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Soft robotics is a promising field that can solve several limitations of traditional rigid robotics.
These systems are composed of soft and flexible materials to achieve high degrees-of-freedom and
compliance with their surroundings. An important part of soft robotics is developing methods to actuate the
soft structures. A popular method involves inflating soft hollow structures with a pneumatic pump that can
achieve rapid and precise actuation. However, the structure must be tethered to a heavy and rigid pump,
which limits its application. An alternative method vaporizes embedded liquid to inflate the structure
instead. The simplest and widely used design to vaporize such liquid is by installing a heating element near
the liquid. Heating the system beyond the boiling point rapidly boils the liquid and deforms the structure.
The small amount of liquid and heater makes it easier to be packaged into a portable device. Nevertheless,
this technique possesses several limitations that must be improved to be practical. This dissertation

addresses these limitations and introduces methods that can advance the field for future robotics. Chapter

XX1



2 describes how actuation through vaporization can be affected by the environment and introduces a system
that consists of double-layered walls and a thermoelectric device. Chapter 3 aims to implement ultrasonic
waves that propagate through materials, which enables a system with detachable parts. Chapter 4 utilizes
vibrating mesh atomization to drastically improve the slow actuation speed by evaporating small droplets
with large surface areas. Last, chapter 5 introduces a method that can potentially remove electrical
components by combining ultrasonics with shape optimization. These studies show that soft actuation
through vaporization has significant room for improvement and can potentially replace commercial

actuation methods with further optimization.
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Chapter 1. Introduction

Rigid robotics with metallic components led to drastic developments in science and engineering.
These automated systems were the foundation for various fields such as mass manufacturing and
architecture. In general, the robotic system comprises several rigid components that are assembled with
actuators installed between the joints. The rigid components were capable of supporting loads up to several
tons, as well as precisely controlling its movement in the nanometer scale. The rapid advancement in
robotics was possible because its movement was easy to control and predict through simple simulations
when there is minimal effect from the environment. This means that the performance of these systems can
be easily simulated and tested before assembling the final product. However, the same rigid components
prevent the use of traditional robots in unpredictable environments or applications where human interaction
is needed."” The lack of compliant property is not suitable for reacting with its surroundings and can
potentially damage itself or harm humans unless they are equipped with high-speed feedback control
systems.>*

In contrast, most animals in nature have soft tissues surrounding their bodies. The flexible nature
of the tissues allows us to perform delicate tasks (such as picking up an egg or walking on pebbles) without
the need to control our body parts with perfect precision.® The extreme example of these flexible tissues
would be the octopus that can fit through an aperture that is much smaller than its body.”"* In addition, the
soft tissue can easily perform multiple tasks such as actuating, sensing, and changing its surface texture and
color.'""

Inspired by these biological systems, soft robots comprises of flexible elastomers that can stretch
and bend without joints.'>2° The higher degrees-of-freedom (DOF) of the material enables various types of
movements, which is more amenable to applications that interact with diverse surroundings.?' This is due
to the fact that soft materials provide impact attenuation, strain dissipation, and conformability when in

contact with other objects.”” The compliant property of the material enables adaptable control that does not



require precise feedback. In addition, the robust nature of these soft robots allows the application to be used
in extreme environments where the system should operate even after severe impacts.

Actuation methods used for soft robots are fundamentally different from traditional actuators that
convert electric or magnetic energy to mechanical movements on a single point. Traditional robotic systems
require an actuator (such as a motor) at the joint between two rigid components. Thus, increasing the DOF
requires a greater number of actuators, and the increase in weight requires stronger components as well as
stronger motors. Since the angle of the joints can be carefully controlled with the motor, traditional robots
are mostly used to perform repetitive tasks such as simple labors that require precision or a large amount
of force. On the other hand, soft robotic structures that are made from flexible elastomers do not deform at
specific joints. The actuation method should be able to deform the entire structure by using lower rigidity
components as possible. In addition, the weight of the system should be much lighter since the soft structure
cannot sustain much weight. Several different methods have been developed to meet these goals, and they
can be categorized into two different mechanisms.

One way of achieving deformation is to change the pressure inside a hollow structure. During
inflation, the movement can be controlled by fabricating the structure with a certain design. The PneuNet
is a popular design that bends the structure upon inflation, and the bellows structure demonstrates
unidirectional deformation.”** Another method is to install secondary materials (e.g., metal wires) to limit
deformation in a certain direction.”>*® Different types of deformation can be achieved by adjusting the
winding angle of the material.”’” The methods to increase internal pressure in the soft materials include
connecting the structure to a fluidic pump or vaporizing liquid that is embedded in the structure.

Another mechanism for soft actuation is utilizing materials that deform under certain stimuli. Shape
memory alloys (SMA) deform to its original shape when exposed to high temperatures.”® The material can
be embedded inside the structure and the heat can be provided through injecting current, which results in
joule heating.”’ Stimuli-responsive polymers (SRP) are another example that can react to various external
stimuli, depending on how the material was designed.*® These include polymers that react to temperature,

voltage and magnetic fields, and even humidity.



1.1. Development of soft robotics

Soft robotics has recently become one of the most popular topic in the field of robotics to bridge
the gap between man-made automatic systems and animals found in nature.?® The term “soft” was used
in a paper on McKibben muscles in the year 2000.%' In this study, braided shell threads were wrapped
around rubber tubes to control the deformation upon inflation. However, this actuator was still
connected at the joint of rigid components, showing limited compliance from compressed gas inside
the rubber tube. These compliant joints were studied over time, and the term “soft robotics” was adopted
in the field in 2004.> Early interests that fueled the field of soft robotics comes from mimicking the
movement of animals without skeletal structures. The octopus is a great example, and its muscle
structures were imitated with several inflating structures in 2009.** Since then, various studies worked
on mimicking other animals, including caterpillars,* meshworms,*® and starfish.** Diverse actuation
systems were developed under various names, and the number of publication on soft robotics steadily
increased since 2008.% To date, numerous studies were developed and branched out to achieve the goal

of soft robotics, and they were categorized by actuation methods in the following section.

1.2. Actuation through pressure change
1.2.1. Fluidic pumps
Hydraulic pumps are one type of fluidic actuators that inject fluids to deform soft
structures. Soft structures actuated by hydraulic pumps are capable of applying large amounts
of force by utilizing incompressible liquids.?” Since liquids are generally heavy as compared to
soft hollow elastomers, these methods are suitable for underwater applications where weight is

1.°® demonstrated swimming locomotion with a soft robot

no longer an issue. Katzschmann ef a
that was inspired by a fish. The tail of the fish consisted of two channels that moved back-and-

forth with a hydraulic pump. The system was capable of mimicking the movement of a fish,

which also demonstrated an escape maneuver.” The system was controlled by acoustic signals,



1.2.2.

and the surrounding was recorded with an embedded camera. The robotic fish easily blended
into the environment by maneuvering without creating any turbulence. Another example is the
soft robotic gripper that was implemented on a remotely operated vehicle for collecting samples
underwater.” Since the samples from deep reefs are very delicate and brittle, the soft
manipulator showed advantages over traditional rigid grippers. The contact area and the gripping
force were controlled by simply installing a different material (i.e., foam) on the surface of the
finger.

Another type of fluidic actuator is the pneumatic pump, which injects pressurized gas
to inflate the structure.*' Since gas is much lighter than liquid, pneumatic actuation is suitable
for most applications, where the soft structure should sustain its own weight.*** Tolley et al.®®
demonstrated a large-scale locomotion robot that was able to support the entire actuation system
including the pneumatic pump. The weight of the whole system was reduced by embedding
hollow glass microspheres into the elastomer. The tough nature of the soft elastomer enabled
the crawling robot to function in shallow waters, fire, snow, and even after being run over by a
car. Pneumatic actuation was also implemented on a soft robot that was fabricated from a self-
healing elastomer.*® The material utilized a thermo-reversible Diels-Alder reaction in which the
healing process was triggered when the material was subjected to heat.*” The elastomer was
flexible enough to achieve different types of deformation upon inflation, and gripping motion
was demonstrated. After cutting the material with a blade, it was heated to 80 °C, which healed

the structure to repeat the initial performance.

Liquid-gas phase transformation

As compared to fluidic actuators that require a heavy and bulky pump, vaporizing liquid
to increase the inner pressure of the structure only requires a small, embedded heating element.
This mechanism allows one to minimize the form factor and weight of the entire system, as well

as to fabricate a soft robot that is not tethered to an external component. In general, a liquid with



a low boiling point is injected into the soft hollow structure. Heating the liquid results in
vaporization, and the increase in volume inflates and deforms the system. Selecting a liquid with
a lower boiling point actuates the structure faster and reaches higher maximum stress.*

The simplest way to increase temperature is by heating the system through joule heating.
Since heating bulk liquid requires a long time, Miriyev et al.*’ dispersed ethanol into small
cavities in the micrometer scale® inside the soft elastomer. Heating the entire system up to 90
°C with embedded resistive wires boiled the ethanol and expanded the structure. Repeatable
actuation was demonstrated by air-cooling the system to condense the vapor back to liquid.
Instead of injecting current through a wire, Boyvat et al.’' applied magnetic fields onto an
embedded resonator. The system was completely untethered, and the resonator heated up to the
boiling point when subjected to a magnetic field. In this example, a liquid with a boiling point
as low as 34 °C was used to accelerate actuation.

The temperature change to actuate soft structures can also be provided by methods other
than joule heating. Rolling locomotion was demonstrated on a fully untethered robot by placing
it on a hot surface.” The liquid-filled cavity that comes into contact with the hot surface inflated
and rotated the soft structure. The next cavity that touched the hot surface boiled the embedded
liquid, and the repeating reaction resulted in rolling locomotion of the system on the hot surface.
The inflated cavity was air-cooled until it returned to its original shape by the time the system
completed one cycle. Another example is a bending structure inspired by the stem of
sunflowers.” Near-infrared lasers were used to heat one side of an untethered cylinder-shaped
structure to achieve bending motions. A laser with 808 nm in wavelength and light density of
0.8 W/cm™ was used to heat the cavity to 130 °C. Increasing the number of vertical cavities

resulted in higher DOF.

1.3. Actuation through smart materials
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1.3.2.

Shape memory alloy

One of the most widely used stimuli-responsive materials is the shape memory alloy
(SMA) that responds to temperature.”®** SMAs can be designed to remember a certain shape
when subjected to a certain amount of temperature.”> Similar to vaporizing liquid, heating a
deformed SMA results in phase transformation that returns the material into its original shape.
When the deformation to its original shape is blocked, the material can also apply a consistent
force onto the structure.’>*® Their high energy density as well as stability and repeatability
allowed the material to be applied as soft actuators.”’ In general, the material is fabricated into
a shape of a spring to increase the recoverable strain to as high as 1000 %.>* As a result, most
soft actuators implement SMAs with the shape of a spring that performs one-dimensional
actuation.”®

In another example, peristaltic locomotion was demonstrated by wrapping SMA springs
around a meshworm.” Contracting the springs at higher temperatures reduced the diameter of
the cylindrical meshworm, which resulted in longitudinal deformation. By selectively actuating
the springs in different locations, the system was able to crawl forward in a manner that is similar
to a worm. A similar method was also implemented on a robotic arm that was inspired by the
octopus.”’ The transverse actuator consisted of SMA springs that were connected to a braided
sleeve that is similar to the meshworm. The longitudinal actuation was achieved by pulling
cables that were installed inside the arm. The complex movement of an octopus was imitated by

combining these two actuation methods.

Stimuli-responsive polymers

Various applications have pushed the demand to require smaller actuation components
in their systems. Manufacturing compact actuators limit the implementation of complicated
circuits and assemblies. As a result, SRP materials are receiving much attention since the

material is easy to fabricate on a small scale, and it can deform when the environment changes.*



As compared to other materials, SRPs can be designed to react to various types of stimuli, "'

which include electric field®**, magnetic field*, heat®%®, light®”*® and chemical changes.'”*"
72 Signals such as electric field, magnetic field, and light can be easily tuned to precisely actuate
the system, whereas heat and chemical changes involve diffusion and tend to be slower. There
are various types of polymers that have a distinct and unique mechanism to react to their stimuli.

Liquid-crystal elastomers (LCE) consists of long polymer chains with liquid crystals
(LC) that are periodically bonded to the sides.”> The simplest ordered phase is the nematic
mesophase, where the LC rods are aligned uniformly in one direction. The isotropic phase
indicates a state where these mesogens are in random orientations. Depending on how the
material is designed, the material can shift between these two phases when subjected to certain
stimuli. In general, the LCE stretches during nematic mesophase and contracts during isotropic
phase. He et al.®® demonstrated a soft LCE actuator that contracts when subjected to heat. The
material was prestretched during curing to maintain the nematic state, which transformed into
its isotropic phase when the temperature increased. By controlling joule heating of the embedded
wire, the actuator was capable of exhibiting various types of movements.

Hydrogels are materials that drastically change their volume upon absorbing
solvents.”*”> The stimuli that can affect this change in volume can also be controlled when
designing the material. Like other polymers, hydrogels are made from cross-linked chains.
When a certain solvent comes into contact with the hydrogel, it penetrates into the material by
changing it into a soft phase that expands the chains. As the distance between the chain increases,
more solvent can penetrate deeper into the material. The process is generally slow, since the
method involves diffusion. However, Lee et al.*” demonstrated rapid actuation by fabricating
hydrogels into a buckled geometry. When the structure absorbed the solvent, the material
expanded and snapped due to its bistable design. The structure demonstrated a jumping

movement within 5 s after it was exposed to the solvent.



1.4. Potential and limitations of actuation through vaporization

Among these numerous methods, this dissertation focuses on soft actuation through liquid
vaporization, since it has significant room for improvement and the potential to replace the widely used
pneumatic pumps. Actuation through vaporization is a complex multi-physics process that involves
thermodynamics, kinetics, and structural mechanics. First, heat must propagate from the heat source to
the liquid. Second, the heat vaporizes the liquid into vapor. Then, this increases the volume of gas inside
the chamber, which applies additional pressure to the inner walls. Heat dissipating to the surrounding
must also be considered throughout actuation, as the environment might highly affect system
performance. Nevertheless, the complexity of the problem also indicates that there are many parameters
to optimize to improve performance. In addition, this method only requires a relatively small heat
source and liquid that is already embedded inside the system, making it desirable for miniaturized and
untethered systems.

One of the limitations of actuation through vaporization is that performance is highly affected
by heat transfer. The cyclic motion of the actuator can be categorized into two stages. During the heating
stage, the heater vaporizes the liquid. Containing the heat is important, as any heat loss to the
environment will slow down actuation. During the cooling stage, however, the system must cool down
to condense the vapor back to liquid. Higher heat loss will return the structure to its original shape faster
during this reversing step. Since the performance is highly dependent on heat loss, the surrounding
environment (e.g., underwater) will have a crucial effect on this actuation method.

Another problem is the slow actuation speed, which might be the most crippling limitation.
There is a significant time lag between powering the system and the actual response from the structure,
as heat propagation and boiling liquid is time-dependent. Furthermore, the soft elastomers and liquid
used in this method generally have high heat capacity and low thermal conductivity. One of the easier
methods to increase actuation speed is using liquid with high vapor pressure.*® Liquid with high vapor

pressure will vaporize much faster even when the temperature increase is small. This was demonstrated
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in the work by Boyvat et al.’', where a liquid with boiling temperature of 34 °C was used to inflate a

bellows structure.

Research objective and dissertation outline

The objective of this research is to address these limitations of actuation through vaporization
and to suggest solutions by combining the method with other techniques. Chapter 2 combines double-
walled structures with a thermoelectric device to gain better control of heat loss and speed up the
cooling process. Chapter 3 utilizes ultrasonic waves that propagate through the structure to atomize
liquid into small droplets. This method enabled structures that can be easily detached and replaced.
Chapter 4 improves the atomization method used in Chapter 3 to achieve a rapid actuation rate that is
comparable to commercial pneumatic pumps. Chapter 5 introduces a novel method to manipulate
ultrasonic waves through shape optimization and achieve selective actuation that was inspired by
biological systems. The overall study shows promising results that can advance soft actuation through
vaporization closer to practical applications as well as suggest creative methods to take advantage of

ultrasonic waves.



Chapter 2. Actuation through Active Cooling and Heat Loss Control

2.1. Introduction

Several techniques have been developed to fully utilize liquid vaporization for soft actuation.
A popular method involves installing a joule heating element inside the structure to boil the embedded
liquid.”®® These studies applied current to conductive wires or fabrics installed inside soft elastomers
for joule heating. Ethanol was either filled in hollow chambers or distributed in small cavities inside
the elastomer matrix. Oh et al.,*® in particular, addressed the slow thermal-response time and installed
microcapsules of liquid metal to increase thermal conductivity. Other methods heated the soft structures
from external sources such as an oven,®! heated surface,’” or even lasers.’>® The benefit of these
methods is that the system does not need to carry a power supply and can easily be untethered for
deployment.

Despite these various approaches, comparing the performance of these studies are not
straightforward, since actuation through vaporization is an intricate process. In most cases, actuation
involving heat occurs under non-equilibrium conditions, making it difficult to analyze. Moreover,
actuation is also affected by the thermal properties of the liquid and encasing structure. Even when
implementing the same heating mechanism, using a liquid with higher vapor pressure will improve
actuation. The thermal conductivity of the soft material, as well as the geometry of the structure, also
affect heat loss during both the actuation and cooling processes. Furthermore, the effect of heat loss
can become even more significant depending on its operational environment (e.g., underwater). As a
result, heat transfer analysis is imperative to better understand the actuation mechanism.

This chapter focused on actively controlling heat loss to enhance speed during both the
actuation and cooling processes and to develop a system that can perform consistently in various
thermal environments. In general, heat can be lost through conduction, convection, and radiation. While
all three mechanisms are worth investigating to fully control heat loss, this study focused on adjusting

thermal conductivity by incorporating a layer of air between the walls. Different wall designs were
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analyzed using finite element (FE) modeling to study how it affects heat transfer and structural
mechanics. Tests were conducted on a soft elastomer to determine the parameters necessary for FE
modeling of the heat transfer process. Simple cuboid structures with single- and double-layered walls
were designed to analyze heat loss, as well as displacement during inflation. When fabricating the
structure, soft double-layered walls were combined with a thermoelectric device to manipulate heat
loss. During actuation, the thermoelectric layer was powered to heat the system, while the double-
layered walls minimized heat loss. After actuation, current flow to the thermoelectric device was
reversed, which increased heat dissipation and allowed rapid cooling inside the structure. Testing the
structure underwater further enhanced the Peltier effect and increased cooling rate. For validation, a
soft anemone-like structure was fabricated and operated underwater, which opened upon actuation and
closed during cooling. Its actuation and cooling speeds were compared with different conditions to

validate the potency of the method.

2.2. Material background
2.2.1. Effect of soft elastomer properties

Thermal properties of soft materials have a substantial influence on reversible actuation
through vaporization. Figure 1 shows a schematic of the actuator system. The cross-section
illustrates a soft cuboid structure that is partially filled with liquid; the left half shows the heating
(i.e., actuation) process. Temperature is increased to boiling by injecting current into the heater.
During this process, the thermal conductivity of the walls should be low enough to effectively
contain heat inside the chamber. High thermal conductivity will result in significant heat loss,
which in turn slows actuation. On the other hand, the right half of the illustration in figure 1
shows the cooling process that returns the structure to its original shape. Since the amount of
gas inside the structure is directly dependent on temperature, high heat loss is required to quickly

reverse actuation, which can be improved by using materials with high thermal conductivity.
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Figure 1. The illustration shows how heat loss affects soft actuation during vaporization and the cooling process.

12



2.2.2.

These competing requirements mean that systems without a method to actively control heat loss
will always sacrifice either actuation or cooling performance.

In this work, the wall design of soft materials was combined with a thermoelectric
device to maximize both the forward and reverse actuation performance. Double-layered, versus
single-layered, walls were studied to reduce heat loss and to increase displacement during
inflation. When fabricating the structure, a commercial thermoelectric device was used as the
bottom layer. Thermoelectric devices are operated to induce a temperature difference between
its opposite surfaces, which was used to heat and cool the liquid inside the chamber by reversing
current flow. Since Peltier cooling performs best when there is a heatsink on the heated side, the
system showed high potential when used underwater. While the low thermal conductivity of the
double-walled structure improves actuation, the thermoelectric device can improve the reversing
(i.e., cooling) process. Recent advancements in thermoelectric systems, such as flexible

thermoelectric devices,® enable realization of a fully soft heating and cooling system.

Soft material characterization

Dragon skin FX-Pro was used as the soft elastomer in this study. The thermal
conductivity and heat capacity of Dragon skin was measured through simple experiments. A hot
wire method was used to measure thermal conductivity, which is illustrated in figure 2(a).%®¢
A Nichrome wire was installed through the middle of a cylindrical Dragon skin structure. While
heating the structure, temperature was recorded with a thermocouple embedded inside the

material. The thermal conductivity, A, was calculated by:
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Figure 2. (a) A hot wire method was used to measure the thermal conductivity of the soft Dragon skin. (b) The
illustration shows how the walls were designed for FE modelling. The temperature of the inside and
outside of the chamber was 78 °C and 25 °C, respectively.
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where ¢ is specific heat output, T is temperature, and 7 is time. The measured temperature can

be plotted as a function of logarithmic time, and equation (1) becomes:
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where R is resistance, i is current, / is length of Dragon skin, and « is the slope. The measured

thermal conductivity of Dragon skin was ~0.25 W mK ™.

2.3. FE study of double-layered structure
2.3.1. FE modeling

Two FE modeling studies were conducted with COMSOL to analyze heat transfer and
structural mechanics. Since actuation involves numerous physics (i.e., joule heating, Peltier
effect, heat transfer, phase transformation, and structural mechanics), the two simulations were
simplified to decrease computation time and analyze how the double-walled design directly
affects heat loss and inflation individually. The cross-section of the designed structure is shown
in figure 2(b). The left half shows a single-walled structure, whereas the right half shows a
double-walled structure. The double-walled structure had three layers of material (i.e., Dragon
skin, air, and Dragon skin), and the total thickness, 7, was equivalent to the single-layer. Heat
loss analysis was conducted by assuming that the temperature inside the structure was 78 °C,
which is the boiling temperature of ethanol (i.e., the embedded fluid). In addition, the
surrounding temperature was assumed to be 25 °C, since the fabricated structure was tested
underwater. The total amount of heat loss was simulated by assuming the temperature of the
surrounding and inside the chamber are constant. Structural mechanics was also used to
determine how the walls affect displacement during inflation through a separate study. The Neo-

Hookean model was used to define the hyperelastic material, with its shear modulus (64.7 kPa)
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obtained from a previous study.®” The bottom layers were assumed to be fixed in place, while
the ideal gas law was used to define the gas inside the chamber and the layer in between two
elastomer walls. The pressure inside the chamber, as well as the air layer between the double-

layered wall, were updated using:

2oy ()

where P is pressure, V' is volume, and y is specific heat ratio, and subscript 0 denotes the initial
condition. The maximum displacement of the top layer was measured when the initial pressure

of ~1.2 atm (equivalent to the vapor pressure of ethanol at ~45 °C) was applied to the inner wall.

Heat loss and displacement analysis

The heat loss results are plotted in figure 3(a). When ¢ was 2 mm, the heat loss of single-
and double-walled structures were ~27 W and ~8 W, respectively. This value decreased rapidly
as t increased for the single-walled structure and reached ~18 W when ¢ was 3 mm. On the other
hand, the double-walled structure showed very small changes with increasing thickness. From
the results, it is evident that simply adding a thin layer of air drastically decreased system heat
loss. Overall, heat loss from the single-walled structure was ~3.5 times higher than the double-
walled one. Similarly, the displacement of the top layer during inflation is plotted in figure 3(b).
When ¢ was 2 mm, the displacement of the single- and double-walled structure was ~3.4 mm
and ~4 mm, respectively. With increasing ¢, these values declined at a similar rate (or slope).
Although the difference was not significant, the displacement of the single-walled structure was
~1.2 times higher than the double-walled structure. The results show that fabricating the

structure with double-layered walls would enhance the actuation phase due to low heat loss
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Figure 3. (a) An FE model was used to analyze the heat loss of single- and double-walled structures over a range

of total wall thicknesses. (b) The displacement of the top layer was analyzed when the structures were
inflated.
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while attaining higher displacement under the same conditions. Although these simplified
simulations do not represent the exact values of the following experiment, the results show a
straightforward insight on how the double-layered wall affects heat loss and displacement in

general.

2.4. Performance of double-layered structure
2.4.1. Fabrication

In this study, 3D-printed polylactic acid (PLA) rigid molds were used to fabricate the
soft structures. Two parts of Dragon skin (Part A and Part B) were hand-mixed at a 1:1 weight
ratio, and the mixture was placed in a vacuum chamber before pouring it into the mold. The
mold was then placed in the vacuum chamber one more time to remove any bubbles formed
during pouring. Then, the mold was left at room temperature for ~1 h to fully cure the silicone
elastomer. Figure 4(a) shows the cross-section of the cuboid actuator. Next, the thermoelectric
device was placed at the bottom opening of the cuboid structure, and uncured Dragon skin was
applied to seal the gap. A syringe was used to inject 2 ml of ethanol into the chamber, and the
hole was sealed with the same elastomer in a similar way. The size of the single-layered structure
(3 x 3 x 1.5 cm) was fabricated with 1 mm thick walls. After testing, a slightly smaller cuboid
structure with 1 mm thickness was installed on the inside to form the double-walled structure.

The performance of the thermoelectric Peltier device is plotted in figure 4(b). An open-
ended structure without ethanol was positioned so that the bottom (i.e., outer) layer was in
contact with water, while the top (i.e., inner) layer was exposed to air. The amount of current
was selected by slowly increasing the voltage until steady cooling was maintained on the top
layer without excessive joule heating. The maximum voltage of 2.5 V resulted in ~1 A of current.
During the first phase, current was injected so that the top layer heated while cooling the bottom

layer. After heating, current flow was reversed to cool the top layer while heating the bottom
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Figure 4. (a) The cross-section shows the design of the fabricated single- and double-walled soft structure. (b)
The performance of the thermoelectric device is shown, where the temperature of the inner surface
was measured. The inner surface reached ~ 60 °C after 20 s of heating. The system was then cooled
by both air cooling and Peltier cooling. (c) The schematic shows the experimental setup. (d) The
structure was actuated underwater to measure displacement over time.
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layer. Temperature change during heating and air cooling is plotted in red in figure 4(b), whereas
the blue plot shows temperature change during heating and Peltier cooling. The temperature
reached ~60 °C after ~20 s of heating and decreased much faster during Peltier cooling as
compared to air cooling. The temperature reached 25 °C after ~50 s when air cooled, whereas
Peltier cooling decreased the cooling time by ~80%, taking only ~10 s.

The setup of the underwater test is shown in figure 4(c), where the sample was placed
in a large tank of water (30 x 17 x 22 cm). The Peltier device was connected to a power source,
and the actuation was recorded by a camera. Figure 4(d) shows an image of the sample inside
the tank, where a grid with 5 mm spacing was placed in the background. A fixture was 3D-
printed with PLA to hold the soft structure. A platform was designed underneath the structure
to place weights to prevent the system from floating due to buoyancy. Soft actuation was
recorded by video during heating and cooling, and the displacement of the top layer was

analyzed by post-processing individual image frames.

Actuation and active cooling

Figure 5 shows the displacement results when actuating the fabricated structure. Each
structure was tested in two different environments. During the first test, the structure was fixed
in place above water so that only the bottom layer of the Peltier device was in contact with liquid.
This allowed maximum cooling from the device, while the soft walls were exposed to air.
Afterwards, the entire structure was submerged underwater. For each environment, the structure
was actuated by heating the thermoelectric device for ~50 s, followed by cooling the system to
return to its original shape. The system was cooled by simply turning off the thermoelectric
device (i.e., for air or water cooling) or reversing current for active Peltier cooling. The

displacements were used to represent the performance of the actuation and reversing processes.
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Figure 5. (a) The single-walled structure was actuated in air and underwater. The structure was actuated for 50

s and cooled down by either turning off the device or reversing the current for Peltier cooling. (b) The
double-walled structure was tested under the same conditions. (¢) The double-walled structure was
actuated and cooled underwater 3 times to show consistency.
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The single-walled structure had a wall thickness of 1 mm, and the results are shown in
figure 5(a). The solid lines show the results for the structure that was exposed to air, whereas
the dashed lines are results for the submerged structure. The structure reached a displacement
of ~3.5 mm when in air, while it achieved ~3.0 mm of displacement underwater. The actuation
rate decreased faster when the structure was underwater and began to plateau. This was due to
the large heat loss from the single-walled structure, and it can be assumed that displacement will
stabilize even upon further heating when the system reaches thermal equilibrium. After actuation,
displacement decreased slowly once power was shut off. In contrast, when current was reversed
for Peltier cooling, the displacement decreased at a much faster rate. To compare the cooling
rates, the time it took for displacement to return to 0.5 mm was analyzed for both methods.
When the single-walled structure was exposed to air, Peltier cooling reduced cooling time by
~74% with respect to air cooling. When submerged underwater, actively cooling the system
with the thermoelectric device reduced cooling time by ~62% as compared to water cooling.

The same set of tests was conducted after adding an additional 1 mm thick layer within
the previous structure to form the double-walled system, and the results are plotted in figure
5(b). As compared to the previous single-walled structure, the tests conducted in air and
underwater showed little difference. This indicates that the double-walled structure was not
significantly affected by its environment due to very low thermal conductivity. Although the
increase in displacement during actuation was smaller due to the additional layer and greater
structural stiffness, the slope was fairly linear and consistent even after 50 s of actuation. Unlike
the single-walled structure, continued heating was expected to further increase its displacement.
During cooling, Peltier cooling decreased cooling time by ~60% versus simply turning off
power for air cooling. The double-walled structure was actuated and actively cooled three times,
and the results are plotted in figure 5(c). The overlaid results show that the method performed

consistently and was repeatable.
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These results show several benefits of combining thermoelectric devices with double-
walled structures that are actuated underwater. First, the low thermal conductivity of the soft
walls enhances actuation by reducing heat loss. When heat dissipation is significant, the system
quickly reaches thermal equilibrium, where the input power is the same as heat loss. Second,
change in environment has little effect on actuation performance. This is especially important
when the system is deployed in unpredictable situations. Last, the thermoelectric device can
effectively improve the cooling process. While fabricating the entire structure with double-
layered walls can improve actuation, water cooling will take longer due to its low thermal

conductivity. This can be resolved by actively cooling the system with a thermoelectric device.

2.5. Anemone demonstration

A soft Dragon skin FX-Pro structure in the form of an anemone was fabricated to mimic its
movements and to validate rapid actuation. Anemones in nature use their muscles to open/close its
tentacles,®® burrow in sand,* and even swim.”® These delicate and complex movements are difficult to
imitate with conventional rigid robotics. In this study, the opening and closing motions of the mouth
and tentacles were demonstrated by inflating the soft structure. Figure 6(a) shows a 3D-printed PLA
mold used to fabricate the top tentacle layer. First, uncured Dragon skin was left at room temperature
for ~15 min until it became viscous. Then, the mold was dipped in the mixture to create a uniform layer
around its surface. A heat gun was used to rapidly cure the elastomer, and the process was repeated
twice to fabricate a durable layer. Finally, the elastomer was stretched and peeled off the mold.

The cross-section of the anemone structure is shown in figure 6(b). A separate hollow
cylindrical structure was fabricated and sealed with the tentacle layer on top. Similar to the cuboid
structure, both single-walled and double-walled artificial anemone structures were fabricated for
comparison. The same thermoelectric device was installed at the bottom layer, and 2 ml of ethanol was

injected into the chamber.
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Figure 6. (a) A mold was 3D-printed to fabricate the top tentacle layer of the artificial anemone. (b) The
illustration shows the cross-section of the fabricated double-walled anemone, which was partially
burrowed in sand underwater.
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Figure 7 shows the anemone structure that was partially burrowed into the sand underwater.
Since the sand was also wet, it still functioned as a proper heat sink. Here, 5 V was applied to the system
during actuation to heat the embedded ethanol. The applied voltage effectively heated the structure
through a combination of Peltier effect and joule heating. After actuation, the device was either turned
off for water cooling, or current was reversed for active Peltier cooling. While cooling the structure
with the thermoelectric device, voltage was reduced to 2.5 V to prevent excessive joule heating. When
actuating the single-walled structure, inflation slowed and stopped before full deployment. This was
consistent with the previous test, where the displacement change of the cuboid structure slowed down
due to greater heat loss. On the other hand, the double-walled structure fully inflated until the tentacle
layer was completely actuated after ~60 s. During cooling, Peltier cooling was significantly more
effective while reducing cooling time by ~55% versus ambient water cooling. Overall, the results
confirmed the viability of the proposed actuation and cooling method for soft robotic structures

underwater.

Conclusions

This chapter addresses the importance of thermal conductivity when actuating soft structures
through liquid vaporization, while demonstrating a method that improved both the actuation and
cooling processes underwater. In underwater environments, heat loss has a significant effect on
actuation by phase transformation. While this can be solved by fabricating double-layered walls, the
low thermal conductivity will also slow down the cooling process. In order to improve the reverse
actuation process, a thermoelectric device was used to actively cool the system. FE modeling results
showed how the double-walled structure reduced heat loss while simultaneously increasing the
displacement during inflation when the wall thicknesses were kept the same. When testing the
fabricated structures, the thermoelectric device was used to heat and cool the system. The actuation

speed of the single-walled structure underwater decreased rapidly due to significant heat loss. On the
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Figure 7. The artificial anemone structure was actuated and cooled to mimic the opening and closing motion
of its biological counterpart.
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other hand, the double-walled structure showed more stable actuation, and cooling down the system by
Peltier cooling reduced the required time to less than half as compared to water cooling. This was
achieved by simply reversing current flow, and the method does not require an additional power source
for cooling. While most studies implement fluidic pumps for underwater applications that require
precise and rapid movements, they must encase a large and heavy pump that is tethered to the chamber.
Although slower, actuation through vaporization only requires a small heater that is connected to a
power source. The proposed method opens new possibilities to apply actuation through vaporization in
unpredictable or harsh surroundings, especially underwater, where the liquid significantly hinders the

heating process.
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Chapter 3. Actuation through Ultrasonic Atomization

3.1. Introduction

This chapter aims to utilize ultrasonic waves that propagate through structures to develop
untethered actuation methods. In addition, ultrasonic atomization increases the evaporation rate even
at substantially lower temperatures. When a layer of liquid is excited by ultrasonic waves, small
droplets are ejected from the surface of the liquid into the surrounding air. The small size of the droplets
in the mist enables much faster evaporation as compared to bulk liquid. The technique was first
presented by Wood and Loomis,”" and Lang®* later determined the relationship between droplet size
and wave properties. The benefit of using ultrasonic waves over traditional pneumatic atomization is
that the droplet size can be easily controlled by adjusting the properties of the wave without affecting
the mist density. In general, increasing the frequency of the ultrasonic wave results in smaller droplet
sizes.

Atomization is already applied in various fields due to these characteristics, especially when
precise control of droplet size is critical. Nebulizers apply ultrasonic waves to atomize liquid medicine
into mist.”> The small droplets of drugs are then inhaled by patients through a connected mask or
mouthpiece. Electrostatic coating atomizes the substance that should be coated onto a surface.”* The
small droplets are negatively charged so that they can uniformly coat a positively charged surface.
Ultrasonic atomization is also applied in areas where faster evaporation is needed. Small particles can
be produced by atomizing solutions of components dissolved in solvents.”” The solvents in the droplets
are then dried to obtain small particles of certain sizes. Increasing the humidity through atomizing water
can also be applied for dust control in underground mines.”®

The goal of this study is to introduce a novel method of soft material actuation based on
ultrasonic-wave-induced phase transformation of liquid embedded in patterned soft materials.”’
Different types of deformations, namely unidirectional extension and bending, were demonstrated, and

the effects of atomization on actuation were also characterized. In short, hollow structures were
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fabricated from soft elastomers with small amounts of ethanol inside. The embedded ethanol was then
atomized by propagating ultrasonic waves into the entire soft structure. Instead of raising the
temperature to boiling, the small ethanol droplets enabled rapid vaporization into its gas phase. The
phase change increased the pressure inside the structure and resulted in actuation. Two different types
of deformations were demonstrated by purposefully designing and patterning the structures. An
accordion-like structure was fabricated to demonstrate unidirectional deformation. Bending
deformation was validated by implementing pneumatic networks (PneuNets) into the soft structure.?
Then, reversible back-and-forth bending was validated by combining and bonding together two
identical bending structures facing in opposite directions to one another. This paper starts with an
introduction of ultrasonic atomization. Then, the fabrication method of the structures is discussed,
followed by the experimental setup for actuation and characterization. Last, the effect of evaporation
and atomization were measured separately to show how much atomization enhances actuation

performance as compared to simply heating and evaporating bulk ethanol.

Atomization background

Ultrasonic atomization is a method that can generate small droplets by propagating ultrasonic
waves into a layer of liquid.”' There are two different hypotheses that explain how these small droplets
are generated. The cavitation hypothesis indicates that cavities are formed in the liquid when ultrasonic
wave is applied.” When these cavities collapse near the liquid surface, small droplets are ejected. The
capillary wave hypothesis explains that the droplets are formed when the capillary wave on the surface
of the liquid becomes unstable.”? Various studies were conducted to test both hypotheses, and several
studies concluded that both cavities and capillary waves contribute to atomization.”'”' Nevertheless,
the capillary wave hypothesis established a strong correlation between the mean droplet size and the
excitation frequency, which is still widely used in the field of atomization.

Figure 8 illustrates how capillary waves result in the ejection of small droplets. Initially, a layer
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Amplitude

The illustration shows the process of ultrasonic atomization, where a layer of liquid is placed above an
ultrasonic transducer. The surface of the liquid stays stationary when the transducer is off (i.e.,
amplitude is zero). When ultrasonic waves are propagated, capillary waves form on the liquid surface.
As the amplitude of the ultrasonic wave increases, a critical point is reached when small droplets are

ejected from the crests of the capillary waves.

Figure 8.
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of liquid is placed above an ultrasonic transducer. When the transducer is turned off and does not
generate any waves, the surface of the liquid remains stationary. If the transducer is turned on, the
surface of the transducer vibrates, creating ultrasonic waves that propagate perpendicular to the surface.
As a result, capillary waves are formed at the liquid-air interface. The amplitude of the capillary waves
changes in tandem with the amplitude of the ultrasonic wave. However, a critical point is reached when
the capillary wave is no longer stable due to its high amplitude. The surface at the crests start to collapse,
which results in small droplets being ejected into the air. Since atomization is related to the stability of
the liquid surface, surface tension and density of the liquid also play an important role.

As mentioned earlier, the size of the droplets can be controlled with uniform size by adjusting
the applied ultrasonic wave. Lang® described the relationship between the frequency of the applied
ultrasonic wave and the size of the droplets. First, the wavelength of the capillary wave can be

calculated from:

_ 2T
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“

where A is the wavelength of the capillary wave, T is surface tension, p is density of the liquid, and f'is
surface wave frequency. Here, f'is half of the excitation wave frequency, F.”” Since the droplets are
generated from the crests of the capillary wave, median droplet diameter, D, is a function of A. The
droplet size can be calculated using:
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There are two effects that need to be considered during actuation through atomization. The first
is the rapid evaporation rate of the small droplets as compared to its bulk form. Since the method
involves expanding the structure through liquid to gas phase change, faster evaporation will result in

faster actuation rates. The second effect is the evaporation of the bulk liquid throughout the process.
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When ultrasonic waves propagate through the structure, ultrasonic heating naturally increases
temperature. In this study, the effects of atomization and evaporation will be measured separately to

evaluate how atomization improves actuation performance of soft structures.

3.3. Characterizing actuation through ultrasonic atomization
3.3.1. Fabrication

Two different soft structures were fabricated to achieve different types of deformations.
The first structure was designed to have an accordion-like shape that expands unidirectionally.
The second structure was fabricated to have PneuNets of channels to realize bending motion.
Both structures were fabricated from FX-Pro elastomer (Smooth-On Inc.), since it is capable of
sustaining large amounts of deformation and is suitable for soft robotics. The silicone rubber
was prepared by hand-mixing two parts (Part A and Part B) with a 1:1 weight ratio. The mixture
was then placed in a vacuum chamber before being cured in room temperature.

First, the fabrication procedure of the unidirectional structure is illustrated in figures 9(a)
to 9(c). Figure 9(a) shows a 3D-printed mold for fabricating elastomer strips. The molds were
printed using Ninjaflex, a flexible filament, to facilitate removal of the strips. The silicone
mixture was then poured into the mold to form a semi-circular strip and was degassed before
curing began. After curing, the two ends of the strip were bonded together with the same uncured
mixture of FX-Pro to form a truncated cone-shaped structure. As shown in figure 9(b), this
process was repeated until four of the same structures were stacked on top of one another. More
uncured FX-Pro was applied to form a strong bond between the truncated cone shaped structures.
Figure 9(c) is an illustration of the final structure, where thin aluminum sheets were used to seal
the top and bottom openings. Thin metal sheets were selected, because they are lightweight and
allow the ultrasonic wave to propagate through with little attenuation. Forming a strong bond

between the elastomer and the aluminum sheet was crucial too, and this was achieved by folding
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Figure 9.

(a) A picture of a 3D printed mold for the unidirectional structure is shown. (b) Bonding the two ends
of the strip resulted in a truncated cone structure that can be stacked on top of one another. (c) The
edge of the aluminum sheet was folded onto the elastomer to ensure a tight seal. (d) A two-piece mold
was 3D printed for fabricating the bendable structure. (e) A piece of paper was embedded in the bottom
layer of the elastomer before sealing the bottom side of the structure. (f) The illustration shows the
aluminum sheet that was bonded with the elastomer for complete sealing.

33



3.3.2.

the edge of the aluminum sheets so that the metal layer held the elastomer in place.

Second, figure 9(d) to 9(f) illustrate the fabrication process of the PneuNets bending
structure. Figure 9(d) shows a 3D-printed two-piece mold made of polylactic acid (PLA). After
pouring the uncured silicone rubber into the bottom mold, it was degassed slowly before
carefully placing the top mold. The cured elastomer is shown in the top part of figure 9(e), where
the bottom and right side of the structure is still open. A layer of FX-Pro was used to seal the
bottom side of the structure, where a sheet of paper was embedded to constrain elongation but
still enable bending. This allowed the structure to bend more effectively without having to
increase the thickness of the bottom layer. Then, uncured FX-Pro was carefully applied around
the layer to bond it with the structure from the mold. Figure 9(f) shows the sealing of the final
structure. The edges of the aluminum sheet were folded 90° with equally spaced holes on the
sides. Uncured FX-Pro was applied over the aluminum so that the elastomer held onto the
structure through the holes. Furthermore, two additional bending structures were fabricated and
bonded together with more uncured FX-Pro to demonstrate rapid and reversible bending
movements.

It should be mentioned that, before completely sealing the two structures with aluminum
sheets, the samples were partially filled with ethanol. Ethanol was selected since it has a high
vapor pressure and a low boiling temperature of 78 °C. The amount of ethanol in the accordion
and PneuNet structures was ~ 2.5 mL and ~ 1 mL, respectively, so that the height of the ethanol

layer were ~ 4 mm for both structures.

Experimental setup

Ultrasonic waves were applied to the test structures to validate actuation through

atomization of the embedded ethanol. Figure 10(a) shows the unidirectional sample placed on
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Figure 10. (a) The accordion-like soft structure was placed above the ultrasonic transducer, and, in the
background, the grid separation distance is 5 mm. (b) A square wave of 320 Vy,, and 2.72 MHz was
applied to the structure for 45 s, which increased the displacement by ~ 10 mm. (c) A similar setup is
shown for the bending structure. (d) The same testing condition resulted in a horizontal displacement
of ~ 20 mm. (e) The experimental setup to measure atomization rate is illustrated, where an open-ended
structure filled with ethanol was placed above the ultrasonic transducer. The ultrasonic transducer and
the structure was placed on a digital balance to measure the weight loss of ethanol during atomization.
(f) Applying ultrasonic waves to the open-ended structure resulted in atomization of ethanol. (g) Small
droplets are ejected into the air, and, after ~ 30 s, the structure was filled with ethanol mist.
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an ultrasonic transducer that was secured in place by a 3D-printed PLA stage. A coupling agent
was applied between the sample and the transducer to minimize attenuation at the interface. The
overall setup was placed immediately in front of a grid with lines separated by 5 mm. Then, a
Keysight 33600A function generator connected to a Ciprian US-TXP-3 voltage amplifier
outputted a controlled square-wave signal to actuate the structure. The voltage and frequency
were varied to study how these parameters affected actuation performance. In one set of tests,
frequency varied from 2.66 MHz to 2.78 MHz in 0.02 MHz increments, while the peak-to-peak
voltage (Vyp) was fixed at 320 V,,. An actuated unidirectional structure is shown in figure 10(b).
In the other set of tests, voltage was varied from 320 V,, to 240 V,p, in 20 Vy, intervals at a fixed
frequency of 2.72 MHz. Videos were recorded throughout the tests to evaluate actuation, where
the amount of displacement was quantified through image processing of individual video frames.
The same experiments were also conducted using the bending structure, where the images before
and after turning on the ultrasonic transducer are shown in figure 10(c) and 10(d).

Similar tests were conducted to measure the increase in pressure of the unidirectional
structure. A load cell was fixed in place directly above the structure before actuation so that the
pressure was measured at a constant displacement. The frequency dependence was measured
under constant voltage of 320 V and the same frequency range of 2.66 MHz to 2.78 MHz. The
pressure was also measured with the same decreasing voltage while the frequency was fixed at
2.72 MHz (i.e., 240 V to 320 V).

The next set of experiments were conducted to evaluate how much atomization and
evaporation separately contributed to soft structure actuation. Figure 10(e) illustrates the test
setup for measuring the weight loss of ethanol due to atomization. An open-ended structure
partially filled with ethanol was placed on top of the ultrasonic transducer. The actuation
conditions for atomization were the same as the conditions mentioned previously. The
transducer was set above a digital balance to periodically measure the weight loss of ethanol

during atomization. In addition, temperature changes of ethanol were recorded using a
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noncontact infrared thermometer. During this test, the weight of ethanol was recorded for 10 s
when the increase in temperature was less than 3 °C. It was assumed that the measured weight
loss was only due to atomization without evaporation. Continued atomization would then further
increase temperature, and evaporation of ethanol would also start to influence weight loss.
However, atomization rate was considered constant even after 10 s, since temperature does not
significantly affect surface tension or density of ethanol according to equation (5).

The evaporation rate of ethanol was also measured to study how it affected actuation.
First, temperature time histories measured from the aforementioned tests corresponding to
different voltage and frequency combinations were used to guide the control of a digital hot
plate. The open-ended structure with ethanol was placed on top of the hot plate, while the
specimen was heated accordingly and periodically measuring weight. The decrease in weight of
ethanol indicated the amount of liquid that evaporated, which would also contribute to
expanding the soft structures if they were sealed. These tests were repeated using the sealed

samples to measure how much the structures expanded due to evaporation.

Soft structure actuation

The goal of implementing atomization for soft material actuation is to promote liquid-
to-gas phase change without significantly increasing the temperature of the embedded liquid.
As mentioned earlier, ethanol was filled in two types of different soft structures, namely, one
designed for unidirectional extension and the other for bending (figure 10). All of the tests were
conducted for 45 s to attain the deformed states as shown in figures 10(b) and 10(d), thereby
validating actuation by ultrasonic-wave-induced atomization of ethanol. Figures 10(f) and 10(g)
show the same test conducted on a unidirectional soft structure with one end kept opened. It can
be observed from figure 10(f) that the propagating ultrasonic waves induced atomization and
violent motions of the liquid at the surface. Figure 10(g) shows that continued atomization

ejected mist that filled the structure after ~ 30 s. The small droplets or ejected mist then
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evaporated. Since evaporation is a surface phenomenon, small droplets evaporate faster than its
bulk form due to its high surface-to-volume ratio. The size of the droplets can be calculated from
equation (5) and by using an ethanol density of 789 kg/m®, surface tension of 22.1 mN/m, and
the corresponding excitation frequency (i.e., 2.66 MHz to 2.78 MHz). The calculated median
droplet diameter is in the sub-micrometer range, which is small enough to consider that the
droplets evaporated immediately after being ejected into the air when vapor pressure was still
low'®. It should be mentioned that the tests were stopped at 45 s and well before the equilibrium
vapor pressure of ethanol was reached so as to prevent over-deforming and damaging the
samples.

Both the unidirectional and bending soft structures were actuated using the ultrasonic
transducer, where the frequency and input voltage were varied. Vertical displacement was
measured for the unidirectional structure, whereas the horizontal displacement of the free-end
was measured for the bending structure. Pressure was also measured for the unidirectional
structure while the displacement was fixed. Figures 11(a) and 11(b) plot the maximum
displacements of the free-end for both types of samples when frequency or voltage was changed,
respectively, while keeping the other parameter fixed. Among the frequencies, 2.72 MHz
demonstrated the highest deformation rate after 45 s. The unidirectional structure deformed by
~ 10 mm and the horizontal displacement of the bending structure was ~ 20 mm after actuation.
Both structures exhibited lower displacements as the frequency deviated from 2.72 MHz. Figure
11(b) shows similar tests that were conducted by decreasing the voltage from 320 V,, to 240
Vpp at 20 Vy, intervals and at a fixed frequency of 2.72 MHz. Decreasing the voltage resulted in
lower displacements. Pressure of the unidirectional structure measured under the same testing
conditions are also plotted in figures 11(a) and 11(b). Similar to the displacement, the maximum
pressure reached ~1300 Pa when the transducer was actuated with 2.72 MHz and 320 V,,, signals.
Increasing or decreasing the frequency resulted in lower pressure, as well as decreasing the

voltage.
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Figure 11. (a) Displacements of the unidirectional and bending samples are plotted against frequency between
2.66 MHz and 2.78 MHz. A constant voltage of 320 Vp, was applied, while displacements after 45
s were measured and plotted. Vertical displacement was measured for the unidirectional structure,
whereas horizontal displacement was measured for the bending structure. Pressure was also
measured at a constant displacement under the same frequency range. (b) Similar tests were
conducted with the input frequency fixed at 2.72 MHz, while the input voltage ranged from 240 Vy,

£0 320 Vip.
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3.3.4. Effects of ultrasonic atomization

3.3.5.

It was also explained that the voltage and frequency of the excitation signals were varied
for characterizing actuation performance. The atomization rates for the various testing
conditions are summarized in figure 12. Atomization rate was computed by measuring the
amount of weight loss of ethanol over a testing period of ~ 10 s. The assumption was that, in the
initial 10 s of testing, the temperature change of ethanol was negligible, so mass loss was due
solely to atomization.

In particular, figure 12(a) shows the atomization rates when input frequency ranged
from 2.66 MHz to 2.78 MHz at a constant voltage of 320 V. It is well known that ultrasonic
transducers resonate at a certain frequency, which generates the highest amplitude. The
amplitude generally decreases as the excitation frequency deviates from its resonant frequency.
A similar trend is shown in figure 12(a), where 2.72 MHz exhibited the highest atomization rate.
Frequencies beyond the plotted conditions did not generate enough amplitude to atomize ethanol.
On the other hand, figure 12(b) shows the atomization rates when the input voltage ranged from
240 Vpp to 320 Vy,,, while frequency was fixed at 2.72 MHz (i.e., as was determined based on
the previous tests). It is known that increasing the amplitude of the voltage input also increases
ultrasonic wave amplitude; this same trend for atomization can be observed in figure 12(b).
Overall, the change in atomization rate indicates how adjusting input voltage and frequency
affected the maximum displacements obtained (i.e., after the same amount of time), as well as

the actuation rate or speed of the soft structure.

Effects of temperature-induced evaporation
Since atomization does not boil ethanol, only evaporation contributes to atomization-
induced phase change. Thus, to study the contributions of temperature-induced evaporation,

open-ended soft structures partially filled with ethanol were prepared. Ultrasonic waves were
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3.3.6.

applied to the structure with the aforementioned conditions, while temperature was measured
and plotted in figures 13(a) and 13(b). Similar to the atomization rates shown in figure 12, 2.72
MHz and 320 V,, demonstrated the highest temperature change. A digital hot plate was
employed to heat the sample in a manner similar to how the sample heated up during ultrasonic
atomization. Figures 13(c) and 13(d) summarize the weight loss of ethanol due to temperature-
induced evaporation corresponding to different frequency and voltage conditions. The decrease
in weight of the sample was strictly due to ethanol that evaporated from liquid to gas and then
escaping to the ambient atmosphere due to the use of open-ended test samples. First, for samples
where voltage was fixed at 320 V,, figure 13(c) shows that all frequency conditions showed a
similar weight loss until ~ 20 s; major differences became clearly visible after 45 s of testing. In
general, conditions that induced higher atomization rates (figure 12a) resulted in higher
temperature changes, thus causing greater weight loss of ethanol as shown in figure 13(c).
Second, the weight loss of ethanol due to temperature changes corresponding to tests conducted
with different excitation voltages is plotted in figure 13(d). Overall, the results are similar to
figure 13(c), where the difference in weight loss became more apparent after ~ 20 s. In addition,

higher applied voltages resulted in higher weight loss, which was expected.

Atomization versus evaporation

The total weight loss of ethanol after 45 s was studied and compared to weight loss due
to atomization and temperature-induced evaporation. The atomization rate was assumed to be
constant throughout the actuation period of 45 s. The total weight loss of ethanol due to both
atomization and evaporation for various conditions were considered and plotted in figures 14(a)
and 14(b). Figures 14(a) shows the weight loss of ethanol, while the input frequency varied from
2.66 MHz to 2.78 MHz and at a constant voltage of 320 V,,,. The total weight loss reached a

maximum value of 66 mg at 2.72 MHz and decreased to a minimum value of 20 mg at
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(a) Temperature change was measured and plotted, while the unidirectional structure was actuated
with a constant input voltage of 320 Vy, and input frequency from 2.66 MHz to 2.78 MHz. (b)
Temperature change was plotted, while the structure was actuated with input voltage from 240 Vpp
to 320 Vpp and constant frequency of 2.72 MHz. The evaporation of ethanol was measured by
employing a hot plate to heat the same structure in a similar manner. (c) The weight loss of ethanol
was determined and plotted over the 45 s duration of testing. Results for different frequencies of
excitation ranging from 2.66 MHz to 2.78 MHz kept at constant voltage of 320 Vy,, are shown. (d)
A similar set of tests was conducted except that voltage varied between 240 V and 320 V,, with
frequency kept constant 2.72 MHz.
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Figure 14. The total weight loss of ethanol after 45 s of testing was characterized based on the effects of both
atomization and evaporation. The weight loss due to evaporation was first plotted, followed by
adding weight loss due to atomization. (a) The weight loss of ethanol is plotted for different
frequency cases while maintaining an input voltage of 320 V. (b) Similar tests were conducted to
measure weight loss, while input voltage ranged from 240 Vy, to 320 Vyp with a constant frequency
of 2.72 MHz.
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2.78 MHz. Figure 14(b) plots weight loss with respect to voltage varied from 240 V,, to 320 Vi,
but at a fixed frequency of 2.72 MHz. The maximum value of 66 mg at 320 V,,, decreased with
decreasing voltage and reached a minimum value of 25 mg at 240 V,,. In general, weight loss
due to atomization was much greater than the weight loss due to temperature-induced
evaporation.

When the soft structures were excited by the ultrasonic transducer, the total weight loss
and displacement are due to the combined effects of atomization and evaporation. In order to
compare the relative change in total weight loss and displacement over different conditions, both
results were normalized with respect to their maximum values. The normalized values (Nuorm)

were calculated using:

N

Nyporm =

(6)

Nmax

where N, 1s the maximum value, and N is the measured value when tested with different
conditions. The normalization was applied to total weight loss, temperature-induced weight loss,
and displacement. From figure 14(a), it was found that the maximum total weight loss of ethanol
was 66 mg when frequency was 2.72 MHz. Thus, the total and temperature-induced weight loss
values for each frequency condition was divided by 66 mg to obtain their corresponding relative
weight loss of ethanol. Figure 15(a) compares the relative weight loss and displacement over a
range of frequencies at a fixed voltage of 320 V,,. It can be seen that atomization-induced weight
loss was as high as ~ 4.5 times greater than weight loss due to evaporation at 2.72 MHz. This
ratio generally decreased as the frequency deviated from 2.72 MHz.

A similar normalization was performed on the displacement results of the unidirectional

and bending structures shown in figure 11. During actuation by the ultrasonic transducer,
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Figure 15. Relative weight loss was compared with relative displacement for different testing conditions. The
results from the ultrasonic transducer indicate weight loss and displacement due to atomization and
evaporation. Effect of evaporation alone was measured by heating the structure with a hot plate. The
temperature of the hot plate was controlled following the temperature time histories in figure 13(a)
and 13(b). Relative value for each condition was calculated by dividing the results by the maximum
number. (a) Relative weight loss and relative displacement is plotted versus the frequency of
excitation. (b) Relative weight loss and relative displacement are plotted as a function of input
voltage. All the results indicated that temperature-induced evaporation only contributed a small
fraction of the total actuated response of the soft structure.
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unidirectional and bending structures reached a maximum displacement of ~ 10 mm and ~ 20
mm, respectively. Thus, the displacement due to the ultrasonic transducer and direct heating for
each frequency condition was divided by these maximum values to compare their relative
change. In case of actuation by the ultrasonic transducer, the relative decrease in ethanol weight
loss and displacements of the two structures followed a similar trend. This indicated that total
weight loss, which was mostly due to atomization, plays an important role in actuating the
structure. The displacements of both structures deformed by temperature-induced evaporation
(i.e., by the hot plate) were significantly lower, which were both ~ 10% of the displacements
induced by atomization. As the frequency deviated from 2.72 MHz, the displacements due to
evaporation were almost negligible.

The results for relative weight loss and displacements as the excitation voltage was
varied is shown in figure 15(b). Again, the maximum weight loss and displacement values were
used to normalize the results shown in figure 11(b) and figure 14(b) to generate figure 15(b).
The general decreasing trends of relative weight loss and displacement were similar as the
voltage decreased. Similar to figure 15(a), decreasing the voltage reduced the contribution of
atomization to the total weight loss. In case of results from the ultrasonic transducer, decreasing
the voltage to 240 V,,, reduced the displacement to ~ 40% for both structures. Displacements of
the structures placed on the hot plate also decreased with decreasing voltage and were almost

negligible at 240 V.

3.4. Actuation performance
3.4.1. Experimental setup
To characterize ultrasonic-atomization-induced soft structure actuation, a cuboid
structure was actuated for ~ 20 s. The simple geometry enabled easier analysis of deformation.

Figure 16(a) shows a similar setup, where the bottom metal sheet was placed above the
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Figure 16. (a) The fabricated structure was placed on top of a piezoelectric disc. (b) The displacement of the top
layer reached ~ 5 mm after 20 s of actuation. (c) The image shows a temperature distribution of the
structure after 20 s, and the maximum temperature was ~ 36 °C.

48



34.2.

ultrasonic transducer. Figure 16(b) shows the deformation of the top layer after ~ 20 s of
actuation. In addition, the actuation of the structure was recorded with an infrared camera. The
temperature distribution after ~ 20 s is shown in figure 16(c). The high temperature of the bottom
layer shows that the metal layer was subjected to ultrasonic heating, which is important when
evaporating the ethanol droplets. In an open system, the droplets evaporated even when there
was no temperature difference, since vapor pressure was not in equilibrium. However, the
evaporation rate and condensation rate of ethanol were already in equilibrium in a closed system.
An additional driving force was required for the droplets to evaporate, and this driving force
was provided by ultrasonic heating. It is also worth pointing out that the temperature of the top
layer was similar to the temperature of the bottom layer. This indicate that the ultrasonic heating
from the bottom layer heated the entire cavity, resulting in a uniform temperature distribution
within the system.

The videos taken during the experiment was analyzed to plot the displacement and
temperature change over time. The video that recorded the displacement of the top layer was
analyzed using image processing to plot the displacement change of the top plane. The result is
shown in figure 17(a), where the displacement reached ~ 5 mm after ~ 20 s. The maximum
temperature from the infrared camera was also recorded over time. The temperature change is

plotted in figure 17(b), where the maximum temperature reached ~ 36 °C after ~ 20 s.

Finite element model

Unlike materials that deform linearly (i.e., following Hooke’s law), soft materials are
often used to sustain large and nonlinear deformations. Materials with such a wide range of
elastic response are regarded as hyperelastic, and their stress-strain relation is established from
the strain energy function. The second Piola-Kirchhoff stresses, S, are obtained from the partial

derivative of the strain energy function, W, with respect to strain.
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Figure 17. (a) Image processing was used to measure the displacement of the top layer throughout soft structure
actuation. (b) The temperature measured with the infrared camera was plotted with respect to time.
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where C is the right Cauchy-Green deformation gradient tensor. The difficulty lies in developing
models for the strain energy function W. The Neo-Hookean model is one of the simpler models
that assumes the material to deform linearly in the initial stage and becomes nonlinear after a

certain threshold. The strain energy density for the Neo-Hookean model is as follows:
W = C,(trace(FTF) — 3) ®)

where C;is a material constant, and F is a deformation gradient. The form of the energy is
constructed based on the thermodynamic consideration of rubber elasticity, as well as
incompressibility. The model is based on statistical thermo- dynamics of rubber-like polymers
with crosslinked chains. The model considers the crosslinks to deform in a linear manner, and,
upon reaching a threshold, the material is expected to exhibit nonlinear deformation.

The inflation of the structure was simulated by applying the ideal gas law inside the
chamber. Increasing the volume of gas inside the chamber applied pressure on the walls and
deformed the initial structure. The pressure inside the chamber decreases as the structure inflates,

and the relationship was defined through the following equation:
P Vo\"
o= (_) )

where P is pressure of gas, VVis volume, yis the specific ratio of heat, and the subscript, 0, denotes

the initial condition.
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3.4.3.

The overall simulation was conducted using COMSOL. The geometry and configuration
of the problem were modeled in accordance with the experimental conditions. A 3D structure
with a cavity was modeled as a solid, which was discretized predominantly by tetrahedron
meshes. It was assumed that the structure was clamped at its bottom, where increasing the
volume of gas inside the chamber inflated and deformed the enclosed cavity. The simulation
result was compared with the experimental results to analyze the performance of soft structure

actuation induced by ultrasonic atomization.

Volume of generated vapor

The simulation result is plotted in figure 18(a), which shows the relationship between
the increase in volume within the chamber and the displacement of the top layer. Through this
relationship, the displacement of the experimental result shown in figure 17(a) can be converted
to change in volume. The result is plotted as a solid line in figure 18(b). Since evaporation is
highly related to temperature, the increasing trend of the volume was similar to the temperature
plot in figure 17(b).

It is worth pointing out that the system was capable of atomizing ethanol with a rate of
~ 1.7 mg/s in open air. Assuming a situation where 100 % of the generated droplets evaporate
immediately, the maximum volume change of the system can be calculated using the ideal gas
law. This ideal case is plotted as a dotted line in figure 18(b). The lower volume change during
actuation indicates that only a portion of the generated droplets evaporated. Since temperature
is highly related to evaporation, providing additional heat is expected to increase volume change
during actuation. This result also indicates that increasing the atomization rate will have little

effect on increasing the actuation efficiency.
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Figure 18. (a) The hyperelastic and ideal gas models were used to simulate the relationship between the change
in volume and the displacement of the top layer. (b) The simulation result was used to estimate the
change in volume during the experiment. The dotted line indicates the change in volume of an ideal

situation, assuming that all the droplets evaporated immediately.
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3.5. Demonstrations
3.5.1. Soft variable buoyancy system

A soft variable buoyancy system (VBS) that resembles a cylindrical accordion-like
structure was fabricated by pouring an uncured elastomer in a 3D-printed mold. The three-part
mold was 3D- printed with polylactic (PLA) as shown in figure 19(a). The soft structure was
fabricated using FX-Pro elastomer (Smooth-On, Inc.) due to its ease of fabrication and capability
of undergoing large deformations. Two parts of the uncured elastomer were mixed by hand and
subjected to vacuum to remove any air bubbles in the mixture. The three-part mold was
assembled after pouring in the uncured FX-Pro, which was then left to rest at room temperature
for the silicone rubber to cure. After removing the soft structure from the mold, two thin steel
sheets were used to seal the top and bottom openings of the structure as shown in figure 19(b).
The two sheets were sealed in place by applying more uncured FX-Pro at the interface. The
metal sheet allowed ultrasonic waves to propagate inside the structure with minimal attenuation.
During the sealing process, the hollow structure was partially filled with ethanol (~ 5 mL).

The fabricated structure was fixed above an ultrasonic transducer as shown in figure
19(c). A holder for the ultrasonic transducer was 3D-printed with a flexible Ninjaflex filament.
The transducer was bonded to the top of the holder using a small amount of uncured FX-Pro,
whereas the bottom of the holder was designed to attach weights for testing buoyancy control.
Figure 19(d) shows an image of the soft structure fabricated from the mold, and the final
assembly of the soft actuator is shown in figure 19(e).

Figure 20 shows the cross-section of the final structure. The ultrasonic transducer was
bonded to the bottom holder with an air gap underneath to maximize vibrations generated during
actuation. A function generator was connected to an amplifier, which excited the transducer
using a 2.66 MHz and ~ 320 V waveform. It should also be mentioned that coupling agent was

not required between the transducer and structure. The ultrasonic wave transmitted through
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Figure 19. (a) The illustration shows a 3D-printed mold to fabricate the soft actuator. (b) Two ends of the soft
structure were sealed with thin metal sheets to minimize attenuation of the ultrasonic wave. A small
amount of ethanol was injected into the structure for ultrasonic atomization. (c) The structure was
placed above the ultrasonic transducer to atomize the embedded ethanol. (d) The image shows the
soft structure fabricated from the mold. (e¢) The bottom holder with the ultrasonic transducer was
connected to the bottom of the soft structure.
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Figure 20. The cross-section of the final structure is illustrated. The ultrasonic transducer was placed
beneath the metal sheet. The transducer generated ultrasonic waves that propagated through
the metal sheet and atomized the embedded ethanol.
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water and the bottom metal layer, which atomized the embedded ethanol into small droplets.
The ethanol droplets evaporated and inflated the closed soft structure, which would decrease
density and increase buoyancy of the VBS.

The soft VBS was placed underwater with a metal weight fixed at the bottom of the
holder. The weight was heavy enough to hold the structure at the bottom of the container during
actuation. The initial setup is shown in figure 21(a), and figure 21(b) shows the structure after ~
100 s of actuation. Video was recorded throughout actuation, and the vertical displacement of
the soft structure was quantified through image processing. The displacement time history of
the test is plotted in figure 21(c). Displacement increased at a constant rate and reached a plateau
after ~ 100 s. The displacement decreased upon turning the transducer off after ~ 130 s. The
slope of the displacement decreased with respect to time and required more than 600 s to reach
its original state.

Additional tests were conducted to demonstrate repeatability of the soft actuation
through ultrasonic atomization. Actuation was repeated three times using the same conditions,
and displacement was again determined through image processing. The results of the three
actuation cycles are shown in figure 22, and the consistent change in displacement validates
reliable buoyancy control for VBS.

The increasing volume of the soft structure during atomization increased its buoyancy,
which showed that the method is suitable for VBS. The buoyancy force (F) of the structure was

determined using:

F = pgV (10)

where p is water density, g is gravitational acceleration, and V is the volume of the displaced

body of water. The overall setup was placed on a digital balance to measure its weight,
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(a) The picture shows the initial setup just prior to actuating the soft structure. A metal weight was
fixed to the bottom holder to analyze the vertical displacement of the structure underwater. (b)
Vertical displacement of the soft structure reached ~ 3.8 mm after propagating ultrasonic waves for
~ 100 s. (c) The plot shows the displacement of the soft structure over time. Displacement rapidly
decreased when the transducer was switched off after ~ 130 s.
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Figure 22. The plot shows the displacement time history corresponding to three cycles of actuation. The dotted
line shows the estimated displacement when the structure will start to float.

59



and the volume of the structure was determined by placing it in a beaker filled with water. The
increase in height of the water was used to measure the volume. The weight and volume of the
structure was ~ 20 g and ~ 20 mL, respectively. Next, the buoyancy force of the structure was
analyzed when a 10 g weight was attached to the bottom of the structure. The displacement
required for the structure and the 10 g weight to float is plotted as a dotted line in figure 22.

To demonstrate operations of the soft VBS, the structure was attached to a 10 g weight
and placed underneath water. Exciting the ultrasonic transducer atomized the embedded ethanol
and inflated the structure, resulting in buoyancy control. Figure 23(a) shows the initial setup,
and actuating the structure for ~ 35 s increased the buoyancy as shown in figure 23(b). Similar
to the previous experiments, video was recorded throughout testing, and the position of the VBS
was determined through image processing. The change in height over time is plotted in figure
23(c). The system started to float after ~ 20 s of actuation, which is in agreement with figure 22.
Upon reaching the threshold, the structure floated at ~ 80 mm from the bottom and reached the
surface after ~ 15 s. The ultrasonic transducer was turned off after ~ 50 s of actuation, and the
structure began to sink after ~ 10 s.

The last test was conducted to float the soft VBS to a targeted height and maintain its
position by controlling and modulating atomization. The target height was selected as ~ 60 mm
from the bottom, and the results are shown in figure 24. Similar to the previous test, the structure
started to float after ~ 20 s, and the ultrasonic transducer was turned off and on for ~ 1 to 2 s to
hold its position (or displacement). The structure was successfully maintained at the target
height for ~ 10 s. Then, the ultrasonic transducer was continuously actuated again for the VBS
to float to the surface. The results show that atomization is capable of controlling buoyancy of

the system.
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Figure 23. (a) The image shows the soft structure connected to a 10 g weight. (b) The structure started to float
after ~ 20 s and reached the surface after ~ 35 s. (c) The plot shows the vertical position during
actuation. The transducer was turned off after ~ 50 s.
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Figure 24. The excitation of the transducer was controlled to maintain the structure at a target height, which is
indicated by the dashed red line.

62



3.5.2. Soft gripper

The well-studied PneuNet structure was chosen to show that actuation through
ultrasonic atomization can demonstrate functionality without permanently installing the soft
structure in place or attaching tethered tubes. It was shown that bonding the backs of two
bending structures resulted in a structure that could achieve reversible back-and-forth motion.'®
Two of these structures were applied as fingers for the soft robotic gripper used in this study.
The assembly drawing of the gripper is shown in figure 25(a). The base of the gripper was 3D-
printed with a flexible Ninjaflex filament that had four indentations. Magnets were first placed
in the indentation so that the steel sheets at the base of the bending structures would be fixed in
place. If the transducers were placed directly above the magnets, the magnets pressed up against
the bottom surface of the transducer, which hindered its vibration. Therefore, 3D-printed PLA
rings were also placed in between the magnets and the transducers so that there was an air gap
beneath the transducers for vibration.

The overall structure of the finger was similar to PneuNets from other studies. An
illustration of the structure’s cross-section is shown in figure 25(b). Thin steel sheets were
installed on the side of the base chamber so that laying down the structure resulted in the sheets
being on the bottom. Since actuation induced by atomization involves liquid, the base of the
structure was designed accordingly. An additional layer of Dragon Skin was added to confine
the ethanol at the base, where the ultrasonic wave was applied. A small hole above the layer
allowed the evaporated ethanol to inflate the rest of the structure.

The fabricated gripper with two fingers is shown in figure 25(c). It should be mentioned
that the soft fingers were untethered from the base of the gripper and held in place with magnets.
Installing and detaching the fingers were as easy as simply placing them in place and removing
them from the transducers. This untethered setup also allowed replacing the fingers with soft

structures of different geometries to achieve various types of motions. Actuating the outer
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Figure 25. (a) The illustration shows the assembly of a soft robotic gripper. The base was 3D-printed with a
flexible material (Ninjaflex), which holds PLA rings that separated the magnets and the ultrasonic
transducers. The backs of two bending structures were bonded to achieve back-and-forth motion. (b)
The illustration shows the cross-section of the bending structure. A thin layer was included to contain
the liquid ethanol at the base. As the ethanol evaporates, gas flows over the layer and inflates the
overall structure. (c) The image shows that the soft fingers are actuated by simply placing them above

the ultrasonic transducers.
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transducers closed the fingers, whereas actuating the inner transducers spread them apart.

The images in figure 26 show the gripper lifting various objects. Each example was
selected to represent different types of objects that are generally difficult for rigid robotic
systems to handle (i.e., without damaging the target object). Figure 26(a) shows the image of
the gripper holding a very thin playing card. A cylindrical pen with a small contact area was
used in figure 26(b). The gripper was also capable of holding onto delicate objects such as a
strawberry in figure 26(c), as well as a brittle light bulb in figure 26(d). Overall, the results
presented in figure 26 successfully validated that ultrasonic atomization could be leveraged to

actuate and control soft robotic systems, such as a gripper.

3.6. Conclusions

In this chapter, soft actuation through ultrasonic atomization was analyzed using a numerical
model and comparing it with experimental results. These soft structures were partially filled with
ethanol, and an ultrasonic transducer propagated ultrasonic waves to atomize the embedded ethanol
into small droplets that then inflated the structure. First, it was found that ultrasonic-induced
atomization of the embedded ethanol ejected small droplets that enhanced the evaporation rate at
temperatures well below boiling. The fast evaporation of the small droplets expanded the structure,
which was enough to demonstrate different types of deformation. Their deformation could also be
controlled by adjusting input voltage and frequency used to excite the ultrasonic transducer. Second,
the contributions of atomization versus temperature-induced actuation to total deformation was
assessed using open-ended soft structures. By measuring the weight loss of ethanol over time and due
to atomization and heating separately, it was found that the displacements of both structures due to
atomization were ~ 10 times greater than displacements induced by evaporation. It was found from
experimental tests that the droplets initially evaporated at a slow rate, but the rate rapidly increased

with increasing temperature. Furthermore, atomizing ethanol into small droplets demonstrated a much
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Figure 26. The images show demonstrations of the gripper holding various objects, namely, (a) a playing card,
(b) pen, (c) strawberry, and (d) light bulb.
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3.7.

higher evaporation rate as compared to heating the bulk liquid. Overall, the volume change during
evaporation was significant enough to actuate the bending structure. In addition to the experiments,
COMSOL was used to simulate the inflation of the bending structure and to characterize actuation
through atomization. The analysis showed that there is room for improvement by providing additional
heat. Finally, soft robotic VBS and grippers were fabricated and were successfully validated for

functional applications.
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Chapter 4. Actuation through Vibrating Mesh Atomization

4.1. Introduction

This chapter is a continued study from chapter 3, with the aim of improving its performance.
While low vapor pressure at a certain temperature considers the equilibrium condition, the time it takes
to approach that equilibrium is also critical. The amount of liquid is important when considering this
phase transformation kinetics, since the required heat is generally proportional to the mass. This is
another reason why a very small amount of liquid is generally embedded when a heater is used to boil
the liquid. The method used in chapter 3 bypassed this issue by dispersing the liquid into small droplets
through ultrasonic atomization.'™ Very strong ultrasonic waves were applied from the exterior, which
propagated through the wall and atomized the embedded liquid. During this process, a small amount of
heat was generated at the interface between the wall of the structure and the ultrasonic transducer. The
total surface area of the small droplets was large enough to vaporize the liquid even when below the
boiling temperature (i.e., through evaporation). However, this method required applied voltages that
were as high as 320 V, and the speed of actuation was still much slower than a conventional pneumatic
pump.

Therefore, the objective of this chapter is to implement a completely different type of
atomization method for improving the performance of actuation through vaporization. Vibrating mesh
atomization was employed to drastically lower the required power for atomization. In order to increase
vaporization rate, a separate heater with a large surface area was installed above the atomizer. Upon
powering the system, the atomizer dispersed small droplets into the air, which vaporized as they passed
through the heater. The entire system was enclosed inside a soft elastomer to demonstrate actuation
during the vaporization process. This study addresses four limitations of actuation through vaporization.
First, the system utilizes evaporation, which does not necessitate high temperatures. This is critical,
since most heating elements usually require very high current to heat the system to boiling. Second,

much faster actuation speed can be attained by vaporizing small droplets as compared to heating bulk
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4.2.

liquid. Third, actuation speed is independent of how much liquid is stored inside the system. This allows
one to maintain actuation speed and simply exhaust the vapor for rapid actuation reversal. Fourth, the
setup of the system enables actuation regardless of how much the structure is tilted. This is important

since methods that boil bulk liquid only work when the liquid is in the vicinity of the heater.

Atomization methods

Several methods have been developed to atomize liquid into small droplets. These techniques
are implemented in various fields and applications. Pressure atomization generates droplets by
discharging liquid through a small orifice.'® If the pressure drop is sufficiently high, the jet of liquid
disintegrates into small droplets. This method is widely used in internal combustion engines,'* where
the large surface area of the droplets provides rapid reaction during combustion. Ultrasonic atomization
used in chapter 3 is another technique that generates droplets by applying strong ultrasonic waves onto
a layer of liquid.”* Beyond a certain threshold, the surface of the liquid becomes unstable and disperses
small droplets into the air. In the medical field, ultrasonic atomization is implemented in nebulizers for
delivering the precise amounts of drugs to the lungs.'"” Last, vibrating mesh atomization utilizes a mesh
to reduce the required power for achieving atomization. Instead of subjecting the liquid itself to
ultrasonic waves, this method places a mesh on the surface of the liquid. When this mesh vibrates, the
liquid is separated into small droplets as it escapes the small holes of the mesh.'® In general, this mesh
is bonded at the center of a piezoelectric ring to generate such vibrations. Most applications for these
atomizers take advantage of the large surface area of the droplets (e.g., faster vaporization). In this
chapter, the vibrating mesh atomizer was used for dispersing droplets into the chamber of a soft

elastomer and for their low power consumption.
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4.3. Rapid actuation through droplet evaporation
4.3.1. Fabrication

The setup of the system comprises an atomizer and a heater, which is illustrated in figure
27. The piezoelectric ring with the metal mesh was fixed in place above a piece of cotton. The
purpose of the cotton is to absorb liquid so that the bottom of the mesh is always in contact with
the liquid. When the ring vibrates, liquid stored in the moist cotton escapes through the mesh,
and small droplets are dispersed into the chamber. Considering that the vapor pressure of ethanol
is already in equilibrium in the sealed system, a separate heater is required to evaporate the
droplets. To provide the driving force for evaporation, a heater was installed above the atomizer.
The heater’s cross-section and surface area was designed to maximize exposure of the ejected
liquid droplets to heat. Both the heater and the atomizer were powered simultaneously during
actuation. When actuation was tested with a single flat heater, the actuation speed was
considerably slower. The heater consisted of interwoven nichrome wires that were sealed
between two heat resistant silicone tapes.

The actuator setup was then sealed inside a soft elastomer to inflate the system upon
vaporization. The molds for the bottom chamber and the bellows structure were 3D-printed with
polylactic acid (PLA). Uncured Dragon Skin FX-Pro was poured into the mold to fabricate the
stretchable structures. A tube was connected to the side of the structure to inject liquid into the
system initially, as well as for exhausting the vapor after actuation. Since most elastomers have
considerable permeability,’* completely sealing the structure requires periodic injections of the
liquid with a syringe. Connecting a tube provided a much easier method to fill the liquid for
continued use. Here, 3 mL of ethanol was used as the phase-changing liquid due to its low
boiling temperature and chemical inertness.

The image of the 3D-printed holder and the piezoelectric ring is shown in figure 28(a).

The diameter of the disc was ~ 15 mm, and the inset shows the image of the mesh. The holes
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~33 mm

Heater

PZT ring
Cotton

Ethanol

Figure 27. The schematic shows the setup of the actuator. The vibrating mesh was bonded to the center of the
piezoelectric ring. The ring was fixed in place above a piece of cotton to supply liquid to the bottom
of the mesh. Small droplets were dispersed into the air when the mesh was vibrated. These droplets
evaporated as they passed through the heater. The cross-section of the heater was designed to maximize
the surface area.

71



/\7
|
=

L P e e i ] e i |

JES ]
.
f
i

Figure 28. (a) A 3D-printed support fixed the cotton and the piezoelectric ring in place. The inset shows a
magnified view of the mesh. (b) The heater was fabricated over the atomizer to evaporate the droplets.
(c) One section of the wall was fabricated with a transparent material to visualize the atomization
process. The cotton was spread out to cover the walls, which absorbed the liquid and supplied ethanol
to the mesh atomizer. (d) Due to the cotton, the atomizer continued to function even when the system
was tilted. (e) A bellows structure was bonded to the top of the chamber. The distance between the
gridlines was 5 mm. (f) The displacement of the top layer reached ~ 13 mm after 8 s of actuation.
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4.3.2.

were in the shape of a cone with a bottom diameter (reservoir side) of ~ 60 pm and top diameter
(dispersing side) of ~ 10 um. The generated droplets were expected to be in the similar

109112 and these droplets were reported to evaporate almost immediately as

micrometer scale,
compared to the actuation time.''*!'* The atomizer, which was capable of atomizing ~ 11 mg/s
in an open system, was then installed inside of a hollow cuboid chamber. One side of the cuboid
wall was fabricated with transparent polydimethylsiloxane (PDMS) to visualize the atomization
process. The cotton under the mesh was wide enough to cover the walls of the inner chamber.
The atomization circuit was powered with 5 V, and the piezoelectric ring was excited with a
frequency of ~ 110 kHz. The power consumption of the atomizer was ~ 2 W. Figure 28(c) shows
the atomizer dispersing ethanol into small droplets. The wide area of cotton was capable of

absorbing ethanol even when the system was rotated. Consistent atomization is shown in figure

28(d), where the system was tilted to one side.

Actuation performance

The final structure was placed in front of a grid with gridlines separated by 5 mm, as
shown in figure 28(e). The atomizer and the heater were powered simultaneously, where the
atomizer was powered with ~ 2 W, and 8 V was applied to the heater. The power that was
consumed by the heater was ~ 15 W (i.e., current was ~ 1.8 A). The structure started to inflate
immediately, and the displacement of the top layer reached ~ 13 mm (strain of ~ 40 %) after 8
s. The inflated structure after actuation is shown in figure 28(f). Video was recorded throughout
the actuation process, and the displacement was periodically measured using image processing.
The displacement time history is plotted in figure 29(a). Three different voltage conditions (4,
6, and 8 V) were applied to the heater to characterize actuation performance, and these tests
were repeated five times to obtain statistically representative results. For all three conditions,

figure 29(a) shows that the instantaneous displacement (i.e., slope at any given time) stared to
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Figure 29. (a) The displacement of the top layer was measured for 8 s when the heater was powered by 4, 6, and
8 V. (b) A load cell was placed above the structure to measure blocking stress. The temperature of the
heater was also measured using an embedded thermocouple. Each condition was tested five times to
show the averages and corresponding error bars.
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decrease with continued actuation, since more force was required to deform the hyperelastic
bellows structure. Blocking stress was also measured by fixing a load cell above the bellows
structure, thus fixing the displacement at its initial position throughout actuation. The dotted
plots in figure 29(b) show the blocking stress for the same voltage conditions, which were also
tested five times to calculate the average. The blocking stress reached ~ 1,000 Pa after applying
8 V to the heater for 8 s. Unlike the displacement time histories, the instantaneous slopes in
figure 29(b) continued to increase, as blocking stress was not affected by the deformed structure.
Thus, blocking stress was a better comparison with the temperature increase of the heater. To
make such a comparison, temperature change was measured by installing a thermocouple inside
the heater. The increasing trend of temperature agreed with the increase in blocking stress. It is
worth pointing out that the maximum temperature throughout the test was only ~ 34 °C, which
is well below the boiling temperature of ethanol (78 °C). However, applying 8 V to the heater
without atomization increased the temperature to ~ 100 °C after 8 s. When the heater was turned
on together with the atomizer, the temperature rise was much lower, since the droplets absorbed
most of the heat during vaporization.

In order to demonstrate the effects of atomization, a similar test was conducted by
submerging the heater under the same amount of ethanol (3 mL). Even after operating the heater
with 8 V for 8 s, no change in displacement was observed. Compared to other studies that heat
the system beyond the boiling point, implementing atomization provides significant benefits by
drastically enhancing actuation speed with significantly less input power. Two parameters can
be adjusted to further increase blocking stress. Since stress is directly affected by temperature,
simply powering the heater for a longer time or applying higher current will result in higher
blocking stress. As mentioned earlier, it was observed that the surface area of the heater highly
affects vaporization rate as well. Designing a heater that increases the surface area is also

expected to increase blocking stress.
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When comparing this work with other methods, the displacement plot in figure 29(a) is
not a suitable reference. Thus, the displacement was converted to the amount of gas that was
generated during actuation, which was also shown in chapter 3. A finite element model (FEM)
was used to correlate displacements with volume. The bellows structure was modeled as a
hyperelastic structure, and the Neo-Hookean parameter was obtained from tensile testing. Then
the structure was inflated through the ideal gas model using equation (9). The bellows structure
was predominantly discretized with tetrahedron elements, while the bottom layer was fixed in
place. The number of elements were ~ 17,000, and the displacement of the top layer was
analyzed while increasing gas volume inside the bellows structure. The simulation was used to
convert displacement to the corresponding change in volume.

The results of the change in volume are plotted in figure 30. To provide a better
comparison, the total consumed power is indicated instead of voltage. The applied power of 6,
11, and 17 W corresponds to inputs of 4, 6, and 8 V, respectively. For all three conditions, 2 W
was consumed by the atomizer, while the rest was applied to the heater. When 8 V was applied
to the heater, vapor was generated at a rate of ~ 2 cm’/s. It is worth mentioning again that heating
the bulk liquid with the same heater showed no change in volume. The results from actuation
through ultrasonic atomization in chapter 3 are also plotted for comparison. Not only did
ultrasonic atomization required higher power (~ 23 W), but its vaporization rate was also
significantly lower. In addition, the results were compared with a commercial pneumatic pump.
The same structure was connected to a pump with a power consumption of 5 W. The structure
was inflated using the pump for 8 s, and displacement was converted into change in volume
using results from the FEM. This test was also repeated five times to obtain the average. The
analysis showed that the amount of injected gas inside the structure was similar to applying 17
W of power to vaporize ethanol through mesh atomization. Although the technique introduced

in this study consumes more power, the result shows promising potential for liquid vaporization
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Figure 30. The displacement results were converted to the amount of generated gas. The power consumption of
the atomizer and the heater was included in the total electrical work. The results are compared with
ultrasonic atomization and a commercial pneumatic pump.
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4.3.3.

to demonstrate comparable performance as when pneumatic pumps are used. Overall, the
developed method drastically improved actuation performance (as compared to simple boiling)
by adding a vibrating mesh (~ 0.9 g) and a circuit (~ 7.2 g) to control atomization. These
additional components are much smaller and lighter versus traditional pneumatic pumps (~ 100

g), which make them suitable for use in untethered and portable soft robotic systems.

Cyclic actuation

The repeatability of actuation through mesh atomization was studied by inflating the
structure and exhausting the vapor through a valve. While any type of valve can be implemented,
Arduino was used to control a small solenoid valve in this study. One of the benefits of
vaporizing liquid through mesh atomization is that it enhances the vaporization rate regardless
of how much liquid is stored in the system. This sufficient reservoir of ethanol allows the
implementation of valves for the reversing process. The total number of actuation cycles for a
fixed amount of embedded fluid can be estimated by assuming the ideal gas condition. The
ethanol molar mass of 46.07 g/mol, density of 789 kg/m’, and molar volume of 22.4 L were
used to calculate the number of possible actuations when the change in volume during actuation
was ~ 9.4 cm’. It was estimated that 3 mL of ethanol was capable of actuating the structure ~
120 times.

The actual experiment was conducted by applying 7 V to the heater during ~ 10 s of
actuation, followed by exhausting the vapor through the solenoid valve. The next actuation was
performed after 15 s for allowing time for the system to cool. The repeatability of actuation is
plotted in figure 31. The minimum and maximum temperature during cyclic actuation testing is
also overlaid as an area plot. The inset shows a zoomed-in portion of the time history response
to better visualize its displacement and temperature response. The maximum displacement

slowly increased, since temperature did not reach the initial value after each cycle. Although
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Figure 31. The structure filled with 3 mL of ethanol was repeatedly actuated for 10 s and then deflated. The
next actuation was performed after 15 s to allow time for cooling in between actuations. The line
plot show the displacement results, while the measured temperature range is shown by the area plot.
The inset shows an enlarged view of system response during actuation and cooling. The displacement
started to decrease after ~ 50 actuation cycles.
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3 mL of ethanol was estimated to actuate the structure for ~ 120 times, the maximum
displacement started to decrease after ~ 50 times. The most critical reason for this large
discrepancy was because the chamber was completely filled with droplets during actuation.
When opening the valve, a small portion of these droplets also escaped in addition to evaporated
ethanol gas. Furthermore, the fact that the chamber was filled with the droplets also indicated
that the atomizer was generating more droplets than the heater could evaporate. Thus, reducing
the atomization rate is expected to minimize the escaping droplets and increase the number of
consistent actuation cycles. The decreasing maximum displacement after ~ 50 cycles also
indicates that a certain amount of ethanol is required for the liquid to be fully in contact with the
vibrating mesh and for it to atomize properly. Atomization rate rapidly decreases when the
remaining ethanol was less than this required amount. This can also be observed from the
temperature increase after ~ 50 cycles of actuation due to less heat absorbed during phase
transformation. Nevertheless, the current test setup was capable of actuating the structure for ~

50 times using only 3 mL of ethanol.

4.4. Effect of atomization rate
4.4.1. Experimental setup

The mesh atomizer consisted of a piezoelectric ring and a metal mesh at the center.

Similar to most vibrating mesh atomizers, the mesh consisted of conical holes that had a

diameter of ~ 80 um at the bottom and ~ 10 um at the top. The setup to measure the atomization

rate is shown in figure 32(a). The alternating current (AC) voltage that controls the mesh

atomizer was produced by a Keysight 33210A function generator, which was amplified with an

Electronics & Innovation 500S06 amplifier to power the piezoelectric ring. The atomizer was

placed on the surface of the water inside a plastic petri dish. This petri dish was placed above a

Mettler Toledo ME204E scale to measure weight loss. The weight loss was plotted over time,

and the linear slope was measured to quantify the atomization rate.
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Figure 32. (a) The schematic shows the setup for measuring the atomization rate. A function generator was
connected to an amplifier, which powered the atomizer. (b) The size of the droplets on the heater
surface was measured with an optical microscope. The droplets were sprayed at an angle for the
camera to record. (c) The image shows the cross-section of the actuator. The atomizer was fixed in
place above the cotton wick, which absorbed the embedded water. The droplets were ejected to the
heater, and the vapor inflated the structure.
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In order to study the evaporation process, the sizes of the droplets were measured at the
heater surface, and the setup is shown in figure 32(b). The heater consisted of nichrome wires
that generated heat when current was applied. In this work, 3 V was applied to the heater using
an Agilent E3642A, which was equivalent to ~ 0.34 A of current. A strip of 3M copper tape of
high thermal conductivity was applied to the surface of the heater to better visualize the droplets.
The atomizer was positioned so that it sprayed droplets to the heater at an angle. The droplets
were collected at the heater surface, and their size was measured with an optical microscope.
The sizes of the droplets were measured by calculating the average of the longest diameter of ~
50 droplets. The temperature change at the surface was also measured with an Omega
thermocouple throughout the test.

Actuation performance was measured by sealing the atomizer and heater inside a soft
silicone elastomer, which was similar to previous experiments. The setup is shown in figure
32(c), where the atomizer was fixed in place above a cotton wick. After sealing the structure, 1
mL of water was injected into the chamber. The wick absorbed the embedded water so that the
mesh can atomize the liquid. A flat compact heater was installed above the atomizer to evaporate
the droplets. Although heater designs with complex cross-sections are expected to improve the
evaporation process, a simple flat heater was used in this study to simplify the conditions. These
components were sealed with Dragon Skin FX-Pro to achieve inflation during vaporization. The
uncured elastomer was poured into 3D-printed molds to form the shapes. The side walls were ~
6 mm thick, whereas the top layer was ~ 0.5 mm thick. The difference in thickness concentrated
the deformation to the top layer, which was measured during testing. A video was recorded

throughout the test, and image processing was used to calculate the displacement.

4.4.2. FE model

The detailed dimension of the atomizer is shown in figure 33(a). The piezoelectric ring
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Figure 33. (a) The schematic shows the dimension of the atomizer. (b) The image shows how the atomizer was
modeled in ANSYS. The voltage was applied to the top and bottom layers of the piezoelectric ring.
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had an outer diameter of 16 mm and an inner diameter of 8 mm. The thickness of the ring was
0.63 mm, and the thickness of the metal mesh was 50 um. The holes of the mesh were within
1.8 mm from the center of the disc. The mesh had 551 number of conical holes with ~ 80 um
on the bottom and ~ 10 um on the top. Figure 33(b) shows the FEM in ANSYS. A quarter of the
atomizer was modeled with x and y-axis symmetry. The displacement of the bottom edge was
fixed in the y-direction, and voltage was applied to the top and bottom layers of the piezoelectric
ring. The quarter of the piezoelectric ring was mapped using 675 number of SOLIDS5 hexahedral
elements of eight nodes per element, and the stainless-steel disc consisted of 70341 number of
SOLID186 tetrahedral elements of eight nodes per element with quadratic displacement.

The linear constitutive relations that define the coupling between mechanical stress,

mechanical strain, electric field, and electric displacement are given as''>:

o= [CE]l-e—e] E (11)

D=[e]"-e+[¢]E (12)

where o is stress tensor, D is electric displacement vector, ¢ is strain tensor, E is electric field,
[CF] is elastic constant at constant electric field, [e] is piezoelectric stress coefficients, T is
transpose of e, and [¢*] is dielectric tensor at constant mechanic strain. The mechanical and

electrical balance of the system can be defined using the following equations:

pu=V-o (13)

V-D=0 (14)

A frequency sweep of voltage was applied to the piezoelectric ring to analyze the

vibration modes. The displacement at the center of the metal mesh was recorded to visualize the
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results. Vibration modes of frequencies showing displacement peaks were also obtained. The
parameters for the piezoelectric ring and stainless steel were obtained from parameters reported
in other literatures.''®!''” A density of 7980 kg/m’, Young’s modulus of 186.8 GPa, and
Poisson’s ratio of 0.31 were used for the stainless steel. A density of 7500 kg/m® and Poisson’s
ratio of 0.32 were used for the piezoelectric ring. Detailed information on dielectric constant,

piezoelectric constant, and elastic constant can be found in a previous literature.'"®

4.4.3. Vibration modes

Figure 34 shows the FEM result of a wide frequency sweep when 20 V of AC voltage
was applied to the PZT ring. The displacement at the center of the disc was measured to represent
the modes. The result shows several resonant frequencies from 0 to 150 kHz, where 110 kHz
and 141 kHz showed the highest peaks. The max displacement at 110 kHz reached ~ 6 um,
while 141 kHz reached ~ 4.2 um. The vibration modes of the two peaks are also shown in figure
34. At 110 kHz, the displacement was focused near the center of the disc. On the other hand,
displacement at 141 kHz was relatively distributed evenly throughout the mesh. In addition, the
piezoelectric ring also showed a small amount of displacement. The shapes of the cross-section
are also expected to affect the atomization rate, since holes are concentrated near the center of
the disc. Higher displacement at the center will facilitate higher atomization rate.'” The next
two highest peaks were at much lower frequencies between 20 and 30 kHz. However, the actual
experiment did not show any atomization at these frequencies. Therefore, the experiments

performed hereafter were focused on the frequency range between 100 and 150 kHz.

4.4.4. Displacement and atomization rate

The atomization rate was quantified by measuring weight loss during atomization, and
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Figure 34. The displacement at the center of the mesh was measured through FEM during a frequency sweep.
The vibration modes of the two largest peaks are also shown.
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the results are shown in figure 35(a). The atomization rate was measured at 2 kHz intervals from
100 kHz to 150 kHz. The voltage applied to the atomizer was 80 V. Any frequencies without
data points did not show any visible atomization. For comparison, an FEM result similar to
figure 34 is also shown when 80 V was applied to the piezoelectric ring. The highest
displacements at 110 kHz and 140 kHz were ~ 23 um and ~ 13 um, respectively. Similar to the
FEM result, the atomization rate demonstrated two peaks at 110 kHz and 141 kHz. The
atomization rate at 110 kHz was ~ 400 mg/min, whereas at 141 kHz, it was ~ 250 mg/min.
Although the frequencies of the maximum peaks were in good agreement with the FEM results,
the shape of the spectra distribution showed some discrepancies. These small differences were
expected as the actual atomizer used epoxy to bond the piezoelectric ring to the metal mesh. In
addition, the wires that were soldered to the ring also affected its vibration behavior.

The effect of voltage was studied at a frequency of 110 kHz, since it showed the largest
amount of displacement and atomization rate. The displacement at voltages of 5, 10, 20, 40, 60,
and 80 V were obtained through FEM. The trend was fairly linear, and the displacement at 80
V was the same as the result in figure 35(b). The atomization rate also decreased in a linear trend
with decreasing voltage. However, the linear fit of the experimental result showed that a
minimum of ~ 18 V was required for atomization. The results from figure 35 show that the FEM
can be used to determine the optimal frequency of the atomizer, while increasing the driving

voltage will linearly increase atomization rate.

Droplet analysis

The droplet size on the heater surface was studied in this section to analyze the effect
of atomization rate on evaporation. The voltage applied to the atomizer varied from 40 to 80 V,
and it was powered simultaneously with the heater. Figure 36 shows images of the droplets when

atomizing water using 80 V. At this highest voltage, the growth of droplets was higher than the
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Figure 35. (a) The displacement of the center of the disc obtained from FEM is plotted together with the
experimentally measured atomization rate. A voltage of 80 V was used for both results. (b) The plot
shows displacement at the center of the disc at different frequencies. The results are compared with
the atomization rate.
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Figure 36. The images show the droplets at the heater surface when the atomizer was powered with 80 V. Power
of ~ 1 W was applied to the heater. The droplets quickly started to grow over time.
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evaporation rate. As a result, the size of the droplets continued to grow over time. The size
started at ~ 70 um at 5 s and quickly grew to ~ 400 um after 30 s. Table 1 shows the average
and standard deviation of the droplet sizes measured throughout the test. The results are better
visualized in figure 37(a). At 40 V, the size of the droplets initially started to grow but decreased
after ~ 10 s. The droplet size at this lowest voltage remained less than 100 um throughout the
test. At 44 V, the size tended to plateau after ~ 20 s, and the size increased continuously at 48 V
or higher.

The temperature of the heater was also measured during the tests, and the results are
shown in figure 37(b). The test conducted with 40 V showed the largest temperature increase
over time and eventually reached ~ 2.7 °C. Considering that the boiling temperature of water is
100 °C, this very small increase in temperature was enough to evaporate the small droplets. The
lowest atomization rate showed the slowest growth rate of the droplets, and the size started to
decrease as temperature continued to rise. Experiments at higher atomization rates showed
different trends when the droplet growth rate was larger than the evaporation rate. The surface
area of the droplets starts to decrease with increasing droplet size, which significantly slows
down the evaporation rate at the liquid surface. As a result of heating large droplets, the highest
atomization rate at 80 V showed the lowest temperature increase after 30 s. These results show
that evaporation rate converges to a maximum at a certain atomization rate. When higher voltage
is applied to the heater, the optimal voltage to power the atomizer is expected to increase.
Although this test was conducted in an open system, the buildup of droplets on the surface of

the heater is expected to be present even in a closed system.

4.4.6. Effect on actuation

Figure 38(a) shows the fabricated structure placed in front of a grid with grid spacings
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Table 1. Droplet size on the heater surface was measured over time during atomization.

Timey 5s 10s 15s 20s 25s 30s
Voltage Aver. (um)| Std. (um) | Aver. | Std. | Aver. Std. | Aver. Std. | Aver. | Std. | Aver. | Std.
40V 77.1 | 144 | 95.7 | 21.8 | 94.8 | 26.0 | 93.9 | 23.0 | 745 | 203 | 67.7 | 134
44 v 67.7 | 13.4 | 94.8 | 18.2 | 114.7 | 29.8 | 123.3| 36.7 | 102.0 | 15.1 | 113.0| 19.7
48V 66.5 | 15.0 | 89.0 | 21.3 |105.2 | 18.2 | 112.7 | 26.6 | 1249 | 195 | 126.1 | 414
52V 76.0 | 14.0 | 102.8 | 15.9 | 1144 | 32.0 | 139.0| 44.4 | 150.3 | 41.1 | 164.7 | 43.2
56V 86.2 | 20.5 | 1249 | 32.6 |127.1| 449 | 159.4| 549 | 190.3 | 91.1 | 220.8 | 50.3
60V 71.1 | 13.0 | 111.6 | 383 | 1429 | 513 | 205.9| 91.8 | 248.9 | 84.6 | 322.3 | 111.3
80V 73.8 | 15.6 | 1479 | 58.1 | 263.8 | 100.7 | 311.7 | 119.5 | 364.1 | 104.4 | 402.4 | 117.9
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Figure 37. (a) The sizes of the droplets were measured over time. The voltage that powered the atomizer varied
from 40 to 80 V. (b) The temperature of the heater was also measured throughout the test.
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(b)

Figure 38. (a) The fabricated structure is placed in front of a grid with lines separated by 5 mm. (b) The image
shows the inflated structure after 30 s of actuation.
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of 5 mm. Voltages from 40 V to 100 V were applied to the atomizer at 10 V intervals, and 3 V
applied to the heater resulted in 0.6 A of current. The structure after 30 s of actuation is shown
in figure 38(b). Similar to the droplet size test in section 4.4.5., the heater and atomizer were
powered simultaneously. The deformation of the cuboid structure was concentrated on the top
layer due to its thinness. Inflation was recorded with a video camera, and image processing was
used to determine the maximum displacement at the center. Since the method used water instead
of ethanol, which was used in previous chapters, the rate of inflation was visibly slower.
Nevertheless, the measured displacements provide information on how atomization rate affects
actuation.

In order to represent the actuation performance, the displacement of the top layer after
30 s of actuation is plotted in figure 39. It was expected that the compact heater with higher
power consumption used in the actuator reached higher temperatures in the closed system. The
displacement increased linearly up to 80 V, which showed a maximum displacement of ~ 2.4
mm. The displacement started to decrease beyond this point, which reached ~ 1.8 mm at 100 V.
The illustration above the plot represents the condition explained in the previous section. At
lower atomization rates, the growth of droplets on the heater surface was lower than the
evaporation rate. However, these droplets are expected to grow larger after a certain threshold.
Continued increase in atomization rate will form larger droplets at the heater surface, which
decreases the evaporation rate due to lower surface area. Eventually, evaporation is expected to
significantly decrease when a thin liquid layer is formed on the heater surface, preventing the
atomized droplets to come in contact with the heater. In the system presented in this work, ~ 80

V appeared to be the optimal voltage that maximized the evaporation process.
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Figure 39. The displacement of the top layer after 30 s of actuation is shown in the plot. Higher voltage applied
to the atomizer resulted in higher atomization rate. The large growth of the droplets at the heater
surface slowed down the actuation speed.
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4.5. Portable bistable gripper demonstration

Compliant mechanisms are widely used to convert the direction of movement,''®

amplify or
reduce the degree of stress and strain,''’ and perform rapid movements through buckling.® Since
cooling takes much longer than actuation for methods involving phase change, a bistable structure with
a built-in snap-through buckling mechanism was utilized to achieve consistent movement speed. In
addition, the bistable buckling mechanism can be used to maintain displacement without the need to
consistently power the actuator. The schematic of the bistable gripper is shown in figure 40(a). The
bistable finger was 3D-printed with thermoplastic polyurethane (TPU), and the stiff outer structure was
3D-printed with PLA. Two inflating structures were fixed in place to activate the buckling of the finger.
Valves were not implemented for this demonstration, since buckling provides fast and consistent speed
during the back-and-forth movements.

The amount of load that is required to activate buckling and bistable response was analyzed for
characterizing the actuation process. Figure 40(b) shows a simplified drawing of the buckling structure,
where the length between points A and B (d5) is the same as the length between points A and C (d.c).

The required force at point A is expected to vary throughout the deformation process. The force that

spreads points B and C (Fjc) can be expressed as follows:

_FsinH
BC ™ 2 cos

(15)

where F is the vertical force applied at point A, and @ is half of the angle ZBAC. Since the required
Fpc increases as the distance between B and C (dpc) increases, Fpe can be expressed as a function of

Adpc. When the change in dpc is small, the relationship can be assumed to be linear.

FBC =FX AdBC (16)
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Figure 40. (a) A bistable gripper was fabricated by 3D-printing. Two inflating structures were installed to
achieve cyclic motion. (b) The illustration shows the cross-section of the bistable structure.
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where E is a proportionality constant or an equivalent stiffness of the system. This relationship was
measured by spreading points B and C with a universal tensile machine (UTM), and the measured value

for £ was 2.91 N/mm. Here, Ady-can be expressed as follows from figure 40(b).
AdBC = 2dAB (Sin 9 — sin 00) (17)

Where 90 iS the lnltlal angle. Combining equations (2), (3), and (4) results in the fOllOWing equation.
COS 9 ( . ) ) |

l —4Ed -~ Sln9—51n9 8

AB 1 6 0 ( )

The initial angle (8,) was 74°, and d,z was 26 mm for the fabricated gripper. The predicted F' was

compared with experimental results to analyze the actuation process.

The image of the fabricated gripper is shown in figure 41. The portable system consisted of
two lithium polymer (LiPo) batteries, a 9 V battery, a circuit for the atomizer, and a double-pole double-
throw (DPDT) toggle switch. The two LiPo batteries were connected in series, and the output voltage
was ~ 8 V when fully charged. These LiPo batteries were used to power the heater, and the 9 V battery
was used to power the atomizer. Actuating the two inflating structures in sequence demonstrated the
cyclic motion of the bistable structure. Similar to the displacement measurements conducted earlier,
video was recorded, and image processing was used to determine the distance between the two
fingertips.

Before actuating the structure, the UTM was used to buckle the finger by vertically pressing
down at point A. The dotted plot in figure 42(a) shows the experimental results, and the plot is compared
with the analytical prediction. The two results were in fairly good agreement. The required load

increased and reached a maximum value of ~1.2 N when displacement was ~3 mm. After reaching the
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Figure 41. The entire system of the bistable gripper included two lithium polymer batteries, a 9 V battery, a
circuit board, and a double-pole double-throw toggle switch. Flipping the switch actuated the two
inflating structures and moved the finger.
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Figure 42. (a) A universal tensile machine was used to measure the load required to activate the bi-stable
structure. (b) The distance between the two fingertips is plotted with respect to time. (c)
Corresponding images of the fingertips are shown for each stage of loading.
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4.6.

maximum point, load started to decrease until the finger buckled after ~7 mm of vertical displacement.
The first region with increasing load was labeled as I, and the second region with decreasing load was
labeled as II. It can be predicted that the finger will move much faster once it reaches region II since
the required load decreases.

The distance between the two fingertips during actuation is plotted in figure 42(b). When the
upper actuator was turned on (at 0 s), the fingertip started to move slowly (region I). Its speed continued
to increase, and the fingertip moved much faster as it reached region II. It was clearly observed that
region I took much longer than region II, and this can be explained by the reducing load requirement
in region II. Once the fingertip reached the critical buckling point, the finger snapped through and
moved to the other end. By implementing the proposed actuator, the finger was actuated within 10 s of
actuation, while boiling is expected to take several minutes. After the first actuation at ~8 s, the system
was turned off for a short amount of time. Actuating the lower inflatable structure at ~14 s showed a
similar result and returned the fingertip to its original position. Figure 42(c) shows the images of the
fingertips for each region. It is worth pointing out that the final distance was slightly smaller than the
initial distance. This is because the first upper inflatable structure did not fully cool down after the
second actuation sequence. Nonetheless, the two actuation speeds were quite consistent, which shows
the potential of implementing bistable structures to overcome the dissimilar speeds between heating

and cooling the system when actuated by vaporization.

Conclusions

This chapter introduces the very first implementation of vibrating mesh atomization in soft
actuation systems. This novel method of rapidly vaporizing liquid inside a soft elastomer is promising
for replacing pneumatic pumps. The small actuator consisted of a metal mesh, piezoelectric ring, piece
of cotton, and heater. The purpose of the cotton was to absorb the embedded liquid and allow the mesh
to be in contact with the liquid regardless of the actuator’s physical orientation. When the piezoelectric

ring vibrated the metal mesh, liquid was dispersed into small droplets. The heater was designed to
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maximize surface area, which directly affected vaporization rate. Overall, the proposed method
provides several advantages with respect to conventional actuation methods (i.e., boiling bulk liquid
for actuation) in several aspects. First, dispersing the liquid into droplets opens the possibility of
implementing evaporation instead of boiling. The results showed that considerable actuation was
achieved even at temperatures well below boiling. Second, the vaporization rate of the proposed method
was much higher compared with using the same heater for boiling the same amount of liquid. Third,
actuation through vibrating mesh atomization could maintain a high vaporization rate even when a large
amount of liquid is stored in the system. This allowed utilizing valves to simply exhaust the vapor rather
than slowly cooling the system when trying to reverse the actuator’s motions. Fourth, actuation was
still functional even when the system was tilted. This was also an improvement compared with boiling
bulk liquid with a heating element since the liquid would no longer be required to be in contact with
the heater in this case. In addition, although the required power of the introduced method was ~ 3 times
higher than a commercial pneumatic pump, the gas generation rate was almost similar. This is a great
improvement because a small piezoelectric ring and a heater can potentially replace heavy and bulky
pumps. In addition, the effect of atomization rate on droplet growth at the heater surface was studied to
maximize the performance of the system. First, FEM was used to analyze the vibration modes of the
atomizer. The simulation successfully predicted the resonant frequency of the system, which was
chosen as the driving frequency for the piezoelectric ring. Increasing the voltage in the FEM showed a
linear increase in displacement at the center of the disc. Although the experimental atomization rate
showed a threshold, it also demonstrated a linear increase with increasing voltage. Second, the droplet
growth was measured on the heater surface during atomization. At lower voltages, the size of the
droplets eventually started to decrease over time. This is due to the constant heat generated by the heater,
which steadily increased temperature. When the atomizer was powered with higher voltages, however,
the droplets steadily started to grow on the heater surface over time. These results show that simply
maximizing the atomization rate will impede the evaporation process. This effect was demonstrated by

measuring the displacement of a soft actuator. The displacement of the system increased with increasing
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atomization rate until it reached a maximum value. Powering the atomizer with voltages beyond this
point resulted in lower actuation rates. Therefore, the optimal atomization rate should be first

determined for a given heating condition to maximize the performance of the actuator.
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Chapter 5. Selective Actuation through Acoustic Shape Optimization

5.1. Introduction

Selective actuation can be easily found in nature, where the brain of a living organism sends
signals to discrete parts of the body for complex movements. The field of soft robotics currently takes
advantage of demultiplexers or relays to disperse the input to different parts of the system.'?"' When
the system is powered by fluidic pumps, these electrical components are connected to multiple valves
to distribute pressure. In a more recent research, a soft demultiplexer that was controlled by a few
pumps was developed to increase the number of outputs.'” Gas flow was regulated by inflating a
control channel and closing the main channel that was connected to the soft structure. Laying out the
control channel and main channel into a grid pattern allowed the method to function as a demultiplexer.
However, these methods all require additional hardware to achieve selective actuation. Electrical
components, in particular, are very rigid and susceptible to damage when embedding them inside the
soft system.

This chapter extends the idea of utilizing ultrasonic waves for soft robotics to achieve selective
actuation. The core concept is to manipulate ultrasonic waves that can potentially replace electrical
components, which selectively send signals to desired locations. This complex functionality can be
embedded in a single material that acts as a frequency-selective waveguide. When applying ultrasonic
waves to a waveguide that splits into several channels, the output at the end of each channel can be
controlled by designing the size and shape of the material. The complex design of the system can be
achieved by applying shape optimization on the waveguide. The amplified ultrasonic wave at the tip of
a certain channel can be converted to heat, when the wave is absorbed in a soft material. Soft actuation
is achieved when the embedded liquid is vaporized and inflates the soft structure. The other channels
can be designed through shape optimization to damp the wave with the given frequency. In this chapter,
a waveguide was first designed through shape optimization to maximize the acoustic output at a certain

frequency and minimize the output at another frequency. After showing the proof-of-concept, a
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waveguide that splits into two channels will be designed so that one channel amplified the wave at a
certain frequency while damping the other. The second channel can be designed to behave in the
opposite manner. This study shows promising results to develop demultiplexing systems in the material

scale that can be utilized for soft robotics.

5.2. Shape and topology optimization

Shape and topology optimization are broad fields that became popular with the spread of
additive manufacturing. Both methods are mathematical approaches to update the original shape and
topology of a system to maximize or minimize certain parameters of interest, such as structural
responses,'** heat conduction,'** or even both.'*® Shape optimization updates the shape of the selected
boundary, whereas topology optimization updates the material distribution within a domain. As a result,
topology optimization is more challenging to fabricate the complex design. In addition, the
development of additive manufacturing enabled the fabrication of complex structures that can
successfully manipulate acoustic waves'?” and light.'”® This study aims to optimize the outer shape of
a waveguide to amplify or damp ultrasonic waves at certain frequencies. The sound pressure level (SPL)
between the input and output of the waveguide was defined as the objective function to update the

shape.

5.3. Shape optimization of cylindrical waveguide
Shape optimization was performed on a waveguide through COMSOL. The initial shape of the
cylindrical waveguide was designed in an axis-symmetrical plane as shown in figure 43(a). An
ultrasonic wave was numerically applied to the top boundary, which propagated towards the bottom.
In order to make fabrication easier, the properties of a Pewter alloy (Sn-7.5Sb-0.5Cu wt.%) were used
to define the material. The measured density and wave speed of the alloy was 7289 kg/m* and 3370

m/s, respectively. The harmonic sound wave in the material was defined using the Helmholtz equation:
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Figure 43. (a) An initial waveguide was designed in an axis-symmetrical plane. Design 1 is the shape of the
waveguide that maximizes output at 228 kHz and minimizes output at 208 kHz. Design 2 outputs in

an opposite trend. (b) The sound pressure level between the input and output of the wave is plotted
over a range of frequency.
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V-(—%Vp)—(v;—?:>=0 (19)

where pis density, p is pressure, w is angular frequency, and c is speed of sound. The 2D domain was
discretized predominantly by triangular meshes with 620 elements. The top layer was inlet port, bottom
layer was outlet port, left layer was symmetry axis, and right layer was the free shape boundary. The
following objective function that minimizes the sound pressure level was used for method of moving

asymptotes (MMA):

P +
loglopo—”t , Whenf < %
Objective = in 20
J Pout fl + f2 ( )

—log,, P’ when f = —
where P;, is input power, P,y is output power, and f'is frequency. Two frequencies (f; and f>) were
selected by conducting a frequency sweep on a piezoelectric disc. The two frequencies with the highest
output were selected for this study (208 kHz and 228 kHz). The shape of the outer boundary was
optimized to maximize and minimize the acoustic output. For each node, the maximum displacement
and filter radius was set as 4 mm and 1.2 mm, respectively.

The results of shape optimization are also plotted in figure 43(a). Design 1 minimizes the output
at 208 kHz and maximizes the output at 228 kHz. Design 2 was optimized to perform with an opposite
trend. A frequency sweep was performed on these designs to evaluate their acoustic performances, and
the results are shown in figure 43(b). The black dotted line represents the SPL of the initial cylindrical
waveguide. The SPL of design 1 dropped as low as -40 dB at lower frequencies and reached around -2
dB at ~ 228 kHz. Frequency sweep result of design 2 showed the opposite trend, indicating that the

shape optimization was successful.

107



5.4. Fabrication and performance of optimized waveguides

The steps to fabricate the waveguides are shown in figure 44. First, a positive mold with half
of the waveguide was 3D-printed with Clear Resin using Form 3 (from Formlabs). The smallest layer
thickness of 25 um was used to maximize the resolution of the print. Then, uncured Mold Max 60 (from
Smooth-on) was poured into the positive mold to create a heat resistant negative mold. The mixture
was left in room temperature for 24 hours to fully cure into solid molds. Last, molten Pewter alloy was
poured into the assembled negative mold. The alloy with melting point of ~ 300 °C was heated to
400 °C and was carefully poured into the mold. The mold was left in room temperature for several
minutes before opening and removing the sample. Figure 45 shows the positive mold printed with clear
resin on the left. The red mold on the right shows the heat resistant negative mold after casting Pewter
alloy.

The fabricated waveguides of design 1 and 2 are shown in figure 46(a). Similar to the finite
element study, a piezoelectric disc was bonded to the top of the waveguide using epoxy to apply
ultrasonic waves. A similar disc was bonded to the bottom of the waveguide, which was connected to
an oscilloscope to measure the wave output. The SPL of the test was obtained through the following

equation:

Voo
SPLey = 201l0g;0 7" (19)

mn

where V,, and Vj, are voltage measured from the optimized and initial waveguide, respectively, and the
subscript ex denotes the SPL measured by experiment. The experimental result of the frequency sweep
is shown in figure 46(b) as dotted plots. The dashed lines show the gaussian fit of the two results, and
they are in good agreement with figure 43(b). These show promising results to implement acoustic

shape optimization on waveguides to selectively actuate different parts of the system.
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Figure 44. A positive mold was 3D printed using Form3. Next, a heat resistive rubber was poured to create a

negative mold. The two parts of the negative mold was assembled, and molten Pewter alloy was
poured to fabricate the waveguide.
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Figure 45. The image shows the 3D-printed positive mold, heat resistant negative mold, and casted sample.
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Figure 46. (a) The waveguides were fabricated by casting Pewter alloys in a negative mold. (b) A frequency
sweep experiment was conducted on the waveguides to measure the sound pressure level.
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5.5. Conclusions
This chapter shows preliminary results of utilizing ultrasonic waves to achieve selective actuation. The
concept is to take advantage of shape optimization to design the waveguide that can send ultrasonic
waves of certain frequency to designated locations in a soft structure. This method can potentially
replace any complex electrical components (such as multiplexers or relays) that control electrical
voltages for selective actuation. The function is instead achieved by a solid waveguide, which can be
more robust and easier to fabricate than complex circuits. First, a simple waveguide in the shape of a
rod was redesigned through shape optimization to maximize the output at a certain frequency while
damping the signal at another frequency. These waveguides with periodic curvatures were then
fabricated through additive manufacturing. A frequency sweep was conducted on the physical
waveguides, which showed results that agreed with the numerical simulations. In order to fully
implement this method for selective actuation, it should be applied to a waveguide that splits into
several channels. Each output channel can be designed to maximize the output only at certain
frequencies. Then, the ultrasonic waves at the tip must be converted to heat, which vaporizes liquid that

is embedded in a soft material.

5.6. Acknowledgment
Chapter 5, in full, is currently being prepared for submission for publication of the material,
H.-J. Lee, J.A. Mancini, C.M. Spadaccini, and K.J. Loh. The dissertation author was the primary
investigator and author of this material. This work was supported by the U.S. National Science
Foundation under Grant Nos. CMMI-1762530 and CMMI-2032021. Additional support was provided

by the Jacobs School of Engineering, University of California San Diego.

112



Chapter 6. Conclusion

6.1. Summary of Results

This dissertation aims to advance the field of soft actuation through liquid vaporization by
creatively combining the method with other techniques. The first limitation is that phase transformation
is significantly sensitive to the environment. Extreme environments, such as underwater, drastically
hinders actuation, since its surrounding acts as a large heat sink. Another limitation is that simply air
cooling the system takes a long time to return the actuated structure to its original shape. Chapter 2
solves these issues by actively controlling heat loss through a thermoelectric device. The soft walls
were designed to have two layers, which significantly decreased thermal conductivity. The
thermoelectric device was installed beneath the embedded liquid, which actively heated and cooled the
system. The setup allowed effective actuation even underwater, while decreasing the cooling time by
~ 60 %. The popular method of using pneumatic pumps for actuation requires the inflating chambers
to be physically tethered to the large and heavy pump. Chapter 3 aims to improve this setup by applying
ultrasonic waves that propagate through the structure. The ultrasonic wave propagated through a thin
metal sheet, which heated and dispersed the liquid into small droplets. This method allowed the
demonstration of a soft gripper with detachable fingers for easy replacements. One of the most
significant limitations of actuation through vaporization is actuation speed. In general, boiling the liquid
takes a long time due to high heat capacity and low thermal conductivity of the materials and liquid
used in the system. In addition, the embedded heater must always be in contact with the liquid to achieve
vaporization, which can limit the method to applications that rotate the system. The method introduced
in chapter 4 is an improvement of the results shown in chapter 3 to solve these limitations. A piece of
cotton absorbed and supplied the liquid to a vibrating mesh atomizer. The atomizer dispersed the liquid
into small droplets that were ejected into a heater. The overall system required significantly less power

than ultrasonic atomization, while performing similar to pneumatic pumps. This method was also
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capable of storing a large amount of liquid without sacrificing actuation speed. As a result, the structure
was returned to its original shape by simply exhausting the vapor. This allowed much faster cyclic
actuation as compared to cooling the entire system. Chapter 5 introduces a method to fully utilize
ultrasonic wave properties to achieve selective actuation. The ultrasonic waves were manipulated by
designing frequency selective waveguides by employing shape optimization of a cylindrical rod. The
fabricated waveguides showed that the method could successfully maximize and minimize the output
at selected frequencies (i.e., to route and amplify or dampen ultrasonic waves at designated locations
of the waveguide). This method has demonstrated potential for replacing electrical components while

achieving selective actuation by embedding the function into waveguides.

Future works

While actuation through vibrating mesh atomization in chapter 4 showed promising results,
further optimization is required to maximize its performance. Since the method is a complex multi-
physics problem, there are numerous parameters and designs that need to be studied to acquire its full
potential. Some of the works include but are not limited to optimizing the flow of droplets within the
heater, designing the heater to maximize droplet evaporation, determining the optimal atomization rate
for heaters with complex shapes, adjusting atomization rate throughout actuation, designing the
structure to minimize temperature gradients within the system, and developing a setup that can recycle
the liquid for cyclic actuation.

Another limitation of soft actuation through vaporization is the permeability of soft elastomers.
When the system is left for a long time, the embedded liquid diffuses through the structure, resulting in
an empty chamber. A system with composite materials should be studied to minimize the permeability
while including other functionalities to solve this issue. The method introduced in chapter 5 also needs
further study to demonstrate its validity. A waveguide that splits into several channels will be designed
through shape optimization. The design aims to maximize the input signal at different channels when

the frequency of the ultrasonic wave is adjusted. Then, the ultrasonic wave at the output must be
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converted into heat to vaporize the embedded liquid. A soft robotic structure that contains the
piezoelectric element at its head will be developed to fully mimic the performance of biological systems.

Soft robotics is expected to solve the limitation of current automated systems in various ways.
The lightweight system capable of adjusting to its surrounding will allow safe human interactions and
enable the field to blend into our everyday lives. Their ability to adapt to the environment will also help
soft robotics to perform dangerous tasks or function in hazardous conditions. A dire need for soft
robotics also includes automation in the industry due to the aging population, where the number of
older people is expected to constantly increase. Soft robotics is in its very early stage, and advanced
technologies introduced only in movies will be possible with continued study and development in the

field.
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