as discussed in Chapter 5, the engagement forces between an entanglement gripper could
be used to asses characteristics of the object structure without the help of vision or other
sensing.

Applications of interest that would motivate coupling entanglement grippers with
sensing might include using entanglement grippers for picking produce or automation of
moving or pollinating plants for breeding programs. The grippers might just need sufficient

vision to position above a plant or sensing could be enhanced to sniff for and respond to
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ripe produce. A medusae jellyfish inspired entanglement gripper could also be developed to
mimic the ambush predators that snatch materials of interest that drift into their tentacles
[136]. In this case, the materials of interest might be floating refuse, which the gripper could
collect from the ocean. An entanglement gripper might sift through refuse for potentially
recyclable or reusable materials, responding when the tentacles come in contact with metals

or other recyclable materials.

6.6 Hybrid control with embodied intelligence

Each of the gripper systems presented was either controlled by a human operator or
functioned in a pre-programmed open loop format. This is the typical mode of operation for
deep-sea biological sampling and it allows us to demonstrate the extent to which embodied
intelligence or passive control can be programmed into the skin and body of the compliant
structures. However, a next clear step is to sensorize the actuators to create automous
systems for applications like produce and plant manipulation, or to create the medusae
inspired recycling bot mentioned above. Adding sensors would also be a logical next step to
study distributed system behavior like the beating of cilia, or sea star tube foot locomotion
and feeding behavior. If the arrays are outfitted to sense chemical, pressure differentials, or
contact, they could be used to test distributed response to stimuli. Experiments of interest
would look at the balance of central and localized control as compared to the biological

analogs of cilia [156], tube feet, and tentacles.

6.7 Tools for soft system design and innovation

As discussed in Chapter 2, a design tool that helps to rapidly simulate and ex-
periment with actuatable soft structures could strategically complement experimental and
robust numerical analysis. Though computing power continues to become cheaper and
readily available, I believe there is still currently potential value in the idea of a rapid dig-
ital prototyping tool that comprises some level of detail and accuracy for the purpose of
easy early ideation and feasibility exploration. A prototype tool to illustrate this concept
was presented in Chapter 2 but was limited to relatively simple panel-based construction
and could be made much more flexible to incorporate arbitrary geometries. Additionally,

the tool could incorporate some ability for simple multi-variable optimization. Variables of
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interest might include the degree of motion achieved in actuation, deflection under applied
load, compliance in a non-actuated state, or differential of directional compliance.

The tool demonstrated in Chapter 2 also does not reflect thickness, which detracts
from the accuracy but aids in reducing the computational cost. In place of incorporating
thickness in the design, the tool could implement a simplistic surrogate of variable stiffness
within a body. This would capture some of the effect of thickness and focus on the con-
ceptual design of an actuator rather than the exact form. After conceptual development,
a designer would later transition to more rigorous FEA. In developing tools explicitly for
the purpose of exploratory design of soft structures, it would also be an interesting study
to observe how the tools used for concept development (and for more detailed design work)
effect the resulting soft robotic system. This is directly related to and inspired by the the
work of Tsai et al. [5].

By studying how our designs vary based on the tools used to create them, we may
be able to isolate some of the the biases (likely from foundations in rigid systems) that we
bring into the development of soft systems. Another proposal to drive innovation in the
design of soft systems is to apply artificial intelligence or frameworks inspired by artificial
intelligence to the design of soft robots [51, 157]. I think these proposals will lead to valu-
able design of soft structures but, in the near term (<10 years), I think the more immediate
utility may be the potential for artificial intelligence to help us reflect on the design process,
distilling problems down to the core functional requirements, and systematically evaluating
new design spaces. Selfishly, as a designer, I hope that the development of artificial in-
telligence based design tools will expose some of the rigid-system-derived biases and blind

spots, of which we are not yet aware.

6.8 Conclusion

Soft robotics is at a stage that holds a lot of potential for the intersection of design
and fabrication. I think the success and broader application of soft systems will depend
on the development of soft-material-specific design and fabrication methodologies. This
will have to include both exploratory innovation as well as more detailed optimization of
scalable and robust manufacturing methods. It is also an opportunity to re-examine the

tools and methods that we have at our disposal and to create new tools and methods.
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