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Abstract

Fluids for Soft Gripper Design: Robots in Real-World Environments

by

Monica Shaojin Li

Doctor of Philosophy in Engineering Science - Mechanical Engineering

University of California, Berkeley

Professor Hannah Stuart, Chair

For forceful and dexterous manipulation, robots must be able to physically interact with
the environment. In the real-world, the environment is dynamic and unstructured. For
example, fragile objects and adversarial contact conditions, e.g. a slippery fluid film, may
be present. Embodied intelligence and active control strategies are two approaches that
tackle these challenges. Soft robots and grippers exemplify embodied intelligence, as the
inherent behavior of soft materials allows passive compliance and distributed loading. A
sense of touch, also known as tactile sensing, provides feedback for active controllers to
provide additional adaptability and articulation. Human hands seamlessly integrate both
compliance and tactile sensing, with underactuated joints and soft compliant skin covered
with nerve endings. While case studies demonstrate soft robots or tactile sensors in the field,
few systems have both.

My dissertation explores the design of embodied dexterity and tactile sensing in robots
through fluids. Fluids – liquids, gasses – are ubiquitous. Many soft robots use fluids for
actuation, e.g. pneumatic or hydraulic. Fluids for robotic sensing and contact design are
less prevalent. In this dissertation, I first present how we can employ airflow for tactile
sensing. This design uses pneumatic acoustic resonance to sensitize soft, skin-like surfaces
and grippers. I then show how we can mitigate the slippery effects of lubrication for frictional
grasping by adding soft, patterned finger pads to existing grippers.
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1

Chapter 1

Introduction

Humans first developed robots for industrial applications and operation in controlled envi-
ronments, such as automotive factories and laboratories [84]. We envision and are devel-
oping robots for operation in unstructured environments, i.e. the real-world. These robots
could explore and sample otherwise inaccessible areas such as the deep ocean [37, 125] and
the Martian surface [80]. Deploying real-world robots is still an open challenge [8]. For
instance, robots must adapt to external disturbances that may result in unintentional colli-
sions. Grasped objects may be fragile and have adversarial contact conditions, e.g. covered
in a slippery fluid film. My dissertation tackles these challenges by focusing on the physical
contact interface between robot and world.

In these dynamic and unstructured real-world environments, robots must be adaptable
and able to react to external stimulus. Two approaches address adaptability at the con-
tact: embodied intelligence and active control. Systems with embodied intelligence have a
physical morphology that passively adapts and complies to its surroundings [14]. Embodied
intelligence also corresponds to underactuation, where more degrees of freedom than degrees
of actuation give the system passive compliance. One example of embodied intelligence is
the Universal Gripper, which can gently pick up various shaped objects with binary control
input without sensing [12]. Other soft grippers passively comply to grasp fragile objects [117,
1, 109] and have been tested in the field [37]. The human hand is also soft and underactuated
[36]. At the same time, it is covered with nerve endings that provide feedback for active
control. Tactile sensing, or a sense of touch, is critical for human manipulation [51] as well
as for advanced, real-world robots [20, 70].

Human hands have passive compliance and tactile sensing seamlessly integrated together,
enabling execution of tasks with high dexterity. Implementation of tactile sensors on robot
grippers is often in the form of electronic components at the contact location [23], requiring
wires to be routed from the contact to the rest of the robot body. These wires, as well
as the sensors themselves, may break from fatigue loading or unintentional collisions, as
noted in Cutkosky and Provancher [20] and from personal experience. Researchers have
equipped robots with tactile sensing without electronics near the contact using suction flow
for underwater sensing [79] and pressure sensing in fluid-innervated soft structures [123]. In
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Chapter 2, I present a tactile sensor for soft skin-like surfaces with no electronics near the
contact. I extend this tactile sensor design to soft grippers in Chapter 3. This sensor is
pneumatically actuated, as are many soft grippers.

In addition to sensing, robots impart forces to the environment at the contact. Thus,
designing for contact and adversarial contact conditions is critical for real-world robots [18].
Grippers can pickup objects with two frictional contacts [77]. But with liquids present, these
contact surfaces may become slippery and exhibit low friction due to fluid lubrication. While
researchers have designed robotic surfaces to exert high shear forces [3, 92], these structures
fail to function on smooth, unclean surfaces. In Chapter 4, I show how adding soft surface
features to existing robotic grippers can increase friction for grasping smooth objects in wet
or submerged conditions.

I summarize my dissertation contributions and discuss directions for future work in Chap-
ter 5. In addition to my dissertation, during my PhD I designed a gripper for marine sampling
on a small mobile vehicle and conducted field expeditions testing these robotic systems. I
present this work in Appendix A and share photos from field testing and my graduate studies
in Appendix B.

1.1 List of publications

The results presented in this dissertation have been taken from a number of publications
from the same author.

• Chapter 2 is based on:

– M. Li and H. S. Stuart. ”AcousTac: Tactile sensing with acoustic resonance for
electronics-free soft skin.” Soft Robotics. [under review]

• Chapter 3 is based on:

– M. Li, T. M. Huh, C. R. Yahnker, H. S. Stuart. “Resonant pneumatic tactile
sensing for soft grippers.” Robotics and Automation Letters. 2022, vol. 7, no.4,
pp. 10105-10111 © 2022 IEEE

• Chapter 4 is modified from:

– M. Li, D. Melville, E. Chung, H. S. Stuart. “Milliscale Features Increase Friction
of Soft Skin in Lubricated Contact.” Robotics and Automation Letters. 2020, vol.
5, no. 3, pp. 4781-4787 © 2020 IEEE

• Appendix A is based on:

– M. Li, R. van der Zande, A. Hernández-Agreda, P. Bongaerts and H. S. Stuart,
”Gripper Design with Rotation-Constrained Teeth for Mobile Manipulation of
Hard, Plating Corals with Human-Portable ROVs,” OCEANS 2019 - Marseille,
France. 2019, pp. 1-6 © 2019 IEEE
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Chapter 2

Tactile sensing for soft skin

Sound is a rich information medium that transmits through air; people communicate through
speech and can even discern material through tapping and listening. To capture frequen-
cies in the human hearing range, commercial microphones typically have a sampling rate of
over 40kHz. These accessible acoustic technologies are not yet widely adopted for the ex-
plicit purpose of giving robots a sense of touch. Some researchers have used sound to sense
tactile information, both monitoring ambient soundscape and with embedded speakers and
microphones to measure sounds within structures. However, these options commonly do not
provide a direct measure of steady state force, or require electronics integrated somewhere
near the contact location. In this work, we present AcousTac, an acoustic tactile sensor for
electronics-free force sensitive soft skin. Compliant silicone caps and plastic tubes compose
the resonant chambers that emit pneumatic-driven sound measurable with a conventional
off-board microphone. The resulting frequency changes depend on the external loads on the
compliant end caps. Non-idealized vibration of the caps results in a boundary condition
transition when first making contact, initially producing nonmonotonic signals. We char-
acterize two solutions – adding a distal hole and mass to the cap – resulting in monotonic
and nonhysteretic force readings with this technology. We can tune each AcousTac taxel to
specific force and frequency ranges, based on geometric parameters, including tube length
and end-cap geometry and thus uniquely sense each taxel simultaneously in an array. We
demonstrate AcousTac’s functionality on two robotic systems: a 4-taxel array and a 3-taxel
astrictive gripper. Simple to implement with off-the-shelf parts, AcousTac is a promising
concept for force sensing on soft robotic surfaces, especially in situations where electron-
ics near the contact are not suitable. Equipping robots with tactile sensing and soft skin
provides them with a sense of touch and the ability to safely interact with their surroundings.

2.1 Introduction

Soft robotic surfaces and skins generate inherent safety useful in human robot physical in-
teraction and interaction with fragile objects [89]. Soft systems and mechanisms physically
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embody the ability to adapt to dynamic and unexpected loads through passive compliance
[60, 100]. As a result, soft robots also exhibit durability in harsh environments [121]. This
motivates the development of soft, compliant coverings for otherwise rigid robots, for both
robot and environmental safety. For example, the CoboSkin includes variable stiffness in-
flatable units to tune impact dynamics [90]. A recent review by Niiyama points out how soft
skin is essential for humanoid robot application[83]. Yet, these hardware solutions are slow
to translate to industrial settings, as compared with sensing and software based collision
avoidance [108]. The design of soft skins for various robotic applications therefore remains
a relevant area for ongoing development.

Artificial skin can also provide robots with a sense of touch that enables adaptive control
for dexterous manipulation tasks [22]. Composition of sensitive skins relies on a wide vari-
ety of materials, including those with resistive, piezoelectric, and magnetic properties; the
history and breadth of tactile sensor design is reviewed in chapters, reports, and books [20,
46, 23, 128]. Skin with channels filled with liquid-phase gallium-indium alloy is one method
for generating sensitive skin, in which overlaid channel patterns are individually sensitive
to unidirectional strain and contact pressure [91]. Numerous other works utilize bulk re-
sistivity and embed cavities of conductive material in soft structures, where contact forces
change the shape and therefore resistance [124, 38, 57]. All of these works describe a direct
electronics-based measurement of the contact point. For skin made of multiple materials,
challenges arise regarding the durability of traditional electronics, integration of soft and
hard conductive materials without failure from stress concentrations or fatigue at connec-
tors, and long-term life and reliability of experimental new materials at the contact point
[99, 23]. Early development of self-healing soft tactile skin combats some of these durability
issues [69].

Removing electronics and delicate materials from the contact point altogether represents
another approach to generating mechanically resilient touch sensation. Various options place
an intermediary material between physical stimuli and electric transducers to achieve such
isolation. For example, recent work by Sun, et al. generated a camera-based structure, as
a successor technology to GelSight [134], that shifts the camera to the base of the finger; it
provides an indirect measure of force while improving mechanical durability of the appendage
[115]. Pneumatics and hydraulics are another avenue for transmitting data throughout soft
structures for remote sensing. Monitoring the pressure in a closed fluidic system provides
rich tactile sensing information [123, 32]. In open fluidic tactile sensors, flow rate moni-
toring discerns object presence and surface characteristics for underwater [79] and in air
[47] applications. In these examples, transducers are physically in-line with flow or pressure
differential tubes routed away from the contact location. Vibrations transmitted through
structures provide yet another method specialized for dynamic tactile sensing [21]. Resonant
frequency-based contact detection informs robotic reaching and grasping, such as work by
Backus, et al. that used accelerometers in compliant fingers [4]. Such vibration measure-
ments require the vibrations to transmit effectively through the robotic structure itself.

Beyond the use of sight, pressure, or structural vibrations to measure contact from a
distance, sound is another medium through which to measure touch. Sound, generated
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through either the active or passive emission, can be measured with a microphone. The
sounds of two surfaces sliding across each other tell us about relative movement and the
material type, shown for rigid-rigid contact in [25]. Coincidental noise during manipulation
can even be used to provide force feedback during teleoperation [104]. These signals change
with material properties, and do not provide a direct measure of either static or dynamic
contact forces. In an active sensing application, a receiver monitors the ultrasound signal
transmitted through an air cavity, that changes with stress in the surrounding compliant
material [106]. Researchers embed a microphone in a soft pneumatic finger and later add
an embedded speaker that outputs a frequency sweep to detect contact with high spatial
resolution [127, 135]. Acoustic vibrations between robots assist in shared communication and
coordination [26]. These active acoustic examples achieve more specific measurands than in
passive sound generation, however the emitter/receiver pairs are embedded or located in
close proximity to the contact.

In the present work, we present AcousTac, an active, pneumatically-driven, acoustic
tactile sensing method suitable for force measurements using a generic microphone located
outside the skin. The idea is that robots, with a regulated air supply and a built-in micro-
phone on the body, can include this sensing modality without the addition of new electronics.
Instead of using an electronic sound emitter, we take inspiration from wind instruments to
produce sound at the skin. Air-driven resonance is an ancient concept, with musical instru-
ments emerging thousands of years ago.1 In recent years, researchers have used simulations
to model and design musical instruments [30, 33]. We design a tactile array using air-driven
pipe resonance, because it is based on a simple theoretical model and uncomplicated to fab-
ricate. This design has no electronic components at the contact area, removing the need to
robustly integrate fragile components and route wires in soft skin. In our prior work, we
generated such resonance in tubes along the length of a soft finger in order to detect the
pose and fingertip contact, and estimate force with a fully-rigid probe [64]. The present
work represents the first study looking at this modality for force sensitive soft skin, and
includes new observations about how resonant modes and sound of a soft structure change
when interacting with an object.

Overview

In Section 2.2, we describe the theoretical basis for AcousTac design, which includes models
of taxel length and resonant frequency, relationships of taxel deformation with force, and
proposed alterations of boundary conditions. The taxel implementation is presented in
Section 2.3, along with a description of the experimental and signal processing methods
used to characterize the sensor. Results from experimental characterizations of different
single taxels in Section 2.4 reveal the effect of tube length and end cap modifications on
the range and sensitivity of AcousTac. We demonstrate a system of AcousTac sensors in a
4-taxel array and a 3-taxel astrictive gripper in Section 2.5. Design guidelines, additional

1The flute may even date back 60,000 years [10].
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observations, and limitations and future work are described in Section 2.6. Section 2.7
summarizes the impact of this work in the broader context.

2.2 Taxel design

In the following sections, we describe the theory behind the design parameters examined in
this work. We present tradeoffs in generating acoustic resonance in structures that respond
to variable force ranges and with different compliant boundary conditions.

Resonant frequency and tube length

In one dimensional (1D) theory, a tube that is open on one end and closed on the other has
a fundamental resonant wavelength, λ, four times the tube length, L (Fig. 2.1A). Frequency,
f , is related to wavelength, λ, by λ = c/f , where c is the the speed of sound. Resonant
frequency, foc, of an open-closed tube is therefore

foc =
c

4L
. (2.1)

For a tube open on both ends (Fig. 2.1B), the resonant wavelength is twice the tube length,
such that the resulting frequency, foo, is

foo =
c

2L
. (2.2)

For both the open-open and open-closed boundary condition, frequency is inversely propor-
tional to length. The frequency will be higher for a smaller sensors with shorter tubes. We
propose to fit experimental data to a modification of Eqn. 2.1 in this case, with the constants
bi such that

f =
b1
b2 L

+ b3. (2.3)

In the case of a tube with a soft end cap at one end, this boundary condition appears to lie
between the open and closed idealized cases, as the soft material partially damps and reflects
vibrations, still resulting in resonance. When external forces deform the soft end-cap (Fig.
2.1C), the length of the tube changes; the frequency also changes. Linear approximation
of Eqn. 2.1 shows that the shorter the tube length L, the greater frequency change ∆f
for a change in length δ, where L is the unloaded length. As such, shorter tubes are more
sensitive to end cap deformations. For a linear approximation of the open-closed tube, change
in frequency relates to length as

∆f = − c

4

δ

L2
, ∆f ∝ δ

L2
(2.4)

The above 1D theory assumes a thin tube, L >> D, where D is the inner diameter of
the tube. In practice, taxel tubes have a non-zero diameter and a particular inlet geometry
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Figure 2.1: A. Open-closed boundary condition, where L is one-quarter of the wavelength λ.
B. Open-open boundary condition. L is half wavelength. We imagine the boundary condition
as open-damped, where the damped end is in between open and closed. C. Schematic
denoting rigid tube length L and compliant cap deformation δ that changes the total length
of the taxel. D. Schematic of hemispherical cap. A normal force F deforms the cap by
distance δ. This deformation decreases the total length of the taxel and increases the resonant
frequency. The inner diameter of the cap d is kept constant. We test varying wall thickness
t and adding E. a hole with diameter h and F. mass m.

which makes the measured resonant frequency deviate from theory. Regardless, the 1D
model serves as a useful design tool to predict first-order trends. Additional factors known
to contribute to resonant frequency, are kept constant for this study. For example, as flow
rate increases, higher harmonics dominate the resonance; this work assumes the fundamental
frequency mode across all designs.

Force on compliant hemispherical shell

Deformations of the end-cap alter tube length and result from externally applied normal
compressive forces. Frequency is therefore a measure of force. Designers can tune force sens-
ing range and resolution by varying end-cap stiffness. Both material selection and geometry
alter the force-deformation response. Generally, the stiffer the cap, the greater the force
range and the lower the resolution and sensitivity. From the elastic contact theory model
for small deformations of a rubber hemisphere [119], force F relates to displacement δ as

F ∝ δ3/2. (2.5)

In this work, the end-cap is a hemispherical shell with a wall thickness t and inner diameter
D that experiences large deformations (Fig. 2.1D). We therefore propose an empirically fit
approximation of Eqn. 2.5 with constants βi for each cap design

F = β1δ
β2 + β3. (2.6)
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Altering end-cap boundary conditions

Due to the physical properties of the soft compliant end-cap, the unloaded cap behaves
somewhere in between an open and closed boundary condition, and we refer to this as damped.
In this damped boundary condition, the cap is a flexible, oscillating surface, resulting in a
frequency higher than in the closed condition and lower than in the open condition. When a
rigid object contacts the cap, the boundary condition undergoes a transition from damped
to closed, lowering the resonant frequency.

This will occur even without gross deformations or substantial changes in tube length
L. However, this transition between different boundary conditions occurs across a range of
light contact forces greater than zero, until there is no relative vibration between the object
and cap surface. For forces higher than this boundary condition transition phase, gross
deformations reduce length and increase frequency. We therefore expect a nonmonotonic
sensor signal, with a minimum value under light contact forces.

In this work, we propose and investigate two design features to mitigate or remove this
resonance property, and produce reliable measures of force. Specifically, we explore the
introduction of a hole or mass at the tip of the end-cap.

Hole

As in Fig. 2.1E, we add a hole of diameter h to the center of the compliant cap. Adding a
hole to the cap makes an unloaded cap behave more similarly to an open boundary. When
an object occludes the hole and loads the cap, the end then transitions to the closed bound-
ary condition. For a given tube length, the resonant frequency of the open-open boundary
condition is twice the frequency of the open-closed boundary condition. Higher flow ex-
cites higher resonant frequency, and we generally expect increasing flow rate to excite higher
modes. Therefore, selecting a flow rate that actuates closed tube resonance but not the open
tube’s creates a change in amplitude at the transition between no contact and contact. By
coupling both amplitude and frequency measurements, contact force is uniquely determined,
overcoming the nonmonotonic force-frequency relationship in the transition region. In addi-
tion to flow, some geometries, including the edge-orifice shape and inner tube diameter, are
more conducive to certain resonance modes than others.

Mass

As in Fig. 2.1F, we add a mass m to the cap to bring it towards the closed boundary
condition, even without contact. The mass increases the inertia of the compliant surface
and further dampens the pressure oscillations. Sufficient mass removes the nonmonotonic
behavior of the frequency, such that the boundary condition does not change upon contact.
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2.3 Methods

Taxel implementation and test parameters

A rigid tube and compliant end-cap compose each taxel. We individually fabricate these
components and assemble them together into a single taxel, which is then rigidly mounted
to an acrylic plate for testing. The rigid tube is a specified length L (Fig. 2.2A), additive
manufactured with PLA (Makergear M3-1D 3D Printer, nozzle diameter 0.35mm). The
length of the resonant tube varies between 41 and 65mm, in increments of 6mm. These
6mm intervals ensure the resonant frequencies of the different taxels do not overlap. The
inner diameter is 6mm. The smallest cross section is 1.4mm, located immediately before
the edge-orifice, the angled cutout of the tube wall. The inlet and edge-orifice geometry are
consistent across all taxels.

The end-cap is the soft element in the taxel. We fabricate and test a range of cap
thicknesses t, hole diameters h, and added mass m (Fig. 2.2B) to assess the effect of these
parameters. We cast silicone (Smooth-On Dragon Skin 30) in a two-part mold to make the
caps. All caps have the same 7mm inner diameter hemisphere, regardless of thickness, and
a 5mm long cylindrical cavity, also 7mm in diameter, that stretches over the open end of
the rigid tube.

To assess taxel stiffness and force range, the wall thickness t of the caps ranges from 1 to
5mm (t1 through t5), at 1mm increments. To test the effect of hole size, we compare caps
with 3mm wall thickness, across 0, 1, 3 and 5mm hole sizes. A complete set of thicknesses
(t1 through t5) are tested for both without (h0) and with a 3mm hole (h3) to test coupling
between these parameters. The caps with holes are cast with dowel pins of specified diameter
in the negative mold. We add cylindrical magnets to the compliant caps to assess the addition
of mass. Each magnet has a mass of 50mg, a diameter of 2mm, and a height of just less
than 1mm. We test caps of 1, 3, and 5mm wall thickness, and vary the number of magnets
between 1 and 4 (m1 through m4). This results in an added mass of up to 200mg. For the
1mm thickness cap, we adhere 1 magnet to the outer surface with glue. For 3mm and 5mm
thickness, the first magnet is embedded into the cap during the casting process. We increase
mass by adding more magnets to the inner surface of the cap, which utilizes their magnetic
attraction to attach them.

In this study, we characterize all the different end-cap designs using one resonant tube
length L = 59mm. When comparing the different rigid tube lengths, we use a single end-cap
design with 3mm wall thickness, and no hole nor mass (t3h0).

Taxel characterization test setup

We characterize each taxel individually using the experimental setup shown in Fig. 2.2C.
The taxel is fixed to the tabletop. Wall compressed air flows through flexible 8.3mm (3/8”)
tubing and a flow meter (analog 1-10 LPM) before entering the resonant tube, which is kept
between 4 to 5L/min. A robot arm (UR-10, Universal Robots) and 6DOF wrist force/torque
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Figure 2.2: A. Taxel schematic L = 41 + 6n [mm]. All dimensions in mm, except for
edge-orifice angle in degrees. Photo of fabricated taxel, analogous to above. Flow enters
the resonant tube from the left. The hemisphere on the right is compliant and adhered
to the rigid structure. B. Photo of the caps tested. We varied wall thickness t and hole
diameter h. The number indicates the wall thickness or hole diameter in millimeters. C.
Photo of experimental setup for taxel characterization. D. Example data from processing
the raw audio signal to spectrogram for frequency, then picking out the maximum amplitude
frequency.

sensor (Axia80, ATI) cyclically palpate the taxel, moving at 0.5mm/s until at least 5N of
normal force. We increase the tested force range with cap thickness. Robot Operating
System (ROS) software records force and position at 2.0 kHz and 3.3 kHz, respectively. A
smartphone (iPhone 11) located approximately 0.5m away records sound at a sampling rate
of 44.1 kHz. Ambient lab noise is approximately 65 dB, less than the approximately 90 dB
sound level when a taxel is active.
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Audio processing

Fig. 2.2D shows an example of the audio signal and processing outcome for four palpations
of the t3h0 end-cap. We perform data processing using the pipeline detailed in [64]. We
extract the resonant frequency from the raw amplitude data at 25Hz, using the built-in
MATLAB functions spectrogram() and tfridge() and binning frequency in 2.5Hz intervals.
For caps with holes, we are also interested in the amplitude of the audio signal. We generate
an envelope of the raw audio by finding the max absolute amplitude value for every 22.7ms
(1000 data points) then taking a smooth average for every 113ms (5000 data points). The
amplitude is then downsampled to 25Hz to match the sampling rate of extracted frequency.

Characterization tests without a hole h0t1-h0t5 or with a mass m1-m4 all consist of
at least 3 palpation cycles performed within 80 sec each. In the amplitude thresholding
tests when a hole is present, h3t1-h3t5 and h1t3-h5t3, we only report points above the set
threshold, which is approximately 12 sec of data over at least 2 palpation cycles. The specific
amplitude thresholds in each hole case are individually selected as the minimum value to
avoid a nonmonotonic relationship between force and frequency in that design’s data set.

In later demonstrations with systems of 3 and 4 taxels emitting sound simultaneously, we
assume that the achievable frequency range of each taxel does not overlap with any other.
This is achieved by assigning a unique tube length to each taxel. We process data within
the expected frequency range for each taxel separately.

2.4 Results: Taxel characterization

Tube length, L

In Fig. 2.3A, we plot the measured frequencies for the four rigid tube lengths from two
normal force loads: 5N and 10N. We also show the 1D theory for an open-closed cavity
from Eqn. 2.1. The measured frequency is consistent with the theory, in which longer tubes
exhibit lower resonant frequency. Table 2.1 presents fitting constants from Eqn. 2.3. The
end-cap geometry is a negligible constant length offset and is not included in our calculations.

Table 2.1: Fitting constants for Eqn. 2.3
plotted in Fig. 2.3A.

Fit constants foc 5N 10N

b1 340 290 280
b2 4 4.6 4.8
b3 0 260 290

Fig. 2.3B shows the full characterization curves for frequency as a function of force,
with loads ranging from zero to greater than 10N. By design, the frequency ranges do not
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Figure 2.3: Calibration curves for taxels with varying tube length L with cap t3h0. A. Tube
length and frequency f . The 1D theoretical model (Eqn. 2.1) is shown in a solid black line.
Experimental data for resonant frequency loaded at 5N (triangle) and 10N (circle). This
data is fitted with Eqn. 2.3, shown with the dotted black lines. B. Resonant frequency with
force F for all four tested tube lengths. C. Net frequency change from unloaded condition,
f − f0, plotted with force.

overlap each other to streamline later signal processing when multiple taxels emit sound at
the same time. In Fig. 2.3C, we plot the same data but now as the net change in frequency;
measured frequency f is subtracted by unloaded frequency f0 to inspect the calibration curve
shape. All four taxels demonstrate a nonmonotonic frequency relationship, with both local
maxima and minima observed at forces less than 3N. As force increases from initial contact,
the frequency increases, then decreases, then increases again. This behavior is likely due to
the boundary condition changing from damped to closed as the force increases. After the
boundary condition transitions, at forces greater than 3N, the shorter length taxels with
higher unloaded frequency have steeper slopes. This is consistent with Eqn. 2.4. We do not
observe any hysteresis in the signal for these taxel lengths.
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Cap wall thickness, t

We plot cap deformation versus force in Fig. 2.4A for caps with no hole (t1h0-t5h0). In
the tested displacements, thicker caps provide a more linear force displacement curve, which
is steeper than thinner caps at lower displacements. The softer, thinner caps have a linear
region at low forces, then start to saturate. Table 2.2 shows the fitting constants for these
caps using Eqn. 2.6.

Table 2.2: Fitting constants for Eqn. 2.6 for the
data plotted in Fig. 2.4A.

Thickness, t [mm] Fmax [N] β1 β2

1 2 0.94 1.36
2 6 1.56 1.77
3 11 2.66 1.64
4 15 2.65 1.68
5 15 3.52 1.50

Fig. 2.4B shows how the amplitude of sound produced by the taxel changes with de-
formation. A negative value of δ denotes the distance between contact surface and top of
the cap, e.g., a -2mm deformation means they are separated by 2mm. Prior to contact,
thinner caps exhibit lower audio amplitudes and are closer to the open boundary condition
than thicker caps. However all cap thicknesses demonstrate a downward deviation in audio
amplitude centered between 0 and 2mm of contact. In Fig. 2.4C, the resonant frequency f
is plotted as a function of force F . All the caps produce nonmonotonic boundary condition
transitions, while the thinner caps show greater frequency fluctuations during the boundary
condition change. The thinnest cap signal saturates at around 3N of load, where the cap is
compressed against the rigid resonant tube and can deform no more. The force-frequency
slopes are consistent with cap stiffness trends.

Cap design feature: Hole, h

Fig. 2.4D shows the audio amplitude with varying cap wall thickness in designs with a 3mm
diameter hole (t1h3-t5-h3). As compared with the cases without a hole, all taxels have a
lower amplitude when there is no contact. Upon contact, varied deviations in the amplitude
arise. However, all signals increase and remain above the unloaded amplitude with enough
deflection. This amplitude cross-over threshold occurs for the smallest deflection for the
thinnest cap, which also has the lowest amplitude prior to initial contact. In Fig. 2.4E, the
force-frequency relationship is plotted while employing the amplitude crossover threshold to
produce monotonic results. The shape of the force sensing curves is similar to those found
in Fig. 2.4C, except for the omission of data at the lowest force levels. Table 2.3 reports
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Figure 2.4: Characterization of cap wall thickness t and hole diameter h, and their rela-
tionships with force F , displacement δ, audio amplitude A, and frequency f . A color coded
schematic is used as a legend of tested cap parameters.

the each force taxel’s resulting approximate linear ranges and sensitivities. The lower bound
of force range is from the minimum detectable force after amplitude thresholding. Visual
inspection dictates the upper bound as where the signal begins to saturate.
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Table 2.3: Amplitude threshold value, force range and sensitivity for caps with
3mm hole, plotted in Fig. 2.4E.

t [mm] Threshold [AU] Fmin [N] Fmax [N] Sensitivity [Hz/N]

1 0.17 0.5 2.6 19
2 0.15 0.6 6.1 8.8
3 0.12 0.5 10. 5.1
4 0.13 1.3 15 3.6
5 0.15 1.5 15 3.2

In Fig. 2.4F, amplitude is plotted across caps with the same thickness, 3mm, but with
varying hole size (t3h0-t3h5). Larger holed caps exhibit lower sound amplitude prior to
contact, which is expected as they are more physically similar to an open tube. As a result,
the larger hole allows for a lower amplitude threshold. As seen in the monotonic force-
frequency curves in Fig. 2.4G and tabulated values in Table 2.4, caps with larger holes
capture smaller forces in their sensing range when using amplitude thresholds. With the
exception of the t3h5 calibration curve, for which the hole is a substantial size compared
with the cap and lower forces are measured, these sensitivities are within 8% of each other.

Table 2.4: Amplitude threshold value, force range and sensitivity
for caps with 3mm wall thickness, plotted in Fig. 2.4G.

h [mm] Threshold [AU] Fmin [N] Sensitivity [Hz/N]

0 0.22 1.6 5.1
1 0.19 1.1 4.9
3 0.14 0.9 5.3
5 0.06 0.2 7.9

Cap design feature: Mass, m

Fig. 2.5 depicts how magnets attached to the tip of the cap alter force-frequency relationships
in the transition region, where A, B, and C show the results for the 1, 3, and 5mm cap
thicknesses, respectively. The added mass varies from 50 g (m1) to 200 g (m4), with darker
lines indicating higher mass. Overall, increasing mass mitigates the frequency fluctuations
from the boundary condition transition. We observe nonmonotonic behavior in the tested
force range with 50mg added mass in all the three cap thicknesses. This boundary condition
effect resolves with 200mg for 1mm thickness and 3mm thicknesses, and 50 g for 5mm
thickness caps. As expected, the thinner caps require more mass to remove the boundary
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Figure 2.5: Characterization of added mass m, as shown in the schematic legend of stacked
magnets used as mass on cap. Frequency f versus force F for wall thickness for A. 1mm,
B. 3mm, and C. 5mm caps. Darker lines indicates higher masses.

condition transition. For both the 1 and 3mm thicknesses, intermediate levels of mass
shifts the minima frequency locations to higher force levels. The mechanism that causes the
t3m3 force-frequency curve to have this upward then downward sloping shape is unclear; the
decrease is out of the typical force range for a boundary condition transition and perhaps
due to the mechanics of the added mass on the cap. The magnets have nonzero volume
and are rigid, which may account for the hysteretic effect observed within some transition
regions, e.g., in t1m3.

2.5 AcousTac demonstrations

Test systems

Two multi-taxel systems are shown in Fig. 2.6: (A) a tactile array and (B) an astrictive
gripper.

First, we combine four taxels of different lengths for an indicied, force and contact sen-
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Figure 2.6: A. Tactile array with four taxels of length L = 41, 47, 59, 65mm. Caps have
3mm wall thickness and a 3mm hole diameter (t3h3). B. Astrictive gripper with three taxels
of length L = 41, 47, 59mm. Caps have 2.5mm wall thickness and suction cups adhered to
the tops.

sitive 2x2 array. The taxel lengths are consistent with those in Sec. 2.4: 41, 47, 59, and
65mm. We position the four taxels in a grid pattern, spaced 15mm apart center-to-center.
The end-caps have a 3mm wall thickness and 3mm hole (t3h3). For the processing of the
signal from the L59 taxel, we use the sensitivity value from Table 2.3 to translate frequency
to force. For the three other taxel lengths, we scale the force by a ratio of L2 according to
Eqn. 2.4. All taxels receive air from the same source. As varying flow rate produces slight
differences in each taxel’s frequency, and can change as neighboring taxel holes get covered,
the measured frequency at light contact is set as the unloaded frequency as an initialization
calibration procedure.

Next, we integrate three taxels into a force sensitive astrictive gripper. Inspired by
prior work [47, 53], we implement passive suction cups to grip onto objects. The taxels are
evenly spaced 15.9mm apart, with rigid tube lengths of 41, 47, and 59mm. The caps have
2.5mm wall thickness, and we adhere a suction cup to each cap using an air-cured silicone
glue (Smooth-On Sil-Poxy). The suction cups are similarly cast from silicone (Smooth-On
Dragon Skin 30) and are 13mm in diameter and 2.5mm thick. The suction cups sit on posts
7mm in diameter and 11mm tall. We affix the caps to the rigid tube and wet the suction
surface with tap water to increase suction force. Because the introduction of suction cup
structures to the caps alters the frequency response of this system, we report frequency and
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not force.

Figure 2.7: Robotic demonstration of tactile array with caps t3h3. We palpate taxels indi-
vidually, with a light touch (i) and then with a forceful touch (ii). We then use an acrylic
round to press all the taxels down simultaneously (iii). Then we use the same round and
roll/rotate across the taxels, across both directions (iv). A. Photos corresponding to the
sequences. B. Spectrogram. C. Signal processed with amplitude and frequency over time.
D. Normal force over time.

Tactile array interaction

Shown in Fig. 2.7A, we contact and palpate the caps individually with one finger and
together with a piece of acrylic over four different sequences. First (i), we make light contact
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Figure 2.8: Demonstration of suction cup gripper with three AcousTac taxels tested on a
500 g weight. All three suction cups are engaged (i), and exhibiting some load due to air
hose routing. Gripper is lifted along with the weight, and then hefted so the weight bounces
up and down (ii). Weight is set back on the surface and compression forces are applied (iii).
A. Photos from demonstration. B. Net frequency change of the three taxels over time.

with each taxel individually, started from L65 and ending with L41. In the same order, we
push down on each taxel individually with greater force (ii). In the third sequence (iii),
an acrylic plate is pushed down on all the taxels simultaneously. In the last sequence (iv),
the same acrylic piece applies a rolling forceful contact across the array in two orientations
rotated by 90 degrees, side to side and front to back. Fig. 2.7B shows the audiospectrogram
in the relevant frequency range. We extract the peak frequencies from the spectrogram (Fig.
2.7C) and translate them to force (Fig. 2.7D). Signals are as expected. With rolling contact,
we observe two taxels loaded prior to the other two, showing the different between the two
rolling orientations. We use a linear mapping enabled by the addition of a hole and therefore
monotonic force-frequency relationship. This tactile array demonstrates the practicality of
holes in the caps, exhibiting low amplitude of sound when not in contact, and resonance
when loaded.
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Astrictive gripping

Shown in Fig. 2.8A, we manipulate a 500 g weight, imparting tension and compression
via suction cup gripping. Fig. 2.8B shows the net frequency of the three taxels. In the
demonstration, the suction cups adhere to the smooth, flat surface of the weight (i). The
gripper lifts the weight and hefts repeatedly with weight still attached (ii), varying the
tension loading. In part (iii), we compress the suction cups against the weight. The resonant
frequency signals show expected trends, in which the sensor captures the oscillating tension
forces at approximately 4Hz in (ii) and the larger compression force at about 1Hz in (iii).

2.6 Discussion

The experimental results show the substantial effects of tube and cap geometry on the sound
signals generated by AcousTac. Parameters including tube length and cap wall thickness af-
fect frequency and force measurements as expected from simple first-principle design models.
For example, as the tube length decreases, a given deformation results in a higher frequency
output range. So, shorter tubes have higher sensitivities and also higher total frequencies.
We leverage this length-frequency relationship in order to read multiple force signals simul-
taneously by assigning different tube lengths to different taxels in system demonstrations.
Designers can further tune the cap wall thickness or material stiffness for a desired force
sensing range. The fabrication of these taxels is simple, requiring only a 3D printer and
silicone casting equipment. In part, the simplicity of this system is because there is no need
for the integration of precise or sensitive electronics into the skin.

We observe a change in boundary conditions when contact occurs with the soft taxel
cap. The compliant material produces a boundary condition that lies in between the open
and closed cases. We posit that this damping results in the nonmonotonic force-frequency
relationship that occurs upon initial touch during experiments. In order to tackle this issue,
the addition of a hole or mass at the tip of the cap enables monotonic force readings, not
otherwise achieved. When using holes, rather than mass, the sensor is generally quieter
when no contact is being made, which is advantageous if operating near humans who may
not want to hear the sensors at all times. The larger the hole, the quieter the sensor when
not in contact. The presence of the hole also enables pre-touch and close proximity sensing;
prior to contact, at distances of approximately 1mm, a unique set of amplitude and resonant
frequency signals are generated. At the same time, adding mass is a useful solution if a hole
is not an appropriate option, for example when handling objects in wet or dirty environments
where matter would enter the hole. In addition, the taxels with holes only produce reliable
sounds when the hole becomes sealed by contact, which may not always occur.

Throughout this work, we use a common smartphone microphone to measure signals,
demonstrating the accessibility and non-specialized requirements to implement AcousTac.
In the current implementation, we implement audio processing parameters that dictate the
temporal and force resolution. While this is not a physical limitation of the taxel sound
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emission, sound collection hardware and processing speeds will influence overall system per-
formance and the ability to detect fast transient loads. We operated experimental trials in a
normal laboratory environment. In environments with loud or complex ambient noise, more
sophisticated processing methods may be needed.

Limitations and future work

Spatial resolution is not the focus of this current work and could be improved in future work.
Taxels need to be spaced far enough apart such that a deformed cap does not interfere with
the neighboring taxel caps. Therefore, as taxel diameters get smaller, they can be packed
more closely. As taxels reduce in size, output frequency, air supply, fabrication precision,
and microphone requirements may need to change. Another issue could arise where the
surrounding taxels interfere with the airflow near the edge-orifice. If the edge-orifice area
of the tube is obstructed, resonance is inhibited, though we do not observe any issues for
taxels spaced 15mm apart. For sensors at substantially different length scales, a resonance
generating geometry other than the current edge-orifice may be more appropriate from a
resonance, packing, and physical implementation standpoint. With the addition of more
taxels, future work should also investigate the limit on how many simultaneous frequencies
can be produced within unique frequency ranges.

Throughout this work, we assume superposition holds for sounds signals from systems of
multiple taxels. This seems to be true for the current design, where each taxel operates the
same independently of the other taxels. However, with closely overlapping frequency bands,
we observe heterodyning and difficulty processing the signals as a result. We also observe a
dependence on microphone location due to constructive and destructive signal interference.
Each taxel is separated by rigid materials in this study. When resonating soft structures are
physically coupled together, their resonant frequencies can interact in complex and nonlinear
ways [66], a topic to further investigate in fully-soft resonating structures.

We characterized AcousTac under normal loading conditions, yet oblique loading occurs
in the real robot manipulation. As a preliminary test, we sheared caps with and without
a hole under 5N normal force, with up to 2N lateral force. We did not find the sliding
and shear forces to affect the normal force measurements. By modifying the cap geometry,
AcousTac structures could potentially be specialized for other particular types of loading
and deformation measurements in future work.

AcousTac uses the ambient atmosphere to transmit information. The atmosphere must
be gaseous, as this resonance generation utilizes the compressible nature of the ambient air.
The atmosphere also must be dense enough such that the sound propagates, i.e. not the
vacuum of space. Extreme changes in temperature, density, and humidity would require
additional calibration steps as they alter resonance and sound propagation [71]. As an
open fluid system, the robot also needs to be able to provide a continuous flow of air when
activating the sensors. Pneumatic systems for locomotion in untethered robots [27] and
robots in extreme environments [68] could potentially power AcousTac for sensing on mobile
robots. One relatively untapped benefit of active acoustic tactile sensing is that sound can be
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measured across large distances, even without physical contact with the resonating system.
Thus, if loud enough, information about robot contact state is detected by any microphone
within audible range.

2.7 Conclusion

In this work, we present AcousTac, a pneumatic-driven electronic-free tactile sensor that
emits deformation and force information through active acoustic resonance. AcousTac is
capable of producing monotonic force measurements without hysteresis, captured by a remote
microphone. Because there are no electronics located at the skin, the taxels are simple and
cheap to fabricate and resilient to loading that might otherwise fatigue or break electrical
wires or connectors. By characterizing a range of sensor parameters and comparing to
theory, this work serves to guide future implementations of AcousTac across a range of force
scales and applications. For example, it is an attractive option where electronics cannot
function, e.g., in an Magnetic Resonance Imaging (MRI) machine or in harsh environmental
conditions, e.g., when handling volatiles. AcousTac could also potentially be utilized for
wireless communication between different agents, where any agent with a microphone can
sense the state of another. Ultimately, sound holds great potential to enable soft robots
to communicate information across distances without wires; with soft structures generating
resonant sound, emitted frequencies sensitive to robot state can be harnessed with audio
transducers that are already integrated in robotic systems.
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Chapter 3

Sensing on a soft actuator

Soft robots capable of dexterous manipulation can enable the exploration of extreme environ-
ments. Equipping these robots with tactile sensing is a challenge, as sensors must be flexible,
stretchable, and robust to environmental conditions. We present a tactile sensor design with
a pneumatically driven acoustic resonator, without electronics near the end-effector. For
applications to soft grippers, we measure the resonant frequency of a soft tube undergoing
stretching and bending. A small hole along the resonant tube enables contact sensing and
pretouch up to 2mm away. We also measure resonant frequency for a rigid uni-axial force
sensing probe. Grasping tasks utilize three sensing modalities of a soft gripper; finger pose,
fingertip contact, and force in the palm all provide feedback for dexterous manipulation. We
discuss and address in future work the effects of atmosphere and air flow rate on resonant
frequency as well as limitations in signal processing of this sensor design.

3.1 Introduction

Soft robotic hands and grippers enable gently adaptive interactions through underactuation
and compliant and deformable materials. These designs are already demonstrated in a wide
range of potential applications – for example, soft hands can be particularly well suited to
field missions when the end-effector must be capable, gentle and physically resilient [109,
126]. Equipping soft robots with a “sense of touch” is an active development area that
enables new adaptive control methods for manipulation tasks [22].

While soft pneumatic robots have demonstrated survivability and operation in extreme
conditions like snow, fire, and large external loads [121], challenges remain regarding the
integration of electronics and sensors into articulated soft structures, discussed in [81]. New
fabrication methods continue to emerge in order to integrate electronic sensors with soft ac-
tuators. Recent soft sensing works include additive manufacturing with conductive filaments
[124] and with embedded electronic sensors [105], and screen printing with piezoresistive ma-
terials [38, 57]. Other sensing modalities include a camera on the end of a growing vine robot
for steering and locomotion [42]. A microphone embedded in a soft finger detects where and
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Figure 3.1: A robotic gripper with soft fingers employs embedded pneumatic resonance-
based acoustic tactile sensors. Each finger can detect pose and contact, while a probe in
the palm measures force. The single remotely located microphone simultaneously monitors
the emitted resonant frequency of each sensor. The gripper has no integrated electronic
components.

what the finger is tapping [135]. A challenge is to reduce the effects that large, repetitive
strains, and resulting fatigue, have on the function of sensitive electronics over extended use.

Additionally, electronics may be unsuitable for some conditions, such as in easily com-
bustible atmospheres (gas tanks, mine shafts) or in sensitive magnetic fields (MRI). An
example of a recent trend towards soft robots that operate without electronics altogether
includes pneumatic computation for gait control during locomotion [68, 27].

We present a new flexible tactile sensing modality, without electronics near the end-
effector. Inspired by woodwind instruments, we integrate resonant tubes in the soft fingers
and palm of a gripper. Emitted acoustic frequencies, dependent on the geometry of these
resonant tubes, provide information about pose and contact of the fingers and force at
the palm, and are monitored by a remotely located microphone (Fig. 3.1). We note that
people perceive acoustic emissions during dexterous manipulation, with studies showing that
sound plays a role during haptic exploratory procedures [43]. In application, we envision a
robot topology akin to the human ear, where the sounds emitted at a distal end-effector are
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perceived with a microphone on the body of a robot, proximal to the manipulator. To the
authors’ knowledge, this is the first presentation of tactile sensing where the signal travels
through the atmosphere, and the end-effector has no electronics nor requires vision.

Overview

Section 3.2 provides the relevant theoretical background on acoustic resonance, with the
measurand of frequency modulating as a function of cavity geometry. Section 3.3 describes
the resonant tube geometries, acoustic measurements and processing methods employed
throughout the experiments. We then present the implementation and calibration of specific
resonant sensors analogous to the sub-components of a robotic gripper: (1) proprioceptive
and contact sensors integrated into a soft finger in Section 3.4 and (2) a force probe for
the palm in Section 3.5. In Section 3.6, we demonstrate the integrated gripper, as in Fig.
3.1, showing how multiple sensor readings can be detected simultaneously with a single off-
board microphone. Future directions for this tactile technology are discussed in Section 3.7.
Emphasized in Section 3.8, such acoustic sensing holds great potential for soft, electronics-
free end-effectors.

3.2 Acoustic theory

Instabilities of airflow across objects can generate pressure waves that emanate through the
atmosphere. Under certain conditions, these pressure waves amplify in a feedback mechanism
known as resonance [16]. We purposefully design a pneumatic resonator (Fig. 3.2). A
constant pressure drop drives airflow through a narrow inlet, across an edge and into a tube.
Airflow oscillates above and below the end, emanating as pressure waves into the ambient
atmosphere. The frequency of oscillation is dependent on the geometry of the resonant
tube. We focus on tube length for this sensor design, where stretch and compression change
tube length and resonant frequency. Adding a small hole along the side of the tube affects
resonant frequency as well. Resonant frequency is a function of additional parameters such
as edge-orifice shape (fipple), atmosphere and flow rate, which are kept constant throughout
this study.

Resonance of a closed tube with varying length

The resonant frequency can be approximated from the geometry of the tube. In the 1D wave
propagation model of a closed-closed tube, the fundamental wavelength or first harmonic
is twice the tube length. Higher harmonics are multiples of this fundamental harmonic.
Resonant frequency fr for a closed tube is

fr =
nc

2L
(3.1)
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Figure 3.2: Cross-sectional schematic of pneumatic resonant structure. Air flows in from the
left and is constricted through a slit. Air flows out above the edge and into the tube, traveling
the length of the tube and back. These oscillations create pressure waves, with the oscillating
frequency f governed by the cavity length L. The waveform (blue/red curve) represents the
second resonant mode (closed-closed) of the given cavity. Increasing the resonant cavity
length ∆L decreases the emitted frequency.

Contact sensing hole
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Figure 3.3: Cross-sectional schematic of pneumatic resonant structure for contact sensing.
An unobstructed contact sensing hole changes its local boundary condition to an antinode.
Contact at the sensing hole reverts the resonance back to closed-closed regime of a non-
perforated tube.
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for harmonic integer n = 1, 2, 3..., speed of sound c, tube length L. Many geometric param-
eters of the resonant structure alter the emitted frequency, e.g., fipple shape. We focus on
tube length as an analog to finger pose and force sensing.

Resonance with small lateral opening

In addition to physically changing the resonant tube length, a lateral opening along the tube
effectively changes the boundary condition, and thus the resonant modes and frequency.
With a lateral hole as shown in Fig. 3.3, the hole location is likely in an antinode condition.
Then the resonant mode n may be different from the mode without the hole, depending on
the hole location. Computing actual fr would require computational fluid dynamics solvers,
which is beyond the scope of this chapter.

We propose to detect contact of an object over the hole by measuring the difference in
resonant frequency fr before and after the contact. It is also difficult to model the resonant
mode of partially closed or air-leaking hole; we present an experimental result from gradual
hole closing in Sec. 3.4.

3.3 Experimental methods & acoustic processing

Throughout this study we utilize a flow divider geometry upstream of the resonant tube.
This fipple has a maximum stream-wise gap length of 3.6mm and the edge angle is 28.5◦,
as in Fig. 3.4 and helps create the oscillating pressure waves we detect as sound. The
inlet is connected to a compressed air line by flexible hosing with a 8.3mm (3/8”) outer
diameter, and the hose is over 4m long with air pressure less than 34 kPa (5 psi). The
resonant chambers, those described in Sections 3.4 and 3.5, are then attached to the other
end with a press fit. One fipple is dedicated to each sensor, therefore the integrated gripper in
Sec. 3.6 utilizes multiple fipples. We use a robot arm (UR-10, Universal Robots) and 6DOF
wrist force/torque sensor (Axia80, ATI) for the following experiments. The experimental
setup for pose estimation and gripper demo is depicted in Fig. 3.7. Sound is recorded with
a smartphone (iPhone 11) at a sampling rate of 44.1 kHz for experiments in Sec. 3.4 and
Sec. 3.6, and with an omnidirectional microphone at 48 kHz for experiments in Sec. 3.5.
The microphones are located approximately one meter from the resonators.

We analyze the audio recording to obtain the power spectral density (PSD) and compute
resonant frequency (fr). The spectrogram in Fig. 3.5A shows an example of the different
resonant modes of acoustic emission from the fipple and resonant tube (90mm in length, and
7.1mm in diameter). We compute the fr by choosing the frequency with the highest PSD
as shown in Fig. 3.5B. Throughout the process, we utilized built-in functions in Matlab:
spectrogram() for PSD and tfridge() for fr.

In computing the spectrogram, sampling window duration affects the PSD lobe width and
thus affects the separation between frs from different sensors. We define W0.1 as the width of
the PSD lobe at 10% of the peak PSD value. Fig. 3.6 shows that the small Hamming window
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Figure 3.4: Cross sectional image of fipple geometry, with distance units in (mm). Air flow
enters through hose inlet from the left.

Figure 3.5: Spectrogram example of L=90mm resonant tube and definition of fr in the
spectrogram. A. Spectrogram example of L=90mm resonant tube and definition of fr in the
spectrogram. B. Cross sectional view of spectrogram taken from Section A-A.

size (< 20ms) results in significantly wider W0.1. Although the smaller window may update
the information faster with low delay, the wide lobe allows fewer sensors not to overlap their
fr lobes. Because the W0.1 does not decrease much for window size greater than 30ms, we
chose 33ms as the Hamming window duration.
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Figure 3.6: The effect of Hamming window size on the resonant frequency lobe when com-
puting spectrogram.

3.4 Resonant Soft Finger

Implementation

We integrate the resonant pneumatic tactile sensor on a soft pneumatically-driven finger to
measure proprioceptive curvature and detect contact. We use the design of the pneunet soft
robotic gripper in Soft Robotics Toolkit [45] with a modified base layer to accommodate the
resonant cavity tubes, as shown in Fig. 3.8. We cast the array of actuating bladders first
and then cast the base layer with the resonant tube after the initial array is cured. The
diameter of the tube is 6mm and the length is 10 cm. Unlike the design in [45], we do not
use any inextensible intermediate layers to simplify the fabrication process, and the entire
body is silicone (Dragon SkinTM 30). Two resonant tubes are on either side of the finger,
maintaining symmetric free curling motion because each chamber structure stiffens its side
of the finger. On a single finger, one tube can be used to measure pose while the other
detects contact.

Pose estimation

We estimate the pose, or curvature of the gripper by measuring tube elongation. We first
measure the resonant frequency (fr) as the tube undergoes axial stretching. As shown in
Fig. 3.9, we manually pulled a sample tube that was cutoff from the gripper in Fig. 3.8
left. We mark three red dots along the tube and track their location as we gently cyclically
stretch the tube for 5 times. Fig. 3.9 right shows that fr decreases as the tube elongates.
Our sensor shows very low hysteresis unlike previous piezo-resistive bending sensors [38, 57].

Then, we test pose estimation using the pneumatic finger with the resonant tube inte-
grated. We measure the curvature by detecting the three red dots marked on the gripper,
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Figure 3.7: Experimental setup for both the sensor calibration (top) and gripper experiments
(bottom). Resonant tubes are highlighted in cyan. The microphone is either built-in to the
iPhone or plugged into a GoPro camera, and the microphone is located approximately 1m
from the resonators.
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Figure 3.8: CAD of soft finger with resonant tubes. The contact sensor hole is located near
the distal tip of the finger on the volar side. A fipple is fitted to the resonant cavity tube
opening. The finger is actuated by pressurizing the central bladder chamber.

assuming circular curvature passing through three three marker locations. The result in Fig.
3.10 shows similar trends in fr: the higher the curvature, the lower the fr, and low hysteresis.

Contact sensing

We also characterize how frequency changes as the lateral opening on the fingertip is oc-
cluded. To test the contact sensing performance, we made a separate tube 11 cm long, using
the same material as the soft fingers. We punched a hole (D=3.2mm) at 10mm from the
distal end as shown in Fig. 3.8. Then, we placed the tube on top of a flat surface and slowly
lowered a flat acrylic plate over the hole using the robot arm depicted in Fig. 3.11 left. We
decremented the gap distance (h) while measuring the wrist force/torque sensor mounted on
the robot arm. At close vicinity of the hole, decrements are 0.2mm. At each h, we measured
fr for 330ms and report the average fr from each h in Fig. 3.11 (right). The distance h = 0
is determined as the point where the force/torque sensor measures a large change in the
contact force.

Fig. 3.11 shows a gradual change in fr with values of h < 10mm. Resonant frequency
plateaus for h > 10mm while the most signal change occurs between 0 < h < 2mm. When
the hole is clogged (h < 0), fr saturates with respect to contact force. Contact vicinity
sensing is particularly useful for controlling the soft gripper [65] because the inner surface of
the gripper may not conform tightly to an object surface due to the curvature or weak grasp
force. Soft finger sensor performance characteristics are listed in Table 3.1.

3.5 Resonant Force Probe

We present an alternative, rigid tube design characterization that uses the same principles
as the soft finger, now implemented as a force probe for the gripper palm.
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Figure 3.9: Stretch Test result of 5 loading cycles.
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Figure 3.10: Bending Test result of 5 loading cycles.

Characteristic Length (Ltube) Curv. (κ) Contact (h)
Unloaded frequency [Hz] 3988 4003 4077
Full-scale output [Hz] 479 102 342
Dynamic range tested 2.3 cm 17.3m-1 0 - 2mm

Table 3.1: Soft sensor performance characterization from the stretch, bending and contact
test.

Implementation

This rigid resonant tube, shown in Fig. 3.12, is constructed using 3D printed PLA parts
and telescoping aluminum tubes. A spherical PLA end-cap plugs the tube on the opposing
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Figure 3.11: Contact Sensor Test

Figure 3.12: Force probe sensor. Air flows into the resonant tube from the left and out from
the orifice above. Telescoping rods are employed to change the tube length; one is fixed and
the other moves based on the force at the contact and stiffness of the spring. A hard stop is
used to keep the mobile rod from falling out of the acrylic mounting structure (not shown).

end of the fipple. A thin foam is placed on the end-cap inside the tube to dampen pressure
waves. The telescoping aluminum tubes have a clearance fit, which results in low sliding
friction and low air leakage. The outer tube has an outer diameter of 7.1mm (9/32”).

For the purpose of characterization across different tube geometries and large length
displacements, we test two different tube lengths, where the fipple edge to end distance
when unloaded is either 90mm (Test Taxel 1) or 130mm (Test Taxel 2). The maximum
displacement for both taxel designs is 25mm. A spring restores the full length of the tubing
when the taxel is unloaded. We test two different spring stiffnesses: 0.19 and 1.76N/mm.
For the gripper palm probe, we created a more compact version, with the resonant tube at
10mm long when unloaded and a restoring spring stiffness of 1.0N/mm.

Fig. 3.13 shows an example audiospectrogram of Taxel 1 during 5 compression cycles.
Contact force decreases tube length and increases frequency, such that lower frequency is
emitted when the taxel contact is unloaded. The fundamental frequency (n=1) is seen around
3 kHz and the second harmonic (n=2) is fainter in amplitude at about 6 kHz.
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Figure 3.13: Audiospectrogram of Test Taxel 1 for 5 loading cycles.

Force sensing

We characterize the force sensor by rigidly mounting each taxel onto the robot arm and
cyclically loading it at 6.2mm/s against a rigid surface. Audio measurements are manually
synced in post-processing. Characterizations for three combinations of force probe tube
length and spring stiffness are presented in Table 3.2. The unloaded frequency of Taxel
2 (T2, soft) is lower than Taxel 1 (T1, soft) as it has a longer resonance cavity. Taxel 2 also
has a lower full-scale output, expected from (3.1). The outputs of the two sensors with
different tube lengths reside in frequency bands that do not overlap, allowing simultaneous
measurements of the two. As expected, using the stiffer spring alters the sensitivity of Taxel
1 (T1, stiff).

The calibration curves from 10 loading cycles for displacement and force are shown in
Fig. 3.14, comparing T1, soft and T1, stiff. The variation in displacement from the different
springs, as seen in Fig. 3.14, is likely due to internal flexing of the acrylic mounting structure
when subject to higher forces. Taxel sensitivity is linearly fit to all data, despite hysteresis
that likely resulted from friction between the telescoping aluminum tubes. As a measure of
sensor noise, the unloaded, or fully extended, frequency of Taxel 1 is recorded over 20 sec
and results in a standard deviation of 1.65Hz.

3.6 Robotic hand demonstration

We integrate two resonant soft fingers for opposed grasping on a robotic arm. We utilize
the resonance tube in one finger for pose estimation and a tube in the other finger for
contact sensing. Between the two fingers, the gripper palm has a resonant force probe.
We demonstrate function of sensing modalities during object pick up and grasp failure of
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Characteristic T1, soft T1, stiff T2, soft

Tube length [mm] 90 90 130
Spring stiffness [N/mm] 0.19 1.76 0.19
Unloaded frequency [Hz] 2650 2650 1840
Full-scale output (FSO) [Hz] 730 730 310
Dynamic range [N] 6.5 56 6.5
Sensitivity [Hz/N] 113 13 48

Table 3.2: Physical parameters and performance characterization of force probe sensor. The
dynamic range of T1, stiff is linearly interpolated.

Figure 3.14: Calibration curves for Taxel 1. Frequency is linearly fit to displacement (left)
and force (right). The soft spring is shown in blue and the stiff in green. 10 cycles are
plotted.

a rectangular and circular foam object, showing varied gripper states represented in these
sensor signals. While these two objects happen to also be soft, this sensitive soft gripper
is applicable to objects with a variety of shapes and hardness. A video of these tasks is
provided in supplemental media.

Gripper integration

We clamp the base of the soft fingers to the rigid palm base, shown in Fig. 3.7. A force
probe is integrated in the center or the gripper, or palm. The inner distance between the two
fingers is 108mm (4 1/4”). The fingers are offset from the center by 26mm (1.02”) so they
can curl fully without touching one another. The gripper design is not optimal and serves
only as a platform to demonstrate the sensing modalities. The soft fingers are actuated
by manual pressurization with 100mL syringes. We sense curvature on Finger 1 (left) and
contact on Finger 2 (right). The curvature sensor uses a different fipple geometry so the
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frequency ranges of the sensors are distinct for ease of processing. The gripper is mounted
onto the robotic arm with wrist force/torque sensing for the following grasping tasks.

Grasping tasks

Resonant tactile sensing is demonstrated for the grasping of a rectangular and cylindrical
shaped foam object. Prior to grasping, both objects start on the table directly below the
gripper. In state (1), the object is centered between the fingers and is not in contact with
the gripper. In Fig. 3.15 towards the end of state (1), pressure increases and we detect an
increase in curvature in the left (and right) finger. The fingers bend to grasp the cylindrical
object, with an asymmetric pinch achieved by pressurizing Finger 1 more than Finger 2. We
detect contact on Finger 2, demarcated by a sharp decrease in resonant frequency from A to
B. During state (2), the object is in a steady grasp. As the object is pulled out of grasp, we
observe an increase in frequency from B to A as contact is broken. In state (3), the object
is no longer in the grasp and fingers are de-pressurized to state (4). This task shows how we
can use the fingertip contact sensor to detect the presence and loss of grasped objects.

In the second task, we utilize the force sensor to detect objects in the palm to initiate
grasping (Fig. 3.16). The robotic arm lowers the gripper until we detect palm force in state
(2). The fingers close to grasp the object in state (3). The gripper lifts the object for state
(4). When lifted, we do not detect force in the palm as the weight of the object pulls it away
from the palm, but the constant curvature of the fingers indicate that the object remains in
hand.

3.7 Discussion

This resonant pneumatic tactile sensor modality opens avenues for further investigation and
innovation. While we designed this sensor to emit frequencies in the human hearing range,
fipples and tubes may be designed to resonate in the ultrasonic range like dog whistles
[118]. These sensors would have a shorter tube length, advantageous for miniaturization.
They would also not be audible or distracting to people nearby. We show three simultaneous
sensing elements on the gripper. The current audio processing fails when resonant frequencies
overlap. To address this, we can make resonator geometry distinct, implement pneumatic
valves switching each sensor, or incorporate more robust signal processing and learning.

In addition to elongation, pinching or compressing the soft resonant tube changes its
frequency. Also, by coupling contact and curvature sensing in our current design, the signals
simultaneously represent both phenomenon, making it difficult to discern the two with a
single resonant tube. With multiple resonant tubes in a single finger, we can use one resonant
tube for pose and the other for contact. The curvature effects can then be subtracted from the
contact measurements to more accurately sense contact. Alternatively, future work could
include the application of machine learning methods in order to interpret these complex
signals in the context of manipulation.
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Figure 3.15: Contact detection during grasp. (1) pre-grasp. (2) grasping object. (3) object
is pulled out and fingers are still curled. (4) uncurling fingers. We observe a sharp decrease
in frequency from when the contact sensing hole is open (A) to closed (B). We detect a loss
of contact when object is pulled out around 29 sec, and uncurl fingers.
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Figure 3.16: Object detection in palm and grasping. (1) pre-grasp position. (2) object
detected in palm by force sensor. (3) grasping of object. (4) holding lifted object. The soft
fingers are holding the object up and object is no longer pushing on palm.
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As previously stated, resonant frequency depends on more than geometry. No resonance
is produced without air flow. Increasing flow rate in a resonant system can result in slight
increases in frequency as well as sudden jumps to higher harmonics. Atmospheric conditions,
such as molecular composition and temperature will affect frequency as well. Hence, the
sensor is most accurate when recalibrated prior to each use, or when coupled with other
sensors that can measure atmospheric conditions or flowrate.

Issues may arise if the receiver cannot monitor the emitted frequencies, potentially due
to high external noises or an insulated or obstructed emitter. Note that the resonance signal
was easily detectable amidst typical research laboratory noises, from anywhere in the room.
In environments where external disturbances are low in amplitude or not within the sensors’
frequency range, this technology provides easy-to-integrate and inexpensive sensitivity that
relays a rich understanding about the forces, contacts and movements experienced by soft
systems.

3.8 Conclusion

Acoustic resonance chambers can equip soft robots with pose, contact and force sensing,
taking advantage of the deformation inherent to these soft structures. One major benefit
of this design is that electronics can be omitted from the end-effectors of robots, while rich
signals are monitored with a single remote microphone located far from contact. Thus,
these sensors are simple to integrate and can operate in conditions too harsh or impractical
for electrical components in the end-effector. In this study, we find that these integrated
pneumatic resonant sensors provide low hysteresis and capture the state of a soft gripper.



40

Chapter 4

Grasping in lubricated contact
conditions

Real world environments, such as kitchens, present objects covered in viscous fluids: soap,
oil, water, etc. Understanding and designing for slippery and submerged contact, where fluid
lubrication is present, is a continuing challenge in the robotics community. Contact area,
bending stiffness, and the presence of a viscous fluid affect friction. This work focuses on
milliscale features (3 to 20mm in size) of soft urethane skin on smooth, flat surfaces. We
characterize the friction of soft skins, with varying size, and therefore bending stiffness, of
cylindrical features, all with the same nominal contact area. In addition, a new method
of frustrated total internal reflection with dye is introduced to visualize lubricated contact.
We find that a small number of milliscale fingertip features maximizes friction force in the
presence of lubrication, as compared both to un-patterned and many-featured skin designs.
This holds true for a robotic gripper test, when pinching glass submerged in oil.

4.1 Introduction

Dexterous robots assisting in real world applications must capably execute manual tasks
in the presence of variable contact conditions [81]. This chapter focuses on the wet and
submerged environments present in applications varying from home service robots to remote
ocean exploration. For example, dish-washing robots are being developed for at-home oper-
ation [120] and commercial purposes [2]. Robotic hands must grip objects covered in water,
soap, oil, biofilms, etc. (Fig. 4.1). Slippery contact conditions can make it difficult to grasp
objects with strength and reliability, and grasping with higher normal forces is not always
feasible. This is especially true when handling fragile items like glassware. Modification of
contact conditions through careful skin design can combat this slippery challenge. As stated
in [18], “like the performance of a sports car which is ultimately limited by the tires on its
wheels, the performance of a robotic hand is limited by the skin on its fingers.”
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Figure 4.1: Examples of manipulation with lubricated contact – a) The Robotiq gripper picks
up a ceramic mug while using a set of soft fingerpads on extended fingertips. The latter of
which prevents fluid exposure to electronics. b) Person washes dishes where water, soap and
food residue make the pan slippery. Inset: Pressure distribution of a human fingertip that
is wrinkly after prolonged exposure to wet conditions, cast in silicone rubber and pressed
against the high-resolution tactile sensor developed for [28].

Soft robotic skin for frictional contact

Increasing friction through careful skin selection can aid in achieving force closure during
robotic grasping [86]. Soft rubber is a popular skin option that distributes contact loads,
reducing localized stress concentrations that could break fragile objects during grasping. Soft
skin can also comply passively to an object’s roughness and geometry, enabling interlocking
between the surfaces. The details of geometry (i.e. number and shape of surface features) and
material of soft skins contribute to their contact conditions. For example, in dry conditions,
compliant cylindrical pads composed of a stiffer material result in higher friction [34]. One
soft skin model describes how a set of discrete elastic cantilevers, where the stick-slip of each
beam is modeled with Coulomb friction, can be combined to model friction of the system as
a whole [44].

A number of works characterize how soft skin in dry contact conditions can be selected
and controlled when applied to robotic manipulation. Grasp robustness is evaluated on a
parallel-jaw gripper with silicone fingertips for a variety of surface features [39]. A friction-
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tunable soft finger pneumatically induces ridges to control friction properties [122]. An
increase in pressure is modeled and observed to increase the height of the finger’s ridges and
friction forces. In [85], a geometric surface design can passively switch between high and
low contact area depending on normal force; it can either firmly grasp or slide past surfaces
for different tasks. Friction of compliant fingertips is intentionally decreased by introducing
fluid onto a slitted surface in [73]. These works do not address increasing friction during
lubricated contact.

Researchers have noted how the fingerpads of humans, and some primates, wrinkle af-
ter prolonged exposure to water, shown in the inset of Fig. 4.1. The debate regarding
the evolutionary role of water-induced wrinkling, and whether it improves the mechanics of
manipulation in wet and submerged environments, is still ongoing [15, 41, 54]. A leading ar-
gument asserts that the tread-like features at the fingertips can enhance contact by reducing
lubrication, similar to how treads reduce slipping on automobile tires and shoe soles, as in
[59, 133]. However, a physical explanation that details the fluid lubrication effects with skin
surface features, such as treads, still remains ambiguous. Recently, Mizushima, et al. [74]
compared textured surfaces in dry and lubricated conditions to find that the size and shape
of surface features affect friction. They focus on features 1 - 4mm in size and found that
slits perpendicular to the loading direction exhibit the highest friction coefficient when wet,
among their tested geometries. The current study expands upon these findings to include
large (>4mm) cylindrical features. We also test whether trends for viscous squeeze flow
translate to prehensile pinching in a real robotic hand.

Comparison to other contact technologies

Frictional soft skin is only one of many robotic contact solutions. For wet conditions, re-
searchers are designing micropatterned surfaces that employ capillary effect for adhesion,
enabling tasks like picking up a contact lens without squeezing [82]. Capillary effect can pro-
duce adhesion on wet surfaces [95] but is not applicable for grasping completely submerged
objects as it relies on surface tension. Gecko inspired adhesives enable robots to resist large-
scale shear forces on clean, dry surfaces [72, 98]. While surface functionalization can allow
synthetic gecko adhesives to perform in wet conditions [61], it has not been applied to robotic
manipulation. On rough surfaces, microspines are highly effective for applying tangential
loads with a multifinger hand [129]. Spines have been applied effectively underwater via the
JPL Nautilus Gripper that attaches onto rocks in the deep ocean [5] and a gripper composed
of sets of blunted teeth for grasping hard corals [63]. However, interlocking with spines is
not suitable for grasping smooth, flat, hard surfaces or when a surface should not be marred.
Suction can enhance grasping, especially in submerged environments, and a constant suction
flow at the fingertip increases grasp region of a hand [112]. This modality requires additional
pumps and tubing to be installed on the robotic device. Contact technologies may also be
combined. For example, a bio-inspired attachment mechanism utilizes both a suction seal
and spines to grip onto smooth and rough surfaces underwater, resisting large normal and
tangential forces [130].
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We focus on passive, soft skin due to its mechanical simplicity, easy fabrication and
integration, as well as its versatility in a wide number of applications.

Overview

Models for friction, bending stiffness and viscous fluid squeeze flow are presented in Section
4.2. Section 4.3 details the fabrication and experimental set-up used in testing frictional
behaviors. A new method of visualizing lubricated contact area using frustrated total internal
reflection is introduced. In Section 4.4, we find that an un-patterned soft skin has low friction
in submerged conditions. Otherwise, friction force increases with bending stiffness of the
surface features, a trend that holds true for dry and submerged trials. Lubricated friction
force is therefore maximized at intermediate feature patterns. Section 4.5 discusses how the
models for bending stiffness and lubrication support our experimental results. Section 4.6
highlights that milliscale skin features can enhance robotic grasping and describes future
work for contact area imaging.

4.2 Friction Models and Fluid Effects on Contact

Models of dry friction, surface feature bending stiffness and viscous squeeze flow between
two disks are detailed for comparison with experimental results in Section 4.4.

Contact models for dry friction

The simplest friction model is Coulomb or Amonton’s Law. This model is best described
by considering two cases. First, when there is no relative motion, the maximum friction
force Ffr that is available to prevent motion is linearly proportional to the magnitude of the
normal force FN :

|Ffr| ≤ µs|FN | (4.1)

where µs is the coefficient of static friction. When relative motion is occurring, then the
magnitude of the friction force is proportional to the magnitude of the normal force and it
opposes the relative motion:

|Ffr| = µk|FN | (4.2)

The coefficient µk is known as the coefficient of kinetic (or dynamic) friction.
Surface interactions between rubber and rigid objects typically match the Hertzian fric-

tion model [94]. Based on Hertzian elastic contact theory, friction force is proportional to
the contact area between two surfaces; between a half-sphere and a flat plane, normal force
is proportional to the cube of contact area [52]:

|Ffr| ∝ R2 R3 ∝ |FN | (4.3)
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with radius of contact R. Combining the above, friction force is proportional to normal
force to the two-thirds power. In actuality, friction is more nuanced. A power-scaling
modification to Hertzian contact is used to more accurately model contact mechanics of soft
robotic fingers, where contact radius is proportional to normal force to the 0-1/3 power [132].
This is an accurate model for elastic spherical contacts; but, changes in skin geometry and
the presence of a lubricating film can have significant effects on friction that are not captured.
In Section 4.4, we test for a trend between contact area and friction, with cylindrical features
in lubricated conditions.

Bending stiffness of cylindrical surface features

Previously, researchers found that pad stiffness can either increase or decrease friction in dry
conditions, depending on contact geometry [131]. For the cylindrical pad in contact with
a flat, rigid face, researchers observed an increase in friction with increasing stiffness [34].
For skin pads with constant nominal contact area and feature height, varying the number of
features changes their bending stiffness. A cantilevered beam with circular cross-section has
stiffness k and moment of inertia I

k =
3EI

L3
, I =

πR4

4
(4.4)

with modulus of elasticity E, length of beam L, and mathematical constant π. R is the
radius for a single contact. For n number of contacts that sum to the same nominal area A,

A = πR2 = nπr2. (4.5)

We can write stiffness of a single feature as kn:

kn =
3E

L3

πr4

4
=

3E

L3

πR4

4n2
(4.6)

Assuming the superposition of stiffness for parallel features gives the total stiffness of a given
skin pad, bending stiffness would decrease with the inverse of the number of features n:

ktot = nkn =
3E

L3

πR4

4n
⇒ ktot ∝ n−1 (4.7)

In practice, when not all features are in contact with a surface, stiffness will be effectively
lower. Furthermore, tangential forces deform flexible features, shifting contact to the edges.
In the extreme case, flexible features bend so much that the cylinder walls are in contact
with the surface. Bending stiffness estimated with Eqn. (4.4) is used when observing friction
trends in Sec. 4.4.
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Figure 4.2: Schematic diagram for the Stefan-Reynolds equation that describes two parallel
disks symmetrically squeezing together, showing only the top disk and the dashed center-line
(representing the glass plate in this simplified model). The disk moves down at speed ḣ given
squeeze force FN , as fluid flows out of the gap with height h.

Squeeze force of viscous fluid between two disks

The presence of a thin fluid film between end-effector and object can create slippery contact
and result in grasp failure. For manipulation tasks in wet and submerged environments,
dynamic fluid interactions must be taken into account. Derived in the Appendix and shown in
the schematic diagram (Fig. 4.2), the Stefan-Reynolds equation describes fluid flow squeezing
out of the gap between two parallel disks [62]. Assuming a Newtonian, incompressible fluid
and the appropriate boundary conditions, the normal squeeze force to decrease the gap height
for a single disk, FN , is

FN = −3

8

πηḣR4

h3
(4.8)

with fluid viscosity η, closing velocity ḣ, radius R, and gap height h. Keeping all else con-
stant, the squeeze force is proportional to viscosity, and in air this squeeze force usually goes
unnoticed. The dynamic viscosity of canola oil, ηoil=5x10−2 kg/m·s [24], is more than three
orders of magnitude greater than that of air, ηair=2x10−5 kg/m·s. Water has a dynamic
viscosity of ηwater=8x10−3 kg/m·s. Force increases as the fourth power of disk radius, indi-
cating less force is required to squeeze smaller areas closer together. For a constant nominal
contact area, contact consisting of many smaller circles rather than one large contact lowers
total squeeze force required. Relating this to a fingerpad with multiple features,

FN,n =
1

n
FN,tot = − 1

n

3

8

πηḣr4

h3
(4.9)

where FN,n is the normal force on a single feature on a pad with n features and FN,tot is the
total normal force exerted. From Eqn. 4.9, we substitute in Eqn. 4.5 and rearrange to have

h3 = −3

8

πηḣR4

FN,nn3
⇒ h ∝ n−1. (4.10)

Thicker lubrication layers typically result in lower friction [40]. With the assumption that
friction force decreases with gap height h, friction increases with feature number n. This
formulation for viscous squeeze flow is based on normal force with a non-zero normal velocity,
and has a limited application to sliding contact. However, we use it to provide insight on
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the friction of soft contacts sliding across lubricated surfaces. We expect fluid lubrication
effects to be most apparent in robotic hands with smooth, flat skin. Based on the analysis
of bending stiffness and squeezed viscous flow, we expect a trade-off between stiffness and
lubrication, which are both related to feature size.

4.3 Experimental Methods

This study tests soft skin pads with circular features of varying size and quantity with the
same total nominal contact area. We use feature sizes up to 20mm in diameter to fit on a
humanoid robotic fingertip. The frictional behavior of skin pads is measured on dry glass and
glass submerged in canola oil. Lubricated real contact area is imaged applying a modified
frustrated total internal reflection technique.

Design and fabrication of soft skin pads

We designed soft skin pads to evaluate how surface feature size affects friction. Cylinders of
varying size and quantity compose the surface features of the skin pads. Features fall within
the same enclosed footprint and are circular to reduce asymmetry. (This is additionally
addressed by changing orientation of the pads by 90o between the two experimental setups
described in Sec. 4.3.) Surface features of each skin pad have a combined area of 32.3mm2

(1/2 in2), approximately the area of a United States penny. To evenly fit circular features into
the same enclosed footprint, skin pads have 1, 3, 7, 13, 19, 31 and 55 features. Fabrication
consists of casting urethane into negative molds, lasercut from acrylic. The size of the laser
was accounted for to ensure constant nominal contact area across the different skins. The
sets of skins were cast with urethane rubber of Shore A 30, 50, and 80 hardness (Smooth-On

Figure 4.3: Photograph of soft skins cast with Shore A 30 hardness urethane (100% modulus
= 0.45MPa). The total area of 32.3mm2 of each pad is divided into 1, 3, 7, 13, 19, 31 and
55 circular features. Both feature and base height are 6.4mm.
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Figure 4.4: Experimental setup. Left: single-axis pull experiments. A soft skin and weight
are fixed to a 3D printed mount. With a string attached to a force gauge, the skin is dragged
across smooth glass, dry or submerged in oil, and the force is recorded real-time. Right:
robotic arm with soft skin attached on the fingertips. The skin pinches and pulls up on a
glass plate submerged in oil, and pullout force is recorded.

Vytaflex 30, 50 and Econ 80) with 100% modulus of 0.45, 1.48, 4.62MPa, respectively. The
bending stiffness of these contact pads ranges from 4.5N/m for 55 Shore A 30 hardness
features to 2600N/m for the single 80A feature. All the features are 6.4mm in height and
are set on a 6.4mm thick base, shown in Fig. 4.3.

Kinetic friction of soft skin on smooth glass

The resistive forces of these skin pads is tested on glass submerged in canola oil and clean,
dry glass (Fig. 4.4 left). A 200 g mass is fixed above the skin pad, providing a normal force
of approximately 2N. A Mark-10 Series 4 force gauge is used to measure tangential forces as
the weighted skin is dragged across a glass plate at approximately 10 cm/s via a tensioned
string. Tangential force is recorded at 10Hz averaged over one second for 10 trials. This
measured force is divided by normal force for the kinetic friction coefficient. In this chapter
we will refer to the friction coefficient of contact as the ratio of tangential to normal force,
even though we acknowledge that it is only applicable to the specific testing conditions used,
such as shearing rate. We assume that measuring the coefficient of kinetic friction provides
a lower bound for coefficient of static friction.
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Robotic pinching in a bath of oil

The internal squeezing force of a pinch grasp constrains contact surfaces differently than
the constant normal force in the previous experiment. To verify translation of the results
from weighted, single-axis experiments to robotics, the middle stiffness, 100% modulus =
1.48MPa (Shore A 50 hardness), skin pads are also tested on a robotic gripper system.
Skin pads are attached to extended fingertips of a 2-finger 140 Robotiq adaptive gripper for
opposed pinching. The gripper is mounted on the UR10 robot arm from Universal Robots.
The gripper pinches a glass plate in an oil bath and then moves upwards, dragging the skin
pads across the glass with the positional uncertainty and drift of a real robotic system (Fig.
4.4 right). The Robotiq FT 300 Force Torque Sensor is used to measure pullout force of
the glass. The squeeze force is approximately 4N for the hard pinch and a 2N for the light
pinch. We compare this to dry pinching; however, the shear grasping forces were so high on
the glass plate that a wooden block was used instead to avoid damage or finger wear. The
finger pads are mounted to the robotic grasper such that they are loaded in an orientation
perpendicular to the experiment in Sec. 4.3, to capture effects of contact feature orientation.

Contact imaging

An estimate of contact area is compared with measured friction force for dry and lubricated
conditions. Real contact area between two surfaces often differs from apparent, or nominal,
contact area. Frustrated total internal reflection (TIR) is an optical technique used to
measure real contact area [7, 103]. LED lights with a red filter are wrapped around the edges
of a 13mm thick acrylic waveguide, as in Fig. 4.5. This technique relies on the difference in
index of refraction between acrylic and air, 1.49 and 1.00 respectively, to achieve TIR.

When a surface comes into contact with one side of the waveguide, the red light scatters
and is frustrated from the waveguide to the other side and recorded by a video camera
(GoPro Hero4). In the lubricated case, a propylene glycol based dye (Americolor Candy
Oil, green), refractive index similar to acrylic (1.43), covers the plate. We infer that the dye
transmits light while maintaining TIR at the air interface. We chose a liquid with heavy
pigment that absorbs transmitted light, thus enabling a measure of contact film thickness.
Here, we assume a binary measure of contact based on color saturation and brightness of
image. This measure is sensitive to post-processing and threshold selection. Characterizing
the relationship between illumination, force and film thickness will be a part of future work.
Even in dry conditions researchers have found increasing signal intensity with normal force
[103].

The inset of Fig. 4.5 shows an example of the raw frustrated TIR image and contact
area calculation of a single contact in wet and dry conditions. Images for dry contact
were captured 0.1 sec before total slip and then matched with peak friction force. For the
lubricated case, images and force measurements were taken midway through sliding. All
images were collected using skin pads cast with Shore A 50 hardness urethane. A 100 g
weight corresponding to 1N of normal force was used for dry imaging because the heavier
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Figure 4.5: Schematic diagram of frustrated TIR technique setup. Light waves that initially
undergo total internal reflection are scattered or frustrated from the acrylic waveguide by
contact of the skin pad. This light is detected by a camera underneath and is used to
estimate contact area. In the lubricated case, a fluid is selected that transmits the light
while the pigmented fluid partially absorbs light such that skin pad contact is illuminated
and the fluid is not. Raw frusturated TIR images and post-processing to calculate percent
of real contact area (inset) are shown for wet and dry conditions. Nominal contact area is
outlined in blue.

weight made tangential motion too difficult. Post-processing of images with a red color filter
and binarization is used to calculate the percentage of real contact area compared to nominal
contact area.

4.4 Results

Skin friction: feature size and stiffness

The kinetic friction coefficient of all skin designs in this study are plotted against number of
features and total skin stiffness in Fig. 4.6. The skin pad exhibiting the highest kinetic fric-
tion coefficient has three features from the stiffest material. Overall for the stiffer materials
(Shore A 50 and 80 hardness) and excluding the un-patterned pad, there is a positive corre-
lation between summed stiffness ktot and kinetic friction coefficient µk. In the presence of a
lubricating fluid, the un-patterned skin pad requires little force to move, i.e. it is very slip-
pery. This is consistent with previous studies where a smooth fingerpad was compared with
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textures of 1mm length scale [74]. For dry contact, the un-patterned skin pad exhibits the
highest kinetic friction coefficient: between 1 and 3 for the skin materials tested. Differences
in the kinetic friction coefficient between dry and submerged conditions are less apparent in
skins with multiple surface features. The softest skin (Shore A 30 hardness) demonstrates
increasing kinetic friction coefficient at the lowest stiffness range. We infer that the soft-
est and most flexible features deform significantly during the experiments, resulting in new
contact effects such as contact with the side walls of the features.

Robotic gripper pinch test

The mean and standard deviation of 30 gripper pullout force trials using Shore A 50 hardness
pads, normalized with squeeze force, are plotted over the duration of the robotic grasping
trials, shown in Fig. 4.7 for three cases: a strong (a) and light (c) pinch on glass submerged
in canola oil, and on a dry wooden block (d). We take the initial peak pullout force over
squeeze force to be the static friction coefficient. The time averaged pullout force over squeeze
force after the initial peak is the kinetic friction coefficient. The static and kinetic friction
coefficients from Fig. 4.7 (a) are synthesized in Fig. 4.7 (b). In oily conditions, pullout force
for un-patterned contact was initially unnoticeable and gradually increased as the skin pads
slid across the plate, indicating that the static friction coefficient for the un-patterned pad
is lower than the kinetic. Skin pads with surface features have static friction coefficients
greater than kinetic. For the featured skin pads, kinetic friction coefficient is relatively
constant throughout the duration of the pull across glass. We observe lower kinetic friction
coefficients for pads with many surface features, consistent with trends observed in Fig. 4.6.
Thus, the friction trends from controlled lab experiments translate to more realistic grasping.
In addition, any effect due to feature orientation, by rotating the finger pad orientation, is
not observed.

A light pinch grasp yields similar results as hard grasping. Note that, under grasp forces
of approximately 4N smaller features visibly deformed as the skin was dragged across the
glass but this was not observed with 2N grasping. On dry wood, we observed no significant
difference in pullout force for different surface features.

Contact Area Imaging

Imaging using the frustrated TIR technique provides insight for contact interactions between
deformable and rigid surfaces. Presented in Fig. 4.8, we observe that contact area is not
a strong indicator of friction force, indicating that Hertzian contact theory may not prove
useful for these conditions. Note that, as described in Sec. 4.3, we are using an estimate
of contact area specific to our sensor, so the results depend on this particular measurement
method.

For dry contact, the soft skin does not slide. Rather, we observe a stick-slip behavior;
sections of the pad are stuck to the surface while other sections are in motion, not in contact
at all. The weight and fixture above the skin jiggle as portions of the skin surface undergo
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Figure 4.6: Kinetic friction coefficient plotted versus number of surface features (top) and
bending stiffness of the soft skin pads (bottom). The test specimen were molded from
urethane with hardness of Shore 30A, 50A, 80A. Experimental results are shown for friction
on glass for dry (red) and lubricated (i.e. submerged in oil, blue) contact conditions.

stick-slip. When a rigid sphere moves across rubber at a fixed displacement distance, rather
than a fixed force, researchers observe waves of contact and detachment and conclude that
no true sliding occurs [6], consistent with our observations.

Fluid lubrication enables the skin to move across the glass with a smoother sliding motion.
Lubricated friction trends match with those found in the submerged tests, indicating that wet
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Figure 4.7: Pullout force of the robotic gripper pinching, averaged across 30 trials. (a)
shows a pinch and pull test on a glass plate submerged in canola oil, with a squeeze force
of approximately 4N. (b) summarizes data from (a) to display static and kinetic friction
coefficient of the skin pads. Additional pullout forces for (c) a light grasp on oily glass and
(d) dry wood show that the effect of skin features in submerged conditions does not translate
to dry conditions.

and submerged contact behave in similar ways in this study. Whether the two surfaces ever
make real contact or are separated by a thin fluid film is unclear. Even if the surfaces make
no real contact, shearing of the fluid in the gap produces a restraining force analogous to
friction. In our observations, higher normal force increases real contact area as the features
initially in contact comply, allowing contact of more features. When friction forces are
especially high, we observe pronounced contact at the leading edge of the surface feature.
We also note that the contact patches move around as the skin slides in the lubricated case;
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Figure 4.8: Contact area images taken using frustrated TIR for skin pads with 1, 3, 7, 13,
and 31 features in dry and wet conditions. Friction and percent of real to nominal contact
area are listed (N=4). Skin pads of Shore A 50 hardness are dragged across acrylic with a
1N normal force. For dry contact, peak friction force and area 0.1 sec prior to total slip are
recorded. Force and area measurements are taken midway through sliding in the lubricated
case. The skin pads have the same nominal contact area, but exhibit clear differences in
contact geometry.

different surface features come into and out of contact with the plate. For the un-patterned
pad, the contact patches move towards the trailing edge.

4.5 Discussion

This study supports the expectation that there is a trade-off between feature stiffness and
lubrication effect, both related to feature size, in the design of fingertip skin that maximizes
friction for the handling of submerged surfaces. For the specific patterns tested, the stiffest
skin pad material with three discrete features (each approximately 12mm in diameter) pro-
vides the highest friction in lubricated conditions. This is an atypical robotic finger pad
pattern. Increasing friction in this manner can help to improve the ability of robot hands
to perform force closure and reduce the chance of dropping slippery objects, as compared
with completely smooth or highly-patterned skins. Other robotics works, such as in [18],
have discussed how friction predictability proves desirable for the control of robotic devices,
rather than simply maximizing peak friction ability. Ultimately, skin selection for dexterous
manipulation is a multi-faceted problem.

Future work

This study focused on feature size, while other factors may also affect friction force. A greater
range of feature size could bridge the force and length scale from milliscale to microscale [58],
providing a more complete guide for future designs. Decreasing the height of features would
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make them stiffer and likely increase friction. In addition to the circular contact, different
shapes can be systematically studied with quantifiable traits such as perimeter to area ratio,
variation in perimeter curvature, etc. The circles were extruded for cylindrical features, where
filleted edges may result in lower and more uniform friction. We anticipate that these rounded
or hemispherical features will exhibit lower differences between the coefficient of static and
kinetic friction, and between dry and lubricated conditions. Testing a number of different
skin surface properties will produce new perspectives on parametric scaling properties. We
are also interested in the fluid effects on initial contact between two surfaces e.g. dynamic
grasping [113]. The treads of tires direct fluid away so the tire makes contact with the road
[35], and a similar concept could be applied to robotic fingerpads.

A broadened scope of models and experiments can further establish the underlying mech-
anisms of slippery surfaces. Lubrication theory and the field of elastohydrodynamics, coupled
with numerical modeling of fluid-structure interaction, may provide a more detailed physical
explanation to observed behaviors. Additional experiments with canonical geometries and
varying tangential velocity could place our system on the Stribeck curve [111]; this would
determine if lubrication theory applies and in which lubrication regime we are operating. We
note that the measured kinetic friction coefficients in this study are relatively high compared
to those of typical lubricated systems such as journal (or plane) bearings. Calculating the
fluid film height from plane wall-driven shear (or Couette) flow,

h =
ηV πR2

Ffr

(4.11)

for tangential velocity V . Calculated with values from the robotic pinch test, the height of the
fluid film is in the tens of nanometers. From Table 1 in [97], the surface roughness of acrylic is
on the order of nanometers. These values indicate operation in the hydrodynamic lubrication
regime, where a layer of fluid fully separates the two surfaces. We observe instances of a
thick fluid film as the green and non-illuminated areas in Fig. 4.8. We used this frustrated
TIR technique with pigmented fluid to measure contact area in both dry and lubricated
conditions; decrypting the characteristics of this sensor via controlled distance, illumination
and force experiments could yield new insights into fluid lubrication on soft structures and
is a promising area for future investigation.

4.6 Conclusions

The design of milliscale features on the skin of robotic grippers can improve grasp security.
Our results indicate that robots working in lubricated contact conditions may benefit from
soft skin with a few surface features – as opposed to one or many – to achieve higher
friction. Potential applications for this simple solution range from home assistance to remote
exploration, when water and other lubricants are present.
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4.7 Appendix

The following shows the derivation of Eqn. (4.8) and (4.10) from Section 4.2-C. We assume
a Newtonian and incompressible fluid. Conservation of mass and momentum for a control
volume between the two disks can be respectively expressed as −ḣπr2 = 2πr

∫ h

0
vrdz and

0 = −∂p
∂r

+ η ∂2vr
∂z2

with closing velocity ḣ, gap height h, radius r, and radial velocity vr. The
boundary conditions include no slip at the disk surface, maximum flow at the axial center,
and atmospheric pressure (zero gauge pressure) outside the disks: vr(z = ±h) = 0, ∂vr

∂z
(z =

0) = 0, p(r = R) = 0. Integrating the momentum equation twice with respect to z and
using boundary conditions to solve for constants, the radial velocity is vr =

1
2η

∂p
∂r

(z2 − h2).
Using this formulation for vr in mass conservation and integrating over r, pressure at the

disk surface is p = 3
4
ηḣ
h3 (R

2 − r2). Integrating over area of the disk, the force the fluid exerts

on the disk (Eqn. (4.8)) becomes FN = 3π
8

ηḣ
h3R

4. To find the relationship between force and

radius or area of disk, we simplify with defining a constant C ≡ 3π
8

ηḣ
h3 which gives FN = CR4.

The total area A for n surface features of radius Rn is A = nπR2
n, where the subscript n

denotes multiple surface features. Comparing the force of the un-patterned pad with a single

feature to that with n features, FN, tot = nFN, n = nCR4
n = nC

R4
1

n2 = 1
n
R4

1. The total normal
force scales with the inverse of feature number, hence FN, tot ∝ n−1.
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Chapter 5

Conclusion

This dissertation seeks to improve the functionality of robots in the real-world with designs
at the physical contact interface, focusing on the role of fluids in the design of soft grippers.
Defined as matter that cannot resist static shear, liquid and gas are both considered a fluid.
As many robots operate in air or under water, designers have the opportunity to make
systems that harness the ambient fluid.

AcousTac is a pneumatic tactile sensor that enables adaptive control strategies with no
electronics near the end-effector. Inspired by human crossmodal perception, this design uses
sound for tactile information. In Chapter 2, we describe the theoretical models relating
resonant frequency and geometry, which captures the tube length but does not accurately
describe the damped boundary condition of the compliant end cap. We also model the
relationship between force and deformation of the hollow, hemispherical end cap, which
closely follows the Hertzian elastic contact model. We use a smartphone camera to monitor
sound and process it in the spectral domain. Using a robotic arm and force/torque sensor,
we experimentally characterized tube length, end cap thickness, and the addition of two cap
modifications: hole and mass. With a hole and amplitude thresholding, we can generate
a monotonic force-frequency relationship that enables us to use AcousTac for force sensing
with simple processing. In the tactile array demonstration, we show how AcousTac can be
used for sensitizing soft surfaces. We also implement AcousTac on a suction cup gripper.

Chapter 3 expands this acoustic tactile sensor design to a soft gripper, where we sense
finger pose, fingertip contact, and force at the palm. Soft actuators and grippers undergo
large material deformations, which is an additional challenge for tactile sensor integration.
AcousTac uses pneumatics to emit resonant acoustic frequencies dependent on the geometry
of the soft actuators. The frequency is directly related to geometry, and we find the signal to
be non-hysteretic, which is rare for tactile sensors and especially unusual for tactile sensing
on soft systems. Even with the damping and unidealized deformations of the completely
soft structure, length and curvature have linear relationships with frequency. Adding or
casting resonant structures is a relatively simple fabrication process. Microphones are small,
cheap, and already integrated in many robotic systems. Here, we applied fluid-driven sound
to tactile sensing on soft surfaces and a soft gripper, but AcousTac can be implemented on
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many more different forms. The AcousTac case study shows how, more generally, sound and
fluids hold great potential for new uses in robotic design.

For underwater operation or other applications where liquids are present, the robotic sys-
tem needs to be adapted to the environment, which requires more than making it waterproof.
Water (and potentially biofilms) can be found at the contact surface which makes objects
slippery and harder to grasp. Chapter 4 shows how we can increase friction by adding soft
surface features to robotic fingerpads. Inspired by the wrinkling of human fingertips, this
work mitigates the slippery effects of fluid lubrication. Current theoretical models do not
accurately depict the shear force between two surfaces in lubricated conditions. We present
theory on dry friction and viscous fluid flow between two plates, and measure the friction
forces experimentally. We tested fingerpads of seven patterns and three materials, for a
wide range of bending stiffnesses. From the two experimental test setups, fixed force and
fixed displacement, the results are consistent; in lubricated conditions, a single or smooth
fingerpad exhibits low friction while a fingerpad with a few features exhibits high friction.
Through contact imaging using lubricated FTIR, we find that dry contact results in a classi-
cal stick-slip, where lubricated fingerpads have an apparent sliding motion across the surface.
Of the fingerpad patterns tested, robot fingerpads should have a few stiff features for higher
friction, rather than being smooth or finely textured. Adding soft, featured fingerpads onto
existing robotic grippers is relatively simple, i.e. engineers do not need to switch out whole
gripper and actuation system, yet can still improve grasp capabilities by changing the surface
skin. By designing for the contact interface, especially in adversarial conditions such as fluid
lubrication, we can enhance robot capabilities in the real-world.

The designs presented in my dissertation are influenced and motivated by my field testing
experiences, photographed in Appendix B.1. We field tested a gripper design for sampling
hard, plating corals on a human-portable remotely operated vehicle (ROV), detailed in Ap-
pendix A. The gripper has rotation-constrained teeth for anisotropic loading to improve
grasping in positional uncertainty; objects slide further into grasp with a only couple New-
tons of force but require much higher forces, tested up to 57N, to slip out. We integrated
this gripper in an off-the-shelf ROV and tested it in the ocean off the coast of Curacao.
When the object was within grasp, we were able to successfully grip onto a few corals and
other plate-shaped objects. However, I had not accounted for positional uncertainty; maneu-
vering the gripper to the desired location and station keeping in open water was extremely
challenging, resulting in many collisions between the gripper and world. Based on these
real-world observations, the designs in my dissertation have soft components, in part to
dampen collisions and be able to comply with grasping objects from various positions and
angles. Future work includes testing AcousTac and milliscale featured fingerpads in real-
world environments. This requires engineering innovation, potentially the development of
an untethered pneumatic system to actuate AcousTac. Field testing results will guide how
we can utilize fluids to build more capable robots.
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Appendix A

Marine sampling gripper design and
field testing

A mechanism for gripping onto plating scleractinian mesophotic corals is designed, real-
ized and tested, with the goal of collecting samples via human-portable ROVs. Rotation-
constrained teeth are employed to grip onto these thin structures which are abundant with
surface ridges and asperities. Anisotropic contact conditions allow for gripper positional
error on initial approach and grasping; the device can increase grasp engagement passively,
allowing plate-like objects to be easily pushed into the gripper with forces on the order of
1N. Yet, the gripper can resist large pull-out forces, tested up to 57N in the lab. The grip-
per design is integrated with an ROV, and its capabilities are qualitatively evaluated in field
tests. These trials confirm overall expected performance given real-world disturbances and
variability. This cheap, additive-manufactured technology is being developed in an effort to
make the ocean more accessible for scientific research.

A.1 Introduction

A substantial recent decline in coral ecosystem health has been observed globally, with areas
of local extinction [13, 88]. However, little is known about the deeper corals (30-150m depth),
usually referred to as mesophotic coral ecosystems (MCEs). Scientists understand shallow
coral ecosystems better than MCEs largely because of the logistical complexity of biologi-
cal research in deeper waters. Physical samples of coral are usually needed for taxonomic
identification, physiological assessments or genetic studies. Current sampling methods for
mesophotic corals include submersibles, technical/rebreather diving and remotely operated
vehicles (ROVs). ROVs allow scientists and technicians to stay safely above water, out of
the extreme ocean environment. Small-scale ROVs, sometimes called “inspection-class” or
“human-portable,” with mass on the order of ∼10-30 kg are an attractive technology. They
can be inexpensive to purchase, maintain and operate and can be affordably deployed from
a pier or yacht. This is in comparison with massive “work-class” ROVs that require large re-
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Figure A.1: A human-portable ROV, BlueROV2, approaches plating scleractinian corals with
positional uncertainty. The ROV then grips substrate using a mechanism with rotation-
constrained teeth. This jaw resists pullout forces by passively engaging the teeth on the
asperities of the surface. This grasping phase enables precise interactions with the substrate
with auxiliary devices, something that is particularly difficult for floating-base, small-scale
ROVs. Ultimately, the ROV detaches the gripped sample from the substrate, e.g., to bring
it to scientists at the surface.

search vessels with cranes to deploy. Small-scale ROV platforms have the potential to make
the ocean, and MCEs, more accessible by providing a scalable field research methodology.

When feasible, divers are typically deployed to perform manual labor under sea, in part
because people are highly adept at dexterous manipulation (e.g., using hand-tools to collect
samples, etc.). Current ROV mobile manipulators have difficulty matching human dexterity.
Manipulation tasks can be especially challenging for floating-base, small-scale, underwater
ROVs with limited thrust and inertia. Ocean currents and environmental tugging on the
tether make it difficult to accurately control motions and contact forces – a coral sampling
task that takes a person seconds to perform could take a human-portable ROVmany minutes,
if achieved at all. Vehicle stabilization through clever systems designs and control schemes
can improve small-ROV station keeping. For example, researchers apply momentum fly
wheels to accurately control orientation [56] or use visual odometry to obtain down to 3 cm
positional accuracy [17]. Wireless communication between milli-vehicles, e.g. [48], could
remove the physical tether altogether, reducing external body forces. Articulated arms and
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Figure A.2: Examples of manipulators for underwater environments: (a) Single degree of
freedom (DOF) industrial style grippers are designed more for the handling of underwater
instrumentation and structures than for the gentle grasping of delicate organic tissues, such
as this Schilling gripper attempting to pinch a soft coral whip. Courtesy of Prof. Andy
Wheeler, University College Cork. (b) The rubbery, hydraulic Harvard Red Sea gripper
is extremely soft and can gently grip organic tissue. It is designed for enveloping wrap
grasps. Courtesy of Dr. Kevin Galloway, Harvard University. (c) The Ocean One hand
includes soft rubbery joints along with rigid phalanges. Its dual-stiffness transmission pro-
vides the operator with a variety of grip strength options. Courtesy of Teddy Seguin/Frederic
Osada/DRASSM/Stanford University. (d) The JPL Nautilus Gripper consists of an under-
actuated set of fingers that end in sharp tips. It is able to anchor onto rocky substrates of
many different shapes and sizes. Courtesy of Dr. Aaron Parness, JPL. (e) The Seabotix
vLVB300 ROV approaching coral to take a sample. Velcro-lined delrin sheets are added to
the off-the-shelf 1 DOF gripper for better attachment. Courtesy of the XL Catlin Seaview
Survey.

wrists, e.g., [11, 107, 96], have the potential to improve end-effector interactions by reducing
or compensating for floating-base motions.

The strategy presented here involves anchoring the ROV onto the substrate using a
gripper, such that the ROV is no longer floating relative to the substrate, as demonstrated
in Fig. A.1. Using substrate contact to stabilize the body undersea is shown to be a useful
way to improve ROV precision [101, 55]. Our anchoring provides more controllable and
firm interaction with the coral colony using auxiliary devices, e.g., a mechanism to assist in
detaching the sample from the substrate, a swab for collecting surface tissue, etc. We use a
small-scale ROV with a gripper directly attached, i.e. without an articulated arm, similar in
concept to [49]. We design and test the gripper capabilities, and leave the implementation
of the auxiliary devices for future work.

In our case, the design of the stabilizing end-effector is tailored to handle fragile, brittle
corals. The goal is to make this gripper passively forgiving to environmental uncertainty,
such as skeletal geometry or errors in vehicle position relative to the reef on approach. Once
a grasp is achieved the challenge becomes holding on to the coral colony with strength but
without unintentionally shattering the substrate. In this work we target plating scleractinian
corals (also known as “hard corals”) that dominate the mesophotic zone.
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Overview

We introduce an opposed-pinch end-effector that can securely grip onto plating coral struc-
tures by utilizing passive rotation-constrained teeth, pictured in Fig. A.1. In Section A.2,
an overview of undersea gripper technologies is provided and prior work regarding spine
gripping on rough and rocky surfaces is described. Section A.3 addresses the design of this
gripper device and includes a simple model that relates pullout and internal grasp forces.
A prototype is tested in the field, and observations are reported in Section A.4. Conclu-
sions and planned future work, in Section A.5, highlight the need to integrate the anchoring
gripper into a complete remotely operated sampling system.

A.2 Background: Undersea Gripping

Small-scale ROVs have been used for mesophotic coral sampling before. Researchers at
the University of Queensland outfitted a rigid single degree of freedom (DOF) jaw with
compliant delrin sheets and hooked (as opposed to looped) sections of Velcro (a design by
ROV-technician David Whillas), pictured in Fig. A.2(e) [125]. Even with the delrin-Velcro
addition, grasps on the coral proved relatively unreliable. The jaws would often slip off when
trying to break-off a sample. We believe field scientists would benefit from an effective way
to sample fragments of coral with human-portable ROVs, in part via more reliable gripping.

Overview of ROV Grippers

Single DOF rigid claws are common end-effectors deployed in the ocean. One example is the
industrial Schilling Titan parallel gripper [102]. As shown in Fig. A.2(a), this end-effector
is not specialized for the gentle manipulation of fragile organic samples, and is most suited
to the precise and firm handling of structures, tools and resilient materials. It has been
observed in the field that rigid 1-DOF claws tend to perform ineffectively for scleractinian
coral sample acquisition [75, 29]. Grippers with compliant elements and underactuation, as in
Fig. A.2(b-c), have recently been developed for nondestructive biological and archaeological
tasks undersea, e.g., [37, 114, 76, 116]. Adaptive mechanisms have great potential to evenly
distribute contact forces when interacting with objects [9]. This class of gripper tends to
trade off precision with conformability and is well suited to gently wrapping around and
enveloping objects. There are undersea gripping solutions that do not involve articulated
jaws or fingers, but they typically require pumps. The universal jamming gripper modified
for underwater purposes can handle irregularly shaped objects in submerged conditions [67].
Suction cups have been applied for artifact gathering in the deep-sea, such as at shipwreck
sites [110].
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Spines and Teeth

Sharp protrusions, often called spines, are a particularly useful way to engage with the
asperities – bumps, ridges, cracks, notches, pits, etc. – of rough substrates. Spines can grip
onto hard, rocky materials by making frictional contact. In nature, the pointed feet and
stiff hairs of some arthropods interlock with asperities on the substrates to which they cling
[78]. For undersea operations, the most notable application of spines is the Jet Propulsion
Laboratory Nautilus Gripper [5], shown in Fig. A.2(d). Similar to a coring mechanism for
consolidated rock in microgravity [93], this design uses a set of fingers, each with a sharp
point, and an underactuated transmission for passive adaptation to a variety of surface
and object geometries. It is specialized for high-strength anchoring and can resist the large
forces and torques associated with geological drilling. Spined gripping mechanisms commonly
integrate passive load sharing between contacts to maximize strength. Spine engagement
tends to fail when contact slip occurs or the asperity is broken. The latter becomes more
common on fragile materials. A significant body of research addresses load-sharing methods
for a variety of applications, e.g., in recent articles [50, 129].

Mechanical teeth are similar to spines, but rely more on geometric interlocking rather
than contact friction to prevent slip. Spur gears are a common example. Directional teeth
are used in cable ties and ratcheting mechanisms, where motion is free in one direction and
locked in the other. While spine contact conditions tend to be sensitive to tip sharpness,
teeth are less sensitive to wear; teeth can be rather dull without significantly hindering
performance, and can therefore be made of softer materials.

A.3 End-Effector Design

Coral Substrate Characteristics

Our study is tailored to gripping onto scleractinian corals, whose skeletons are composed
predominantly of calcium carbonate. In the mesophotic region, hard corals often grow in
thin structures that maximize direct sun exposure [87]; their plate-like shape allows for
opposed prismatic pinching along the edge, referring to taxonomic classification [19, 31].

Pachyseris speciosa skeletons from 40 m are used in laboratory validation. Pictured in
Fig. A.3, these corals can grow very close the the underlying substrate. The distal edges
of these skeleton samples empirically chip under 7 ± 2N with vertical cantilevered loading
from a gripper tooth (N=13). The topside coral surfaces tend to have pronounced ridges
and troughs with a height to width aspect ratio of ∼ 1 : 1.

Device Configuration

The gripper, pictured in Fig. A.4(top), is composed of four jaws, configured in two opposing
sets. Each jaw is lined with three teeth. Each tooth can rotate independently and compliantly
in one direction, defined in Fig. A.4(bottom) as θ, where θ = 0 is defined with the tooth
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Figure A.3: (Left) Typical scleractinian corals found in the mesophotic zone in the Southern
Caribbean Sea. They are plate-like in shape and pictured here are growing on a sloped
surface. Courtesy of Pim Bongaerts, California Academy of Sciences. (Middle) and (Right)
Close-up images of the top side of a Pachyseris speciosa skeleton sample taken from 40 m on
the Great Barrier Reef by Pim Bongaerts from the California Academy of Sciences. Surface
ridges can vary dramatically in shape and height; on this sample, the ridges have a height
to period aspect ratio of ∼1:1. The ridges vary from 1-4mm in height with a spacing of
2.5-3.5mm peak-to-peak measured perpendicular to the ridge. Different coral colonies may
present a wide variety of different surface patterns.

perpendicular to the jaw. As shown in Fig. A.5(a), the gripper can open and close by
changing the angle between opposing jaws, α. This degree of motion is intended to increase
the tolerance to vehicle positional error relative to the plate in the n̂y direction upon initial
approach. As the jaws close around the coral, there is a centering force due to contact that
moves the coral toward the center of the jaws, as in Fig. A.5(b)-(c). The angle between a
tooth and the average coral plane is defined as β (shown in Fig. A.6). During this initial
grasping phase, some teeth may make contact and settle in the −β direction because the
jaws cannot close all the way to α = 0.

Anisotropic shear contact forces, due to the rotational tooth configuration, reduce the
required alignment accuracy between the gripper and substrate in the n̂x direction. If just
a couple teeth first engage at the edge, as in Fig. A.5(c), the grip can be improved without
reopening the jaws again (c)-(e). When the gripper moves in the −n̂x direction, the teeth
rotate easily in +θ, allowing for slipping and motion that increases the number of teeth
engaged. If at any point after initial engagement is made, the jaw is pulled in the +n̂x

direction, the teeth will resist outward motion by jamming into the surface of the coral.
As described in Sec. A.3, the harder the ROV pulls away from the coral, the greater the
internal grasp force. Once fully engaged with a coral plate, as in Fig. A.5(e), the four
jaw configuration can resist forces in the n̂y direction and moments about n̂x and n̂z. It is
assumed that tooth engagement with surface asperities will adequately resist external forces
in the n̂z and +n̂x directions and moments about n̂y.
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Figure A.4: Gripper prototype (a) mounted on the BlueROV2, with a linear actuator that
allows for opening and closing of the jaws. (b) The two sets of opposing jaws, lined with
teeth. The form factor is minimized given fabrication tolerances. The opening and closing
of the jaws is actively controlled by the operator, and the teeth passively comply to grasped
object. (c)-(d) A row of teeth in an opened jaw housing to show the details of the elastic
bands that preload the teeth in a near vertical orientation.

Simplified External-Internal Grasp Force Relationship

Fig. A.6 shows the free body diagram of a single rotation-constrained tooth engaged with
a coral plate. This simplified static model assumes that geometric interlocking and friction
forces with the coral surface are adequate to prevent slipping, and we neglect the details of
contact geometry. Shear pullout force applied externally by the thrust of the vehicle, FT n̂x

is related to the internal grasp force applied by thrust FN n̂y and the angle of the tooth
relative to the surface of the coral β such that FN/FT = cot(β). Note that this model is
no longer relevant when a tooth reaches a hard-stop that constrains its allowable range of
motion. While elastic bands provide a small moment about the tooth’s mounting point on
the jaw, Mk, the resultant contact force, Fk, is small compared with FT and FN (refer to Sec
A.3) and is neglected for now.

The relationship between external pullout force magnitude FT and internal squeeze force
magnitude FN is monotonic and nonlinear with angle β, as plotted in Fig. A.6. When the
teeth are oriented with low values of β, small pullout forces can increases the internal squeeze
force significantly until the jaws are wrenched apart (i.e. α increases while β decreases).
This can reduce the number of teeth in contact with the surface. It may also be possible to
crush especially thin, fragile pieces of the coral near the edges of the skeleton. For high β
values, teeth are more likely to make shallow engagement with asperities, which may lead to
superficial scratching and marring of the coral tissue as teeth slip upon increasing FT .
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Figure A.5: Gripper diagram showing the recommended operational procedure. (a) The
gripper is open when first approaching a coral target. (b)-(c) As the gripper closes contact
is initiated and the gripper is approximately centered around the plane of the coral plate.
(d)-(e) When the ROV pushed in the -n̂x direction, the teeth engage more of the surface,
however they resist pullout by jamming on the surface.

In a system of many rotation-constrained teeth – e.g., the 12-tooth gripper design pre-
sented in this work – each tooth may have a different orientation βi, with subscript i denoting
the tooth index. The set of tooth angles B depends on the geometry of the coral and the
grasping strategy. The analysis of load-sharing between rotation-constrained teeth on in-situ
corals is complex. It depends on an understanding of living coral colony fracture mechanics
and non-idealized gripper models, and is left for future investigations.

System Implementation and Initial Evaluation

A prototype is realized for evaluating the functionality of rotation-constrained teeth on
opposing jaws. The gripper has a small form factor; see Fig. A.4(b) for overall dimensions.
Each tooth is 2.2 cm in length, has a 0.08 cm2 cross-sectional area, and is spaced 2.3 cm
apart along the jaw as shown in Fig. A.4(c). Pivot points of opposing teeth are 4.0 cm apart
and the most distal pivot points are up to 13 cm apart when the gripper is fully open to
α = 75o. A linear actuator integrated on the ROV articulates the gripper via a coupling
linkage, and was utilized during some field tests. The maximum thickness of an object that
can be grasped with the jaws closed all the way and parallel to one another is 0.9 cm. The
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Figure A.6: Ratio of normal and pullout force for a range of tooth angles. The cotangent
relationship results in a nonlinear behavior. An increase in angle β requires a much larger
normal force FN to counter the same tangent pullout force FT . The elastic bands provide a
light restorative moment Mk that results in force Fk.

device is constructed from additive-manufactured PLA parts, stainless steel dowel pins and
bolts and elastic bands (raw material costs < $10). Dowel pins are press-fit into the printed
components and used as the tooth pivot point, hardstop, and mounting for elastic bands.
The bands supply a light restorative moment to keep the teeth at θmin in the absence of
external loads. This moment Mk is ∼5.5mNm throughout tooth range of motion, resulting
in a contact force Fk of about 0.25N. Effective spring force varies with the aging and cycling
of the elastic bands. The proposed design is easily and cheaply reproduced via desktop
3D printers and basic hardware, which can then be integrated with an existing off-the-shelf

Figure A.7: Field tests of the gripper prototype engaged on coral off the coast of Curaçao.
(a)-(b) Photos from the initial hand-held tests performed by a diver. Courtesy of Alejandra
Hernández-Agreda. (c)-(e) Images from the onboard ROV camera during the later remote
tests. (a), (c) and (d) show the gripper attaching to two different plating corals. (b) shows
a branch-type coral that has a flat enough shape to fit between the jaws in a successful grip.
(e) shows the gripper picking up a man-made plate found at the sea floor. In all cases, the
operator needed to open the jaws in order to release the object.
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small-scale ROV.
Initial grasp pullout tests were conducted in the lab on Pachyseris speciosa specimen

with forces applied in the n̂x direction. Grasp failure due to asperity fracture occurred with
pullout forces of up to 57N. From these tests, we found the blunt plastic teeth adequate
for strong engagement between the gripper and the ridged coral substrate. A typical thin-
plating coral insertion, with good alignment between the plate and the center of the gripper,
requires forces on the order of 1N in the −n̂x direction; this force is much lower than for
pullout, demonstrating the gripper’s anisotropic behavior.

Printed plastic parts are easy to manufacture, but the material generally yields under low
stresses. Tooth breaks are another common failure mode observed with our device. When
the tooth is normal to the substrate plane, i.e. β = θ = 0, pullout forces will load the
tooth in a bending moment about the hardstop located halfway along the tooth length. Five
individual teeth were loaded analogous to this circumstance, under 3-point bending, until
failure. A hand-held Mark-10 Series 4 force gauge measured the breaking force to be 39±3N.
This corresponds to the maximum tangential force a single tooth can apply to the substrate
before it breaks. While this failure mode can be viewed as a strength limitation for the
device, it may also acts as a mechanical fuse at times to prevent damaging the coral under
accidental loading by a single tooth. Changing the dimensions (e.g., length or thickness)
of the tooth will alter the loading conditions under which it breaks. The 12-tooth gripper
design presented in this work provides some redundancy, such that it may still function
adequately even after a tooth breaks.

A.4 Field Testing

Real-world functionality of the gripper with rotation-constrained teeth was evaluated dur-
ing two field missions off the coast of Curaçao. They were conducted at the CARMABI
(Caribbean Marine Biological Institute) Research Station, Willemstad, in October 2018 and
February 2019. The initial tests in October 2018 involved a fully passive hand-held prototype
with fixed parallel jaws. It was controlled manually by a diver, and qualitatively tested for
ease of attachment and security. Fig. A.7(a)-(b) demonstrates the compliance and adapt-
ability of the teeth to a wavy plating coral specimen and a flat branching coral. The second
set of tests in February 2019 used a similar gripper integrated on the BlueROV2, an open-
source ROV platform from Blue Robotics. It actively opens and closes the jaws using the
Blue Robotics Newton Subsea Gripper’s linear drive and housing. The gripper is located on
the vehicle such that it is visible via the on-board front viewing camera. Fig. A.7(c)-(e) are
images taken from that camera during grasping of two different plating corals (c)-(d) and a
man-made tile found on the sea floor (e). In cases (c) and (d), the operator applied external
forces via the thrusters in order to test grip resiliency and in (e) the item was successfully
picked up. In all cases, the gripper kept its hold on the object until the remote operator chose
to open the gripper. The ROV’s thrusters were directly controlled via manual input com-
mands. As described in Sec. A.1, significant tether disturbance forces made simultaneous
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operation of the vehicle’s motion and the gripper challenging. Especially on final approach
to the target, sudden motions forward and backward in the n̂x direction caused unintended
collisions between the gripper and the coral. The ROV reached 80m of depth during this
second mission, but only tested the gripper on relatively shallow, thick-plating corals as to
not unnecessarily damage the deeper, more fragile ecosystem.

Operating in a real-world ocean environment illustrated the advantages and shortcomings
of this toothed gripper design. Qualitatively, large α values upon initial target approach did
improve grasp success. However, the thick jaws made it difficult to align with structures in
cluttered or sloped environments. We found that, once engaged, a pair of teeth would not
likely slip off of the surface, and it was possible to improve engagement by pushing the gripper
in the −n̂x direction. Tooth breakage was a common grip failure mode observed in the field,
when using the articulated gripper on the ROV; it appears that a lower number of teeth
engage with the surface, increasing individual tooth stress. This is different from the passive
design tested during the first mission. We suspect that this is due to the dexterity of the
human-diver operating the hand-held version, and to the extra device flexibility introduced
by the actuator and plastic linkage transmission of the articulated ROV version.

A.5 Conclusion

The design and evaluation of a gripper for sampling scleractinian mesophotic coral with
a human-portable ROV was conducted both in lab and in the field. Rotation-constrained
teeth of the device maintain a grasp on the coral with the intended anisotropic behavior. The
details of the design, e.g., parameters like tooth angle relative to the coral plate, influence
the interaction forces and the ultimate strength of the anchor. Real-world operation presents
new challenges for the load sharing between multiple tooth contact points. This device is
intuitive to construct and operate. It is one step towards the overall vision of a remote
manipulation system that collects and brings coral samples to scientists on the surface in a
safe, effective and scalable way.

Future Work

Scleractinian mesophotic corals grow in complex and irregular ways. Understanding the
properties and variations in the mechanics of these natural materials can enable new design
considerations, such as robust distribution of contact forces across a variety of substrate
parameters. Thus far, we address the application of 1-dimensional pullout forces due to
ROV thrust; 6-dimensional external wrench loading of these brittle and fragile substrates is
a topic for future work.

The overall vision of the project is to create a fully integrated, semi-automated system
capable of the entire sampling task. Ongoing work addresses the implementation of auxiliary
mechanisms for performing sample detachment, and the sensing, control and automation of
robotic behaviors to enhance the efficiency and ease of operations. The focus will remain
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on making a system that can be affordably adopted by a wide range of marine science labs.
We hope to enable more frequent and productive interactions with mesophotic corals in the
field in order to better understand these enigmatic ecosystems.
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Appendix B

Photos

B.1 From field testing

Below are photos from field testing the coral sampling robot detailed in Appendix A. In
February 2019, we conducted a field test off the coast of Curacao at CARMABI (Caribbean
Marine Biological Institute).

(a) Cleaning watertight seals on ROV where
we could find clean space, in a biology wet
lab.

(b) Preparing equipment in the morning for
ROV testing and SCUBA diving.

Figure B.1: Field test at CARMABI, Curacao (Feb 2019). Photos courtesy of Kathryn
Whitney from the California Academy of Sciences.
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Figure B.2: Field test at CARMABI, Curacao (Feb 2019). Photos from the deployment
island, courtesy of Kathryn Whitney and Pim Bongaerts from the California Academy of
Sciences.

(a) System check on dry land.

(b) Dr. Rene van der Zande piloting ROV in
ergonomic setup with screen cover to reduce
sun glare.

Figure B.3: Piloting the ROV. Field test in CARMABI, Curacao (Feb 2019).

In March 2020, we conducted another field test off the coast of Moorea, at CRIOBE
(Center for Island Research and Environmental Observatory). The upgraded system included
an improved gripper, another end-effector for breaking off coral pieces, and a modified ROV
thruster configuration for improved mobility.



APPENDIX B. PHOTOS 83

Figure B.4: ROV during underwater testing in CRIOBE, Moorea, French Polynesia (Mar
2020).
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(a) Dr. Serge Planes, Professor Hannah Stu-
art, and Professor Vincent Creuze on boat
en route to dropoff to access deeper waters.

(b) Screen of live video feed during coral
sampling. Note the glare even with black
sun shade.

Figure B.5: Field test in waters off Moorea, French Polynesia (Mar 2020).

(a) Dominic Melville, Mohammad Kamil
Shams, Isabel Parades preparing system for
testing.

(b) ROV with new end-effectors: impact
breaking and toothed gripper.

Figure B.6: Pool testing ROV. Strawberry Canyon Pool in Berkeley, CA (2020).
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B.2 Embodied Dexterity Group (EDG)

(a) Front row: Monica, Laura, Madison,
Johnathan, Kristen, Alex. Back row: Do-
minic, Hannah, Ethan, Michael, Ziqi (Jan
2019).

(b) Zoom lab meeting during the COVID-19
pandemic (July 2020).

(c) Jungpyo, Deaho, Michael, Justin, Cyn-
dia, Yuri, Laura, Erin, Monica, Wilson,
Drew, Hannah (May 2023).

(d) EDG taking elevator to group meeting
(2022-2023).

Figure B.7: Lab photos of Embodied Dexterity Group. Names from left to right.
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(a) Michael, Cyndia, Laura, Hannah, Monica, and Sareum.
(b) Hannah and Monica after
hooding.

Figure B.8: Commencement, May 2023
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