
Soft, Compliant Tactile Robotic Manipulators
by

Sandra Q. Liu

Submitted to the Department of Mechanical Engineering
in partial fulfillment of the requirements for the degree of

DOCTOR OF PHILOSOPHY IN MECHANICAL ENGINEERING

at the

MASSACHUSETTS INSTITUTE OF TECHNOLOGY

February 2024

© 2024 Sandra Q. Liu. This work is licensed under a CC BY-NC-ND 4.0 license.

The author hereby grants to MIT a nonexclusive, worldwide, irrevocable, royalty-free
license to exercise any and all rights under copyright, including to reproduce, preserve,

distribute and publicly display copies of the thesis, or release the thesis under an
open-access license.

Authored by: Sandra Q. Liu
Department of Mechanical Engineering
January 15, 2024

Certified by: Edward H. Adelson
John and Dorothy Wilson Professor of Vision Science, Thesis Supervisor

Accepted by: Nicolas Hadjiconstantinou
Professor of Mechanical Engineering
Chairman, Department Committee on Graduate Theses

https://creativecommons.org/licenses/by-nc-nd/4.0/


2



Soft, Compliant Tactile Robotic Manipulators
by

Sandra Q. Liu

Submitted to the Department of Mechanical Engineering
on January 15, 2024 in partial fulfillment of the requirements for the degree of

DOCTOR OF PHILOSOPHY IN MECHANICAL ENGINEERING

ABSTRACT

When we look to the future of soft robotics and manipulation, we begin to look towards
sensory-rich and compliant grasping mechanisms. Not only do we want to capitalize on the
significant advantages in safety and adaptability that soft robots have, we also want to in-
corporate high-resolution tactile sensors, which will allow soft robots to perform more tasks.
One such system is the GelSight sensor, which is low-cost, effective, and high-resolution.
However, the integration of these camera-based sensors into compliant manipulators is dif-
ficult due to the rigidity of the sensor backing. This thesis explores the design of multiple
different compliant high-resolution tactile manipulators, along with some examples of their
real-world uses. The first such design incorporates a simple camera-based tactile sensor into
an exoskeleton-covered soft robot with vision-based proprioception. A later design integrates
full camera-based tactile sensing capabilities into a flexible Fin Ray structure. Finally, the
designs culminate in a novel soft-rigid human-inspired robotic hand with continuous tactile
sensing which is capable of grasping heavier objects and safely interacting with humans. The
incorporation of high-resolution tactile sensors into soft, compliant robots brings us closer to
developing new manipulators that could someday match or exceed the capabilities of human
hands.
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Chapter 1

Introduction

Robotic grippers are extremely capable in industrial applications but have quite a few lim-
itations. Many of them can only perform one task, cost exorbitant amounts, or require a
very specific tool to be able to use. An ideal generalizable gripper can grasp many different
objects and be used at-home or to assist the elderly as they age with dignity. The field of
robotic hands is still a long way from this goal, but is getting closer through incremental
improvements.

One of the ways to do this is to utilize compliance in soft robots. Soft robots are able to
grasp a multitude of objects, just as humans can. They can pick up delicate objects, such as
fruit, small objects such as pens, and larger objects such as mugs [1]. Leveraging this ability
will help robots get a step closer to achieving generalizability in the wild and be useful for
many different scenarios.

There are also severe limitations for robots that are soft and squishy. They lack feedback
that could make them viable for control as well as sensing that could allow them to perceive
the world around them. Many existing robots use external vision sensors that allow for this
feedback. For example, with external cameras that act analogously to human eyes, a robotic
hand is able to manipulate pegs into holes [2], interact with tangled cables [3], and identify
the location of ripe fruit in orchards [4]. In fact, recent advances in computer vision have
allowed robots to perform even more complicated tasks in the real world, including seeing
and segmenting glass objects [5]. These examples are only a small subset of the tasks that
robotic hands can now perform thanks to the utilization of external sensors.

However, all of these tasks can be augmented with tactile sensors. For the manipulation
of a peg into a hole, although vision and a fine control system show promising results,
having the addition of force sensing allows the control system to make mistakes and be able
to account for more precise manipulation [6]. Tangled cables are visible when they are not
grasped, but once they are grasped, they are obscured by the gripper and thus, information
about the cable is hard to discern [7]. Similarly, even with a wrist-mounted camera, it is
sometimes hard for the camera to look through clutter or distinguish minute changes in
objects. Finally, although cameras can see the location of ripe fruit, tactile sensors can
determine through touch if the fruit is actually ripe [8], and can also provide the necessary
feedback to prevent damage to softer, fragile fruit such as raspberries or tomatoes [9].

In summary, we want compliance that can be provided by soft robotics and we want
tactile sensing incorporated into them. Unfortunately, existing tactile sensors are either
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rigid with high-resolution or are compliant with lower resolution [10], [11]. We want both
high-resolution and compliance, because having both will allow robotic hands to perform a
larger variety of everyday tasks, similar to what human hands are able to do. Human hands
are capable of grabbing many objects, from gripping fragile, deformable fruits to grasping
heavier tools. Furthermore, our skin is capable of detecting many nuanced textures over its
entire surface, which allows us to classify objects with a single grasp or determine material,
hardness, or if an object is slipping out of our hands.

To give robotic hands analogous sensing abilities, we turn to camera-based tactile sen-
sors, which can help to mitigate the drawbacks of external vision cameras. Placing internal
cameras into robotic hands has the potential to negate the necessity of external vision since
all the sensing is contained within the hand itself. Moreover, cameras are able to capture
extremely detailed information over a large viewing area, making them useful for tactile sen-
sors. In particular, we are inspired by the GelSight sensor, which is high-resolution, effective,
and low-cost [12].

The GelSight sensor is characterized by a semi-reflective silicone membrane, which is
illuminated by colored LEDs, and viewed by a camera internally. When an object is pressed
into the semi-reflective membrane, its silhouette and shape are illuminated by the different
LEDs. The resulting image can then be processed using computer vision techniques to
determine the properties of the object being pressed into the surface. If markers are added,
the sensor can also track surface forces applied to the sensor via the object in contact.

Although GelSight sensors are useful for a variety of contact tasks, they are inherently
“rigid” for ease of computer of vision processing and to house the electronics. As such,
this thesis aims to address the seemingly disparate fields of rigid high-resolution visuotactile
sensors and soft, compliant robotics.

We first design an exoskeleton-covered soft silicone finger that uses its backing to incor-
porate LEDs and cameras to determine the usefulness of incorporating camera-based tactile
sensing and proprioception in soft fingers [13]. Next, we determine hardware and software
methods to incorporate a GelSight-inspired sensor capable of 3D reconstruction and shear
force tracking with a soft, compliant Fin Ray, which is capable of grasping many different
objects. We demonstrate its usefulness in performing a simple manipulation task not easily
done with pure external vision methods [14]. Then, we show that the design can be made
more robust and compact with other design techniques, which allow us to potentially incor-
porate such rigid high-resolution tactile sensors in even more soft robots [15]. Finally, we
show that all of these techniques can be used in a human-inspired hand design, which has
continuous tactile sensing along its entire surface and can grasp heavy objects as well as be
safe and compliant [16]. Its large sensing range also enables it to classify an object with a
single grasp.

Overall, this thesis shows strategies for incorporating rigid camera-based tactile sensors
into soft robots, combining the compliance and high-resolution tactile sensing necessary for
robotic hands to progress even further towards human-level hands.
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Chapter 2

Background and Related Work

2.1 Robotic Grippers

Robotic hands, or more specifically, prosthetic hands made from metal, have been in ex-
istence since around 75 AD when a physician chose to make a metal hand for a wounded
soldier. In modern times, on Amazon, a consumer has a large selection of “picker uppers”
targeted towards the elderly who wish to pick up trash from the floor without bending over
or squatting. Analogously, some people choose to use a parallel jaw gripper equivalent,
chopsticks, to eat their food without getting their own hands dirty.

Different types of grippers exist, and similarly, there has been extensive research to
develop various types of prosthetics and robotic grippers. Currently, many industrial grippers
utilize a parallel-jaw paradigm or have some form of suction. Research has also been done on
more anthropomorphic grippers, with the intent to mimic human-hand capability in robotics.
Although many robotic hands and grippers used to be designed with rigid materials, there
has been increasing interest in the development of soft and compliant systems [1].

In particular, the compliance in soft robotics allows them to be useful in many appli-
cations, such as home-care, agriculture, and search and rescue [17]–[19]. Even though soft
robots are more complex to model and do not have the well-defined kinematics of their rigid
counterparts, their softness allows them to interact with a wide range of fragile materials
without needing precise control [1], [20]. As a result of these advantages, many researchers
have worked to develop different types of soft, compliant grippers.

2.1.1 Soft Robotic Grippers

Compliant grippers exist in many forms and with various types of actuation. There are
grippers that are passive and comply to forces imparted on them [21], soft fingers that are
actuated pneumatically [20], [22], thermal-responsive materials such as shape memory alloys
[23], and tendon-driven soft bodies [24], [25]. All of these grippers and robotic hands take
advantage of such compliant and soft materials to better envelop an object that they are
grasping, create a higher surface area contact, and thus, have a better grip on the held object.

The two types of actuations this thesis focuses on are tendon and passive actuation.
Both of them are fast reacting, need less total power consumption, and require less onboard
equipment compared to many other actuation methods for soft robots. Pneumatic and fluid
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actuators, for instance, must have compressors, valves, and other apparatuses, which quickly
scale up in size and become too bulky. Meanwhile, other actuation strategies like shape
memory alloys require tens of minutes to fully actuate and are harder to control.

Tendon actuation generally operates on the same time scale as the motor it is controlled
by, takes up a smaller amount of area, and is relatively simple to implement in a robotic
finger design. Passive compliance, such as the one in the Fin Ray design, requires only a
parallel jaw gripper and no other components aside from the soft structure itself. Both of
these actuation methods also integrate well with soft, compliant robots and help robotic
grippers to grasp objects with more stability and robustness.

However, their compliance and softness make them more difficult to interface with stan-
dard, rigid sensors. Many soft robots do not have any rigid structure to which such sensors
can subsist. As a result, such “rigid” sensors can predominantly be used on rigid robots and
other softer, more compliant sensors have been developed for soft robots.

2.2 Tactile Sensors in Soft Robotic Grippers

Although many different soft material sensors exist [26], one of the most commonly used
tactile sensors for soft robotic grippers are strain sensors. Strain sensors are flexible, can
provide some force feedback, and are relatively cheap to obtain [27]. Other soft robots utilize
optical waveguide-based sensors, which work by detecting changes in the light filtering into an
optical sensor and corresponding these changes to the finger position and force imparted [28].
Still others incorporate resistive or capacitive sensors. Resistive sensors are able to convert
gel or soft material displacements into a corresponding electric signal while capacitive sensors
can detect changes in electric fields due to tactile contact.

Although all of these types of sensors are quite useful and provide accurate force infor-
mation, including magnitude and direction, these sensors are unable to display extremely
high-resolution accuracy and are unable to tell distinct surface patterns or more finely de-
tailed features.

For some dexterous manipulation tasks, being able to tell the 3D force vector is enough.
Xu and Lin et al. and Khandate et al have performed complicated object reorientation tasks
using a matrix of force sensors [29], [30]. However, for object classification or exploration,
using the sensors to capture more detailed orientation can be helpful. To be able to cap-
ture both this detailed tactile surface information and surface forces while interacting with
objects, we turn to camera-based tactile sensors.

2.3 Camera-based Tactile Sensors

The philosophy behind camera-based tactile sensors is as follows: (1) take a soft, sometimes
elastomeric surface, (2) illuminate the surface with some lighting, and (3) capture the surface
structure using a camera sensor. Then, using the images captured by a camera, the sensor
will be able to discern different properties of the object that is in contact with the elastomeric
surface. These properties range from material hardness [8], surface force information [31],
[32], and material properties [33]. In general, these sensors are cheap to implement and
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effective at sensing high-resolution details in its surface. The simplicity of the camera-based
tactile sensor design idea also allows such sensors to exist in various forms and with different
lighting configurations [34]–[36].

One variant of such a camera-based tactile sensor is the GelSight sensor [37], which has
greatly inspired a family of sensors in recent years.

2.3.1 GelSight-inspired Tactile Sensors

Like other camera-based tactile sensors, the GelSight sensor also utilizes a camera, soft
elastomer, and an illumination scheme. Two key components of a GelSight sensor are its
tactile skin, which is composed of gray paint and aluminum flakes, and its RGB (red, green,
blue) color scheme. Depending on whether the aluminum flakes are more globular or flat,
the flakes will display different light reflective properties (Fig. 2.1). More flat pieces will
exhibit “perfect” reflectance while globular pieces will scatter the light. In general, the
aluminum flakes that are used are of the “cornflake” variety, whose shape is inspired by an
eponymous American cereal brand. Cornflakes have a relatively even distribution of both
flat and globular pieces due to their even, yet crinkled shapes. In aluminum form and mixed
into silicone paint, they are able to help the sensor capture intricate tactile details and create
smooth color gradients.

Figure 2.1: A simplistic display of the aluminum cornflakes that are typically used in
GelSight-inspired sensors. Flatter pieces will “perfectly” reflect light while more globular
and rounder pieces will scatter the light. As a result, a combination of these pieces will allow
the surface to capture more details in the tactile area and simultaneously allow smoother
color gradients.

The tri-color scheme is used to take advantage of the RGB color channels in a single image.
By having these three colors illuminate the elastomer surface from different directions, we
can get information on the gradient distribution in at least two directions using only a single
image (Fig. 2.2).
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Figure 2.2: A simple visualization of a GelSight sensor pad as viewed by the camera. The
red and green lights come from the same axes but from opposite directions, while the blue
light comes from the bottom. If a spherical contact is pressed into the tactile surface, which
is portrayed in grey, there should be a blending of color gradients which will create a rainbow
circular contact patch.

Figure 2.3: Given a camera looking at a gel with markers on its surface, the camera can
track the motion of the markers that are made as a spherical object is dragged along the
surface of the gel.

Furthermore, if we add markers to the surface of the elastomeric gel, we can track forces
on the surface of the finger such as incipient slip or torsional shear (Fig. 2.3).

Many such GelSight-inspired sensors exist, from round, 360 degree ones to curved ones
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to wedge-shaped ones [31], [38], [39]. However, all of these sensors, apart from the soft,
elastomeric gel that encases them, are made from rigid structures. These rigid structures
make them difficult to integrate with soft or compliant robots without compromising the
softness of the robot. Nonetheless, to give soft robots high-resolution tactile sensing so they
can have some feedback from the world, we need to be able to develop novel designs that
will allow us to integrate the two seemingly disparate ideas of using a soft, compliant robot
and a rigid sensor. Subsequent chapters will describe various solutions to this integration
challenge.
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Chapter 3

GelFlex∗

To gauge the usefulness of incorporating a camera, we design a soft finger structure that can
hold a camera sensor. Previous work [40] allowed us to determine that it was necessary for
our design to have features for the camera to use as a datum to help “track” proprioception.
However, these features should not overtly obstruct the tactile sensing surface and cause
occlusions on the surface. As such, we develop an exoskeleton-covered soft finger. The soft
finger is composed of a solid rubber block with features on its side for the camera to track,
while the exoskeleton is able to house the cameras and LEDs.

We then developed a novel robotic gripper composed of two of these exoskeleton-covered
soft fingers, each with 2 cameras embedded inside. The robotic gripper can employ the
embedded vision sensors for simultaneous proprioception and tactile sensing and have an
accurate method for estimating the shape of the finger. Furthermore, the gripper can perform
grasping tasks using the tendon-driven system and successfully differentiate between different
shapes and sizes of bar stock, which is a classification problem useful for industrial and
manufacturing robotic applications.

A picture of the gripper holding a mesh cup and the corresponding tactile image from
one of the intraphalangeal cameras is shown in Fig. 3.1.

3.1 Methods

3.1.1 Hardware

The manufacturing of the robotic gripper includes casting processing, painting processing,
finger assembly, and gripper assembly, and the overall process flow for manufacturing of the
soft gripper is shown in Fig. 3.2.

Casting processing We first make the finger mold using a 3D printer (Onyx One 3D Printer,
Markforged, Inc.) {C1}. The finger surfaces must be smooth since both the tactile and shape
information are acquired via cameras observing these surfaces from inside. To improve the
smoothness, we paint the inside of the 3D-printed finger mold with ultraviolet (UV) resin
(200g Crystal Clear Ultraviolet Curing Epoxy Resin, LIMINO) {C2}. After exposing the

∗Most of this chapter is copied from the paper Exoskeleton-covered soft finger with vision-based propri-
oception and tactile sensing [13].
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Figure 3.1: Left: The soft finger robotic gripper, which is made of 2 exoskeleton-covered
fingers, is grasping a metal mesh cup. Each finger is embedded with 2 intraphalangeal
cameras. Right: The corresponding image from one of the cameras. Yellow dots on the side
are designed for soft robot proprioception and the silver layer in the center is designed for
tactile sensing. It can observe the mesh cup criss-cross patterns [13].

resin to UV lights for 1 hour, the top of the mold becomes smooth. However, the UV resin
contains chemicals which prevent the curing of silicone. To counter this, we coat the UV
resin with a layer of an inhibit agent (Inhibit X, Smooth-On, Inc.), and then spray a layer
of mold release (Ease Release TM 200, Smooth-On, Inc.) over it {C3}. We then embed clear
acrylic hemisphere lenses (3/4 inch Hemispheres, California Quality Plastics) in the finger
to allow for the integration of fish eye camera lenses {C4}. These hemispheres provide wide
view angles for the camera and hide the camera within the finger. Since we use cameras for
both proprioception and tactile sensing, the soft finger body must be optically transparent.
To give our finger this property, we made it out of platinum-catalyzed translucent silicone
(XP-565, Silicones, Inc.) {C5}. Prior to adding the silicone, we apply primer (DOWSIL
TM PR-1200 RTV Prime Coat, DOW) on the outside surface of the lens to bond it to the
silicone. This procedure prevents the cured silicone from easily being ripped off during larger
deformations of the finger. To improve the softness and resilience of the silicone finger, we
add dilute agent (LC1550 Phenyl Trimethicone, Lotioncrafter). The ratio of the components
of silicon XP-565 A and B, and phenyl trimethicone is 1 to 15 to 3. After uniformly mixing all
the components in a plastic cup, we vacuum it (90062-A 3 CFM Vacuum Pump, Mastercool,
Inc.) to get rid of bubbles. Finally, we pour the mixture into the 3D printed mold.

Painting processing We first de-mold the silicone from the 3D printed mold and clean any
residue on the silicone using soap {P1}. We then use different colors of silicone inks (Print-
On Silicone Ink, Raw Material Suppliers), which are scratch-resistant and durable, to create
dot features for the camera to track. Silicone solvent (NOVOCS Gloss, Reynolds Advanced
Materials) is added to the silicone ink to dilute the ink. The ratio we use is 1 to 10 to 30
(silicone ink catalyst to silicone ink to silicone solvent). We apply black ink on both sides of
the silicone finger and cure it in an oven at 200∘F for 30 minutes {P2}. Then, we use a laser
cutter (PLS6.75, Universal Laser Systems, Inc.) to engrave circular patterns on both sides of
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Figure 3.2: The manufacturing process for the GelFlex finger gripper [13].

the finger and remove the black paint in those areas {P3}. Next, we paint yellow silicone ink
on both sides of the finger, creating yellow dots with a black background {P4}. These yellow
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dots allow the camera to more easily capture finger deformation information. The next step
is to spray a reflective ink at the bottom surface of the finger for tactile sensing {P5}. We
opted to use semi-specular painting material (silver silicone ink) so that we could observe a
higher-level of intricate details. Afterwards, we use an ultrasonic processor (VCX 750, Sonics
& Materials, Inc.) to enhance the dissolution of the silicone ink into the NOVACS solvent.
We use a airbrush (ZENY Pro 1/5 HP Airbrush Air Compressor Kit, ZENY) to paint the
silver silicone ink on the bottom surface of the finger to ensure a smooth and uniform paint
finish. Then we place the painted finger in an oven for 2 hours at 200∘F before the finger is
ready to use. Note that the painting order of the silicone ink can vary as long as one can
create the desired features.

Finger assembly We design a highly underactuated exoskeleton that is comprised of 7
segments and 6 joints to actuate the soft finger. The exoskeleton is then integrated with the
soft silicone trunk. We first make the finger exoskeleton with the 3D printer and assemble the
finger segments, before pressing the soft silicone trunk into the exoskeleton {F1}. This design
allows the finger to easily adapt to grasping various objects. The exoskeleton is designed with
round pegs on the side to fit into the round slots on the side of the soft trunk. This prevents
the soft trunk from easily detaching from the exoskeleton. Then, we add two cameras to the
camera lenses that were fixed onto the silicone finger during the casting processing {F2}.
Next, we add white LEDs, which provide internal illumination for the camera {F3}, and
restrain them with rubber bands attached to the top of the exoskeleton {F4}. Finally, we
add actuation strings through holes on each segment of the exoskeleton {F5}. One end of
the string is tied to the last exoskeleton segment and the other end of the string is attached
to a motor disk. This yields a highly underactuated exoskeleton-covered soft finger with a
tendon-driven system.

Note, here the soft silicone trunk with its surface painting as well as the associated
cameras and LEDs are referred to the GelFlex.

Gripper assembly The last step of the hardware process is to assemble the gripper. The
gripper includes assembling 2 GelFlex fingers, a finger base {G1}, and a housing {G2} for a
servo motor (DYNAMIXEL XM430-W210-T, ROBOTIS) and disk. The embedded cameras
are controlled using Raspberry Pi boards. The orientation of the finger relative to the finger
base is adjustable {G3}, allowing us to use it for a variety of tasks.

3.1.2 Software

To classify bar stock using tactile data and proprioception of the finger, a combination of
three neural nets were used. One was for proprioception of the GelFlex finger, another was
to use tactile sensing data to determine whether the grasped object was a cylinder or a box,
and the final one combined the proprioception of the finger and tactile knowledge to classify
the size of the object being grasped.

Proprioception

Proprioception of the finger was simplified to a 2D learning problem due to the mechanical
constraints of the exoskeleton, and the assumption that the finger would not flex sideways
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(z-direction) and would only bend in response to the tendon-driven system (x-, y-directions).
Thus, only the 2D positions of each individual joint were considered for the neural network.

The first stationary joint was taken as the world reference frame origin and the absolute
angle for each joint was calculated relative to the world reference frame. Each position of
the finger is thereby defined by six numbers (Fig. 3.3).

𝜃ଵ
𝜃ଶ

𝜃ଷ

𝜃ହ

𝜃

𝑥
𝑦 𝜃ସ

Figure 3.3: Absolute joint angle naming convention for proprioception of the GelFlex finger
[13].

For the neural net, approximately 3,500 sets of images were collected (3,500 images each
from the two embedded Raspberry Pi cameras) with their corresponding finger position
absolute angles. The collected images include ones where the gripper is grasping various
objects and no objects. These different images allow the neural net to be trained with many
different parameters and possible finger configurations, and enable the neural net to ignore
tactile information in images. The neural network used 80% of the images for training and
20% of the images for testing. Since the inputs of the neural net are 2D images, a fully
convolutional neural network (CNN) [41] was implemented to process all of the data.

The neural net architecture for a single image is a sequential model of 4 convolutional
layers with batch normalization and ReLU, which is followed by a single convolutional layer
with sigmoid activation. The sigmoid activation then maps the extracted feature to the joint
angle vector. This architecture is shown in Fig. 3.4.

To determine the effectiveness of utilizing one camera image versus using two camera
images, two different neural networks were trained for proprioception. One used only the
camera in the middle of the finger, while the other processed both of the camera images.
The only difference between the two architectures was that for the network trained on two
images, the two images were concatenated together, doubling the input channel number.

Because of the high variance in the training output angles, the training angles were
normalized using their mean and standard deviation. They were appropriately re-scaled
during the testing procedures. Zero mean Gaussian noise with small variance (1e-3) was also
added to these ground truth training angles to augment the data and simulate real-world
perturbations that may not have been captured in the testing data. Similarly, to deal with
image noise and potential unseen changes in lighting parameters, the input images were
augmented with random changes in contrast and saturation.
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Figure 3.4: Top: Architecture of the proprioception neural network where 𝐶𝑘 represents
a Convolution-BatchNorm-ReLU layer with k filters. Bottom: Actual GelFlex finger with
the intraphalangeal camera view. This image then gets fed into the CNN and the ouput
joint angles are input into a RViz simulation of the finger [13].

Tactile Sensing

Since all grasping contact is done near the middle of the finger, only the center camera of the
GelFlex finger is utilized to obtain tactile information. The GelFlex finger works similarly
to the way the GelSight sensor works [42] and is also capable of viewing highly detailed and
intricate textures like the dimples in a golf ball or the ridges and notches in a key (Fig. 4.5).
There were also observable differences between images the camera captured when the finger
grasped sharp corners or edges (i.e. boxes) and when it grasped smoother curved surfaces
(i.e. cylinders). This observation indicates that a neural network would be an effective way
to classify between different types of bar stock (i.e. square versus round).

The neural network takes a cropped difference image as an input. The input is cropped to
disregard the yellow dot pattern, which could interfere with the tactile classification neural
network. Then, to ensure that the emphasis in the input data was on the tactile imprint,
the difference image of the tactile contact image and a calibration image was calculated.
The calibration image used was that of an image without tactile imprints at the starting
non-actuated position of the GelFlex.

The network architecture is based on the LeNet-4 model [43] and is composed of a sequen-
tial model with two convolutional layers (kernel size 5x5) that implement ReLU and max
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Figure 3.5: First Row: From left to right: a golf ball and a key. Both of these objects were
brought into contact with the finger. Second Row: Their corresponding tactile imprints as
viewed from the center intraphalangeal camera [13]. For more tactile images, including the
difference images, see Appendix Fig. B.2.

pooling (kernel size 2x2), which is then followed by two fully connected layers. Subsequently,
the last two layers use ReLU and softmax activation, respectively (see Appendix Fig. B.3).

A total of 850 pictures were collected for training the tactile CNN. These images were of
the finger contacting different box and cylindrical objects at various orientations and contact
points (425 pictures each of boxes and cylindrical objects). Of the images, 75% were used
for training and the remaining 25% were retained for testing.

Size Estimation

The classes used for the size estimation neural network were 4.25, 4.5, 4.75, and 5.0 inches.
These classes were chosen because they were the shape sizes that the soft robotic gripper
could comfortably and successfully grasp. A classification task was chosen as opposed to a
linear regression task since bar stock are manufactured with specific dimensional increments.

In total, 800 predicted angles and shape labels were collected (200 for each class, 400
boxes and 400 cylinders); 90% were used for the training set while the remaining 10% were
used for the testing set.

Three different network architecture models were considered for the incorporation of the
class label (box versus cylinder) into the size estimation prediction method: multiple layer
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perceptron (MLP), two-path MLP, and MLP with neural incorporator.
The MLP model provided a baseline comparison for the other models, since it is a stan-

dard deep, artificial neural network. For the size estimation task, the MLP model takes the
concatenation of predicted angles and the class label (box/cylinder) as inputs. This model
performed relatively well, with 88% accuracy on the testing set. However, the MLP model
performed significantly worse compared to the 93% testing set accuracy of the two-path
MLP, which separately processed the predicted angles and class labels before fusing them
via channel-wise concatenation in the embedding space.

The neural incorporator model performed the best, with 100% accuracy on the testing
set. The model is inspired by [44], and uses the features learned from the class labels, denoted
as 𝛽 and 𝛾, to normalize features that the model learns from the predicted angles (Fig. 3.6).
As such, the neural incorporator model was used for the GelFlex finger.

Figure 3.6: The architecture of the MLP with Neural Incorporator used for size classification
of the object set [13].

3.1.3 Experimental Setup

The OptiTrack (OptiTrack, NaturalPoint Inc.) system was utilized to track the individual
positions of the links on the finger. To define the positions of each rotation joint, each finger
joint and the tip of the finger had three 3 mm OptiTrack face markers adhered onto their
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surface. This defines a rigid body in the OptiTrack software and allows the positions to be
streamed via vrpn_client_ros, which is an open-source ROS package [45].

For the bar stock identification task, the object set consisted of four cylinders and four
rectangular prisms with square profiles that were created out of laser cut acrylic. These
objects were chosen because they represent the two most common types of bar stock profiles.
The cylinder diameters and square widths were 4.25, 4.5, 4.75, and 5.0 inches. These sizes
were chosen since they were the smallest objects the gripper could securely grasp. A 0.25
inch difference (approximately 6.35 mm difference) was chosen to demonstrate the ability
of the three neural nets to aggregately differentiate between typical differences in bar stock
sizes. The entire setup is shown in Fig. 3.7. A close up picture of the GelFlex finger with
OptiTrack markers is also shown in Fig. B.1

Figure 3.7: Experimental setup for collecting data and testing. The soft robot gripper is
attached to the end of the UR5 arm to keep it stationary. Four OptiTrack cameras track
the position of the markers adhered to the finger. Testing is performed on the eight objects
in the object set [13].

Successful grasp of the object was determined by tracking the position of the motor.
Once the position of the motor remained constant after the gripper attempted to grab an
object, the algorithm implements the neural nets to determine the size and type of the object
being grasped. Since the gripper configuration is symmetrical, the algorithm only obtains
reading from one of the gripper fingers. The experiment is performed on a single TITAN X
(PASCAL) GPU.
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3.2 Results

3.2.1 Proprioception

Both neural nets (single image input, double image input) used for the GelFlex finger propri-
oception had extremely accurate results on the testing set, with over 99% accuracy where all
six joint angles were within 1∘. Live testing with the neural nets on the finger also produced
accurate results when the estimated angle values were directly compared with the angles
calculated using the OptiTrack positional data. The single input neural net average sum of
absolute errors in the six angles was 1.29∘ while not grasping any objects and 2.22∘ while
grasping objects in the object set. These errors for the double image input neural net were
1.16∘ and 4.10∘, respectively.

To calculate the position errors ("accumulative error"), the ground-truth angles and
neural network estimated angles were applied to back calculate the respective position values
of the last joint in the gripper. For the one image input neural net, the average accumulative
error was 0.070 mm while not grasping any objects and 0.77 mm while grasping objects in
the object set. For the double image input neural net, these accumulative errors were 0.40
mm and 1.43 mm, respectively. The results predicted by the single image input neural net
were also visually compared with the actual finger using Rviz (Fig. 3.8) [46]. The maximum
accumulative error while gripping an object is small (1.71 mm distance, 5.21∘ over six total
links).

In general, live testing results showed that the single image input neural network out-
performed the double image input neural network with respect to accuracy and latency. On
average, the inference times for the single image input and double image input neural nets
are 7.1 and 7.3 ms, respectively.

3.2.2 Object and Size Classification

For live testing of the bar stock classification task, each of the eight objects in the object set
were tested 10 times with the gripper to calculate the accuracy of the neural network. All
box and cylinder shapes were classified correctly using the tactile information. Out of 80
total trials, only three objects were classified as the wrong size (Tables A.2, A.3, and A.4 in
Appendix). The incorrect trials occurred only when the gripper was grasping the two largest
boxes.

3.3 Discussion

In general, the proprioception neural net and tactile classification neural nets performed
extremely well. Proprioception of the finger was highly accurate, robust, and capable of
responding rapidly. The accumulative errors were small and were generally all sub-millimeter.
These results were expected since the internal views of the finger showed visible changes for
different finger configurations when they picked up different objects. The camera was in
general able to differentiate between small deformations of the bend in the fingers.
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Figure 3.8: A visual comparison between the actual finger and the simulated results as shown
by RViz. The intraphalangeal camera view of the GelFlex is input into the proprioception
neural net shown in Fig. 3.4 and the resulting predicted joint angles are output into RViz
[13].

One of the most surprising results was that the neural network using a single image input
tended to outperform the neural network that used two images, which had more holistic
information of the internal finger shape. Although the center camera could view most of
the finger length, it was unable to view the tip of the finger. With the second camera, it
was possible to directly look at the changes in the tip of the finger, which observed the most
bending and the largest joint angle ranges. However, the mechanical constraints of the finger
could have allowed the single image input neural network to generalize valid joint positions
of the end of the finger relative to the other joints in the finger. Another possibility is that
the double image input neural network could provide better results if the architecture was
changed.

Nonetheless, the maximum and average accumulative error of the finger while grasping are
small. This result is significantly better than human hand proprioception where the subject
group average of the absolute distance between perceived and actual fingertip position was
8.0 cm ±1.0 cm [47].

On the tactile data side, the GelFlex cameras were able to capture and perceive highly in-
tricate textures and details. As a result, the tactile neural net was able to perform extremely
well for the relatively simple human task of differentiating between square and cylindrical
objects. This neural net, incorporated with the proprioception neural network, enabled the
gripper to accomplish an important task in manufacturing and industry applications: bar
stock classification.
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The size and shape profile bar stock classification task is not one that can be accomplished
without both proprioception and tactile sensing data. Although tactile sensing data can
differentiate between features such as edges and rounded surfaces, it is unable to differentiate
between different curvatures of cylinders or similarly placed edges of different squares. On
the other hand, proprioception of the finger while gripping some cylinders may be confused
with proprioception of the finger while it is gripping similarly shaped boxes. The results
for the GelFlex finger show that the neural nets were able to very accurately determine the
profile and size of the "bar stock" in the object set. The only time when size classification
failed were with the two largest boxes, which was potentially caused by a non-firm grip
on those objects. A non-firm grasp could have caused the proprioception neural network
to output slightly incorrect estimates of the finger joint angles, which would cause the size
classification neural network to incorrectly classify the box as a slightly smaller size.

One limitation is that the proprioception of the finger is only in 2D and is described by
the shape of the exoskeleton as opposed to the infinite degrees of freedom that describe the
entire flexible silicone body. In other words, it is impossible for the neural net to estimate
more complex configurations (i.e. twisting) which cannot easily be measured by classic
strain/force sensors but can be easily observed with an embedded finger camera.

Furthermore, the GelFlex finger is incapable of obtaining more meaningful tactile infor-
mation via 3D reconstruction of the tactile data similar to what GelSight sensors can do [42]
and it also can only grab larger items. In fact, its inability to grasp many different items
eliminates the advantage of using a soft and compliant robotic finger, which is supposed to
be better at grabbing a larger variety of objects. Although we showed that using a camera
can give us viable proprioceptive and tactile sensing information, we were unable to utilize
the camera well in a soft, compliant gripper.
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Chapter 4

GelSight Fin Ray∗

One of the gripper designs we considered was the 3D printable Fin Ray Effect gripper,
which has the ability to gently comply to an object it comes in contact with via the fin-like
structure of the fingers [48]. The idea was originally inspired by the study of fish fin bone
structure and its passive, deformable geometry [49]. This geometry allows Fin Ray fingers
to conform to a surface, increasing the grasping contact surface area to allow a more secure
grasp [50], [51]. These types of fingers, unlike other soft robotic fingers, are relatively simple
to manufacture and easy to modify to incorporate various materials or control schemes [21].
Furthermore, their design does not require actuation to securely grasp objects, unlike many
other rigid and soft robotic grippers, which allows Fin Ray fingers to potentially be used in
cleaner or limited energy environments [52]. These qualities are important for performing
manipulation in an unstructured home space, and as a result, a lot of research has been done
to optimize the Fin Ray finger design.

To streamline the Fin Ray struts and its design to more optimally grasp a large variety of
objects, both Shan et al. and Deng et al. developed mathematical models and simulations to
assess and optimize its grasping capabilities [53], [54]. Crooks et al. worked on adapting the
original Fin Ray design to ensure a preferred bending direction and to increase the grip force
of the fingers [21] while Elgeneidy et al. worked on improving the design of a NinjaFlex Fin
Ray finger through experimental design testing methods [55]. Another solution to improve
grasp quality of a Fin Ray gripper involved adding electroadhesion pads to the tactile surface
of the fingers [56].

Despite the progress made towards optimizing the Fin Ray finger design, not much work
has been done to sensorize it. Although Yang et al. proposed a Fin Ray finger that incorpo-
rates an embedded force sensor for detecting the finger state and to measure contact force
[57], it does not provide the higher-detailed tactile sensing necessary for more complex ma-
nipulation tasks. The addition of a high-resolution tactile sensor like GelSight could benefit
the Fin Ray finger and allow it to perform manipulation tasks that require such sensing.

To our knowledge, this was the first instance of a soft robotic gripper that has incor-
porated the full functionality of a GelSight sensor, allowing tactile reconstruction, object
orientation detection, and marker tracking. The design introduced in this paper also allows
a GelSight sensor to be elongated and flexible, which captures a larger tactile surface area

∗Most of this chapter is copied from the paper GelSight Fin Ray: Incorporating Tactile Sensing into a
Soft Compliant Robotic Gripper [14].
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and enables compliant grippers to utilize GelSight sensor technology.
This chapter presents the following contributions:

• A novel design of a fully-functioning flexible, elongated tactile sensing surface with
an embedded vision sensor for tactile reconstruction, orientation estimation, and slip
detection;

• A novel design of a sensorized GelSight Fin Ray inspired gripper with tactile sensing
(Fig. 4.1);

• An algorithm that allows the gripper to be handed a thin object, determine its orien-
tation, and gently set it down upright using only tactile sensing.

Figure 4.1: In a), the GelSight Fin Ray gripper is holding a ball glass mason jar with
its tactile sensing region along the indented letters “MASON" while b) denotes the 90∘
counterclockwise-rotated raw tactile image data where the top of the image generally denotes
the tip of the finger and c) is its corresponding uncalibrated tactile reconstruction, where
you can see most of the “S" letter and parts of the “O" and “A" letters as well [14]. Another
example of a smaller object being grasped is shown in the Appendix Fig. B.4.

4.1 Methods

4.1.1 Sensor Design

Overall, the sensor design involves three major components: finger design, tactile sensing
pad manufacturing, and illumination. The resulting finger was attached to a parallel gripper
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configuration. Fig. 6.3 shows the entire manufacturing process of the finger. We also
briefly consider the fabrication of a completely optically clear Fin Ray; that design idea
quickly became infeasible due to its lack of rigidity. The optically clear Fin Ray and other
manufacturing processes we tried for the Fin Ray are discussed more in Chapter 8.

Figure 4.2: Manufacturing process flow of the GelSight Fin Ray finger, which includes finger
design, tactile sensing pad manufacturing, and illumination [14].

Finger Design
The struts of the finger were designed based on the design proposed by Elgeneidy et al.

[58]. To create a finger that could house and allow usage of a vision sensor while retaining the
structural features of a Fin Ray, the middle part of the finger was hollowed out. This removal
of the middle support material caused the finger to become too flexible, so a harder material
(1.75 mm TPU, Overture, printed on Prusa MK3S) was used for the finger struts while
an even more rigid material (Onyx, Markforged) was attached to the back of the finger as
support. To circumvent the unwieldy removal of TPU support material from the main finger
print, the struts portion of the finger was separated into two parts along its length. Doing
so allowed the parts to be printed with the outer section against the build plate, enabling
them to be printed with no support material and eliminating extensive post-manufacturing
processes while also shortening the printing processes.

Since the sensor utilizes a camera, it was important that any ambient lighting be obscured
so that it did not interfere with the tactile sensor. However, any material added to the finger
also had to be stretchy so that it would not interfere with the compliant characteristics of
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the finger. To solve this issue, a laser cut piece of black, stretchy cloth (spandex/nylon) was
adhered to the inside of the struts and across the bottom half of the open part of the finger
before the three 3D printed parts were pieced together. The bottom half was covered since
most of the manipulation and grasp tasks are performed near the tip of the finger, where the
finger is more compliant. The dark cloth obstructed outside environmental lighting while
its elasticity allowed the finger to function as it would without the addition of the cloth.
Afterwards, the two halves of the finger were glued onto the rigid base with cyanoacrylate
glue.

Tactile Sensing Pad Manufacturing
The tactile sensing silicone pad was cast as a rectangular-profile piece with dimensions of

2.5 mm by 18 mm, with a 25 mm curved profile along one of the 18 mm surfaces to serve as
the tactile sensing surface. A curved profile was chosen to help guide the side illumination
and evenly distribute the coloration along the sensor center. The mold was 3D printed using
the Markforged Onyx material. To ensure that the tactile curved surface was smooth, a
piece of plastic mylar sheet with 6 mil (0.15 mm) thickness was superglued onto the inner
curved mold surface. A platinum catalyst translucent silicone (XP-565, Silicones, Inc.) was
combined with a plasticizer (LC1550 Phenyl Trimethicone, Lotioncrafter) in a ratio of 11 to
3 (1 part XP-565 activator to 10 parts base to 3 parts plasticizer) to be used for the silicone
pad. The mixture was used to ensure a clear, transparent sensing region for the camera
sensor and a plasticizer was added to increase the softness and robustness of the silicone
pad. After degassing the silicone mixture and pouring it into a pre-prepared mold, the mold
was left to cure for 24 hours at room temperature.

Once the silicone pad was cured, a thin layer of silicone paint was brushed on the curved
side of the silicone with a foam brush. This paint layer formed a semi-specular tactile sensing
surface. To create this painted surface, which would allow the sensor to more easily pick
up small details and dimmer illumination in the tactile sensing surface, a mixture of 1 part
silicone ink catalyst to 10 parts gray silicone ink base (Raw Materials Inc.) to 2.5 parts 4
𝜇m Aluminum cornflakes (Schlenk) to 30 parts NOVOCS Gloss (Smooth-on Inc) was used.
After allowing the painted surface to fully cure, 1 mm circular dots spaced 4 mm apart were
laser engraved (Epilog Laser Cutter System) on the painted surface, effectively removing the
painted layer. A layer of black silicone paint (1 part catalyst to 10 parts black paint to 30
parts NOVOCS Gloss) was then sprayed on using an airbrush, creating patterned black dots
on the silver-gray tactile surface. The dots allow for the use of marker tracking to determine
motion or slippage of a grasped object.

One of the manufactured silicone pads was then glued to a piece of 0.5 mm thick acrylic
to provide the silicone with a rigid backing and prevent the silicone from folding in on itself
when it comes in contact with an object. A mixture of 1 part Silpoxy (Smooth-on Inc) to
10 parts NOVOCS gloss was used so that the silicone could bond to the acrylic and prevent
delamination of materials over repeated use.

The thinness of the acrylic is to ensure that the finger has overall compliance and can still
bend when it comes into contact with an object. Acrylic was also chosen as the rigid base
of the silicone pad for its ease of manufacturing and its reasonably close index match with
silicone, which helps to mitigate light interference of the sensing surface caused by refraction.
This acrylic piece was then attached to the 3D printed finger.
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Illumination
To illuminate the finger, the sides of the acrylic were respectively covered with a layer

of red and green fluorescent acrylic paint (Liquitex BASICS ACRYLIC) and a line of blue
LEDs (450 nm) was adhered to one end of the acrylic piece to illuminate the silicone pad and
cause the paints to fluoresce. A short strip of TPU filament was superglued to its back and
along the empty middle section of the finger to hold the blue LEDs in place. Together with
the fluorescent paints, the blue LEDs helped to provide a tri-color sensing region, similar
to how a GelSight wedge and digger fingers are illuminated [31], [59]. The presence of all
three colors help the sensor to perform depth reconstruction of objects the gripper comes
into contact with.

The camera is set opposite the tactile surface near the tip at the back of the finger so
that it can view the most compliant parts of the gripper as well as where the majority of
the tactile interactions will occur. To mitigate the saturation of blue LEDs viewed by the
camera, a yellow filter is placed atop the camera sensor. The filter helps make the less vivid
red and green colors visible by the camera.

Because illumination of the finger as viewed by the camera changes as the finger flexes,
separate yellow fluorescent dots (Liquitex BASICS ACRYLIC) were painted on both sides
of the acrylic surface to provide a reference for the shape of the finger. The color was
deliberately chosen so that it could easily be visible in the dim illumination and so as not to
interfere with the tactile sensing. These dots are separate from the black silicone dots used
for marker tracking, which depict the shear information of the silicone surface.

Gripper Assembly
The fully assembled finger was then attached to the parallel WSG 50-110 (Weiss) gripper

using an Onyx 3D printed part designed to fit as a replacement for the traditional Weiss
gripper fingers.

4.1.2 Software

Similar to a GelSight sensor, the Fin Ray finger is able to perform tactile sensing, measure
the orientation of an object it comes into contact with, and track markers for slip and twist
detection [42].

All images were captured using a Raspberry Pi 160∘ field of view (FOV) camera, before
being cropped slightly so that only the tactile sensing portion of the image was shown. A
wide FOV camera was used so that it can sense along the entire length of the sensing region.

Tactile Sensing/Reference Image
The main challenge with incorporating tactile sensing into the Fin Ray finger is that

the finger deforms when any object comes in contact with it. As a result, the camera
sees both the proprioceptive change when the finger bends, and the minute changes in
the silicone pad corresponding to the tactile surface interactions. Tracking only the fine-
detailed tactile information requires knowledge of the proprioceptive state of the finger or
the bending positions of the acrylic. As such, yellow fluorescent dots were painted on the
sides of the acrylic so that the motion of the finger could be tracked and used as a reference.
This reference was then used to isolate the small-scale tactile information from the GelSight
sensor.
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A reference video was created with the finger where a human hand flexed the sides of the
finger which are not visible by the camera sensor. As such, the camera was able to capture
the different illumination schemes without any tactile interference. Using the video, the
dots were thresholded out via HSV color segmentation, opening and closing operations were
performed on the thresholded image, and the individual dot centers were extracted from
each frame of the reference videos using a Python OpenCV contour finding algorithm and
converted into a Numpy array for better latency [60], [61]. Subsequent tactile images were
then compared to reference images using the dot segmentation method to find the image
that most closely matched the current image. The general algorithm flow is shown in Fig.
4.3.

Figure 4.3: Algorithm flow for obtaining the reference point matrix and live reconstruction
of the raw tactile image. The reference point matrix is precalculated using a video taken
of the finger without any tactile interference. The matrix is sparse and contains only one
nonempty element per column. Subsequent raw tactile images are then compared to the
reference point matrix via the dot centers, a difference image is taken, and an uncalibrated
reconstruction image is calculated. Pictured in the raw tactile image is the head of a screw
that was pressed into the sensing region at a slight angle [14].

Object Orientation
After matching the tactile image with a reference image, difference images were taken and

then Poisson reconstruction was used to calculate uncalibrated depth reconstruction images
[62]. The contour finding algorithm was then used on thresholded versions of the depth
images and principal component analysis was used to find the orientation of the object that
was being grasped.

Marker Tracking
Marker tracking was performed using the difference image between the luminosity channel
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of the LAB color space and its corresponding median-blurred image. This method allowed
the markers to be segmented out of each image. Arrows were then drawn from the reference
image marker to its closest marker in the actual image. If the distance between them was
significant, the arrow length was scaled by a factor of three to emphasize the shear and twist
motion of the object in contact.

4.2 Experiment

4.2.1 Experimental Setup

Software was run via Python and ROS [45] and incorporated object orientation estimation
and marker tracking of the tactile surface. The camera was run on a Raspberry Pi board
and images were streamed to the computer using mjpg_streamer. The fingers were attached
to the Weiss gripper, which was mounted on a UR5 arm. Although both of the fingers in
the parallel gripper were Fin Rays, only one of them was sensorized.

To test the compliance and gripping ability of the fingers, many test objects were handed
to the gripper to be grasped. These objects included a mini screwdriver, a plastic strawberry,
a plastic lemon, a plastic orange, a Rubik’s cube, a wine glass, a ball glass mason jar, and a
deformable, squishy acrylic paint tube (Fig 4.4).

Figure 4.4: Objects used for the experimental setup. They include a mini screwdriver, plastic
fruits, a Rubik’s cube, a wine glass, a mason jar, and a squishy acrylic paint tube [14].

To test the orientation estimation and marker tracking, the gripper was programmed to
be handed a wine glass stem, measure its orientation based on tactile results, and rotate
the gripper so that the wine glass would be oriented upright. Afterwards, the gripper would
set the wine glass down until the total magnitude, or shear force, detected by the marker
tracking algorithm exceeded a threshold, indicating that the glass had touched the table. A
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wine glass was chosen because it is difficult to segment transparent objects using vision, and
thus, tactile sensing greatly simplifies the reorientation and placement problem.

4.2.2 Results

Grasping
The Fin Ray fingers were able to comply to and grasp all of the test objects, which

included a variety of different sizes and shapes. For curved objects, the Fin Ray fingers were
able to wrap around the curvature of the grasped objects while for the more linear objects,
such as the screwdriver and the Rubik’s cube, the fingers acted more like a rigid, parallel
gripper. For the squishy paint tube, the Fin Ray fingers were able to comply around the
object without breaking or collapsing the paint tube. Although the grips for heavy and
asymmetrically weighted objects were subject to slippage, the grasp became sturdier once
the force the gripper could apply was increased.

This difficulty in grasping particular objects may be partially due to the slight inadvertent
twisting motion that the fingers sometimes exhibited due to the hollowing out of the structure
inside, which most likely decreased the gripping strength of the fingers. Despite the addition
of the acrylic mount, which did limit the twisting motion, there was still a minute amount
of twist in the finger itself. Furthermore, the acrylic piece could have also created challenges
in grasping since it may have limited the flexibility of the finger and required more force to
ensure greater compliance of the finger to the object it was grasping. There was a tradeoff
between the twisting motion of the structure and its compliant flexibility. However, this
tradeoff did not result in hindering any of the compliance or grasping abilities of the Fin
Ray finger for the objects in the testing set.

In summary, the GelSight Fin Ray gripper was able to grasp a multitude of objects,
showcasing that the fingers still retain their compliance properties, which makes them useful
for a large variety of grasping tasks that potentially need robust, universal grasping abilities
combined with tactile sensing.

Tactile Sensing
The tactile surface of the sensor is able to detect minute details, such as some of the

threads of a M2.5 screw, and the indents on the outside of a M4 heated insert. All of the
reference images were able to help provide good reconstruction images, despite the slightly
nonuniform fluorescing quality of the red and green paints. The raw tactile images and
reconstruction images are shown in Fig. 4.5.

Generally, the dot center matching algorithm was quite robust, but it seemed to struggle
more when the GelSight Fin Ray fingers wrapped around heavier objects such as the large
mason jar. The extra weight caused the fingers to twist a bit and would shift the raw tactile
image down by a nontrivial amount, causing some noise in the uncalibrated reconstruction
image since it was difficult to include twisting motion in the reference images without in-
terfering with the tactile sensing region. Regardless, the marker tracking was able to sense
the shear force motion due to twisting by gravity and was able to sense twist and shearing
motions along the center of the tactile surface (Fig. 4.6).

Due to the proximity of the black dots to the fluorescent dots, there were cases where
some of the black dots could not be perfectly tracked. This phenomena also occurred for
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Figure 4.5: Tactile sensing image reconstruction. The left most images show the objects
(M4 heated insert, M2.5 screw) that were placed on the tactile sensing images, the middle
images represent the raw tactile data, and the right most images display the reconstruction
based on the raw data [14].

the dots in some of the regions at the top of the raw tactile image, which are furthest from
the illumination of the blue LEDs. Having black dots also made the algorithm track a few
black spots at the outer edges of the tactile sensing, which served to add some noise into the
system as well. Nevertheless, all of this noise did not affect the marker tracking overall, and
can be potentially optimized for future design iterations of the GelSight Fin Ray.

Wine Glass Reorientation
Without tactile sensing, the task of reorienting and setting down a wine glass without

tipping it over or crashing it into the table becomes more complex due to its transparency,
which makes it harder to see. With the GelSight Fin Ray, however, wine glass reorientation
was generally successful (Fig. 4.7). Out of the 10 trials that were performed, the algorithm
was able to succeed in 7 of them; the GelSight Fin Ray finger was able to allow the gripper
to successfully reorient and set the wine glass down without it tipping over. In the three
cases where the algorithm failed, the grasp was not secure enough and the wine glass slightly
slipped out of the Fin Ray grasp, causing the reconstruction of the image to fail, which in
turn caused failure of the reorientation portion of the wine glass. However, in those cases,
the gripper was still able to detect when the wine glass came in contact with the table and
stop itself from crashing the wine glass into the table further and potentially breaking it.

To conclude, the marker tracking portion of the software, despite some noise in the
system, was more robust than the reconstruction algorithm. This robustness most likely
occurs because the marker tracking algorithm does not require firm contact of the silicone
pad sensing surface with its object. Bare minimum contact is needed as long as the top part
of the silicone pad can be visibly displaced by external forces. Since the silicone pad is soft,
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Figure 4.6: Marker tracking with the GelSight Fin Ray. The yellow arrows denote the
tracked position from the reference markers in the found reference image to the markers in
the current image. In both images, the fingers are gripping a smooth acrylic cylinder. The
left image (a) denotes shear along the cylinder from an external force while the right image
(b) displays torsional external force being applied on the cylinder [14].

the top portion of the pad was easily deformable, causing the marker tracking portion of
the tactile sensing to be inherently more robust. The future addition of a neural network
could also generally increase the accuracy and results of tactile reconstruction and marker
tracking.

4.3 Discussion

The incorporation of tactile sensing has the potential to allow soft compliant robots to mimic
or outperform human capabilities to reconstruct the world around them through tactile
manipulation. Such abilities may ultimately allow soft robots to improve their performance
in medical fields (i.e. surgical robots or prosthetics), during human-robot interactions, or on
rescue missions in unknown situations. In particular, Fin Ray fingers allow manipulation to
be performed in limited energy environments due to their simplicity in actuation, enabling
them to be of great usage in many different environments around the world. However, many
existing sensors that provide very intricate tactile information are rigid, compact, and not
suitable for utilization in a soft robot.

This chapter introduced a novel flexible, elongated GelSight sensor that can be used in
conjunction with a Fin Ray inspired finger, allowing it to perform reconstruction, object
orientation estimation, and marker tracking. The combination of the two technologies allow
the Fin Ray finger to perform a greater variety of manipulation tasks, including the successful
reorientation and placement of a transparent wine glass without any catastrophic failures.

A few of the limitations are inherent to the twisting motion of the hollowed out finger,
which is traded off with the rigidness of the acrylic at the back of the sensing region. This
limitation caused the Fin Ray finger to require a nontrivial amount of force to comply to
more curved objects. Additionally, if the object being grasped was too heavy or if the force
was not enough to grab a smaller object to impart a large imprint on the silicone pad, the
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Figure 4.7: Successful implementation of wine glass reorientation. A wine glass is handed to
the gripper at an angle. Using the raw tactile image, the orientation of the wine glass stem
is found through the reconstruction algorithm. Using this angle, the UR5 arm reorients the
gripper so that it is holding the wine glass right side up. The arm then sets the wine glass
down until the shear force from the contact goes above a certain threshold and causes the
gripper to release the wine glass on the table without it tipping over. Note that the shear
force detected by the marker tracking algorithm is along the major direction of the stem,
indicating that the wine glass is upright [14].

gripper would occasionally struggle with successful implementation of reconstruction and
object orientation estimation. Finally, the addition of the camera, semi-flexible acrylic piece
and LEDs to the Fin Ray created some robustness and compliant issues. Both the camera
and acrylic piece added rigidity to the Fin Ray system, causing it to have less compliance
when grasping smaller objects. Furthermore, there were problems with gripping placement,
where if an object was grasped closer to the base of the Fin Ray finger, it could accidentally
displace the LEDs. For long-term manipulation tasks or learning paradigms, the robustness
and compliance of the system needed to be addressed.

These issues can be fixed with future optimization of the design of the hollowed out
finger, which we will discuss in the next chapter.
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Chapter 5

GelSight Baby Fin Ray∗

Overall, we still want the safety and compliance given to us by soft robotic gripper designs
combined with the high-resolution tactile sensing that camera-based sensors can provide us.
The development of the original GelSight Fin Ray [14] has helped us bring these seemingly
disparate characteristics together. Even so, there are existing issues with its design such
as its slight loss of compliance due to sensor integration. To further solve this integration
problem, we present the following contributions:

• A novel design of a soft, compliant and robust GelSight sensor in the Baby Fin Ray
(Fig. 5.1);

• Synthesis and analysis of fluorescent pigment that has potential use in other soft robotic
integration of camera-based tactile sensors;

• Successful performance of nut classification (i.e. identifying textures) using the Baby
Fin Ray.

5.1 Methods

The improvements to the original GelSight Fin Ray encompass mainly hardware updates
and result in the development of the Baby Fin Ray. A side-by-side comparison of the two
fingers are also shown in Fig. 5.2, and the exploded version of the Baby Fin Ray is shown
in Fig. 5.3.

These advancements were made with the goal to improve the design elements of the
sensorized Fin Ray itself, while also showing more of its potential capabilities for tasks that
require rich tactile sensing. Another important aspect is the improvement of fabrication
techniques that could be utilized in other types of soft, compliant camera-based tactile
sensors.

∗Most of this chapter is copied from the paper GelSight Baby Fin Ray: A Compact, Compliant, Flexible
Finger with High-Resolution Tactile Sensing [15].
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Figure 5.1: The Baby Fin Ray grabbing a walnut (left) and the corresponding cropped raw
image of the mirror that displays the tri-colored tactile sensing region and the indentation
of the walnut shell (right) [15].

5.1.1 Hardware

Much of the hardware design for the Baby Fin Ray is inspired by the GelSight Fin Ray paper
[14]. Like the original design, we create a hollow inner structure inside of the finger to allow
unobstructed viewing of the tactile sensing surface. We utilize a 3D printed 1.75 mm TPU
95A material (Sainsmart) for the Fin Ray struts with a more rigid backing (Onyx material,
Markforged) to prevent unwanted twisting motions in the finger that would be induced by
hollowing out the structure.

For the silicone gel pad, we use a mixture of 1 to 10 to 3 parts of XP-565 Parts A and B
(Silicones Inc.) and a plasticizer (LC1550 Phenyl Trimethicone, Lotioncrafter), respectively.
The XP-565 silicone is used because of its translucency. However, because the silicone itself
is rigid, the plasticizer is added to soften the material and make it more suitable as a tactile
sensor.

Our mold is 3D printed out of Onyx material and a thin piece of 6 mil (0.15 mm) mylar
is adhered to the bottom curved portion of the mold with cyanoacrylate glue. Doing so
provides a smooth surface for the tactile sensing portion of the gel pad. The mold has a 2.5
mm by 18 mm rectangular cross sectional area with a 25 mm radius curved profile along one
of the longer sides to ensure even side illumination of light. To ensure levelness of the sensing
pad, a flat piece of translucent acrylic sheet is placed on top of the mold, leaving an area in
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Figure 5.2: A side-by-side comparison of the original GelSight Fin Ray and the Baby Fin
Ray [15].

which the silicone could be poured. The whole ensemble is secured with rubber bands and
tilted at a slight angle to allow air pockets to rise to the top of the pouring pocket. Once
the bubbles escape out of the mold, the mold assembly is placed inside of an oven and cured
for 5 hours at 52∘C (125∘F).

Afterwards, we synthesize our sensing membrane paint, which covers the curved surface
of the silicone gel pad. This paint, like the one for the original GelSight Fin Ray, is composed
of 1 part silicone ink catalyst to 10 parts gray silicone ink base to 2.5 parts 4 𝜇m aluminum
cornflakes to 30 parts NOVOCS Gloss (Raw Materials Inc., Schlenk, Smooth-on Inc). This
is brushed only on top of the silicone gel pad, so that fluorescent paint can be applied to
the sides of the silicone gel and so that the camera can see through the gel volume to the
sensing surface.

However, the Baby Fin Ray differs from its predecessor in many aspects. Specifically,
there were a few problems with the design integration of the GelSight sensor into the Fin
Ray in the original design. Despite its ability to comply to different object shapes while per-
forming high-resolution tactile sensing, which made it able to do simple tactile manipulation
tasks, the hardware was not very robust. The sensing region was limited to only half of the
sensor despite the use of a large, wide angle fisheye lens camera, and the finger was unable to
comply as much as a non-sensorized Fin Ray would be able to. These issues were addressed
by our updated hardware design. The main problems we chose to fix included the following:

• Design for Usability

• Camera Placement
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Figure 5.3: An exploded view of the Baby Fin Ray assembly. Not pictured are the camera,
LEDs, and the diffuser [15].

• Illumination & Paint

Solving these problems also gives us the future potential to incorporate some or all of these
methods in the development of other soft sensors or robots integrated with high-resolution
camera-based sensors.

Design for Usability Despite the ability of the original GelSight Fin Ray to perform touch-
based manipulation tasks, such as wine glass reorientation, it is not able to robustly perform
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many different types of tasks. Firstly, the LEDs are attached to the deformable acrylic piece
that houses the silicone gel pad, meaning that if the Fin Ray grasps a large object or grasps
it incorrectly, the LEDs can potentially be dislodged over time. Another issue is that the
silicone gel pad is extended to the tip of the sensor, meaning that if we wanted to use the Fin
Ray to grab an item out of clutter, the gel pad could potentially be dislodged. Finally, the
long length of the Fin Ray (110 mm) makes it impossible to be viewed by a single camera.

As such, we halve the length of the Fin Ray design so that it is coincidentally around
the size of a human finger. This length reduction serves two purposes: (1) the entire front
of the sensor can be visible by a single camera; (2) one single illumination source is needed
for the entire sensing region.

We also place the blue LEDs (Chanzon 2835 SMD LEDs) at the base of the finger,
protectively encased inside the flexible structure. Doing so further allows us to place a piece
of VViViD Air-Tint Dark Air-Release Vinyl Wrap Film over the LEDs as a diffuser, which
helps to prevent bright spots in the sensing region that were prevalent in the original design.

The silicone gel pad is recessed into the Fin Ray structure so that there is less of a non-
smooth interface between the tip of the Fin Ray and the silicone gel pad. We also sharpen
the Fin Ray tip to somewhat emulate a fingernail. These changes serve to make the Baby
Fin Ray more useful for a different variety of tasks, such as digging through a cluttered,
obstructed environment to grab an object.

Camera placement One of the most prevalent issues with the GelSight Fin Ray is the
large obtrusive camera on the backbone. Although this camera provides high-resolution
wide-angle imaging, it also prevents the back of the Fin Ray from flexing. This obstruction
makes it difficult for the overall structure to then comply to objects.

A way to resolve this issue is to use a smaller camera that then corresponds with a
smaller Fin Ray structure. However, this solution does not completely solve the problem
of introducing unnecessary rigidity in the back of the structure, so we turn to the usage of
flexible mirrors with inspiration from GelSlim and the GelSight Wedge [31], [32].

In particular, we attach a 0.2 mm PET sheet to the inner back surface of the Fin Ray
structure and place a camera at the base of the structure. The camera is angled in a way
such that it can unobtrusively see the entire tactile sensing surface using the reflective surface
of the PET sheet. Additionally, because the PET sheet is so thin, it can conform with the
flexibility of the back structure, and we can see in Fig. 5.4, using CAD software, that we
only need to utilize a 100∘ field-of-view camera to see the entire tactile sensing region.

As such, the camera that we use for our design is a Raspberry Pi Zero Spy Camera with
a 120∘ field of view. This camera is small enough to fit within the base, and it also provides
a suitable viewing range for our tactile sensing region. Then, a yellow filter (Rosco E-Colour
765 Sunlight Yellow) is placed under the lens of the camera to help filter out the blue light,
which could overpower the rest of the colors in the sensing region.

Illumination & Paint Another issue we had to resolve was the slightly rigid acrylic piece
in the original design, which serves to house the paint and provide a semi-rigid, deformable
tactile sensing surface. The acrylic piece allows the acrylic fluorescent paint to deform
with and illuminate the Fin Ray structure without the paint delaminating from silicone.
This delamination occurs because the acrylic paint and silicone do not bond well together,
necessitating the addition of an acrylic substrate. However, this addition increases the
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Figure 5.4: The 2D representation of a 100∘ field-of-view camera viewing the tactile sensing
region through a mirror and its corresponding virtual camera. As the ray tracing shows, the
camera is able to see the entire tactile sensing region while sitting at the base of the finger,
where its rigidity will not impede with the deformable Fin Ray structure [15].

rigidity of the finger.
We choose to completely eliminate the need for such an acrylic piece for this improved

design. Not only does this improve upon the flexibility, it can also provide potential design
strategies for non-LED illumination systems to other soft camera-based sensors.

To be able to create a flexible, fluorescent paint that can bond to silicone, we use two
different types of paint: a commercial fluorescent silicone pigment and a silicone paint of our
own design. We choose to focus on adding as much pigment as possible to the fluorescent
silicone mixtures so that we can have a more vivid tri-color sensing region. As a result, we
do not optimize for the elongation, tensile strength, or other potentially relevant properties
of the silicone paint.

For the commercial fluorescent silicone pigment, we use Smooth On’s Silc Pig Electric
Green and Pink pigments. Following the instructions provided, we add only 3% of the total
silicone system weight to our mixture of XP-565 and NOVOCS Gloss (11 to 3), before we
stir it, degas it, and paint it onto the long sides of the silicone gel pad in multiple layers.
The NOVOCS Gloss is added to the mixture to help thin it out to make it easier to paint
onto the silicone piece. The silicone gel pad is then placed into the oven to cure for 4 hours
at 52∘C (125∘F).

In an attempt to create a customizable flexible paint, which could work with multiple
types of acrylic paint, we also synthesize a paint using a silicone adhesive base. In a small
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container, we measure out 0.5 grams of acrylic paint (Liquitex Basics Acrylic Paint Fluo-
rescent Green and Red) and 1.5 grams of A564 medical adhesive silicone (Factor II, Inc).
Because silicone adhesive cures faster with moisture and acrylic paint is water-based, we
make sure that the silicone adhesive and paint are not in contact with one another as we
add both of them to our container.

Once both have been added, we vigorously stir until the mixture is mostly homogeneous
and immediately add 1.0 gram of NOVOCS Gloss to thin out the mixture while constantly
stirring. After the clumps of acrylic paint and silicone adhesive have dissolved into the
NOVOCS Gloss, we slowly add 3.0 more grams of NOVOCS gloss in 1.0 gram increments,
stirring after each addition. Doing so allows the paint to slowly thin out until it can be
more easily applied to the sides of the silicone gel pad. To avoid large clumps in the paint,
the mixture is strained over a 190 Micron filter (TCP Global) and then multiple layers of
the paint are applied onto the silicone gel pad sides. The mixture is left to cure at room
temperature for 30 minutes. We also note that this exact same procedure can be done
with Silpoxy (Smooth On), and can potentially be performed with other silicone adhesives.
However, we choose the A564 for its clearer coloring as opposed to other silicone adhesives
that have more of a hazy quality, which we believe could limit the paint fluorescence.

5.1.2 Software

The camera is connected to a Raspberry Pi and video is streamed using mjpg-streamer. For
utilizing the data for tasks, we use a warp perspective function on the visible mirror in the
image to convert it into a rectangular image with the correct ratio of the actual flexible
mirror. This accounts for slight differences in manufacturing that might lead to changes in
the “negative" space around the flexible mirror and tactile sensing region.

5.2 Analysis

5.2.1 Simulation

To improve the compliance of the original GelSight Fin Ray and the robustness of hardware
when doing manipulation, we make a more compact design by removing the acrylic piece
and by changing the camera location. In order to prove that the new design has better
compliance, we did a series of FEM simulations using ABAQUS software. We used continuum
shell elements for thin sheets like the Mylar and flexible mirror, while we used eight-node
linear brick elements for the main structures of the Fin Ray, e.g. silicone, semi-rigid backing,
base, and the Fin Ray structure. Because of the large displacement, a non-linear analysis
step was adopted to simulate the complex jamming behavior between the Fin Ray ribs.

As shown in Fig. 5.5, we make a comparison between the Baby Fin Ray and the “original"
Gelsight Fin Ray. The “original" design is a smaller and comparable version of the previous
original GelSight Fin Ray with the rigid acrylic piece inside the gel pad and the camera on the
backbone. A cylinder indenter (shown in Fig. 5.5 a) and a cuboid indenter (shown in Fig. 5.5
b) are pressed into two fingers at two different locations, middle finger pad (lower location)
and fingertip (higher location). Fig. 5.5 c and d show the Force-displacement curves of the
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Figure 5.5: FEM simulation results of the improved design and the “original" design, which is
a smaller version of the previous GelSight Fin Ray for the sake of comparison. The indenta-
tions happen at the middle finger pad (lower location) and the fingertip a) Displacement fields
of cylinder indentation; b) Displacement fields of cuboid indentation; c) Force-displacement
curves of the improved and “original" fingers with cylinder indenter; d) Force-displacement
curves of the improved and “original" fingers with cuboid indenter [15].

two fingers pressed by the cylinder indenter and the cuboid indenter respectively. Depending
on the shape of the indenter, indenter location, and depth, the Fin Ray fingers can display
very different stiffness or compliance, but the improved design in general needs less pushing
force to get the same amount of indentation depth. Overall, the Baby Fin Ray is 18-32%
more compliant than the original design.
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Figure 5.6: Fluorescent silicone paint dogbone samples used for tensile testing on the Instron
meeting. From left to right, we have our pink Silc Pig, pink synthesized paint, green Silc
Pig, and green synthesized paint samples [15].

5.2.2 Fluorescent Silicone Paint

To analyze our synthesized fluorescent materials and compare them with one another and to
the original acrylic paint on an acrylic piece, we performed tensile testing and created our
own metric to analyze the illumination and 2D localization through reconstruction of each
lighting scheme.

Tensile Testing Tensile testing was performed on the two types of synthesized silicone-
based fluorescent paint. We chose not to perform this test on the dried acrylic paint since
acrylic paint is brittle once dried.

Test samples were prepared in a dogbone mold based on the ASTM D412 standard. The
molds were printed with Onyx material on the Markforged printer. A laser cut 0.15 mm
Mylar piece was placed on the bottom of the mold and an acrylic piece was clamped on
the top of the mold to enforce an even thickness across the entire dogbone specimen. After
preparing the samples mixtures, the mixtures were poured into the molds and left to cure
per the paint preparation instructions. Some examples of our samples are shown in Fig. 5.6.

After curing, all of the paint samples experienced some shrinkage. Although the di-
mensions of the dogbone profile of each piece was close to the others (sub-millimeter dif-
ferences), the thicknesses varied a bit more (1 mm differences). As such, the dimensions
were re-measured after curing and right before the dogbones were put into the tensile testing
machine. Testing was performed on an Instron machine and samples were stretched until
they broke. Results were then normalized to the thicknesses of the samples.

Illumination/2D Localization To test the integrity of our illumination schemes using
different paints, we compared the reconstruction outputs (2D localization) of each paint
illumination pattern against our “base case": the acrylic paint on a deformable acrylic piece.

We created three different tactile sensing samples and placed them on a Baby Fin Ray.
Three different objects, a 5 mm by 10 mm rectangular block, a 4.75 mm diameter ball
bearing, and a Lego block piece were then lightly pressed into the three different sensing
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regions. Corresponding reference images, images where no tactile imprint was given to the
sensing region, were used to obtain a difference image that only showed the tactile imprint
of our objects. This difference image was then used to obtain a reconstruction image, which
we used as a 2D localization metric for comparing the position of the pressed object with
the image reconstruction to determine the paint fidelity with respect to a GelSight sensor.

This comparison was made by first manually segmenting the ball bearing and rectangular
block. We then used a distance error metric for the center of the ball segmentation and
utilized the Dice coefficient metric to compare the similarities of the rectangular segmentation
image with the 2D localization results [63]. A spherical object and rectangular object were
chosen to best represent the lighting illumination changes where both a smooth and a discrete
object were pressed into the sensing region. In particular, we chose a spherical object to see
if the lighting illumination was uniform enough for our reconstruction to determine the
appropriate placement of the circle center. The Lego block piece was chosen to determine,
in a qualitative way, how finely detailed the reconstruction image could be. However, for
many manipulation tasks, it is unnecessary to have extremely high-resolution sensing that
would allow us to see the tiny words on a Lego block piece, which are approximately 0.2 to
0.3 mm in width.

Paint Analysis Results

Table 5.1: Fluorescent Paint Comparisons [15]

Name Lego Pic. & Reconstruction Circle Seg. Error Rect. Dice Score Elongation @ Break UTS

Acrylic on Acrylic 3.6 pixels 72.3% N/A N/A

Acrylic + Silicone Adhesive 1.4 pixels 85.0% 1,212% 1.37 MPa

Silc Pig Pigment 3.6 pixels 75.0% 267% 0.23 MPa

As shown in Fig. 5.7, we see that both of the synthesized (acrylic) paints outperformed the
Silc Pig based fluorescent paints in percent elongation at breakage and their ultimate tensile
strengths (UTS). Whereas the green and red acrylic paints gave us a percent elongation of
1,348% and 1,212%, and a UTS of 1.37 MPa and 1.65 MPa, respectively, the corresponding
values for the Silc Pig paints were 267%, 269%, 0.23 MPa, and 0.26 MPa.

We believe that these differences in values between the two types of paint could in part be
due to the extensive amount of Silc Pig pigment we put into the silicone mixture. Although
the pigment is synthesized to work well with and be miscible with silicone, the pigment has
the potential to disrupt crosslink formation of the silicone, which would cause the silicone
material to have lower percent elongation and ultimate tensile strength values.

This phenomena could have also occurred with the addition of acrylic paint to the silicone
adhesive. However, we believe that because silicone adhesive is designed to adhere to many
different types of surfaces, disruption of crosslink formation would not have had as severe of
an effect on the integrity of the synthesized paint.
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Figure 5.7: Stress-strain curves of the fluorescent silicone paint, where the acrylic paints
represent the synthesized silicone adhesive based paints. The graphs have been cut off at
the point of breakage of the dogbone tensile testing pieces [15].

Another interesting effect we noticed was that the acrylic paints had different strain-
stress curve behaviors. Although both curves behaved in similar ways at the beginning of
the tensile test, the red acrylic paint began to exhibit a nonlinear behavior before breakage.
We believe this behavior can be attributed to the material differences of the red and green
acrylic paints from Liquitex and how miscible they are with the NOVOCS Gloss and silicone
adhesive mixture. The Silc Pig mixtures, on the other hand, behaved similarly most likely
because these pigments were manufactured to perform in this way.

With regards to illumination schemes, we found that although the acrylic paint on an
acrylic sheet visually performed equivalently with the other two at discerning finer details,
it was not better than the other two paints at 2D localization. In fact, the silicone adhesive
acrylic paint mixture slightly outperformed all of the paints, but not significantly so. The
reconstruction algorithm gave a 1.4 pixel error for the circle centers and a 85.0% Dice score
for the rectangular reconstruction segmentation image, compared to 3.6 pixel errors for both
the Silc Pig and acrylic on acrylic and a 75.0% and 72.3% similarity coefficient, respectively.
A comprehensive list of our results is shown in Table 5.1.

Overall, our metrics show that there is not a significant difference between the different
types of illumination schemes. This metric could be different if we were to include the
reconstruction normal gradients; however, we found that including normal gradients was not
useful for many applications and that 2D localization was an acceptable alternative.

We also note that for the acrylic on acrylic illumination scheme, there was more of a
uniform lighting scheme throughout the entire sensor. Specifically, the tip of the sensor for
both the Silc Pig paint and the synthesized paint had a slightly dimmer illumination at the
tip compared to the base of the sensor. The nonuniform illumination, which did not affect
our experiment results, is most likely due to the lower index of refraction of silicone compared
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to acrylic. As a result, more of the blue light will have a higher chance of refracting out of
the silicone material instead of experiencing total internal reflection within the material, as
it did with the blue LEDs pressed against an acrylic piece.

5.3 Experiment

5.3.1 Nut Classification

To leverage the new, improved hardware modifications, we chose to utilize the Baby Fin Ray
in an object “sorting" task, using nuts that were still in their shells. This task shows how
the new sensor can classify objects based on their shape and texture.

For our task, we chose to use almonds, Brazil nuts, pecans, and walnuts, which all have
semi-distinct shell textures and are of various shapes and sizes. We collected 500 tactile
images each of the four different nuts, pressed against different parts of the sensor in various
orientations and with flipped lighting configurations. The grasps were guided by hand. Next,
the images were processed via an image unwarping process and the dataset was split into
80% for training and 20% for validation, with data augmentation applied on the training
dataset. We used a Resnet-50 architecture, shown in Fig. 5.8, for training on the unwarped
images with four total classes representing the different types of nuts [64]. For our neural
net, we used the stochastic gradient descent optimizer with a learning rate of 1e-3, and a
learning rate scheduler with a step size of 7 and a gamma of 0.1.

We also attempted to train the same neural network on raw images instead of on our
warped images.

Figure 5.8: The architecture used for training our nut classification task. We take the raw
image from our tactile sensor, unwarp the mirror image, before feeding it into a Resnet-50
architecture with four classes: Almond, Brazil Nut, Pecan, and Walnut [15].
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5.3.2 Results

Without unwarping, our neural network was able to achieve 99.5% accuracy, while with
unwarping, our neural net achieved a 95.8% accuracy on the validation set. We believe that
this slight discrepancy is due to the amount of “negative” space in our unprocessed images.
Although it was not immediately visible to our eyes, there are potential discrepancies in the
black covering of the Fin Ray when different sized objects are being grabbed. As such, the
“negative" space might lead to higher accuracy for classifying the nut shells over this dataset,
but could potentially have a lower accuracy on sensors that might be manufactured slightly
differently.

Overall, our unwarped neural net had 98.1%, 96.8%, 96.9%, and 91.3% accuracy on
classifying almonds, Brazil nuts, pecans, and walnuts, respectively. We also found that the
Baby Fin Ray was able to both conform well to these differently sized nuts and was robust
enough to withstand multiple digging attempts through our bowl of nuts. Not only did the
synthesized paint stay bonded to the silicone, the design changes also allowed us to have
more compliance and gave us more repeatable lighting results in between multiple grasps.
The tapered end of our structure also means that the Baby Fin Ray could be used for digging
tasks. These changes overall make the Baby Fin Ray more usable in manipulation tasks than
its predecessor.

5.4 Discussion

The ability to leverage both the compliance and flexibility of soft robots with the intricate
sensing afforded by camera-based tactile sensing allows us to perform more manipulation
tasks. In this paper, we show an updated version of the GelSight Fin Ray, which not only
encompasses both abilities, but has been improved so that it can potentially perform robustly
in manipulation tasks.

We increased its robustness by making hardware changes to the GelSight Fin Ray, in-
cluding an update to the camera placement and a revamp of the illumination design for
better compliance. Additionally, we specifically designed the finger for digging through clut-
ter tasks. Our analysis of the different fluorescent paint illumination schemes also shows us
that although there is not too much difference between the different schemes, our synthesized
silicone adhesive and acrylic paint mixture showed the highest elongation at breakage and
ultimate tensile strength. These properties show promise for the synthesis of other types of
soft grippers with proprioception or tactile sensing, since there are many soft grippers that
either expand or are constantly experiencing some form of deformation.

Finally, we showcase that these new design implementations and sensing capabilities allow
us to repeatedly grab nuts with the conformability of the Baby Fin Ray, and then use the
camera-based sensor to very accurately classify between the various distinct textures. These
abilities opens up avenues for us to, in the future, perform complicated digging tasks through
cluttered household environments to retrieve specific objects. We also keep in mind that,
in the future, adding markers like the force tracking ones in the original GelSight Fin Ray,
would allow us to perform incipient slip analysis and also allow us to potentially perform
proprioception.
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Overall, we show strategies to integrate more intricate, highly-detailed sensing into soft,
compliant robots, and to do so without jeopardizing the original flexible and conformable
capabilities of the soft robot. In the following chapter, we implement some of these man-
ufacturing ideas into the development of the GelSight EndoFlex, which is based in anthro-
pomorphism and designed from the ground up to include continuous tactile frontal and side
sensing.
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Chapter 6

GelSight EndoFlex∗

To incorporate continuous tactile sensing into a soft finger and hand design, we built a hand
from the ground up, incorporating cameras and LEDs into an endoskeleton, which also serves
to improve the strength of the finger. Concurrently, we wanted frontal and side sensing that
could be provided by the cameras.

The ability to identify an object using a single grasp is important and requires “complete"
sensing along the grasping surfaces of a finger. Even though many current finger-inspired
sensors can perform object recognition well with high-resolution finger tip sensors or with
low-resolution larger tactile sensors, they either require that the object be in full contact
with the finger tips or multiple regrasps to classify the object within the hand [65], [66].
Furthermore, they do not have the compliance afforded by soft robotics, which can greatly
improve secure grasping abilities of the gripper or make them safer for interaction with the
world around them.

In other words, soft robotic manipulators could greatly benefit from having structural
compliance and rigidity, along with high-resolution sensing of tactile sensors. To this end,
we present the following contributions:

• A novel design of a continuous high-resolution tactile sensor along a doubly curved
surface;

• An endoskeleton finger design for a human-inspired gripper that incorporates tactile
sensing (Fig. 6.1);

• A neural net that can utilize the tactile images from just a single grasp to classify
objects.

∗Most of this chapter is copied from the paper GelSight EndoFlex: A Soft Endoskeleton Hand with
Continuous High-Resolution Tactile Sensing [16].
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Figure 6.1: Top A CAD model of our GelSight EndoFlex gripper with some of the parts
labeled. Bottom The GelSight EndoFlex is securely grasping a Rubik’s cube and the cor-
responding processed difference images of four of the six sensing regions are displayed. Of
note is that the bottom two sensor images are showing continuous sensing along the side and
corner of the cube, while the top two sensor images are showing one image each from the
other two fingers [16].
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6.1 Methods

6.1.1 Hardware

The EndoFlex sensor is composed of an endoskeleton encased in silicone with two embed-
ded cameras for continuous sensing (Fig. 6.2). Each endoskeleton was designed to be one
continuous piece with a pair of rigid segments and flexures to form joints. This design min-
imizes the number of parts required to fabricate one finger when compared to traditional
rigid fingers. The flexure design was chosen for its high compliance and low deformation of
individual elements to reduce silicone delamination. We 3D printed the endoskeleton using
an Onyx One printer with Markforged Onyx plastic for its combination of high strength and
relatively low tensile modulus when compared to other extruded plastics. This combination
of properties allowed minimal force loss during actuation.

Figure 6.2: A close-up view of an EndoFlex finger with an exploded view. Each finger
operates independently with one degree of freedom and can be quickly replaced if damaged
[16]. A diagram of the continuous sensing region is shown in the Appendix Fig. B.5.

A camera was mounted into each endoskeleton segment to prevent any shifting during
actuation. Three sets of red, green, and blue LEDs were mounted with cyanoacrylate ad-
hesive onto the rigid segment of the endoskeleton. They were spaced 90 degrees apart to
create a colored light gradient for the GelSight algorithm. Finally, the endoskeleton was
threaded with Piscifun Onyx Braided Fishing Line soaked in Smooth-On Universal Mold
Release to reduce friction when cast in silicone. We chose to use cable-driven actuation to
reduce potential camera-view obstructions and also so that we could more easily integrate
the camera into the finger skeleton.
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A rigid three finger palm was designed with temporary fasteners to allow for fast replace-
ment of damaged fingers or for future iterations. Fingers were positioned in a ‘Y’ pattern
with two fingers and an opposing thumb. The pair of fingers was spaced thirty degrees apart
to distribute grasping force without creating collisions. The palm was designed to have a
“cupped” shape with a polyurethane foam layer to add grasping ability. A separate rigid
plate was designed as a mount for the hand to sit on the Panda robotic arm. Three Dy-
namixel AX-12A servos were mounted between the plate and the palm and served as the
actuation method for the fingers through double axle spools. The double axle design allowed
for actuated contraction and extension of each finger. The palm, plate and spools were all
printed with Markforged Onyx plastic using a Markforged Onyx printer.

As part of our finger manufacturing process, which is fully shown in Fig. 6.3, a two-part
mold is designed for casting silicone to create the optically clear medium for the GelSight
sensor. The mold was designed to hold the endoskeleton during the casting process which
removed the need for fasteners or adhesives to hold the silicone layer. The mold had high
curvature to create a rounded finger, much like a human finger. One major benefit of the
curved surface was the high reflection of lights within the silicone which aided in sensing by
removing shadows of pressed objects. The mold design removed any air gap between the
camera lens and cast silicone to minimize the refraction of light. The mold was produced
using a Formlabs 2 SLA printer for its high resolution. To achieve the optical clarity required
to use GelSight, the mold was incrementally sanded with sandpaper starting at 800 grit and
eventually reaching 2000 grit. No additional polishing or coating step was added as sanding
with 2000 grit sandpaper produced a clear surface finish in the tactile sensing region.

Figure 6.3: The manufacturing process for the EndoFlex sensor including assembly of elec-
tronics and casting of silicone [16].

To allow the silicone to compress when the tendons pulled the endoskeleton finger to a
closed grasp position, we chose to synthesize a softer silicone for the finger. As a result,
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we used a ratio of 1 to 15 to 5 parts of XP-565 parts A and B, and plasticizer (Phenyl
Trimethicone, Lotioncrafter). Decreasing the ratio of part A to B for the XP-565 is equivalent
to adding less catalyst, which increases the softness of the silicone, while the addition of the
plasticizer also causes the resulting cured silicone to have a softer texture.

Before pouring the silicone mixture into the mold, we used a paint brush to paint a thin
layer of Inhibit-X (Smooth-On Inc). After waiting a few minutes for it to dry, we sprayed a
layer of Ease Release 200 (Smooth-On Inc) on the mold. To create the sensing surface, we
combined 5 parts 4 𝜇m Aluminum cornflakes (Schlenck) with a mixture of 22 parts silicone
ink catalyst and gray silicone ink base (Raw Materials Inc.) and 60 parts NOVOCS Gloss
(Smooth-On Inc), and mixed it for a minute using an ultrasonicator. This mixture was
then sprayed into the inside of the top mold with an airbrush and left to dry for at least 10
minutes before we fit the threaded endoskeleton inside of the mold and screwed the mold
halves together. Remaining holes and the lips of the mold were covered in a thin layer of
brushed-on silicone adhesive (Devcon), which created a seal for the mold and prevented any
silicone leakage outside of the mold that could be caused by mold warping or other printing
imperfections.

Once the main body silicone mixture had been degassed, we slowly poured the mixture
into the prepared mold. The entire mold assembly was placed on top of a vibrating plate for
10 minutes to get rid of any bubbles in the camera-viewable areas. These bubbles may have
been induced by the silicone pouring over the flexures, electronics, and other 3D printed parts
inside of the mold. Some of the bubbles were retained along the side of the sensor surface,
which is not viewable by the camera and did not negatively affect the sensor integrity.

Finally, the mold was placed inside of a oven at 125∘F (52∘C) for 12 to 15 hours. This
temperature was chosen to prevent any of the electronics or inner structures from reaching
their glass temperatures and causing delamination of the parts from the silicone. Once the
finger was removed from the mold, the gray sensing membrane surface was no longer smooth
and instead had a reticulated wrinkled texture (Fig. 6.4). This phenomena only occurred
when we sprayed the paint on the mold first and did not occur if we chose to cure the finger
first without the paint in the mold and spray the paint on the finger surface afterwards.

The modular fingers were then placed on our palm plate to create our completed gripper.
We also note that this configuration can be changed to enable different types of grasps,
although we chose an enveloping grasp to maximize the amount of sensing the gripper could
obtain from grasping an object in its palm.

6.1.2 Software

Each finger was equipped with two Raspberry Pi Zero spy cameras with a 160∘ field of view,
for a total of six cameras. All of the cameras were able to view a curved segment of the finger,
which was illuminated by tri-directional LEDs. The finger segment images were individually
streamed using the mjpg-streamer package and can be processed using OpenCV and fast
poisson solver [60], [62] to get difference images and uncalibrated reconstruction images, as
shown in Fig. 6.5.
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Figure 6.4: A close up image of the reticulated wrinkle surface of the GelSight EndoFlex
sensor. The width of one of the wrinkles is approximately 0.4 mm wide and was only created
when we first sprayed the paint on the mold surface before casting silicone inside [16].

Figure 6.5: From left to right, we have raw sensor images of a 3.75 mm ball bearing array and
a M2 screw, followed by their difference images from a reference image (no tactile contact),
and the corresponding uncalibrated depth image [16].
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6.2 Experiment

To show the usefulness of having continuous sensing, we collected single grasps of various
objects and performed a classification task based on the entire finger sensing region. Previous
works show that object classification using finger tip sensing or low-resolution palm sensing
is accurate, but only when the objects were in contact with the fingertips or multiple touches
have been performed [65], [66].

Our grasping object set included three distinct objects from the YCB dataset: the Rubik’s
cube, one of the toy stacking cups, and a plastic orange [67]. These three objects are shown
in Fig. 6.6. For each object, we collected approximately 500 different grasps using all six
of the cameras inside the fingers to obtain a holistic, “full-hand" tactile view of the entire
object. To capture many different grasps, we had assistants manually reorient each object
randomly such that it could still be feasibly grasped with the gripper, which allowed different
parts of the sensor images to capture different features of the object that was being grabbed.
We also attempted grasps utilizing a couple of the fingers instead of all of the fingers in the
cases that the third finger did not have a solid contact with the object in its hand.

For each set of six images we captured, we stitched them together into a 2 by 3 array and
used them as inputs for a Resnet-50 neural net architecture with the three outputs as the
objects we used for our grasping data set [64]. We chose to use stochastic gradient descent
as our optimizer, with a learning rate of 1e-3 and a learning rate scheduler with a step size
of 7 and a gamma set to 0.1. We also implemented data augmentation on the entire set of
images to deal with potential inconsistent lighting or random noise output of the images,
and to account for eventual wear and tear in the silicone over time. We split our data into
training and validation sets in a 80% to 20% ratio. The complete neural net architecture is
shown in Fig. 6.6.

Figure 6.6: Neural net architecture for our single grasp classification. Once the object has
been grasped, the six images are stitched together in a 2x3 array, thrown into our Resnet
architecture and classified into a toy cup, an orange, or a Rubik’s cube [16].
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6.2.1 Results

Grasping The GelSight EndoFlex was able to easily and very securely grasp all of the
objects in our object set. In particular, the polyethylene foam layer on the palm provided a
compliant, deformable surface that the grasped objects could be pressed against. The hand
was also able to grasp empty water bottles without crushing them, as well as heavier objects,
like a drill with a battery, without dropping them. As expected, the compliance of the soft
gel allowed us to grasp more fragile objects, while the rigid endoskeleton allowed the fingers
to withstand the force and weight of a heavier object.

Each finger was also able to bend to around 60∘ at each flexure point using the Dynamixel
motors. Because the silicone was quite soft and because we added human finger-inspired
grooves along the flexures, when the fingers bent, the silicone was able to more easily com-
press around the sides. However, the silicone still obstructed some of the bending angle, and
as a result, the endoskeleton finger was unable to bend to its full 90∘ range that it would have
been able to otherwise. Furthermore, deepening the grooves to facilitate bending would have
limited the sensing area and ultimately interfered with the continuous sensing. Nonetheless,
this limitation in motion did not severely limit the hand’s ability to grasp objects because
the deformable silicone surface over the endoskeleton finger helped to accommodate any loss
of motion with its compliance and softness.

Casting the mold while the finger was in a slightly bent position helped to prevent
creases in the surface of the silicone when the finger bent. Doing so also prevented silicone
creasing when the finger was straightened out since the sensing surface was pulled in tension.
Unfortunately, over time, pulling the silicone finger in tension caused parts of the silicone
in the base of the finger to slightly tear. We believe that this problem could potentially be
mitigated by using a softer silicone with higher elongation.

Finally, given a different arrangement of fingers or with a finger that could behave more
thumb-like with an added degree of freedom, we believe that these fingers have the potential
to grasp an even larger variety of objects.

Tactile Sensing As designed, the finger was able to continuously sense along the entire
length of the finger when it was in a “closed" position. The fingers were also able to sense
along the sides as well.

Overall, the finger was able to provide extremely high resolution sensing and the raw
sensor images were able to capture details that previous GelSight sensors could sense, but
with additional sensing coverage due to its rounded shape and the wider camera field of
view. However, the wider camera field of view and the curved shape caused some distortion
in the sensing image, which is most apparent on the sides of the image frame.

Additionally, some of the sensing surfaces appeared to have distinct rings of lights around
the different color channels instead of the blending we would have expected from using a
Lambertian paint on the surface of the silicone gel. We believe that this phenomena could
have been caused by slight delamination of the silicone from the LEDs. The addition of the
air interface will cause the light to refract from the air to the silicone face and potentially
cause these rings of light to form and prevent even blending of the light within the silicone.
In particular, we noticed that when objects were pressed against these sensing surfaces, the
light circles began to dissipate. Nonetheless, this did not affect the sensor resolution and the
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distinct features of the objects were still distinguishable as the tactile sensor had extremely
high-resolution.

Finally, we noticed that the wrinkles, which were manufactured on some of the finger
sensing surfaces, were helpful in preventing tears in the silicone membrane. Unlike the
smoother sensing surfaces, it seems like the wrinkles helped to mitigate the high stress points
caused by sharp corners poking into the sensor surface. The surfaces with wrinkles also felt
like they had less friction than the smoother surfaces. Although the wrinkled surface made
surface reconstruction difficult because the wrinkled texture appeared in difference images,
they did not seem to negatively affect our object classification. The effect could also have
been mitigated since we noticed that if enough pressure was put on the sensor surface, the
wrinkles would smooth out slightly, which would not affect object classification results.

Object Classification Our object classification model was able to obtain 94.1% accuracy on
our validation set. In live testing, which consisted of our robotic hand grasping the 3 objects
ten times each, we were able to correctly classify 80% of the objects. The orange was able
to be recognized 9 out of 10 times, while the classifier slightly struggled with distinguishing
between the Rubik’s cube and the toy cup (80% and 70% accuracy, respectively). We believe
that the discrepancy in the validation set results and the live testing results could be due
to slight tears that developed over the course of the data collection and testing. Regardless,
the hand was able to use only a single grasp to recognize the identity of an object.

As we expected, the orange, which had the most distinguishable tactile features, was the
easiest for our model to recognize. Not only was the orange covered in an unique bumpy
skin texture, it also had a distinctive stem portion. On the other hand, unless the fingers
directly pressed against a corner of the Rubik’s cube or along multiple smaller cubes, it was
hard to visually distinguish some of its edges from the edges at the bottom and top of the
toy cup.

We believe that this confusion between the Rubik’s cube and the toy cup could be mit-
igated by adding a palm, which could also provide additional sensing. The added sensing
from a larger area on the palm could have helped capture more tactile details that may have
been missed by the fingers. Regardless, the object classification using continuous sensing
along the multi-fingered hand was fairly robust and able to perform well on our object set.
Specifically, it could be useful for grabbing objects in the dark or in an occluded environment
where external vision would not be useful or could not be used. Analogously, humans can
also capture distinguishing tactile features with an initial grasp, before performing additional
exploration or using parameters such as friction, weight, and thermal conductivity.

6.3 Discussion

In this chapter, we present the novel design of a continuous high-resolution tactile sensor
incorporated into a finger, which was then integrated into a human-like hand. The hand
was then able to use these large sensing areas to be able to accurately classify objects using
a single grasp. The ability to identify an object with a single grasp is akin to the way we
as humans are able to grab an object with some priors and without external vision and
determine almost immediately what we are holding.
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Although recent research has focused a lot on large area low-resolution tactile sensors
or high-resolution fingertip sensors for dexterous manipulation, not much research has been
done on high-resolution sensing across the majority of a finger’s surface. Having this added
sensing allows us to perform many useful classification tasks, and doing so in a soft, compliant
gripper allows us to also safely and securely interact with objects and the surrounding envi-
ronment. Sensors similar to the GelSight EndoFlex have the ability to be used for home-care
robots or for human-robot interaction, where compliance and sensing are key to success.

Future work on this gripper involves adding a thumb-like joint, as well as full fingertip
sensing, which can greatly improve the usability of the gripper for sensing and dexterous
manipulation tasks. We can also continue to draw inspiration from GelSight sensors and
add markers which could help track slip and shear or torsional forces along the surfaces
of the finger. Overall, our novel endoskeleton finger design begins to solve the problem
of designing human-inspired soft-rigid robotic hands with high-resolution sensing that are
capable of performing more and more complicated tasks.

Also of note is that although this gripper is inspired by the human hand, it is unclear
if this is the best form factor for a soft robotic gripper compared to grippers such as the
Fin Ray effect inspired one. Furthermore, another interesting question about the resolution
of tactile sensing is worth pursuing: do we need so much tactile acuity in our sensors?
This uncertainty is another avenue worth pursuing as the soft robotics and tactile sensing
community both continue to develop.
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Chapter 7

Conclusion and Discussion

Over the course of this thesis, four different soft, compliant fingers were designed to incor-
porate high-resolution tactile sensing that is befitting of camera-based tactile sensors. In
particular, we started out by showing that integrating a camera into a soft finger exoskele-
ton allowed us to use a single sensor to get both proprioception and exteroception through
tactile sensing. From there, we developed new techniques to integrate such rigid GelSight-
inspired sensors into both a Fin Ray gripper, which is better suited for grasping objects,
and human-inspired gripper. More importantly, we showed that these soft fingers, similar
to more rigid fingers, could do 3D reconstruction, classify objects, and track shear and tor-
sional forces. These novel sensors even allowed us to perform different tasks such as wine
glass manipulation, texture classification, and reaching into clutter.

Although the two fields of rigid-structure high-resolution tactile sensing and soft, com-
pliant robots seem vastly different, this thesis begins to address this discrepancy and bridge
this gap. Previously, many robotic grippers either had low-resolution force sensing with
soft, compliant materials or high-resolution tactile sensing over a small, rigid area like a
robotic fingertip. High-resolution tactile sensing can be useful in achieving more intricate
manipulation tasks.

One important idea to consider is that there is still no rubric for designing soft, compli-
ant hands, nor is there a philosophy for what type of tactile resolution sensing is actually
necessary for many tasks. Despite this thesis attempting to address this gap, there is still
no conclusive solution.

Even as I write this thesis, there are still countless of labs around the world working on
various styles of hands: from anthropomorphic to octopus tentacles to a small array of delta
robots that work in tandem to manipulate an object.

On the tactile sensing side, many researchers have grown to see its usefulness, but there is
still a lot of reliance on utilizing external vision systems or wrist-mounted cameras. In many
cases, such as a robotic hand digging through a dark, cluttered space, or even interacting
with an object that has already been grasped and is occluded, having tactile sensing becomes
vital to dexterous manipulation.

The idea of high-resolution tactile sensing is that one can always downsample or downsize
the amount of information that is received. As such, being able to include even a camera into
these soft, compliant systems without lowering their softness or compliance is important, and
this work demonstrates the various ways we can approach this integration problem. From
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the development of a flexible, strong fluorescent silicone paint to an integration of electronics
into an exo- or endoskeleton, this thesis shows that the incorporation of this “rigid” high-
resolution tactile sensor is possible, and provides utility in the ongoing pursuit of perceptive
robotic hands.
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Chapter 8

Addendum: Previous GelSight Fin Ray
Designs

8.1 Optically Clear Fin Ray

One of the earliest considerations for the Fin Ray design was to create an optically clear
Fin Ray structure. Having the structure be optically clear would allow for a camera to look
through it while still maintaining the integrity of its fins.

To develop such a structure, we used 1 mm thick mylar as the base of the fins in the
Fin Ray and filled the existing structure with a 1-to-1 mixture of Ecoflex Gel (Smooth On
Inc) and XP-565 (Silicones Inc). Both of these materials have somewhat similar indexes of
refraction, which we hoped would make it easier for a camera to see through the internal
structure. We also used a 1-to-1 mixture of the two silicones because we wanted the resulting
cured silicone to have a shore hardness between the gel and the XP-565.

A laser engraved piece of acrylic was used to rigidly hold the mylar pieces in place, before
the silicone mixture was poured in between the struts. The base or bottom mylar piece had
a circular hole laser cut out of it to hold an 18 mm diameter glass hemisphere for a camera
housing. Once the mixture was poured in, after abiding by the manufacturing directions
provided by the company, another symmetrical laser engraved piece of acrylic was placed
over the mylar struts so that they would not flex and ruin the curing silicone. The resulting
optically clear fin ray and the corresponding camera image is shown in Fig. 8.1.

Although the image inside the optically clear Fin Ray succeeded visually, with minimal
internal reflection, the structure was too compliant. As a result, even though the structure
could comply to an object pressed against it, the fin ray also flexed backwards, making it
barely able to grasp any object (Fig. 8.2).

As a result, we reconsidered using a totally optically clear Fin Ray, and instead considered
hollowing out the Fin Ray structures instead.

8.2 Early Hollow Fin Ray Prototypes

We considered three different hollow Fin Ray prototypes before settling on the final design
shown in Chapter 4. The first prototype we attempted to use was one made of Onyx material
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Figure 8.1: Optically clear Fin Ray structure with an embedded camera inside. On the right,
is the corresponding image from the embedded camera with the markers on the side.

Figure 8.2: Optically clear fin ray structure deforming with a finger sliding along the side.
Because of the silicone and the thin flexible plastic, the Fin Ray finger deflected backwards
when an object was pressed against it.

from Markforged. Since the Onyx material has a higher elastic modulus than TPU and other
rubbers, we thinned out the structure and decreased the fin widths. The part was printed in
a single piece and the support material was easily removed. Despite there being no unwanted
twisting in the structure, the Onyx plastically deformed after grasping smaller objects and
quickly became infeasible to use (Fig. 8.3).

Another consideration was to SLA print the hollow structure using Flexible 80A Resin

76



Figure 8.3: The Onyx-based Fin Ray. The struts were thinned down and made narrower to
help the structure deform, but the resulting structure still had signs of plastic deformation
after a single grasp, which is shown in the curved struts and “tactile” section.

(Formlabs), which is shown in Fig. 8.4. The support material was not as easy to remove
as the MarkForged Onyx material, but it was still doable within 10 minutes. However,
because the material was so compliant, the material twisted and compressed too much for it
to be useful for manipulation. We considered printing a semi-rigid backing to attach to the
structure, but found that printing using a FDM printer was a lot faster.

The third hollow Fin Ray prototype was the FDM-printed multi-material Fin Ray (Fig.
8.5). The struts of the Fin Ray are made of flexible TPU 95A, while the backing is made
of 3D printed PET. This structure manufacturing technique and final structural compliance
had the most advantages of the other techniques we tried. Notably, it was relatively fast to
print, did not have much twisting due to the rigid backing, and had the compliance needed
to grasp different items. On the other hand, the support material and post-processing was
very difficult. Not only did it require precision, it left a “hairy” facade afterwards and looked
terrible. As a result, we moved to printing two halves of the flexible material portion of the
Fin Ray separately, negating the need for any support material.
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Figure 8.4: The SLA printed hollow Fin Ray. a) shows the 3D printed Fin Ray right off of
the printer and b) shows the resulting post-processed Fin Ray structure.
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Figure 8.5: The multimaterial Fin Ray structure with a PET backing and TPU struts (a).
(b) displays the manufacturing process: we start with the 3D printed structures taken off of
the printers with the support material structure still attached. After removing the support
material, we note the close up of the “hair” leftovers from the support structure (b2), and
then we clamp the two pieces together with epoxy.
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Appendix A

Tables

Table A.1: RMSE values between 82.55, 83.55, and 87.70 mm diameter dot pose data and
"Testing" curves (all values in mm). The RMSE values are calculated between the dot
locations estimated from the image (of these three differently sized objects) and the three
testing diameters (which are all close in value to the actual diameter of the test object).

Testing
82.55 mm 83.55 mm 87.70 mm

Actual
82.55 mm 0.60 0.65 0.86
83.55 mm 0.44 0.49 0.69
87.70 mm 0.27 0.30 0.47

Table A.2: Confusion matrix for size classification of all 80 "bar stock" trials. There were
40 trials each for cylinders and squares. All values are percentages, unless otherwise noted.

Predicted
4.25 in 4.5 in 4.75 in 5.0 in

Actual

4.25 in 100 0 0 0
4.5 in 0 100 0 0
4.75 in 0 0 90 10
4.75 in 0 0 5 95
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Table A.3: Confusion matrix for size classification of the square "bar stock." All values are
percentages, unless otherwise noted. The only sizes that were misclassified were the two
larger sized boxes. This could have been caused by an unstable grip on the boxes by the soft
robotic gripper.

Predicted
4.25 in 4.5 in 4.75 in 5.0 in

Actual

4.25 in 100 0 0 0
4.5 in 0 100 0 0
4.75 in 0 0 80 20
4.75 in 0 0 10 90

Table A.4: Confusion matrix for size classification of the cylinder "bar stock." All values are
percentages, unless otherwise noted. The size classification neural net appeared to perform
better on cylinders than boxes.

Predicted
4.25 in 4.5 in 4.75 in 5.0 in

Actual

4.25 in 100 0 0 0
4.5 in 0 100 0 0
4.75 in 0 0 100 0
4.75 in 0 0 0 100
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Appendix B

Figures

Figure B.1: Close up of a GelFlex finger with OptiTrack markers on it. Each link was
represented by three separate OptiTrack markers to create a rigid body.
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Figure B.2: Tactile images from the GelFlex. The first row shows the objects that are
pressed into the finger, while the second row shows the raw image taken from the camera
and the third row shows the corresponding difference image. From left to right, we have a
cardboard box edge, painter’s tape, a finger, and a screw head.

Figure B.3: Tactile neural network architecture. It takes a difference image of the GelFlex
grasping an object as an input and outputs the label "Box" or "Cylinder," based on what the
finger is in contact with. C5x5 represents a convolution with kernel size 5x5 while MP2x2
represents Max Pooling with a 2x2 kernel size.
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Figure B.4: The GelSight Fin Ray grasping a plastic strawberry from the YCB dataset
[67]. In the bottom right corner, there is the raw image on the left and the corresponding
reconstruction image on the right.

84



Figure B.5: A side view of the GelSight EndoFlex with the camera field of views shown.
When the finger is bent, we have continuous tactile sensing along the front and sides of each
finger.
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