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This thesis demonstrates how the use of Torque Responsive Metamaterials mapped from
design space to realized performance spaces allows us to overcome large challenges in legged
robots, soft grasping, and soft robotic arms. We first establish and dramatically expand a
mapping from design space to a realized performance space for our HSA actuators. Then
use multi-modal properties enabled by HSAs to create multi-functionality in a robot leg
through capstan breaking and the visco-dynamic properties of the HSA. In grasping, we
design a complimentary Torsionally Rigid Strain Limiting Layer (TR-SLL) to dramatically
increase payloads of soft grasps to over 5kg. When then combine the TR-SLL with a HSA
based gripper, enabling HSAs gripers to be created as a single finger. By adding the HSA,
We further enhance grasp performance by using the torque responsive nature to increase
payload capacity. Finally, we combine HSAs with Bendable Extendable Torsionally Rigid
Shafts (BETRs) to create a soft robot arm capable of lifting a YCB mustard bottle at more

than half a meter and push over 2kg vertically while supporting its own weight under gravity.
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Chapter 1
INTRODUCTION

1.1 Overview

The mapping of design space to realized energy landscapes is critical for performant robots.
This thesis maps this concept to three key areas of robotics: Legged robots, soft grasping, and
soft robot arms. Legged robots have a power problem.Biological systems are far more multi-
functional and efficient than COTS hardware. Soft grasping struggles to support payloads
beyond a strawberry when not lifting parallel to gravity. Soft robotic arms have similar
challenges. Soft arms struggle to support their own weight and are fixed to a top-down
configuration. To solve these large challenges, we look to the field of torque responsive
metamaterials. Here, Handed Shearing Auxetics (HSA) have cemented themselves as an
extremely useful actuator. They couple rotation with extension in a distributed compliant
body. This allows them to leverage the development in electric motor technology and controls

while still providing the distributed compliance and safety of a soft robot.
1.2 Materials Define Robots

Materials play a crucial role in the performance and functionality of robots, influencing their
structural integrity, durability, and adaptability to various environments. In traditional
robotics, materials such as metals and rigid plastics are often used due to their strength
and reliability. These materials ensure that robots can perform repetitive tasks with high
precision and withstand significant wear and tear, making them suitable for industrial ap-
plications. For instance, in the design of robotic arms used in manufacturing, materials like
steel and aluminum provide the necessary rigidity and load-bearing capacity to handle heavy

objects and execute precise movements [166].



The advent of soft robotics has shifted the focus towards more flexible and compliant
materials, which offer advantages in applications requiring delicate interactions and adapt-
ability. Soft materials, such as silicone, hydrogels, and shape-memory alloys, enable robots
to mimic the properties of biological tissues, allowing them to safely interact with humans
and manipulate fragile objects |794/103,124]. The ability to conform to complex shapes and
absorb impacts is critical. For example, researchers have demonstrated that soft robotic
grippers can handle a wide variety of objects with different shapes and textures without
causing damage [56,98,(140].

Moreover, the choice of materials directly impacts the energy efficiency and operational
range of robots. Lightweight and flexible materials can reduce the energy consumption
of robotic systems by minimizing the force required for movement and actuation. This is
particularly important in mobile and wearable robotics, where battery life and portability
are key concerns. Advances in material science, such as the development of conductive
polymers and lightweight composites, have opened new avenues for creating energy-efficient
and highly functional robotic systems. [50,153,(156] Additionally, much work has been done
on embodied intelligence and mechanical intelligence where the physical structure of the

robot is incorporated into its controls and logic [121}163,192].

1.2.1  Grasp Modes from Hard to Soft

In this section we will cover the benefits of grasping modes based on the underlying material
the gripper is made from. While grasping in and of itself is not the whole of this thesis,
insights from grasping maps well into the spaces of legged robotics and robotic arms. Direct
drive robotic grasping systems are characterized by the direct connection of actuators to
the end effectors, eliminating the need for transmission mechanisms such as gears or belts.
This setup allows for high precision and responsiveness, making it ideal for applications
requiring fine manipulation and high-speed operations. Direct drive systems benefit from
reduced backlash and increased control accuracy, which are crucial for tasks involving pre-

cision. Research by Ma and Dollar [117] explores how direct drive designs enable improved



Compliance

<Direct S.E.A. Origami PneuNet Dielectric and EAF>

Ease of Controls and
Integration

Figure 1.1: Here we broadly characterize the effects of the underlying material’s impact on
grasping. Direct drive gripper are well understood, have robust controls, and are easy to
integrate into existing robotic systems. On the other end of the spectrum, DEA or chemical
based grippers offer significant compliance benefits but come with non-trivial controls and

integration overhead.



grasping performance in robotic hands. Similarly, Bhatia et al. |[12] highlight the efficiency
and precision of direct drive actuators in robotic manipulators, emphasizing their capability
in tasks that demand quick and accurate responses. Series elastic actuators (SEAs) incorpo-
rate elastic components between the motor and the load, which allows for better force control
and shock absorption, enhancing the robot’s ability to interact safely with its environment.
SEAs are particularly useful in applications that require compliance and adaptability, such
as human-robot interaction and unstructured environments. Pratt and Williamson’s work on
SEAs demonstrated their potential in achieving high-fidelity force control while maintaining
safety during physical interactions [141]. Another important contribution by Robinson et al.
discusses the implementation of SEAs in robotic arms, highlighting their benefits in reducing
the impact forces during collisions [148]. Vanderborght et al. [186] reviewed various applica-
tions of SEAs, underlining their significance in enhancing the adaptability and resilience of
robotic systems in dynamic and uncertain environments.

Origami-inspired robotic grasping systems leverage the principles of folding structures
to create compliant and adaptive grippers. These systems can change shape and stiffness,
allowing for versatile and efficient grasping of objects with varying geometries and sizes. The
work by Onal and Rus illustrates the potential of origami structures in creating flexible and
lightweight robotic grippers [134] . Felton et al. developed an origami-inspired robotic hand
capable of dexterous manipulation, demonstrating its effectiveness in handling delicate and
irregularly shaped objects [60]. Additionally, Hawkes et al. explored the use of origami tech-
niques to design reconfigurable robotic grippers, highlighting their advantages in achieving
both precision and adaptability in grasping tasks [71].

Pneumatic network actuators (Pneunets) employ interconnected air chambers that can
be inflated or deflated to produce motion, providing soft and adaptive grasping capabilities.
Pneunets are particularly advantageous in applications requiring gentle handling and adapt-
ability to various object shapes. Polygerinos et al. [139] demonstrated the use of Pneunets
in soft robotic grippers, showcasing their ability to grasp and manipulate a wide range of

objects without causing damage. Another significant study by Ilievski et al. developed a soft



robotic hand using Pneunets, highlighting its capability in performing complex manipula-
tion tasks [83]. Additionally, Mosadegh et al. [124] introduced advanced designs of Pneunets
for robotic grippers, emphasizing their potential in achieving precise and adaptive grasping
through simple and scalable fabrication techniques. Usevitch also demonstrated pneumatic
grasping in the form of a large scale untethered robot, showing significant compliance and
safety [185].

Dielectric elastomer actuators (DEAs) are a type of electroactive polymer that can deform
in response to an electric field, offering lightweight and compliant actuation for robotic
grasping. DEAs provide advantages in terms of high energy density and fast response times,
making them suitable for applications requiring dynamic and adaptable grasping. Keplinger
et al. [96] explored the use of DEAs in soft robotic hands, demonstrating their effectiveness in
achieving flexible and efficient grasping. Another key contribution by Rosset and Shea [151]
reviewed the advancements in DEA technology for soft robotics, highlighting their significant
role in enhancing the performance and versatility of robotic graspers.

Electroactive polymers (EAPs) can change shape or size when stimulated by an electric
field, making them ideal for creating flexible and adaptive robotic grippers. EAP-based
systems offer benefits such as low weight, high compliance, and the ability to produce com-
plex motions. Bar-Cohen [§] provided a comprehensive overview of EAP applications in
robotics, emphasizing their potential in creating innovative grasping mechanisms. Another
important study by Richardson et al. [146] demonstrated the use of ionic polymer-metal
composites in robotic grippers, highlighting their ability to achieve precise and adaptive
grasping. Moreover, Shintake et al. |[164] reviewed the integration of EAPs in soft robotic
grippers, showcasing their advantages in terms of adaptability and compliance in various
grasping tasks.

Handed Shearing Auxetics (HSA) by Lipton et al. are a chiral structural metamaterial
[111]. HSAs are structures characterized by a negative Poisson’s ratio, meaning they expand
perpendicularly when stretched. This unique property allows these materials to convert

rotational motion into linear motion efficiently. HSA unit cells projected onto the plane



Figure 1.2: Here demonstrate the projected Auxetic Trajectory for a compliant HSA unit
cell to the plane. As theta increases, the unit cell expands. Large changes is height are
seen given an input shear in the early region of the auxetic trajectory. As the trajectory

progresses, there is much less vertical extension, resulting in a much larger force output.



can be seen in Figll.2] where ¢ tracks the auxetic trajectory from ¢, t0 Gme. through
0%,15%,50%,100%. Since the seminal work, broader characterization has been done on
HSAs. Truby et al. [183] created a method of printing HSAs from a photo and thermal curing
polymer while Good et al. [63] expanded the design space by introducing printing HSAs at
different points along their auxetic trajectory. Kaarthik et al. and Kim et al. [90] and [99]
further expanded the material space by creating small HSAs out of photocure polymers and
single HSA extendable systems from TPU respectfully.

The nature of HSAs torque activation makes them functionally similar to direct drive
and series elastic actuators [111]. Direct drive systems benefit from precise control due to
the lack of intermediary transmission mechanisms, and HSAs achieve similar functionality
by directly applying torques to the material to manipulate its deformation. This enables
the creation of grippers that can delicately handle objects with high precision, fast response
times, and through cheap and efficient methods. It also enables the use of well matured
electric motor technology and control algorithms. Furthermore, like series elastic actuators,
oragami, and pneunet grippers, HSAs’ inherent material properties allow for a controlled

response to applied forces, thus combining the best attributes of both compliance and control.

1.2.2  Projecting HSAs to DH Parameters

Kinematic chains in robotic arms are a sequence of rigid bodies connected by joints, allowing
the system to achieve complex motion and manipulation tasks. Each link in the chain
contributes to the overall movement, and precision in each joint is critical to ensure accurate
end-effector positioning. However, tolerance stackup, which refers to the accumulation of
small manufacturing errors at each joint, can significantly affect the robot’s performance.
Even minor deviations in the fabrication or assembly of each joint can lead to large errors
in the position and orientation of the end-effector. As a result, maintaining high precision
and minimizing tolerance stackup are essential challenges in the design and manufacturing
of traditional robotic arms. By designing robots with soft components, we give up some

precision in knowing our positioning, but gain compliance, relaxing the constraints on robot



pose, and making certain tasks easier like peg in hole insertions.

Because HSA robotic systems can be driven by traditional motors, it is helpful to think
of HSAs in terms of traditional robotic modelling. Denavit-Hartenberg (DH) parameters
are a standardized method used to model the kinematics of robotic arms. This approach
simplifies the representation of the spatial relationships between adjacent links by defining
four parameters: link length, link twist, link offset, and joint angle and two mechanisms:
prismatic and revolute joints. By using DH parameters, one can systematically derive the
transformation matrices that describe the position and orientation of each link relative to
its predecessor [43[52]. This method is widely used due to its ability to streamline the
complex calculations involved in robotic kinematics, making it easier to analyze and design
robotic systems. The DH convention has been foundational in the development of many
robotic applications, providing a consistent framework for understanding and implementing
the movement of robotic arms [5].

HSAs when combined with something to resist torque, can create prismatic joints. That
could be another HSA of opposite chirality, a torsionally rigid mechanism, or a metamaterial
[30,39,99,180]. In particular, the work by Carton, Thomas, and Kim et al. are all of interest
as they can be used to create a revolute joint if a torque is applied to the mechanism. This
gives both types of linkage required to create a DH parameter robot. Of these, the work
of Thomas in creating the Bendable Extendable Torsionally Rigid Shaft (BETR) is used in
this thesis as it is easier to manufacture than the point group auxetics and performs better

than the bellows system demonstrated in Kim et al.

1.2.8  Applications of Torque Responsive Metamaterials

In this section we look to the exciting application spaces that torque responsive metamaterials
have been used through the rest of the chapters of this thesis.

In chapter two, we look to expand the design space of HSAs. This chapter overcome
limitations in previous HSA designs, particularly in terms of actuation range, blocked force,

and stiffness. The chapter is concentrated on two key parameters: the preferred manufac-



turing point along an HSA’s auxetic trajectory and the number of cells in the HSA. By
modeling HSAs as programmable springs,the chapter investigates the impacts of these pa-
rameters on the actuators’ performance metrics such as blocked force, spring constant, angle
range, and holding torque. Since this chapter is about characterization, methodologies play
a large role. The chapter presents methodology for fabricating HSAs using advanced 3D
printing techniques and conducting mechanical testing to measure performance. Different
HSA configurations were created by varying the preferred auxetic trajectory points and the
number of cells. We found that changing the auxetic trajectory point allowed them to create
actuators capable of pushing, pulling, or both. This chapter significantly expanded the range
of forces (from 5 N to 150 N) and stiffness (from 2 N/mm to 89 N/mm) achievable with HSA
actuators. The results showed that reducing the length of the HSAs increased the force
output but required higher torques and resulted in shorter extension ranges. Additionally,
the study highlighted the effects of viscoelasticity, noting that the force a 3D-printed HSA

could apply decreases over time due to stress relaxation.

In chapter three, HSAs are used as viscoelastic element to provide multi modality to a

robotic leg.

In chapter four, a Torsionally Rigid Strain Limiting Layer (TR-SLL) is presented as a
way of improving the payload capacity of anti-podal Pneu-net based grippers. The chapter
addresses a significant challenge in the field of soft robotics: the limited ability of Pneu-net
actuators to handle large payloads perpendicular to the gravity field due to out-of-plane
deformations. These deformations often lead to objects slipping out of grasp and reduced
control over object positioning. The TR-SLL enhances the torsional rigidity of Pneu-net
actuators without compromising their inherent softness and flexibility. The chapter presents
a study, both in simulation and through experimental validation, to map the design space
of the TR-SLL. It focused on the impact of varying the number of triangular cells in the
TR-SLL as well as the beam thickness. The findings revealed that the TR-SLL significantly
reduces out-of-plane bending—up to 97.7% compared to a benchmark Pneu-net gripper from

the soft robotics toolkit. This improvement was demonstrated by the TR-SLL gripper’s
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ability to lift a kg payload, far surpassing the capabilities of a traditional Pneu-net gripper.
Additionally, the TR-SLL gripper demonstrated a peak grip force of 3N and a stiffness of
1200N/m, compared to 1N and 150N /m for the benchmark Pneu-net. The chapter presents
tests on a suite of objects from the YCB object set, which are beyond the payload capacity
of traditional Pneu-nets. The TR-SLL gripper successfully lifted five out of six selected
objects, showcasing its enhanced capabilities. The improved performance is attributed to
the TR-SLL’s ability to maintain higher normal forces and increased torsional stiffness, which
mitigates the common failure modes of slipping, twisting, and shearing in soft grippers.

In chapter five, TR-SLLs are combined with HSAs to further extend HSA gripper perfor-
mance. The TR-SLL is able to easily resist torques induced by the HSA while also proving
a flat gripping surface. The inclusion of the HSA with the TR-SLL imparts some torque
loading into the TR-SLL, resulting in a scooping motion. Through careful design choice,
the torque load from the HSA extending to grab the object can be used to increase the
payload capacity of the TR-SLL further. The chapter presents a larger study on the design
and performance of the TR-SLL. Further characterization is shown through simulation and
experimental validation. Triangluar cell count over the span, beam thickness, and HSA prop-
erty spaces were explored. This chapter expands the suite of YCB objects to 43 objects. The
TR-SLL HSA gripper successfully lifted 37 out of the 43 objects, showcasing its enhanced
capabilities. The increased performance is attributed to the TR-SLL’s ability to maintain
higher normal forces and increased torsional stiffness, mitigating common failure modes such
as slipping, twisting, and shearing in soft grippers. This chapter demonstrates peak pinch
grasp forces of more than 5N and planar caging grasp forces in excess of 14N, far exceeding
the state of the art of pure HSA grasping.

In chapter six, the authors present a torque responsive metamaterial robot made from

HSAs and BETRs.
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Chapter 2

EXPANDING THE DESIGN SPACE FOR
ELECTRICALLY-DRIVEN SOFT ROBOTS THROUGH
HANDED SHEARING AUXETICS

2.1 Summary

Handed Shearing Auxetics (HSA) are a promising structure for making electrically driven
robots with distributed compliance that convert a motors rotation and torque into extension
and force. These structures expand and contract by changing an internal angle between
links, the evolution of the structure as this angle changes is known as the auxetic trajectory.
We seek to expand the design space of HSA actuators and to understand the effects of
design parameters on HSA performance. Past work on understanding their design space has
focused on variations in a few parameters on the original HSA design but has not provided
significantly expanded the range of actuation, blocked force, and stiffness possible or the
characterization requirements for motor selection. We overcome past limitations on the
range of actuation, blocked force, and stiffness by focusing on two key design parameters:
the point of an HSA’s auxetic trajectory that is energetically preferred, and the number of
cells along the HSAs length. Modeling the HSA as a programmable spring, we characterize
the effect of both on blocked force, minimum energy length, spring constant, angle range
and holding torque. We also examined the effect viscoelasticity has on actuation forces over
time. By varying the preferred auxetic trajectory point, we were able to make actuators
that can push, pull, or do both. We expanded the range of forces possible from 5 N to 150
N, and the range of stiffness from 2 N/mm to 89 N/mm. For a fixed point on the auxetic
trajectory, we found decreasing length can improve force output, at the expense of needing

higher torques, and having a shorter throw. We also found that the viscoelastic effects can
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limit the amount of force a 3D printed HSA can apply over time.
2.2 Introduction

For soft robots to find wide-scale utility they must leverage previous and ongoing devel-
opments in electrical power sources, compute, and motors. Fluid-flow driven robots have
proliferated, but they must be entirely fluid based [54,/80,/192], or rely on slow, rigid, and
inefficient hardware to interface with electrical systems [39]. While a significant amount of
effort has gone into self healing and puncture resistant fluid-driven robots [120,[178], their
nature leaves them susceptible to cascading failure.

Efforts in building electrically-driven soft robots have either focused on novel responsive
materials [2,/73,/110,122] or cable driven systems [4,/11,/167]. Dielectric actuators can quickly,
efficiently and directly respond to electrical stimuli but require high voltages, limiting adop-
tion. Thermal responsive materials like liquid crystal elastomers can be programmed to
generate complex shape transformations |19,|105] and phase change materials [110] can gen-
erate large forces. While promising, these thermoelectric materials are often slow to cycle
and inefficient. Another alternative has been to rely on motors in soft robots. The primary
method has been twisted pair [4] or cable driven [10}11,|123}/167] robots. While these have
been successfully used as arms [11], grippers [123,/167], and locomotive robots [10], these
drives can only pull, and must rely on the structure itself to generate a restorative force.

Recent developments in auxetic metamaterials allows compliant structures to directly
convert the rotation and torque from a motor into linear translation [111], bending [39,41]
or volumetric expansion [109]. Handed Shearing Auxetic (HSA) materials have been used to
make robot arm sections [111] and grippers [38-41]. They can be lasercut from PTFE tubes
[39,41], assembled from spring steel strips [111], or 3D printed out a variety of polymers [183].

HSA actuators consist of shearing auxetic cells tiled onto a cylinder [111]. These cells
couple shear with expansion through a change in an angle between links called ¢. The state
of this cell is a function of this internal angle. The evolution of the structure relative to this

angle defines a trajectory of cell state call the auxetic trajectory [111]. By tiling the cells
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A)

Figure 2.1: HSAs convert rotation into compliant length changes enabling soft robots such
as (A) A 4-DoF platform. (B) By varying the structure of the HSA in terms of its cell rest
state and the number of cells, we can effect torque (7), blocked force (F), the spring constant

(k) and minimum energy length (L)
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on the cylinder, the shear-extension coupling of the cell is converted into a torsion extension
coupling in the structure. This can be seen in Fig[B.TJA, where motors at the bottom of the
HSAs are rotated in unison to lift the platform. Fig. shows three different point along
the HSAs auextic trajectory at ¢pin, @j, and ¢pe,. When an HSA is made, a point of the
trajectory is converted into a structure for fabrication per Fig[2.2C. These are not different
states of the same HSA, but rather are three different HSAs designed at unique points along

the auxetic trajectory.

All work until today has focused on the initial HSA design, which is at a maximally closed
state @i [38-40,[183]. This actuator can be twisted to extend, but due to its closed state
design, cannot be twisted to generate pull forces. Characterization of this design has focused
on the effect of cell size, base materials, diameter and wall thickness on performance metrics
such a blocked force, extension, and grip strength [183]. The upper limit of blocked force
and spring constant found by previous work reached 5N and 2N/mm respectfully. While
useful, it has not provided enough information to select a motor for an HSA actuator, nor

has it solved the fundamental limitations of the original design.

For HSAs to become more widely used in robotics we need to understand how to design an
HSA and pair it with a motor to make an actuator and move beyond push-only actuation.
To that end we have analyzed the effect of two overlooked design parameters on HSAs.
Specifically we focused on the point of the auxetic trajectory used as the base state and the
number of rows stacked vertically along the actuator and their effect on key design variables
(Fig{B.1B). By varying the point along the auxetic trajectory used to make the structure,
we find that we can generate purely contractile actuators, purely expanding actuators, and
actuators that expand and contract. We model the HSA as a spring of variable stiffness(K)
and minimum energy length(L) that is driven by the twist angle of the base. Because the
spring changes stiffness and length as a function of rotation, the HSA can generate a blocked
forced (F) through rotation. We determined the holding torque(T) and angle range for an
HSA as a function of cell number and trajectory point, enabling servo selection. We found

that the materials these structures were made from also contributed significantly to actuator
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performance and found that stress-relaxation could limit the time scale of force application.

In this paper we:

e Model to key metrics needed for motor selection with HSA structures
e Expanded the force range of HSA actuators to include contraction

e Characterize the effect of the auxetic trajectory point selection, and vertical cell count

on actuator performance

e Evaluate the effect of stress relaxation on force application by HSA actuators

2.3 DMethods

Handed Shearing Auxetics were originally designed as an idealized kinematic linkage struc-
ture of tessellated cells on a plane or cylinder [111]. In this framework the structure has a
zero-energy mode of deformation, meaning it changing state requires no energy and there is
no restorative force to return to the original state. The zero energy mode of deformation de-
fines the auxetic trajectory [111] (Fig[2.2A) The idealized model has no preferred point along
the trajectory; however, when the model is fabricated using living hinges, the zero-energy
mode of deformation is replaced with a deformation mode with a shallow-gradient, where
energy is required to transition between states of the cells. The first and all subsequent soft
robotic HSA structures were optimized for compactness in order to maximize the expansion
of the structure [39,|111}]183]. This biased the device to be at the most closed point possible
Omin and caused the structure to be a push-only actuator.

To explore the effect of biasing the HSA we selected three points along the auxetic
trajectory for testing as seen in Figure[2.2]C. The closed state is the same as past HSAS ¢y
The open state represents the maximum point along the auxetic trajectory ¢,q., further
evolution of ¢ beyond this point result in non-auxetic deformations of the cell and is out of
scope for this paper. We then chose a point midway between the closed state and the open

state and refer to it as the semi-open state.
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Figure 2.2: The Auxetic Trajectory for an Handed Shearing Auxetic (HSA) pattern. HSAs
tile a 2D unit cell (A) around and along a cylinder. Row tilings represent the number of
vertically stacked unit cells and collumns represent the number of horizontally stacked unit
cells. As an internal angle ¢ between links of the cell increases the cell expands and shears,
driving a rotation and expansion of the cylinder (B). A rotation of one end of the cylinder
(f) can also drive an expansion of the cell and cylinder. The evolution of the system with
respect to ¢ is the auxetic trajectory. Different instantiations of the auxetic trajectory can

then be manufactured and used in soft robotic applications(C).
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Past work on characterizing HSAs focused on taking a structure of fixed length and
shrinking the size of the cell, to increase the number of cells circumstantially and vertically.
What remains unknown is how changing the length with the same size cell effects stiffness.
HSAs can be viewed as programmable springs, where the change in angle changes the stiffness
of the structures. For regular springs the relationship between length and spring constant is
an inverse relationship set by the number of windings. It is unclear how a change in spring
constant as a function of 6 is effected by the number of stacked unit cells, because the number

of windings remains constant.

2.8.1 Mechanical Characterization
HSA Manufacturing

All HSAs tested were rapidly manufactured using digital projection lithography on a Carbon
M1 3D Printer using Carbon FPU50. All closed trajectory HSAs were printed horizontally
with the semi-open and open HSAs being printed at a 20 degree angle to improve print qual-
ity. All parts were handled, cleaned, and cured following the manufacturers specifications.
Unless otherwise specified all HSAs in this paper were designed with a 19mm outer diameter

and a 2mm wall thickness.

Mechanical Testing Setup

All data was gathered from an Instron 68SC-2 at 50Hz with a combined force and torque
cell. The samples were rigidly connected to the Instron by inserting a cap into both ends

and placing a metal rod through the HSA and the cap using the holes seen in Fig[2.3]

Auzxetic Trajectory Testing

The testing procedures for Auxetic Trajectory HSA configurations were defined by manually
observing the practical range of rotation and extension for each configuration. All samples

tested are left handed which means that a clockwise rotation will shorten the structure.
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Figure 2.3: Five instantiations of closed left-handed HSAs with varying row tilings from four

to twelve. These are made by vertically stacking the closed pattern around a unit cell.



19

Table 2.1: Testing procedures for the Auxetic Trajectory subcategory of HSAs. Positive
degree values represent Counter-Clockwise rotation and negative degree values represent

Clockwise rotation. All test rates are 20 mm/s

HSA Starting Ending Angle Printed Cycling
Type Angle Angle step size Length Range
Closed 0 degrees 90 degrees 30 degrees 75mm 0 to 20.0 mm

Semi-Open  -90 degrees 90 degrees 30 degrees 109 mm -3.4 to 6.6 mm
Open -180 degrees 0 degrees 30 degrees 122.2 mm  -3.4 to 0 mm

For each of the structures, there was a difference between the printed length and the
actual resting state of the structure. The difference between the minimum energy length
and the printed length we call the zero force displacement. To determine the displacement
for the the 4-row closed HSA, we inserted the HSA and manually jogged the Instron to
a displacement where the force reading was zero. For this configuration, the zero force

displacement was 2.7 mm.

For the semi-open structure we measured the force displacement curve of the HSA. The
lower displacement limit for the semi-open configuration was defined as the displacement
necessary to have a minimum force reading at a rotation of 90 degrees clockwise. The upper
limit is defined as half the resting height of the open HSA configuration (6.6 mm). The
relationship between rotation and zero force displacement is linear in this region. We used
the interception of the curve with zero to find the zero force displacement and found it was

1.1 mm.

The lower displacement limit for the open configuration was defined as the displacement
necessary to have a minimum force reading at a rotation of 180 degrees clockwise. The upper
limit was defined as the printed length of the open HSA. For this configuration, the zero
force displacement was 0.6mm. The zero force displacement was obtained by dividing the

lower displacement limit by the number of rotation steps needed to return to the resting



20

state.
To determine the spring constant for the semi-open and open HSAs for a given 6, we
conducted an extension test of 4.0mm and 0.5mm from the minimum energy length (L).

Force and displacement were measured and the slope used to determine the spring constant.

Row Test Parameters

All HSAs in this subcategory vary the number of closed unit cells row tilings from four to
twelve. The testing procedures were obtained in the same way as the 4-row closed HSA
configuration. The zero-force displacement was found by manually jogging and rotating the
HSA to find the minimum force. The average difference in displacement between steps is
defined as the zero-force displacement. For future HSAs, the practical cycling range and zero

force displacement can be estimated from the trends from this work.

Table 2.2: Testing procedures for HSAs of different row amounts. All test rates are 20 mm/s

Number of Printed Cycling Zero Force
Rows Length Range Displacement

4 75 mm 0 to 20.0 mm 2.7 mm

6 89 mm 0 to 19.4 mm 3.6 mm

§ 100 mm 0 to 31.7 mm 3.5 mm

10 112 mm 0 to 41.8 mm 3.5 mm

12 124 mm 0 to 60.0 mm 3.8 mm

2.3.2  Measured and Derived Properties

In this paper, we characterize four main properties for the HSAs tested as shown in Fig.
B.1B: blocked force (F};), minimum energy length (L), holding torque (73,), and the spring
constant (k). Blocked force is defined as the force required to counteract the pulling or

pushing force exerted by the HSA when one of its ends is rotated while preventing the
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structure from changing length. The minimum energy length (L) is defined as the position
where the linear force is minimized for a given 6 rotation. Holding torque (73) is then defined
as the moment required to hold an HSA at a given 6 at L. The spring constant is defined as
the slope of the force displacement curve at the minimum energy length for a given 6.

All HSAs were cycled ten times and the median values plotted. Error bars extend from
each point representing the minimum and maximum values encountered in the ten cycles.
We elected to drop the first cycle of data from the plotted figures, due to hysteresis in HSAs
made from FPU50 as described in [183].

An additional dimension to add to testing is that of time, particularly for FPU50. To
characterize the HSAs holding force over time, we conducted a force-relaxation test. The test
was conducted on a closed 8 row HSA with a 25.4mm diameter. The HSA was extended to
30mm over three seconds where it was then held for 20 minutes at an ambient temperature
of approximately 22C (71F) and plotted over 5 seconds and the whole run with a Maxwell
model of viscoelasticty fit to the data.

2.4 Results

2.4.1 The Effect of the Number of Row Tilings

The results for row tiling’s effect on blocked force(F), spring constant(K), minimum energy
length(L), and holding torque(r) as a function of angle of twist 6 can be seen in Figure 2.4]
The blocked force trends in Figure [2.4/A show blocked force increasing as a function of 6 for
all patterns. These are best modeled as a quadratic function of 6§ whose terms can be seen
in table We found that HSAs of lower row counts generate higher blocked forces for the
same angle. We see from Figure that row count has no effect on the length change of
the actuator as a function of angle, demonstrated by an equal slope for all configurations.
Therefore, compression is not driving the blocked force non-linearity; it is driven by the
change in spring constant.

One would expect the spring constant for an HSA at rest, like a traditional spring, to
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Figure 2.4: HSA properties as a function of number of cells for a traditional closed HSA

design.

have an inverse relationship with the number of rows. This is because in the traditional wire
springs the spring constant is governed by the equation,

_ Gd
- 8n.D3

(2.1)
where n. is the number of coils, D is the mean coil diameter, G is the shear modulus, and
d is the diameter of the winding. While our HSA does not have a circular cross section,
the effect of coil count should be unaffected. In a closed HSA, the number of coils is the
number of wide beams that wrap around the structure. Our HSA has a 3 way rotational
symmetry about its axis so if we ignore the effect of the small beams the number of coils
is three times the row count. At zero degrees of rotation, we find that there is an inverse
relationship between the number of rows n, and the rest state spring constant, however the
power is -1.4 rather than -1.

What we would not anticipate from traditional models of springs is that that the HSA
would stiffen as 0 increases. While the pitch and total length changes as € increases, equa-

tion [2.1] predicts that there should be no change in stiffness. In fact since the structure

is auxetic, the mean diameter (D) would increase, and we would anticipate a decrease in
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Figure 2.5: Key properties for HSAs printed along the auxetic trajectory with fixed number

of cells.

stiffness. This effect is what makes HSAs fundamentally different from a simple spring. We
found that the shorter the HSA was, the more quickly the spring constant changed as a
function of  (see spring constant fit values A in table .

Overall, smaller HSAs are less prone to problems such as buckling especially at higher
twist angles. While these smaller HSAs are better suited for carrying force, they sacrifice
the higher extension capabilities that come with more rows. The main tradeoff in choosing a
row count is between throw (length range) and stiffness/blocked force. The consequence of
having a higher blocked force for a closed HSA is an increase to the amount of torque a motor
must produce. For the open HSA we found that all have a nearly perfect linear relationship
between twist angle and holding torque. The twist-torque constant increases significantly as
row tiling decreases. Overall for the same amount of length change in an actuator, the more

row tilings there are, the less torque is needed.



24

Value Blocked force Holding torque Spring constant Minimum energy length
Equation F, = A0*> + Bo = C.0 k=Cil+ ko L=C0+L,
Constants A B R? C; R? C ko R? C L, R?

4 row -4.2339e-04  -0.0903 0.9988 0.9545 0.999 0.0122 1.6640 0.977 0.0531 74.8555 0.993
6 row -3.3056e-04 -0.0228 0.9955 0.4770 0.993 0.0028 0.7747 0.902 0.0664 88.5024 0.989
8 row -1.4010e-05 -0.0329 0.9909 0.3521 0.999 0.0018 0.4700 0.906 0.0653 99.7678 0.996
10 row | -8.4170e-05 -0.0194 0.9917 0.2899 0.999 7.1581e-04 0.4339 0.713 0.0653 111.7795 0.997
12 row -3.1436-04  0.0115 0.9878 0.2039 0.999 2.6294e-04 0.3576 0.831 0.0608 124.3016 0.997

Table 2.3: Fit functions and their parameters for HSAs with varying rows

2.4.2  Auzetic Trajectory

The effect of changes in the auxetic trajectory point can be seen in Figure 2.5l We see the
effect of increasing 6 (counterclockwise rotation) decreasing 6 (clockwise rotation) on the
structure blocked force, spring constant, minimum energy length and holding torque. For
all structures the blocked force is ON when no rotation is applied. As expected, the closed
HSA only has a positive theta range and generates a pushing forces as 6 increased from 0.
The fully open HSA by contrast only has a negative theta range from 0 to -180 degrees. It
generates a pulling force that grows with rotation (negative ¢). This force peaks at the end
of its rotational range of -180 degres, generating a maximum force of 124N. This contractile
force is caused by the structures minimum energy length decreasing as 6 decreases as seen in
Figure [2.5c. The semi-open HSA meanwhile has a rotation range with positive and negative
0. It expands in the positive f range and contracts in the negative 6 range. The result is
that the blocked force can be both positive (expanding) and negative (contracting). The
expansion force at +90 degree of the semi-open (8.9N) is comparable to that of the closed
HSA(11.6N).

We can observe from this that the auxetic trajectory point is a major factor in controlling
blocked force, and that it is directly driven by the changing the range of angles that can

be achieved and the resulting change in length. For all HSAs, minimum energy length is a
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linear function of # of the form Lygq = C}0 + Lo with Lo being the length at zero rotation
and C) being the rotation-extension coupling constant. It should be noted that the closed
HSA has the largest rotation-extension coupling constant of 0.053mm /radian followed by
semi-open (0.030mm /radian) then open (0.013mm /radian). This is expected since the HSAs
follow the auxetic trajectory as they are twisted. When ¢ is small, minor changes in ¢ result
in large translations to the height of the unit cell. As ¢ approaches ¢(max), large changes

in ¢ produce relatively small changes in height.

For all HSAs, the spring constants increased as € increases as seen in Figure [2.5B. The
Open HSA has a significantly higher spring constant that the others which reaches it max-
imum at zero rotation. This is primarily due to the open HSA having straight connections
between the top and bottom, which must be pulled or compressed till buckling to move. It is
the combination of high spring constant and low rotation-extension coupling constant that
causes the open HSA to have such a large blocked force. Unlike the closed HSA, the spring
constants are nonlinear functions of ¢ for the open and semi-open HSA. It should be noted
that the lowest spring constant for the open is higher than the highest of the semi-open.
The same is true for the Semi-open and the closed. Therefor the point along the auxetic
trajectory that is used should be considered the primary determinant of stiffness in HSA

design.

The required holding torque as a function of the angle of rotation for the three different
auxetic trajectory states is shown in Figure with the torque being 0 Nmm when no
rotation is applied. Unlike the closed HSA, the semi-open and open HSAs do not have
a linear relationship between angle and torque. For the semi-open there is a small linear
region between -30 and 30 degrees. For the open HSA the holding torque can be modeled as
a quadratic function of # of the form (—1.219x1074)6? +0.18340 With this data, we can how
see how much torque and angle range would be needed to drive the various types of HSA to

to their desired stiffness, length or force by examining what twist angle would be needed.
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Figure 2.6: Stress relaxation on a closed 8-wrap HSA shows that the structure will ultimately

loose half of its holding force over time.
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2.4.3 Stress relaxation

The stress relaxation results of a closed 8 wrap FPU50 HSA can be seen in Figure 2.6] It
shows severe degradation in holding force over time. This is due to the material’s viscoelastic
properties. At 30mm of extension we see a peak of 16.3N blocked force on the HSA. after
0.1s of holding, blocked force drops by 0.7N (4.3%). At 0.5s and 1s, blocked force is down
1.3N(8.5%) and 1.7N(11.8%). 5 seconds after peak, blocked force is down 3.1N(23.0%).
Ultimately after 1200 seconds the force drops 7.4N(45%).

The response is typical of materials with multiple relaxation modes. We find that by
fitting exponential fits from peak force to +0.16 and a second fit of force 4+0.16 seconds to
1.2 seconds we find a relaxation modes with a time constant of 3 seconds and 18 seconds
respectively. Therefor for actuation that is much faster than 3 seconds we can assume elastic
performance and can ignore viscoelastic effects. For longer time scales, a more complex
model would be needed when using the FPU material. For applications where long term
force outputs are required, manufacturing the HSA out of a material with a longer time

constant would be suggested.

2.5 Conclusion and Future Work

In this paper we examined two key parameters of HSA design, the point along the auxetic
trajectory, and the number of cells vertically that had both been overlooked in past work. We
found that the point along the auxetic trajectory that was set as the rest state has a dramatic
effect on the actuators performance, far beyond the other parameters that had been studied.
Changing the auxetic trajectory point allowed us to expand the range of blocked forces up
to 150N, generate stiffness over 80 N/mm, and expand the range of actuation to include
contraction and bidirectional actuation. By studying the effect of length on traditional closed
HSA actuators, we found that shorter HSAs generated higher forces and stiffer structures
at the cost of lower extensions and higher torques. For both parameter sets we studied

the coupling between extension, stiffness, angle, and torque. The characterization provides
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the information needed for future researchers to select motors, information that is critical
to design efforts. While current materials and fabrication methods may limit time scale of
force application due to stress relaxation, we believe future manufacturing improvements will
overcome this limitation and that the trends we have found will generalize to other materials.
There are still several parameters to explore, including cell aspect ratio, ratio of beam widths,
and the connection to the mounting point. This work lays a foundation for applications of
HSAs as entirely electric and compliant actuation in grippers, arms, exoskeletons, and any

other soft robotic application and sets a direction for future improvements to HSAs.
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Chapter 3

SPRING BRAKE! SYSTEM IDENTIFICATION OF HANDED
SHEARING AUXETIC BASED LEG ENABLES EFFICIENT
OPEN LOOP HOPPING AND STANDING BEHAVIOR

3.1 Notice

Please note, this work is a part of a co-first author publication. Certain sections have been
removed as they are not contributions towards this thesis. For access to these sub chapters,
please wait for the work to be published, or view Joseph Sullivan’s Thesis Dissertation after

he defends.

3.2 Summary

In this letter, we present a prismatic leg with a metamaterial viscoelastic spring element
that enables multi-functional performance in hopping and standing. Legged robots struggle
to perform compared to biological systems. This has been theorized to be because due to
to a lack of multi-modality in component hardware. This work aids in closing that gap
through the incorporation of a metamaterial viscoelastic spring element which also serves as
a breaking mechanism to aid in standing or to absorb large loads. This work characterizes the
metamaterial’s performance through system identification and creates an open loop control
policy that demonstrates stability. When operating as a spring element, the metamaterial
reduces thermal buildup in the motor by 19% to 31%. When operating as a break, it reduces
the energy cost to stand from a quadratic function to sub-linear, resulting in more than a

400% reduction in average power needed to resist a constant load.
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Figure 3.1: Here we demonstrate a parallel elastic actuator using a handed shearing auxetic as
its viscoelastic spring element. The HSA works as both a spring element as well as a breaking
mechanism to improve the robots ability to both locomote and stand. A system identificaion
method was developed to characterize the HSA properties on small time scales. This was

fed into a trajectory optimizer and a stable, open-loop hopping behavior was demonstrated.
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3.3 Introduction and Related Works

Legged robots have a power problem [196]. Custom off the shelf legged robotic systems have a
high cost of transport, limiting their capabilities |20,(162]. Efforts have focused on improving
the efficiency of robotic legs and have shown great improvements [17,58,/59,/75,/181]. Yet,
a gap still remains between the cost of transport of robots and their equivalents in biology
[184]. There is a fundamental trade off in hardware design between size, weight, power,
and cost (SWaP-C). There are also efficiency trade offs between the different functionalities
expected of robot legs such as locomotion and standing [145]. Multi-modality and multi-
functionality in robot design has demonstrated great potential in overcoming some of these
limitations [27,/199).

One critical challenge of Legged robots is the ability to both hop and stand. Optimizing
wholly for one requirement can come at the detriment of the other due to the inherent
tension between a robots needs for hopping, standing, and their energy constraints over
time [145|162]. Most of mobile legged robots use advanced controls to emulate compliance
[82,/175,[195] with the robot’s motors. This solution requires fast control loops [18,25],
and is energetically expensive compared to a mechanical solution because of the need for
actuators to do negative work, as well as thermal losses due to heating of motor windings.
Legged locomotion can get around this by instead adding a compliant element [186|/189].
While individually optimized elements improve cost of transport for their specific niche,
they add mass and complexity that harm other robot functions. By using multi-functional
embodiments, robots can take inspiration from biological systems that are demonstrably

more efficient and significantly more multi-functional [7,27].

In this work, we add a single additional visoelastic spring element in the form of a Handed
Shearing Axuetic to a prismatic leg. We show that the HSA acts as both a multi-functional
spring and break mechanism. We compare performance against an optimized trajectory
without the HSA and demonstrate energy improvements similar to a traditional spring.

Including the HSA reduces thermal and energy costs during hopping and adds an efficient
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standing mode in a single multi-functional element.

In this paper we:

e Evaluate HSAs as a multi-functional viscoelastic spring element in a robotic leg.

e Develop a system identification method modelling the HSA as a potential energy func-

tion.

e Use trajectory optimization to find a stable and efficient open loop hopping behavior.

HSAs have been used to create many robotic systems. Characterizations [63}/111}/183]
have enabled human-brain interfaces, turtle robots, grocery picking, etc [33,91,/171]. How-
ever, established HSA characterization can not create a model for the performance we desire.
Existing literature operates in quasi-statics and on a much longer time horizon. We accom-
plish this by dynamically characterizing the HSA using a lagrangian model framework. Then
use a System Identification Method to model the effect of the HSA on leg dynamics. We
then use the model in an open loop trajectory optimization. This model captures the linear
and non-linear stiffening behavior of the HSA. This allows the HSA to contribute during
both an active hopping gate and when its standing.

This system identification modelling is required as HSAs have demonstrated hysteric
properties [63]. This system demonstrates similar performance to traditional metal spring
elements in robotic leg literature and enables significant reductions in standing energy. This
work adds to the literature base and understanding of the benefits of multi-functionality in

legged robotics.
3.4 Methods

3.4.1 Design Principles for an HSA Hopping Robot

Visco-elasticity is a common design element in legged robots. Visco-elastic dynamics improve

dynamic stability by attenuating disturbances. It is often implemented electromechanically
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through the application of proportional - derivative (PD) control laws, or through inclusion
of mechanical spring-damper elements in series or parallel with the kinematic chain of a
leg. Mechanical spring elements can reduce negative work from motors and improve energy
efficiency by modulating the flow of energy between kinetic and potential modes during
dynamic motions. This is beneficial as negative work in the motor results in thermal buildup
in the windings. These mechanical springs can be arranged to support body loads from

gravity, reducing the quiescent power required when the robot is standing or sedentary.

The benefits outlined above points towards a novel application of HSAs as parallel elastic
actuators for legged locomotion. To this end, we designed an HSA to be incorporated into a
prismatic leg actuator for a hopping robot. We derive the specifications for a parallel HSA
actuator from the energetics of an ideal spring-mass-oscillator under the affect of gravity.
We then use this oscillator model to give the HSA stroke length and stiffness characteristics
as a function of robot mass, hopping height, and frequency. A candidate HSA is selected by
referencing length and stiffness properties of the oscillator model against prior studies that

characterize the affect of HSA design parameters on force, torque, and deflection relationships

[631183].

In addition to visco-elastic behavior present in the HSA, we observed that the auxetic
property of HSAs can be exploited to jam a kinematic mechanism. This allows the HSA to
act as a brake that can resist large external loads for long durations. This enables multiple
modalities through a single mechanism. Jamming is accomplished by nesting a concentric
cylindrical wall inside of the HSA. As the HSA is extended vertically and not allowed to
rotate, the inner diameter collapses into the cylinder wall. This results in an exponential
increase in the stiffness where the device becomes rigid and approaches properties of the
bulk. Jamming is induced on demand by twisting the HSA with a small hobby servomotor
(GoBilda 2000-0025-0504).
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Figure 3.2: Heat maps of force and torque produced by the HSA as a function of linear
and angular displacement. Jamming begins occurring around —45%rc rotation and 50mm
displacement. Outside of the jamming region, we see relatively constant changes in force as
a function of displacement. In Torque, we see relatively constant torque requirements. In

the jamming region, both force output and torque requirements are higher.
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3.4.2  Quasi-Static HSA Properties

In this section we characterize important properties of the HSA, namely its relationships
for force and torque over displacement and rotation, #. The HSA was tested in the same
configuration as shown on the robot, including the smaller cylinder inside the HSA used
for jamming. Characterization was recorded on an Instron 68SC-2 at 200Hz. Data points
were collected in linear displacement over a range of 0 to 50mm every 5mm. Rotation data
was additionally collected from —145° to 120° every 10°. Measurements were taken at a
rate of 10mm/s following previous HSA characterization works [63,(183]. Unlike past works
that characterized HSA performance solely on minimum energy length, blocked force, or a
combination of the two, this work looks at a more complete picture of the linear and rotational
displacement landscape. This provides a more accurate validation for the proposed HSA

characterization, and is crucial for characterizing the jamming effect described previously.

Force - Torque Characterization

In this section, raw force and torque values from the instron is processed into a surface
through linear interpolation and then plotted as a color map. Interpolated data is used as a
comparison for the system identification method presented later in this work. Regions above
30N force and 125Nmm torque were capped on the color bar as these were the found to be
the maximum values when testing the system without the jamming cylinder present (ie they
are the forces produced by the HSA alone).

As shown in Fig. the range of force values demonstrated by the HSA ranges from -10
N in compression at (—120°, 50mm) to 300 N in extension at (—120°, 0mm). This extremely
large extension force is due to the auxetic nature of the HSA closing down on the jamming
cylinder in a Capstan effect. Outside of this region, we find the force values to be relatively
linear. As displacement increases, force increases in kind, resulting in a constant spring
constant.

Torque is also plotted in in Fig. and represents the required torque to hold the
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HSA at a given 6. Values range from -125 Nmm to over 500 Nmm at (140°,0mm) and
(—120°, 50mm) respectively. These target values are used to spec the hobby servo to ensure

safe functioning.

Braking

Using the raw instron data, a simulated hop is conducted by fixing 6 and allowing displace-
ment to vary from 0 to 50 mm. An average spring constant is then calculated for each
rotation. This simulated hop occurs at a much slower speed than in the actual robot but
serves as a baseline of comparison. As can be seen from Fig. [3.3] the HSA displays relatively
constant spring constants through large positive rotation angles around 900N /m. As rotation
tends negative, jamming begins at —50° and exponentially increases beyond that to reach a

max above 16,000N/m at —120° rotation. This was determined by finding the +3dB point.

3.4.3 Hardware Implementation

The robot consists of a prismatic actuator built from a closed kinematic chain connecting
a quasi-direct drive motor (MJ Bots QDD100 Beta 3) to a foot as shown in Fig[3.4 An
HSA is integrated into the vertical prismatic link, acting like an extension spring. The
HSA is allowed to rotate around the link through a geared down servo motor (4:1, GoBilda
2000-0025-0504). Concentric to the HSA and connected to both ends, a smaller, telescoping
cylinder is installed. This allows the HSA to jam against it due to the auxetic nature of
the HSA. This allows the HSA to become a multi-functional element in the leg. Because
the HSA is installed in parallel, any ground forces that reach the motor must also affect the
HSA. Thus, when the HSA is jammed against the cylinder, it serves as an impact absorbing
device.

For testing, the QDD motor is mounted to a vertical bearing cart. This confines the
motion of the leg to be purely vertical. The leg and bearing cart weigh 1.3kg with the
motor and 800g without. Additional weights can be added to the leg, to the tune of 1kg of

additional payload.
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Figure 3.3: Here we present a Simulated Instron Hop and demonstrate the two stiffness
regions that the HSA enables: visoelastic hopping and breaking. Breaking for negative 6
values greater than -55°. It reaches a stiffness of more than 16,000N/m. In the spring

modality, the HSA acts as a spring element with a stiffness around 900N /m.
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Figure 3.4: A system overview is provided on the robot leg. The leg consists of a prismatic
actuator connecting a quasi direct drive motor the the foot. The HSA is incorporated in
parallel and the geared down stepper motor is used to set the HSAs rotation, 6. Concentric
to the HSA, there is a shaft that the HSA can jam against to produce braking. The leg is

mounted to a vertical rail system, constraining motion to vertical hopping.
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The electronics interface with and are controlled by an off-leg raspberry pi 4b. All HSAs
presented in this work were printed on a Carbon M1, digital projection lithography 3D

printer. Parts were handled, cleaned, and cured following the manufacturers instructions.

3.4.4  Dynamic HSA Characterization on the Robot

This section has been removed from this work.

Lagrangian Model Framework

This subsection has been removed from this work.

System Identification Method

This subsection has been removed from this work.

3.4.5 Hopping Trajectory Optimization and Control

This subsection has been removed from this work.

3.5 Results

In this section we demonstrate the stability of our system control law, demonstrating the
strong characterization through system identification. We show the height-normalized energy
cost of hopping for a case with the HSA and without as a function of robot mass. We show

the thermal energy savings of breaking using an HSA compared to the motor.

3.5.1 Dynamic Characterization Captures HSA Hysteresis In Periodic Motions

This section has been removed from this work.
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Figure 3.5: Total system power consumption as a function of ground reaction force for

both the jammed and unjammed cases. System power is depicted with a purple star (HSA

Jammed) and yellow rhombus (HSA Unjammed). For small foot loads, the additional mass

and quiescent power consumption from adding the servo system results in additional power

draw. Beyond 30N of force on the foot, the addition of the HSA system saves power. The

unjammed case follows a quadratic equation while the jammed case follows a sub-linear

equation.
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3.5.2  Jamming Drastically Reduces Cost of Static Force Transduction

While robots are often on the move, there are times when the ability to stand still is valuable.
In Fig. 3.5, we present the total system power required for the robot to resist a force applied
to the foot. We test two configurations (HSA jammed, HSA unjammed) for seven different
forces applied through the foot. First, the quiescent power was measured (12.7W), and
then the force applied to the foot and the average system power usage was recorded. This
plot shows the average system power. When Jammed, the HSA was set to an angle of
—157.5°, resulting in a stiffness beyond the 16,300N/m seen in Fig. For loads below 30N,
the unjammed power consumption was lower, pointing to the additional costs of the servo
and HSA mechanisms. Above 30N however, the jammed case dramatically outperforms the
unjammed case. The unjammed system sees an average power draw near 600W compared
to 140W for the jammed case. When fitting curves to the data, we see a quadratic fit for the
unjammed case and a (sublinear) logarithmic fit for the jammed case. This suggests very
favorable scaling as the robotic leg grows larger and supports larger payloads. While the
energy savings here are important, its also important to consider the thermal and saturation

savings as well.

3.5.8 HSA Provides Gains in Hopping Efficiency

This section has been removed from this work.

3.6 Conclusion and Future Work

In this paper we describe a multi-functional jumping robot made from a parallel elastic
actuator using handed shearing auxetics for legged locomotion. We use the often unfavorable
viscoelastic properties of HSAs to impose beneficial dynamics on the robot leg. We describe
a system identification method to fit potential energy functions and hysteresis functions.
This model is fed into a trajectory optimizer and a stable, efficient open loop trajectory is

demonstrated. We present height normalized energy costs for the leg with different payloads.
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The HSA demonstrates efficiency gains similar to that of a traditional mechanical spring.
The auxetic nature of the HSA also allows a jamming mode to be integrated into the leg.
This reduces constant force energy costs (like from standing) from quadratic equation to a
sub-linear relationship. Future works include rigidizing plastic components to further explore
the space of realizable impluses, testing the leg over different terrains, and leveraging the
non-linear stiffness properties of HSAs [63] to create a variable stiffness, jamming prismatic
actuator that can optimize performance over different terrain.

This work lays the foundations for the inclusion of viscoelastic metamaterals to add
multi-modality to legged robots. This work also demonstrates system identification as a

meaningful way of characterizing HSA dynamics for periodic motions.
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Chapter 4

ENHANCING THE PERFORMANCE OF PNEU-NET
ACTUATORS USING A TORSION RESISTANT STRAIN
LIMITING LAYER

4.1 Summary

Pneunets are the primary form of soft robotic grippers. A key limitation to their wider
adoption is their inability to grasp larger payloads due to objects slipping out of grasps.
We have overcome this limitation by introducing a torsionally rigid strain limiting layer
(TR-~SLL). This reduces out-of-plane bending while maintaining the gripper’s softness and
in-plane flexibility. We characterize the design space of the strain limiting layer for a Pneu-net
gripper using simulation and experiment and map bending angle and relative grip strength.
We found that the use of our TR-SLL reduced out-of-plane bending by up to 97.7% in testing
compared to a benchmark Pneu-net gripper from the Soft Robotics Toolkit. We demonstrate
a lifting capacity of bkg when loading using the TR-SLL. We also see a relative improvement
in peak grip force of 3N and stiffness of 1200N/m compared to 1N and 150N /m for a Pneu-
net gripper without our TR-SLL at equal pressures. Finally, we test the TR-SLL gripper
on a suite of six YCB objects above the demonstrated capability of a traditional Pneu-net

gripper. We show success on all but one demonstrating significant increased capabilities.

4.2 Introduction

A key component of human’s remarkable grip is that our fingers can simultaneously bend
while being resistant to torsion and lateral loading. Soft robotic fingers have focused on
emulating the ability of human and other biotas compliance when bending and found great

success in the academy and industry as a result [153]. This bending motion defines a plane
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of desired movement for the finger or actuator. While in plane bending and compliance are
desired, movement normal to this plane, or out-of-plane deformation has been identified as
a major limiter in for soft robotic systems.

Out-of-plane deformations limit a soft robotic grippers’ ability to grasp and manipulate
heavy objects. Soft robotic systems have been able to achieve large payload capacities, able
to lift car tires and dumbbells [106-108]. However, this has required the gripper to cage the
object or pull directly against gravity. Holding objects perpendicular to gravity or having
large movements cause soft robotic grippers to deform and twist and ultimately loose their
grasp. A second limitation of soft grippers has been that the out-of-plane deformation in
the fingers leads to uncertainty in the positioning of the grasped object. A successful but
heavy grasp can cause a gripper to deform in such a way that localizing relative to the arm is
difficult. Here we show how a Torsion Resistant layer can increase the out-of-plane payload
capacity of Pneu-net grippers to bkg (Fi.

For Pneu-nets |124], this fundamental limitation comes from the use of simple rectangular
beams as the strain limiting layer (SLL). Rectangular cross sections have low second moments
of inertia in one direction, allowing them to bend in the thin direction. While in theory this
would make them able to resist deformations along their thick direction, in practice these
structures have a low resistance to torsion. This causes any out-of-plane loading to generate
a twist in the SLL.

Several strategies have emerged for improving the out-of-plane performance of soft grip-
pers through the SLL. One approach focuses on changing the material distribution by using
multi-material topology optimization [190]. Another approach discritizes the SLL and inserts
hinges to allow a thicker material to still bend [114]. The first still experiences large out of
plane deformations while demonstrating smaller increases in torsional stiffness. The second
requires significantly higher input pressures and the inclusion of hinge based strain limiting
layers (SLL) can reduce the structures ability to conform to objects.

We focus on using advancements from the field of compliant mechanisms to change the

geometry of the SLL. We use triangulated beams as the torsion resistant strain limiting layer
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Figure 4.1: We create a new Torsion Resistant Strain Limiting Layer (TR-SLL) that can
be added to any existing Pneu-net based gripper. It increases their resistance to torsion,
allowing the gripper to lift larger payloads. Additionally, we can load the skeleton of the TR-
SLL directly, dramatically increasing lifting capacity. We show the TR-SLL gripper lifting
a bkg dumbbell using the skeleton, the maximum payload capacity of the UR5 robot arm.
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(TR-SLL) of Pneu-net. These triangulated beams resist torsion but allow bending on planar
and spherical surfaces [132,/150]. While one might expect the triangles along the beam to
localize the deformation to interfaces between triangles, the structures deform over their
entire length, with all sides of the triangle deforming when bent. The triangularized beams
act as a continuum structure with enhanced stiffness to out of plane bending and torsion.
We integrate the TR-SLLs into standard Pneu-net grippers and provide a step-by-step
guide for integrating the TR-SLLs. Next, we perform a parametric sweep on the TR-SLLs to
provide a design guide. We found that there was minimal difference between triangle designs
for in-plane bending compared to flat SLLs. We found a trade-off between torsional stiffness
and stress concentrations in the TR-SLL. We tested the integrated gripper on a cylindrical
pull test and found that the addition of the TR-SLL increased the gripping force by 3x and
increase the stiffness in the grip by 7.8x. Finally, we tested the gripper by picking up a
weighted structure entirely using the sides of the gripper. As seen in Figure 1, the TR-SLL
gripper can pick up a bkg weight (the max capacity of our UR5) using lateral loading.

In this paper we:

e Model key parameters for understanding a Torsion Resistant Strain Limiting Layer

e Characterize in and out-of-plane bending performance against a benchmark Pneu-net

gripper

e Demonstrate the increased payload and lifting capacity of the Torsion Resistant Strain

Limiting Layer
4.3 Background

Soft robotics researchers have attempted to improve the out-of-plane performance of Pneu-
nets using several techniques. One method is to redesign the gripper as a whole. This can
involve putting a skeleton around the entire gripper [155]. However, this requires significantly

more input pressure to reach the same normal force output and demonstrates smaller lifting
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capacity. Another method involves optimizing the design of individual cells to improve
torsion resistance [173].

Active strain limiting layers are another area of active research. Many of these change
their SLL stiffness through phase change [201], jamming chain, [87] or through the thermo-
electric properties of Field’s metal [26,65] or by heating hydrogels, causing them to swell [188].
Additionally, work has been done to use jamming to increase a grippers ability to grasp ob-
jects and increase out of plane grip strength [45]. Many of these require significant infrastruc-
ture to support their use relative to a passive Pneu-net actuator, and are more challenging
to manufacture.

Our solution allows a simple passive SLL made from a single material to be easily inte-
grated into existing Pneu-net designs. It demonstrates a large torsional spring constant and
high normal force output for a comparatively low input pressure. It can be made with a low

cost 3D printer and uses no additional infrastructure beyond a benchmark Pneu-net.

4.4 Derivation of the effect of Torsion on Antipodal Gripping for Soft Bodies

Antipodal gripping is a widespread application for soft robotic grippers. It involves picking
up an object through two opposite points. There are three common limits to a soft grippers
ability to perform an antipodal grasp; insufficient normal force, slippage due to torsional
deformation, and shearing of the soft layer. All three of these modes as well as an example
antipodal grasp can be seen in Fig. [5.2] The minimum of these three modes govern the
payload capacity for a simply lifted object. If the payload minimum is governed by insufficent
normal force, the force a gripper can lift is shown in Eq. 5.1}

Fstatic == ,UFn (41)

where Fj.. is the maximum force a gripper can lift, i is the coefficient of static friction,
and F), is the normal force the gripper applies as shown in Fig. If instead the gripper is

just at the limit of slip from twisting, we get:
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Figure 4.2: We demonstrate the common failure modes for Pneu-net grasping. On the right
we can see a simplified gripper grabbing a cylinder using an antipodal grasp. Only the
Strain Limiting Layer and soft gripping material between the SLL and object is shown (not
to scale). On the left, three common failure modes are shown; slipping due to low normal
forces, twisting due to torsional deformation in the SLL, and shearing of the soft material.
The maximum payload capacity for a Pneu-net gripper is governed by the minimum of the set
of these. Our gripper increases the torsional resistance and normal force applied compared
to a standard Pneu-net gripper. This allows our gripper to lift larger payloads while having

a better understanding of where the object is in our grasp.
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M = F,r (4.2)

M = k0 (4.3)

where M is the Torque on the SLL, F} is the gravitational force from the object, r is the
distance from the neutral axis of the gripper to the object, k is the torsional spring constant
from twisting failure (Fig and 0 is the angle of twist relative to the normal force. These
can be seen labeled in the twisting failure mode in Fig. If we assume there is some small

vertical deformation x as the gripper is loaded but no slip or rolling occur, we get Eq.

x =10 (4.4)

Combining Eq. 5.2, Eq. 5.3} and Eq. we can solve for Fj, as a function of z:

R

K
Where — is the effective stiffness of the system.
r

Shearing of the soft gripping material can be another concern and is defined when:
T > Ty (4.6)

Where 7 is the length of the shear vector in the material and 7; is the shear fracture of
the material. For this study 7 was never found to be greater than 7. If reached, changing
the geometry or material selection could increase payload capacity further.

Together the minimum force value from Eq. 5.1, Eq. (.5 and Eq. govern the payload
capacity of a soft gripper performing an anti-podal pick on a simple object. Since Pneu-nets
grippers often demonstrate out of plane deformation as the most common failure mode, this

work looks to Eq. as a way to increase the payload capacity of Pneu-net grippers.
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4.5 Design of Torsion Resistant Strain Limiting Layer

This section establishes a benchmark of comparison for our TR-SLL. It explores the design
space for Strain Limiting Layers and evaluates them based on their in-plane and angular
displacement as a function of thickness. We explore the design space of the TR-SLL gripper
in simulation by varying the number of triangles present over the length from two to thirty.
Finally, we use the simulation results to inform which gripper to instantiate in the real
world. We present the fabrication process and test methods for comparison for the TR-
SLL compared to the SLL. Based on the analysis in section A, a strong torsional spring
constant will be critical for a high payload capacity. Additionally, strong in-plane bending
performance will allow the gripper to lift a larger range of objects for a given antipodal

mounting distance.

4.5.1 Benchmark Design

We used the Pneu-net from the Soft Robotics Toolkit as our benchmark design. [76]. We
create our TR-SLL gripper by replacing the benchmark SLL with a 3D-printed TR-SLL
and adding a thin layer of Ecoflex 00-30 to the tips of the triangles to maintain the same
gripping surface. Both the benchmark and TR-SLL gripper can be seen in cross section in
Fig. with the air pockets highlighted in blue, and the Strain Limiting Layers highlighted

in purple.

4.5.2  Traditional Strain Limiting Layers

We need to establish a baseline of comparison for our TR-SLL compared to a traditional
SLL. We chose a rectangular beam with a fixed length of 100 mm and a width of 20 mm was
used as the base of the SLL as this matched the 2-D projection of the elastomer pockets in a
Pneu-net. We chose PA-6 as the base material because it is significantly stiffer than Ecoflex
00-30, has favorable elasticity properties, is easy to manufacture into complex shapes, and

had similar properties as PLA which was used to fabricate the TR-SLL.



ol

To understand the in-plane and torsional performance of a standard SLL, we analyzed the
design using finite element analysis (FEA). We varied the thickness of the SLL and compared
the in-plane bending and angular displacement. In-plane deformations are important as they
allow a large range of objects to be grasped and can be used to show the energy efficiency
of a design. For a given pressure, a design that bends more in the plane will use less energy
to deform the structure, resulting in larger normal forces applied. Torsional deflection is
important because a major failure mode for soft gripper not being able to lift an object is
due to twisting of the grasp. Additionally, reduced torsional deflection allows for a better
reasoning over where objects are in the grasp.

The data from the FEA can see seen in Table We can see increases in in-plane and
angular displacement as the SLL thickness is decreased. The performance ratio of in-plane
displacement over angular displacement also improves as thickness decreases. We apply a
moment that is an order of magnitude smaller than the moment applied to the TR-SLL due

to its reduced torsional stiffness.

4.5.8  Simulation of Torsion Resistant Layer (TR-SLL)

Our next step was to analyze the design space of the TR-SLL. The main design parameter
for the TR-SLL was the angle a between the base and the side of the triangle. We fixed
the length of the TR-SLL to be the length of the SLL (100mm) from the reference design.
Because our design relies on having complete triangles, this discritizes our search space to
be angles that result in integer numbers of triangles along the length of the TR-SLL. The
number of triangles varied from two to eighty. The thirty triangle configuration can be seen
in Fig. [5.3] We fixed the height of each triangle to be 10% the major dimension (100mm),
plus 2mm for bonding a gripping layer to the end of the TR-SLL (total 12mm). This was
chosen as a reasonable value to search the design space without significantly increasing the
volume of the gripper. By keeping this value small, we enable easy retrofitting onto grippers
already using Pneu-nets.

In-plane and torsional bending conditions were simulated using Ansys Mechanical 2022.
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Table 4.1: Simulated In-Plane Deformation and Angular Displacement for Simple Strain

Limiting Layer (SLL).

Thickness In-Plane Displacement Angular Displacement

[mm] (F=0.01 N) [mm] (M =0.5N mm) [degrees]
0.3 64.85 32.89

0.4 27.38 15.36

0.5 14.02 8.02

0.6 8.11 4.70

0.7 5.11 2.98

0.8 3.42 2.01

0.9 241 1.43

1.0 1.75 1.03

PA-6 was used as the model material as its properties are similar to the PLA used in the
printed TR-SLL. For the bending test, one end of the skeleton was fixed and an in-plane
bending force of 0.01N was applied to the other edge of the beam. This roughly simulates

the condition that occurs when the air chambers are pressurized.

The in-plane deformation starts high at two triangles and then drops to a minimum
at seven triangles before rising as triangle count increases. Around thirty triangles, the
slope of the curve flattens considerably. The seven triangle design is close to an equilateral
triangle and as suggested by statics, is best able to resist deformations. A similar trend holds
for the angular displacement plot. The two triangle design results in a local maxima that
drops to a minima with the five triangle design before continuing to rise as triangle count
increases. Again, as predicted by statics, designs around the equilateral triangle best resist

deformations.

Using linear elastic strain energy theory, we can compare the rotational stiffness of each
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of the beams following;:

(4.7)

LM
0

where k is the rotational stiffness, M is the applied moment, and 6 is the angular dis-
placement. The values for the 0.4mm SLL in Table result in a stiffness of 1.9Nmm while
the values from Fig. .4 result in 265.5Nmm for the thirty triangle TR-SLL and 366.6Nmm
for the two triangle TR-SLL. The inclusion of triangles to the SLL has a dramatic impact
on torsional resistance. The difference between number of triangles is marginal on bending
stiffness relative to the performance improvement without triangles. We choose to design
a gripper using the maximal number of triangles to reduce stress concentration within the
structure. However due to manufacturing limitations, the greatest number of triangles that
could be manufactured over the span was the thirty triangle design. For systems that require
the maximum in-plane deformations, the two-triangle design would be better. If maximal
resistance to twisting is required, the five-triangle design is the best configuration. However,
the large stress concentrations of the low triangle designs would likely limit their life due to
fatigue.

The in-plane deformation value for each configuration was plotted against the correspond-
ing number of triangles (7,,) that were present in the SLL, and the results are shown in Fig.
(a). The same setup was used for simulating torsion, and a bending moment of 5Nmm
was applied to the free end of the TR-SLL as shown in Fig. [5.3 and the corresponding
results are shown in Fig. [5.4] (b). The angle () between line A and line C was calculated
using Eq. as shown below.

p=in” (~emraey) -

where, AB is the distance from the center to the edge, BC is the linear displacement in

vertical direction, S is the angle between line AB and AC.

In-plane deformations reach 20.7mm and 15.6mm for the two and thirty triangles, with



54

15.558 Max

(a) 1847
13336

12.224
1113
10,002
8.6905
77792
6.6679
5.5566
44453
33339
2.2226
11113
0 Min

0.28013 Max

( b ) 0.26012
0.2401
0220
0.20009
0.12008
0.16007
0.14006
0.12006
0.10005
0.080037
0.060028
0.040018
0.020009
0 Min

Figure 4.3: FEA results showing the displacement contour of (a) in-plane bending simulation
& (b) torsion test, and (c) torsional bending setup for simulated angle measurement. A
moment M is applied along the longitudinal axis of the TR-SLL. Line AB is deformed to
line AC forming the angle, 3, which is calculated using Eq. [5.10] The number of triangles

was varied across a span of 100mm resulting in different triangle widths.
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Figure 4.4: Plot of In-plane displacement (a) and Angular displacement (b) as a function of

number of triangles in the Strain Limiting Layer. In (a), we see in-plane deformations from

an applied load of 0.01N and in (b), we see the angular displacement from a 5Nmm torque.

Both plots follow a swoosh pattern with local maxima at the extreme ends of the range (two
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a minimum at 11.3mm for the seven triangle case. The torsion test sees values of 0.8° and
1.6° for two and thirty triangles, with a minimum of 0.58° for the five triangle design. The
best ratio of in-plane to out-of-plane performance is the two triangle TR-SLL. However,
this results in a large stress concentration, limiting cycle life. If a low cycle count is being
considered, the two triangle design is the best performing. However for repeated cycles the
thirty triangle design is superior. For our gripper we chose the thirty triangle design because
it had strong performance while distributing stresses well. It was also the maximal number

of triangles on a SLL that could be repeatably manufactured using a standard 3D printer.

4.5.4  Fabrication of TR-SLL Gripper

The process for the TR-SLL gripper can be seen in Fig. [£.5] The casting process for the
TR-SLL gripper and the benchmark gripper follow the process detailed in the Soft Robotics
Toolkit [76] with the following modifications made. Mixing was done manually following
manufacturer instructions. For both grippers, we perform an additional degassing phase
after mixing the two Ecoflex 00-30 components until bubble transport stops visually. For
the insertion of the TR-SLL, we allow the ecoflex to set for 30 minutes before adding the
TR-SLL to ensure the proper set height of 2mm for the TR-SLL.

4.6 Results - Experimental Comparison of TR-SLL and Standard Pneu-net

In this section, we compare our TR-SLL gripper against the benchmark Pneu-net gripper
from the Soft Robotics Toolkit [76]. We test both grippers in a bending characterization test.
They are tested in plane and out of plane unloaded and with a weight at the distal tip. This
simulates the performance of the grippers grabbing an object. We also conduct an extension
test on both sets of grippers. They grab a cylinder, which is then pulled out of their grasp.
This demonstrates the maximum payload capacity for the grippers and can be used to find
the effective stiffness of the grippers and their torsional spring constant. Finally, the TR-SLL
gripper is tested on a subset of the YCB dataset. The subset only features objects larger

than the maximum payload capacity of a standard Pneu-net gripper. We show success on
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(a) 15mm =— (b) 15mm —

(C) 15mm =— (d) 15mm =—
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M
Figure 4.5: This figure shows the casting process for a TR-SLL gripper. First, (a), we print
the 100mm long torsionally resistant Layer (TR-SLL), then in (b), we cast the Pneu-net
chambers out of Ecoflex 00-30 following instructions from the Soft Robotics Toolkit. In (c),
we insert the TR-SLL into the sacrificial mold and mix Ecoflex. After 25 minutes, we pour
until 2mm above the TR-SLL. In (d), we add the Pneu-net chambers and seal them with a
thin layer of Ecoflex. Finally in (e), we remove the TR-SLL gripper from the mold, place

it spikes side down in a 1mm thick layer of Ecoflex in the Pneu-nets Strain Limiting Layer

mold, cure it, and remove.



o8

the test set and only fail on one object within the theoretical payload capacity predicted in

Eq. B.5

4.6.1 Bend Characterization

We evaluate in-plane bending and resistance to torsional deformations for our gripper. Better
in-plane performance means that more actuation energy goes into conforming to the object
being gripped as less energy is used to deform the structure. Resistance to torsional defor-
mations determines one of the main failure modes for soft grippers. Additionally, smaller
torsional deformations can allow a more precise understanding of where grasped objects are.
We compare our TR-SLL gripper to the benchmark Pneu-net in terms of bending character-
ization for both unloaded and loaded tests.

A series of optical tracking tests were done to determine the tip bending angle of our TR-
SLL gripper and the benchmark Pneu-net gripper, as shown in Fig. 4.7 The XY plane was
defined as normal to the robot flange frame, in-plane deformations occurred in the YZ plane,
and out-of-plane deformations occurred in the XZ plane. The grippers are evaluated with
no load, and with a 50.5g mass positioned between the furthest two air chambers. Pressures
ranged from 4kPa to 10kPa and the data can be seen in Fig. 4.6

We determined bend angles using optical tracking data from markers on the distal tip of
the gripper as shown in Fig. [£.7] In-plane bending was computed in the Y-Z plane, while
out of plane bending was computed in the X-Z plane using the inverse tangent function.
We recorded data using an OptiTrack motion capture system using Flex 13 cameras. The
system was allowed to come to steady state before the data was recorded. The last 120 data
points were averaged and a standard deviation determined.

Here we look at the performance of each gripper during testing. The benchmark gripper
begins slightly open when no pressure is applied. It curves until the tip reaches the base of
the robot flange as pressure is increased to 10 kPa. There is a controlled change in gripper
position until 7kPa when the gripper begins rapidly bending, reaching a maximum bend

angle of 99.4 + 0.50°. When the 50.5g mass is added to the gripper, it bends outwards in
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Figure 4.6: Tip bending angle for the TR-SLL and benchmark Pneu-net grippers are shown.
Data are presented with and without the addition of a point load. The TR-SLL does an
excellent job of reducing out-of-plane deformations. The benchmark gripper showed much
larger deformations both in- and out-of-plane. The higher torsional stiffness of the TR-SLL

gripper results in better understanding of where picked objects are and in a larger payload

capacity.
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negative Y by 34.64+0.12°. Once the gripper was pressurized to 4kPa, it closed completely to
82.1 4 0.12° where it finally reached a distal tip bend angle of 116.1 +0.13°. In contrast, the
TR-SLL gripper maintained strong positional control at the cost of large tip bending angles.
The unloaded TR-SLL gripper started at —2.59 + 0.12° and bent in to 14.8 £ 0.13°. When
loaded, in-plane behavior changes little but a larger range of tip bend angles are observed.
The loaded gripper starts at —4.45 + 0.12° and increases to 20.8 £ 0.12° at 10kPa.

Looking at relative in-plane performance of the grippers, we see the TR-SLL gripper do
a better job of maintaining its position at rest. This is especially true when the gripper
is loaded as the TR-SLL does not meaningfully change tip angle, whereas the benchmark
Pneu-net gripper moves more than 30° when the weight is added to the distal tip.

When looking at out-of-plane performance, the TR-SLL gripper is dramatically more
stable than the benchmark gripper. When unloaded, the benchmark gripper starts point-
ing 4.48 + .13° downwards and maintains small out-of-plane deformations until an internal
pressure of 8kPa is achieved. After that point, out-of-plane performance degrades rapidly,
resulting in a maximum out-of-plane tip deflection of 55.7 £ 2.9°. When loaded however, the
benchmark Pneu-net gripper performed even worse. It started off with a bend of 29.7 £ .12°.
Once pressure was applied, the out-of-plane deformations got worse, resulting in 81.8 £+ .12°
at 4kPa. At maximum pressure, the out-of-plane tip angle reached a staggering angle of
112.8 4+ .23°.

The TR-SLL gripper held up well to out-of-plane deformations. At rest, we see a de-
formation of 1.89 4+ .12°. As pressure is applied, deformations hover between 1.8° and 2.2°,
reaching a maximum at 8kPa of 2.21 4+ .13°. Once the 50.5g point mass is added to the
gripper, out of plane displacements grow but only slightly. The TR-SLL gripper starts at
2.21 + .13°, and reaches a maximum deformation at 4kPa with a bend of 2.86 4+ .12°. At
10kPa, the out of plane deformations drop to 2.58 4 .12°.

The unloaded TR-SLL reduced deformations by 57.8% at rest. When maximally pressur-
ized, the TR-SLL reduced out-of-plane deformations by 96.1%. When loaded with the 50.5g
point mass, the TR-SLL reduces deformations by 92.5% at rest and by 97.7% at maximal
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Figure 4.7: Test setup for Optitrack tip characterization. The TR-SLL gripper is mounted

to the robot arm in a) and shown with TR-SLL a weight of 50 grams in b). The weight was
placed between the furthest air chambers, with the mass resting on the silicone forming the
SLL. The weight shows how the gripper behaves under loading. We track the deformation of
the gripper as steady state pressure is changed using Optitrack markers. This characteriza-
tion can be used to model the deformation of the TR-SLL gripper as a function of pressure
and to understand how lifting an object near the tip of the gripper effects performance.
Positive in-plane tip bending is defined in z direction and positive out-of-plane bending is

defined in negative Y direction.

actuation. This matches closely with our simulated out of plane bending reduction of 94.7%

for the rigid Strain Limiting Layers.

4.6.2  Grip Slip Force Characterization

We compared the grip strength for a TR-SLL gripper and the benchmark Pneu-net gripper.
This test demonstrates the minimum of the three common antipodal failure modes for soft

grippers; slipping, twisting, and shearing. Data was gathered using an Instron 68SC-2 at
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200Hz as can be seen in Fig. [5.8] The grippers were closed around a 90 mm diameter test
cylinder made from VeroWhite on a Stratasys J750 Digital Anatomy printer. The diameter
of the cylinder was matched to the distance between antipodal grippers. The grippers were
mounted to a Universal Robotics UR-5 and pressurized to 10kPa. The cylinder was moved
upwards at a rate of 10mm/s for 100 mm. The data from the experiment can be seen in
Fig. [5.71 Our gripper shows much larger forces compared to the benchmark gripper reaching
3N compared to an eventual 1N. We also demonstrate a 7.8x increase in grasp stiffness at
1.8mm of extension. This shows that the TR-SLL gripper has a higher minimum for the
three antipodal failure modes, and can lift larger payloads.

We can see a significant difference in performance of the TR-SLL and standard Pneu-net
gripper in Fig. 5.8 A peak force of 3N was observed for the gripper with TR-SLL, while
the benchmark gripper demonstrated a peak force of 1N. The TR-SLL gripper has a higher
minimum value for the three common failure conditions for an antipodal grasp; slipping,
twisting, and shearing. The TR-SLL gripper showed a much higher stiffness compared to
the benchmark gripper. Over the first 1.8mm, the benchmark gripper had a stiffness of
152N/m while the TR-SLL gripper showed a stiffness of 1181N/m. By using the TR-SLL
instead of the benchmark SLL, we demonstrate a 7.8x increase in grasp stiffness. A larger
grip stiffness demonstrates a higher minimum antipodal grasp failure condition and can allow

for better understanding of where objects are within the grasp.

4.6.3 YCB Object Grasping

We demonstrate the TR-SLL gripper’s ability to pickup objects from the YCB object
dataset [28]. We chose to limit our object selection to non-box objects larger than 100g
and smaller than 300g. This was set as 100g is the maximum possible lifting force applied by
the benchmark gripper and 300g was the limit for the TR-SLL gripper. Boxes were excluded
due to their lack of compliance required for their grasp. From this set, we filtered out objects
that did not fit between the TR-SLL grippers using the mount shown in Fig. [5.8/ In total
this left six objects in our test set as seen in Fig. [5.9. All objects were filled to match their
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Figure 4.8: Data from a single extension test shows an increase in maximum force response
for the TR-SLL gripper. The TR-SLL gripper demonstrates peaks of 3N grip force, compared
to an eventual 1N from the benchmark gripper. As seen in our supplemental video, the Pneu-
net gripper without a TR-SLL quickly slips due to insufficient torsional stiffness, resulting
in a much lower gripper stiffness. At 1.8mm extension, the TR-SLL gripper demonstrates
a 7.8x increase in effective grip stiffness. The larger grip stiffness demonstrates a higher
minimum antipodal grasp failure condition and can allow for better understanding of an

object’s position when grasped.
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Figure 4.9: The Instron testing setup for gripper characterization. The two grippers are
fixed to a UR5 robot arm. They are positioned to antipodially grasp a 3D Printed cylinder
that is 90mm in diameter. The grippers are pressurized to 10 kPa before beginning the
test. The Instron testing apparatus moves up and the force response is collected by the
transducer. This demonstrates the minimum of the three common antipodal failure modes

for soft grippers; slipping, twisting, and shearing.
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weight and approximate mass distribution according to the data from [28].

We were able to successfully lift five of the objects, with two of the five being partial
lifts. A successful lift is fully lifting the object off the ground and maintaining contact. A
partial success is lifting the object but not maintaining contact. The objects the TR-SLL
gripper successfully grasped were the Pringles can, the wine glass, and the mug. The partial
successes were the tuna fish can and the baseball. The baseball slipped out of the grasp due
to pitching backward. The tuna fish can slipped out due to roll. The TR-SLL gripper was
unable to grasp the padlock due to it being too narrow to generate enough normal force. If
the gripper mount were closer together, the TR-SLL gripper would have likely been able to
lift the padlock.

We demonstrated a significant increase in capability for the TR-SLL gripper compared
to the Pneu-net gripper. Not only did we show the addition of the TR-SLL increased normal
force and torsional stiffness, but it translated to a greater capability set for Pneu-net grippers.
This can enable their use on a wider variety of tasks and reduces a key limitation of their

adoption.
4.7 Conclusion and Future Work

In this paper, we developed a torsion resistant strain limiting layer (TR-SLL) to increase
payload capacity by increasing torsional resistance. A comprehensive design study was con-
ducted using FEA simulations to understand the design landscape of triangulated beams.
The number of triangles on a 100mm-long strain limiting layer was varied to characterize
the performance of the TR-SLL in plane and out of plane. It was found that the overall
change in angular displacement was small for all cases compared to no triangles. However,
the TR-SLL with thirty triangles showed good in-plane bending characteristics and evenly
distributed stresses along the length of the structure. A modified casting process was adopted
to integrate the TR-SLL to a standard Pneu-net actuator, and extension and Optitrack tests
were conducted to see the performance improvement over the standard Pneu-net actuator.

This work found that adding a torsion resistant strain limiting layer dramatically in-



66

Success

Partial Success

Figure 4.10: This figure shows the YCB objects we evaluated the TR-SLL gripper against.
All of the items were chosen to be above the maximum demonstrated capacity for the Pneu-
net gripper so any objects grasped show added capability. Additionally we filtered to non-box
objects that fit within the jaws of the TR-SLL gripper. Of these items, the TR-SLL lifted

five items successfully, with two being partial successes. The only failure is the padlock.
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creased torsional performance, reducing deformations by up to 97.7%. The addition of the
TR-SLL allowed a standard Pneu-net gripper to pick up a 5kg dumbbell, maxing out the
capacity of the robot arm it was installed on. The TR-SLL gripper was also tested on a
subset of the YCB data set and successfully picked up all but one item, all of which were
heavier than the maximum demonstrated payload capacity for a Pneu-net gripper without
the TR-SLL. The TR-SLL gripper also demonstrated increased grasp stiffness by 7.8x the
standard Pneu-net gripper. Future work for these TR-SLL grippers include sensorization and
co-optimization of cast material properties with TR-SLL materials. Additionally, adding a
variable gap between the TR-SLL gripping surfaces would allow them to lift a larger vari-
ety of objects. This work lays the foundation to easily incorporate TR-SLLs into existing
soft robots and demonstrates additional payload capacity that is often lost due to torsional

deflection in soft grippers.



68

Chapter 5

TORSION RESISTANT STRAIN LIMITING LAYERS ENABLE
HIGH GRIP STRENGTH OF ELECTRICALLY-DRIVEN
HANDED SHEARING AUXETIC GRIPPERS

5.1 Notice

Please note, this work is a part of a co-first author publication. Certain sub-chapters have
been removed as they do not contribute towards this thesis. For access to these sub chapters,

please wait for the work to be published.

5.2 Summary

Soft grippers have demonstrated a strong ability to successfully pick and manipulate many
objects. A key limitation to their wider adoption is their inability to grasp larger payloads
due to objects slipping out of grasps. We have overcome this limitation by introducing a
torsionally rigid strain limiting layer (TR-SLL). This reduces out-of-plane bending while
maintaining the gripper’s softness and in-plane flexibility. We characterize the design space
of the strain limiting layer and Handed Shearing Auxetic actuators for a soft gripper using
simulation and experiment. We found that the use of our TR-SLL HSA gripper enabled
pinch grasping of payloads over 1kg. We demonstrate a lifting capacity of 5 kg when loading
using the TR-SLL. We also demonstrate a peak pinch grasp force of 5.8 N, and a peak planar
caging force of 14.5 N. Finally, we test the TR-SLL gripper on a suite of 43 YCB objects.

We show success on 37 objects demonstrating significant capabilities.
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5.3 Introduction

Soft robotic fingers have focused on emulating the ability of human and other biotas compli-
ance when bending [153]. However, the key to human’s remarkable grip is that our fingers
can simultaneously bend while resisting torsion and lateral loading. People rely on a rigid
skeleton with discrete joints to provides this selective compliance. Here we show how a
torsion resistant strain limiting layer (TR-SLL) can provides soft robotic grippers with this

same ability without a discrete skeleton.

The bending of a finger defines a plane. In-plane bending and compliance is desired in a
gripper. Its what allows a finger to conform to an object while still applying a normal force.
Movement normal to this plane, or out-of-plane deformation, leads to grasp failures |[155,/176|
and localization uncertainty [133]. This is especially true for antipodal or planar caging

grasping where two fingers interact with and object.

Soft robotic grippers inability to resist out-of-plane loads has been identified as a major
limiter in soft robotic systems [85],173]. With caging or parallel-to-gravity lifts, soft robotic
systems have been able to lift car tires and dumbbells [106-108]. However, when a gripper
is perpendicular to the gravity field, or when large moments are present, soft grippers lose
their grasp from deformations and twists. This limits their ability to manipulate meaningful

payloads.

This work shows how a torsion resistant strain limiting layer (TR-SLL) integrated into
an electrically-driven handed shearing auxetic gripper can exceed payloads of 1 kg when
grasping using the fingers as demonstrated in Fig. [B.1[(a), and increase the lifting capacity

to 5 kg when loading through the continuous skeleton as shown in Fig. [B.1{(b).

The most common place in soft robotics where strain limiting layers appear is in Pneu-
nets |124]. The standard Pneunet uses a simple rectangular beam as the strain limiting
layer (SLL). Rectangular cross sections have low second moments of inertia in one direction,
allowing them to bend in the thin direction. While in theory, this would make them able

to resist deformations along their thick direction, in practice, these structures have a low
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Figure 5.1: We create a new Torsion Resistant Strain Limiting Layer (TR-SLL) that can be
added to an existing soft gripper. It increases the gripper’s resistance to torsion, allowing
the gripper to lift larger payloads. Additionally, we can load the skeleton of the TR-SLL
directly, dramatically increasing lifting capacity. Here we create a Handed Shearing Auxetic
(HSA)-based gripper using the TR-SLL and two quasi direct drive motors. in a) We show
the HSA-based TR-SLL gripper lifting a 1 kg mass using a planar caging grasp. In b) we
lift a 5 kg dumbbell using the skeleton from the TR-SLL, the maximum payload capacity of
the URS robot arm.
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resistance to torsion. This causes any out-of-plane loading to generate a twist in the SLL
and gripper.

For electrically-driven handed shearing auxetic grippers, a torque must be resisted to
generate extension or bending of the HSA. A strain limiting layer has typically been ommited
in favor of a second, opposite handed HSA [39,41]. In another work, rigid cable elements in
addition to a second HSA are used to stiffen the system to undesired bending modes [38]. The
second HSA increases the moment of inertia, reducing non-planar bending modes. However,
this does not reduce out-of-plane deformations as much as the TR-SLL work presented here.
These works also demonstrate lower payload capacities when looking at solely HSA-based
gripping. Additionally, these systems need a non-rotating grasping surface to be added to
the gripper whereas the TR-SLL in this work serves both purposes.

Several strategies have emerged for improving the out-of-plane performance of soft grip-
pers through the SLL. One approach focuses on changing the material distribution by using
multi-material topology optimization [190]. Another approach discritizes the SLL and in-
serts hinges to allow a thicker material to still bend |114]. The first still experiences large
out-of-plane deformations while demonstrating smaller increases in torsional stiffness. The
second uses hinge-based strain limiting layers (SLL) which can reduce the structures ability
to conform to objects compared to the continous design presented here.

We focus on using advancements from the field of compliant mechanisms to change the
geometry of the SLL. We use triangulated beams as the torsion resistant strain limiting
layer (TR-SLL) of Pneu-net. These triangulated beams resist torsion but allow bending
on planar and spherical surfaces [132,150]. While one might expect the triangles along
the beam to localize the deformation to interfaces between triangles, the structures deform
over their entire length, with all sides of the triangle deforming when bent. Rhombus and
honeycomb cross-sections have been integrated into robots using pneumatic air bladders
[70,[86] and tendons [35] however both systems demonstrate smaller payloads than this work.
The triangularized beams act as a continuum structure with enhanced stiffness to out-of-

plane bending and torsion. This behaviour has a close analog with the human hand in the
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tendons and bones, however this work produces a continuous skeleton instead of discretized
elements.

We integrate the TR-SLLs into electrically-driven handed shearing auxetic grippers and
provide a step-by-step guide for integrating the TR-SLLs. Next, we perform a parametric
sweep on the TR-SLLs to provide a design guide. We found that triangles close to equilateral
best resisted torsion. We found in plane stress concentrations decreased with triangle count
while stress from torsion followed that trend above 10 triangles per 100mm span. We tested
the integrated gripper on a cylindrical pull test and found that the addition of the TR-SLL
enabled grip forces above 5N for pinch grasps and above 14N for caging grasps. Finally, we
tested the gripper by picking up a weighted structure entirely using the sides of the gripper.
As seen in Fig. , the TR-SLL gripper can pick up a 5 kg weight (the max capacity of the
URS5) using lateral loading.

In this paper we:

e Model key parameters to understand a torsion resistant strain limiting layer

e Analyze the design space of handed shearing auxetics through mechanical characteri-

zation

e Integrate the TR-SLL with handed shearing auxetics to build a soft gripper and demon-

strate its enhanced payload capacity
5.4 Background

Soft robotics researchers have attempted to improve the out-of-plane performance of soft
grippers using several techniques. One method is to redesign the gripper as a whole. This can
involve putting a skeleton around the entire gripper [155]. However, this requires significantly
more input energy to reach the same normal force output and demonstrates smaller lifting
capacity. Another method involves optimizing the design of individual cells to improve

torsion resistance [173].
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Active strain limiting layers are another area of research. Many of these change their
SLL stiffness through phase change [201], jamming chain, [87] or through the thermoelectric
properties of Field’s metal [26,65] or by heating hydrogels, causing them to swell [188].
Additionally, work has been done to use jamming to increase a gripper’s ability to grasp
objects and increase out-of-plane grip strength [45].

Our solution allows a simple passive SLL made from a single material to be easily inte-
grated into existing soft gripper designs. It demonstrates a large torsional spring constant
and high in-plane compliance. It can be made with a low cost 3D printer and can be inte-

grated into a variety of different soft gripper designs.

5.5 Derivation of the effect of Torsion on Antipodal Gripping for Soft Bodies

In this section we characterize the three common failure modes for soft grippers. We intro-
duce the idea that deformations from moments are often a dominant term, and then map
equations to describe this failure mode.

Antipodal gripping is a widespread application for soft robotic grippers. It involves
picking up an object through two opposite points. There are three common limits to a soft
grippers ability to perform an antipodal grasp; insufficient normal force, slippage due to
torsional deformation, and shearing of the soft layer. All three of these modes as well as an
example antipodal grasp can be seen in Fig. 5.2 The minimum of these three modes govern
the payload capacity for an antipodally lifted object. If the payload minimum is governed
by insufficent normal force, the force a gripper can lift is shown in Eq. [5.1]

Fstatic = ,UFn (51)

where Fyqi. is the maximum force a gripper can lift, i is the coefficient of static friction,
and F), is the normal force the gripper applies as shown in Fig. If instead the gripper is

just at the limit of slip from twisting, we get:

M= Fyr (5.2)
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Figure 5.2: We demonstrate the common failure modes for soft robotic grasping. On the
right we can see a simplified gripper grabbing a cylinder using an antipodal grasp. Only the
Strain Limiting Layer and soft gripping material between the SLL and object is shown (not
to scale). On the left, three common failure modes are shown; slipping due to low normal
forces, twisting due to torsional deformation in the SLL, and shearing of the soft material.
The maximum payload capacity for a this gripper is governed by the minimum of the set of
these conditions. By understanding these limits, we can better inform gripper design. By
including the TR-SLL, we dramatically increase our soft grippers resistance to twist. This
allows it to lift larger payloads while having a better understanding of where the object is

in our grasp.
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M = k0 (5.3)

where M is the moment on the SLL, Fj is the gravitational force from the object, r is the
distance from the neutral axis of the gripper to the object, k is the torsional spring constant
from twisting failure, and 6 is the angle of twist relative to the normal force. These can
be seen labeled in the twisting failure modes in Fig. [5.2] If we assume there is some small

vertical deformation x as the gripper is loaded but no slip or rolling occur, we get Eq.

x =10 (5.4)

Combining Eq. 5.2, Eq. 5.3, and Eq. we can solve for Fj, as a function of z:

Fy=—ux (5.5)

K
Where — is the effective stiffness of the TR-SLL. We can use the net torque requirement
T
from the HSA to further enhance F,. We intentionally choose a HSA chirality that resists

objects slipping due to the gravity field, adding to the net force supported.

K Cr
Fy=—a+ —¢ (5.6)

T} Th
where ¢, is the torsional spring constant as presented in [63], rp, is the distance from the
center of the HSA to the grasping surface, and ¢ which is the angle of twist of the HSA from
the motor. As shown in Fig. [5.2] the HSA’s contribution is represented with the opposite
direction torque M, where the second half of Eq. is equal to it.

Mhsa = —p (57)

Shearing of the soft gripping material can be another concern and is defined when:

T > Ty (5.8)
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where 7 is the length of the shear vector in the material and 7 is the shear fracture of
the material. For this study delamination was seen for high mass objects.

Together, the minimum force value from Eq. [5.1] Eq. [5.6, and Eq. govern the payload
capacity of a soft gripper performing an anti-podal pick on a simple object. Since soft grippers
often demonstrate out-of-plane deformation as a common failure mode, this work looks to
Eq. as a way to increase the payload capacity of soft grippers. This paper achieves this

through the creation of a continuously-deformable torsion resistant strain limiting layer.
5.6 Design of Torsion Resistant Strain Limiting Layer

This section describes the design of our torsion-resistant strain limiting layer. First, it
explores the design space for a flat strain limiting layer and evaluates them based on their
bending and torsional stiffness as a function of thickness. Then, we explore the design space
of the TR-SLL using FEA simulations by varying the number of triangles present over the
length from two to eighty. We look at torsional stiffness, bending stiffness, as well as the
average stresses present in the TR-SLL. Finally, we use the simulation results to inform

which TR-SLL design to instantiate in the real world.

5.0.1 Flat Strain Limiting Layers

The first design parameter to be considered to explore the design space of flat strain limiting
layers is the thickness. We chose a flat rectangular beam with a fixed length of 102 mm,
and a width of 25 mm was used as the base of the SLL to evaluate the angular and in-
plane deformation for different thicknesses. This dimension was chosen as it is the standard
strain limiting design for soft grippers. We chose PA-6 as the base material because it has
favorable elastic properties, is easy to manufacture into complex shapes, is well documented
in simulation, and had similar properties as PLA which was used to fabricate the TR-SLL.

To understand the in-plane and torsional performance of the flat SLL, we analyzed the
design using finite element analysis (FEA). We varied the thickness of the flat SLL and

compared the torsional and bending stiffness. The stiffness values were calculated using the
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Table 5.1: Simulated Torsional and Bending Stiffness for the Flat Strain Limiting Layer

(SLL). Fixed dimensions are 102 x 25 (I X w) in mm.

Thickness Torsional Stiffness [Nmm/rad] Bending Stiffness [N/mm|]

[mm] (M = 0.5 Nmm) (F=0.01N) x1073
0.3 1.04 0.23

0.4 2.30 0.47

0.5 4.44 0.87

0.6 7.62 1.47

0.7 12.05 2.23

0.8 17.93 3.46

0.9 25.46 4.93

1.0 34.81 6.67

angular and in-plane deformation from the simulation. Low In-plane or bending stiffness is
important as it allows less energy to be expended on complying to the desired shape. High
torsional stiffness is important because a major failure mode for soft gripper not being able
to lift an object is due to twisting of the grasp. Large values of torsional stiffness can cause
the grasp failure condition to switch from twisting to a lack of normal force or shearing of
the soft material. Additionally, high torsional stiffness allows for better reasoning over where

objects are in the grasp.

The data from the FEA analysis of the flat strain limiting layer can see seen in Table [5.1]
We can see that torsional and bending stiffness increase as the SLL thickness is increased.
The performance ratio of in-plane displacement over angular displacement also improves
as thickness decreases. We apply a moment that is an order of magnitude smaller than
the moment applied to the TR-SLL due to its reduced torsional stiffness, and to achieve

reasonable deformation for the flat SLL.
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5.0.2  Simulation of Torsion-Resistant Layer Strain Limiting Layer (TR-SLL)

The next step is to analyze the design space of the TR-SLL. We select a number of triangles
as a parameter to explore the design space. We fixed the length of the TR-SLL base to be
equal to 102 mm and the height to be 12 mm. 12 mm was chosen as a reasonable value
to search the design space without significantly increasing the volume of the gripper, and
to easily retrofit onto pre-existing works. In the 102 mm long base, we included a 1-mm
long extension at the ends of the TR-SLL to ensure proper meshing around the area where
the triangles meet the base. This gives 100 mm for complete triangles to be generated over.
Because our design relies on having complete triangles, this discritizes our search space to
be angles that result in integer numbers of triangles along the length of the TR-SLL. The
number of triangles was varied from two to eighty. Examples of three such configurations
can be seen in Fig. 5.4, Due to manufacturing limitations, the smallest realizable beam
thickness as tested was 0.4 mm. This was used for the thickness of the triangles, however 0.8
mm (double the realizable thickness) was used as this provided a continuous path for the 3D
printer nozzle to follow. Alternative manufacturing methods like resin printing or casting

could eliminate this restriction.

In-plane and torsional bending conditions were simulated using Ansys Mechanical 2022
FEA software. Similar to the flat SLL, PA-6 was used as the model material. A tetrahedral
mesh with an element size of 0.2 mm was chosen to achieve consistent results for all the
design configurations. For out-of-plane twisting, one end of the TR-SLL was fixed, and a
bending moment of 5 Nmm was applied to the free end of the beam. This simulates the
twisting failure condition that occurs during object grasping. Similarly, for in-plane bending
simulation, one end of the TR-SLL was fixed and a force of 0.01 N was applied to the free
edge of the beam. This simulates the condition that occurs when the HSAs are driven and
causes bending. The total deformation and equivalent stress values are obtained from the
simulation, and the deformation values are used for calculating stiffness for in-plane bending

and out-of-plane twisting conditions.
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The torsional stiffness values start to rise from two triangles, and then reaches a maximum
at five triangles before dropping as the triangle count increases. The eighty-triangle design
configuration had the least amount of torsional stiffness, meaning that it has the highest
angular deformation of all TR-SLL designs. Beyond 30 triangles, the slope of the curve
flattens considerably. A similar trend holds true for the bending stiffness plot. The two
triangle design results in a local minima that rises to a maximum with the eight-triangle
design before continuing to fall as triangle count increases. The curve flattens, and then
starts to rise beyond the 33-triangle design. As predicted by statics, designs around the

equilateral triangle best resist deformations.

Using linear elastic strain energy theory, we can compare the rotational stiffness of each

of the beams following:

(5.9)

M
0

where k is the torsional stiffness, M is the applied moment, and 6 is the angular dis-
placement. The value for the 0.4 mm SLL in Table result in a torsional stiffness of 2.3
Nmm/rad while the values from Fig. [5.4(a) result in 518.7 Nmm/rad for the two-triangle
TR-SLL, and 964.76 Nmm/rad for the five triangle TR-SLL. The inclusion of triangles to
the SLL has a dramatic impact on torsional resistance. Since torsional stiffness directly
contributes to the twisting failure mode, we choose the TR-SLL with the highest resistance
to torsion to design a gripper, as this minimizes the twisting failure. This TR-SLL design
also had lower average stress while twisting, as it can been in Fig. (c) Since the applied
loads are relatively small, the stress values are correspondingly small. These values are well
below the failure criteria for the materials (PA-6 or PLA), but they serve as helpful guides
to trends in stress values as the number of triangles is changed and as applied loads are

increased.

Torsional stiffness was calculated for each TR-SLL configuration for an applied moment

of 5 Nmm using the angle of rotation and Eq. For calculating the angle of rotation, we



30

Figure 5.3: Torsional bending setup for simulated angle measurement. The example shown
here is a five-triangle TR-SLL. A moment M is applied about the longitudinal axis of the
TR-SLL. Line AB is deformed to line AC forming the angle 3, which is calculated using
Eq. (.10} The number of triangles was varied across a span of 100 mm resulting in different
triangle widths.
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employed Eq. to find the angle 3 using the deformation values from the simulation.

.1 BC
[ = sin (\/(AB)Q = (30)2) (5.10)

where, AB is the distance from the center to the edge, BC is the linear displacement in

vertical direction, 3 is the angle between line AB and AC, as represented in Fig. [5.3
Similarly, the in-plane deformation value was used to calculate the bending stiffness for
an applied force of 0.01 N for each configuration. The stiffness values were plotted against

the corresponding number of triangles that were present in the TR-SLL, and the results are

shown in Fig.
5.7 Fabrication of Handed Shearing Auxetic Gripper

In this section, we describe the manufacturing and characterization of the Handed Shear-
ing Auextic (HSA) actuators, and the fabrication and assembly steps for the gripper. We
present the fabrication process for the TR-SLL, and describe the test methods to evaluate

the performance of our gripper.

5.7.1 Characterization of Handed Shearing Auxetics (HSA)

In order to establish a design for our gripper, we characterized HSAs using two main proper-
ties, force (F') and torque (7) as a function of both displacement and rotation. We character-
ized two different configurations of the HSA, long and short. The long HSA is described as
the configuration with eight rows and five columns of unit cells. This configuration provides
an extension that allows the gripper to fully close. The short HSA has four rows and five
columns of unit cells. The short HSA is included in this work as the long HSA would be
poorly constrained with just a connection at the proximal and distal ends. All the HSAs we
tested had an outer diameter of 31.75 mm and a wall thickness of 1.8 mm. Rendered images
of the two configurations of the HSAs can be seen in Fig. [5.5]

When selecting HSAs for the gripper, a connection at the midpoint of the TR-SLL is
required. This ensures that the HSA extension couples directly with TR-SLL bending. For
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Figure 5.4: Plot of (a) torsional stiffness, (b) bending stiffness, and (c) average stress during

bending and torsion as a function of number of triangles in the TR-SLL. In (a), we see

torsional stiffness of the TR-SLL calculated from out-of-plane deformation due to an applied

moment of 5 Nmm. The most torsionally resistant design is the one with five triangles.

In (b), we see the bending stiffness calculated from in-plane deformation due to an applied

force of 0.01 N. The design that uses the least amount of input force to achieve the same

displacement is the two triangle design. The average stress data in (c) provides insights on

stress concentrations in the TR-SLL. All stress values are well below the yield of the material

tested.
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Figure 5.5: This presents the linear interpolated performance heat maps of the short and
long HSAs. We measure the mean force and torque as a function of extension and rotation.
Negative values represent the HSA pushing on the environment, and positive values represent
it pulling on the environment. In the heatmap we see non-linear behavior with a maximum
negative force occurring around 0 mm extension and 45° for both HSAs. Values start to
shrink beyond this as the HSA experiences larger deformations. Torque values follow a
similar trend. Slices of the heatmaps are plotted for the maximum HSA rotation. This
corresponds to the angle used when lifting objects. In the sliced 2D plots, we see the force
(vs) extension, and the torque (vs) extension data for the long and short HSAs at 120°

rotation.
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the gripper, two short HSAs are used.

All HSAs we tested were fabricated using the Carbon M1 3D printer with FPU 50. All
HSAs were printed horizontally on the build platform, and were post processed following the
manufacturer’s guidelines and specifications.

The test procedure consisted of a series of extensions and rotations that were programmed
using a custom test method on an Instron 68SC-2 at 200 Hz. We varied the extension from
0 to 30 mm, and the rotation from 0 to 120°. The ranges of extension and rotation were
determined by manually observing them for the two configurations. The data was collected
over seven and fourteen equidistantly spaced points in displacement and rotation respectively.
This results in 98 datapoint groups per HSA. Each datapoint group was collected during a 1
mm vertical displacement at 10 mm/s. The raw data collected from the test apparatus was
approximated using cubic fits for displacement and rotation to visualize the force (F) and
torque (7) responses of the HSA as shown in Fig. [5.5

As the HSAs tend towards large compression or extension values, their properties ap-
proach that of the bulk material. HSAs are also non-linear. Thus, the smallest order surface
fit was chosen that is both non-linear and allows the extrema to tend towards the first and
third quadrants. This results in a cubic fit for the data for displacement and rotation. For
force, this resulted in an R? of 0.974 and an RMSE of 2.82 N for the short HSA, and an R?
of 0.978 and an RMSE of 1.7 N for the long HSA. For Torque, this resulted in an R? of 0.945
and an RMSE of 6.83 Nmm.

A linear interpolation surface fit was chosen to visualize the data. For the force plot,
positive values represent the HSA pulling on the environment while negative values represent
pushing on the environment. For torque, positive values represent the HSA trying to twist
less in the direction it is twisting and negative values represent the HSA trying to twist
more than the direction it is twisting in. When added to the gripper, positive torque values
positively contribute to payload capacity from the perspective of Eq. [5.6]

For the short HSA, force values reach a maximum of 45.9 N at 17.1 mm extension and

0.0° rotation and a minimum of -29.6 N at 0.0 mm extension and 47° rotation. For torque
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values, the short HSA reaches a maximum of 139.2 Nmm at 0.0 mm extension and 39.2°

rotation and a minimum of -56.02 Nmm at 8.95 mm extension and 0.0° rotation.

For the long HSA, force values reach a maximum of 23.56 N at 31.9 mm extension and
0.0° rotation and a minimum of -13.55 N at 0.0 mm extension and 48.4° rotation. For torque
values, the long HSA reaches a maximum of 68.6 Nmm at 0.0 mm extension and 38.7°
rotation and a minimum of -41.2 Nmm at 15.9 mm extension and 0.0° rotation. This work
uses a bang-bang position command for opening and closing the gripper. So we compared
the performance of the two HSA designs by looking at force and torque at 120° HSA rotation
as a function of displacement. This makes it easier to visually understand what is happening

during grasp.

5.7.2 Fabrication Process

The fabrication process for the HSA gripper can be seen in Fig. [5.6] First, the HSAs and
the TR-SLL were fabricated using SLA and FDM printing processes respectively. Here, we
use two left-handed short HSAs for one finger, and two right-handed short HSAs for the
other finger. The HSAs were 3D-printed out of FPU 50, while the TR-SLL was printed
out of PLA. Additionally, all of the required components, adaptors, and mounts of the HSA
gripper were 3D-printed using the FDM process with PLA. The middle section of our gripper
contains a bearing that allows rotation of the HSAs, while acting as a constraint for the TR-
SLL. At the proximal end of the gripper, a bearing allows the HSAs to be rotated by the
motor. We add a layer of Ecoflex 00-30 to the TR-SLL’s base and to the gripper’s palm to
increase the coefficient of static friction. The final assembly of the HSA gripper can be seen
in Fig. [5.61 Once assembled, the gripper is mounted on the UR5 arm using four bolts. The
gripper weighs 1521 g with the motors and 386 g without the motors and their mounts. If a

low inertia end-effector is desired, a flex shaft can be used to transmit motor torque to the

gripper.
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Figure 5.6: This figure shows the fabrication processes of the HSA gripper. First, (a) we
print the HSAs using the stereolithography 3D printing process with FPU 50. We also
print the TR-SLL with PLA using a standard FDM printer. For the TR-SLL, we cast a
layer of Ecoflex 00-30 to achieve a high coefficient of friction. Then in (b), we assemble the
components with adaptors and bearings as shown. Finally, we mount the gripper to a URS
robot arm with two quasi direct drive motors using a shaft as shown in (¢). We also mount
a cast Ecoflex 00-30 palm to perform caging grasps.The total gripper weight is 1521 g with

motors and 386 g without motors.
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5.8 Results - Performance Evaluation of HSA Gripper

In this section, we evaluate the performance of our HSA gripper. We test the HSA gripper
using the grip force characterization, where the gripper grabs a 90 mm diameter cylinder
that is pulled out of its grasp. This demonstrates the maximum payload capacity for the
grippers. Finally, the HSA gripper is tested on a subset of the YCB dataset. The subset
features objects that fit within the HSA gripper with pinch and planar caging grasps. We

show an overall success rate of 86.% out of the 43 objects we tested.

5.8.1 Grip Slip Force Characterization

We characterized the grip strength of our TR-SLL gripper using the grip force test. This test
demonstrates the minimum of the three common antipodal failure modes for soft grippers;
slipping, twisting, and shearing. Data was gathered using an Instron 68SC-2 at 200 Hz, and
the test setup can be seen in Fig. [5.81 Pinch and caging grasps were performed around a
painted, 3D-printed 90 mm diameter test cylinder made from VeroWhite on a Stratasys J750
Digital Anatomy printer. The grippers were mounted to a Universal Robotics UR5 arm. The
HSAs were rotated 120° to grasp the cylinder. The cylinder was then moved downwards at
a rate of 1 mm/s for 10 mm. The force contributions of the HSAs and the TR-SLL were
recorded, and the data from the experiment can be seen in Fig. [5.7|(c).

The prediction from Eq. is also shown in Fig. [5.7(c). To fully analyze this equation,
we need use the data for  for the five triangle TR-SLL as shown in Fig. [5.4 We measure r,
and 7y, using both SolidWorks and micrometers to record the exact thickness of the Ecoflex
grip surface using a median measurement. x is recorded during the Instron tests which leaves
¢, to be calculated.

There are two values of ¢, that can be modeled. We can consider two short HSAs in
series, or use the data from the long HSA. Additionally, the path must be considered. For
this work, we compute ¢, for both the blocked force path (i.e. the path that allows zero

extension and only rotation) as well as the path that accounts for the gap between the
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gripper and the object as it pinches the cylinder. We call the former the blocked force path
and the latter the cylinder prediction path. All four cases are modeled and presented in Fig.
5.7(a) and 5.7(b). Raw data from the Instron tests were used to compute the values of ¢, for
all cases. The blocked force path should be an upper absolute bound on values for ¢, for the
HSAs presented here as the maximum positive torque value occurred with no displacement.

The long HSA is selected for analysis in Fig. m(c) since it does not require the assump-
tion of two identical series springs. Since the grip force characterization uses the cylinder,
the cylinder prediction path is used. Since ¢, is calculated by dividing the torque by the
rotation, values around 0° tend towards infinity. For this work, we choose to ignore the
infinite values as they do not match real world performance.

In Fig. [5.7(a), we see a max ¢, of 2.53 Nmm/° when rotation is 9.7° for the blocked force
path. This tends towards a value of 0.31 Nmm/® when the HSA rotation is 117.5°. The
cylinder prediction path starts at -0.58 Nmm/° at 9.7°, reaches a maximum of 0.72 Nmm /°
at 48.6° and reaches 0.31 Nmm/° at 117.5°. The values for blocked force are always positive
as the torque values start at zero and then steadily climb. For the cylinder prediction path,
there is a non-zreo starting displacement. This causes the values to start negative as the
HSA applies a negative torque, before transitioning to a positive value.

In Fig. [5.7(b), we see a larger maximum ¢, of 2.77 Nmm/° when rotation is 9.8° for the
blocked force path of the long HSA. This tends towards a value of 0.21 Nmm/° when the
HSA rotation is 118.6°. This is considerably smaller than the value computed for the short
HSA. The cylinder prediction path starts at a larger value of -1.58 Nmm/° at 9.8°, reaches
a maximum of 0.58 Nmm/° at a later 57.6° and reaches 0.21 Nmm/° at 118.6°. Since the
Cylinder force characterization test uses a motor input of 120°, a ¢, value of 0.21 is selected.
Thus a full value for the prediction can be computed. This is shown in Fig. |5.7|(c) as a black
dashed line.

We can the see that the HSA gripper is capable of achieving a peak holding force of 5.8
N using pinch grasp, and 14.6 N with planar caging grasp. Over the first 3 mm, we observe a
grasp stiffness of 1.64 N/mm with pinch grasp, and a grasp stiffness of 3.06 N/mm with the
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planar caging grasp. The prediction model under represents the contribution from the HSA,
predicting a value of 1.47 N when the realized performance is 1.98 N. This could be described
by the differences in testing environment and by the stacked HSA configuration instead of
a single monolithic HSA as used in the prediction. The slope of the dashed line represents
the contribution from the TR-SLL element. Based on Fig. [5.2] the minimum set of slipping,
twisting, and shearing will govern the maximum holding force the gripper can sustain. Since
the slope of the pinch grasp is shallower than the predicted value, this demonstrates that
the gripper is not limited by the twisting failure condition. By visual inspection from the

supplementary video, the slip condition is insufficient normal force.

5.8.2 YCUB Object Grasping

We demonstrate the TR-SLL gripper’s ability to pickup objects from the YCB object dataset
[28]. We chose to select objects that fit within the gripper (0 to 105 mm). Due to the torque
from the HSA, the grippers curve in a smile shape. This causes a minimum height of object
below which the object cannot be grasped perpendicular to the gravity field. This height
was measured at 14.5 mm. Thus, the set was limited to objects that were at least 14.5 mm
tall when standing in their default orientation and able to fit between the opened jaws of the
gripper. This left us with 43 objects to test our HSA gripper with. All objects were filled to
match their weight and approximate mass distribution according to the data from [28].
Within the object dataset, we chose three possible pick states: Success, Partial Success,
and Failure. A successful lift is fully lifting the object off the ground and maintaining it in
the grasp for at least 30 seconds. A partial success is lifting the object but not maintaining
contact for the full time duration. A failure is not successfully maintaining contact on
the object. Of the objects that were not successful in the pinch grasp, a caging grasp was
attempted. The maximum of these two grasp attempts is reported as the number of successes,
partial successes, and failures. All tests were done using a bang-bang controller switching
between two states: open (0°) and closed (120°). The motors used were QDD100 Beta 3

servos from MJbots. The default gains were used on the motors. Across both pinch and
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caging grasps, the success rate of the gripper was 86% (37/43), the partial success rate was
9.3%(4/43), and 4.7%(2/43) were unsuccessful.

Object from the YCB data set were first tested using a pinch grasp. The HSA gripper
was able to successfully lift 32 objects, with a success rate of 74.41%. The 32 successful
objects were the chips can, the cracker box, the mustard bottle, the gelatin box, pudding
box, potted meat can, banana, strawberry, apple, lemon, peach, pear, orange, plum, the wine
glass, the mug, spatula, padlock, flat and Phillips screwdrivers, the soft ball, baseball, tennis
ball, racquetball, golf ball, the smallest and the largest cup, foam brick, colored wood block,
the nine-hold peg test, the timer, and the Rubik’s Cube. Out of the ten cups, we tested
the extreme sizes (smallest and largest) to ensure objects had similar importance within the
dataset.

There were five partial successes: the sugar box, tomato soup can, master chef can, the
wood block, and the large marker. In this case, while the gripper did not experience any
twisting load during object pickup, the first 4 objects listed were partially successful due to
insufficient normal force. This corresponds to the slip failure mode in soft grippers. The large
marker was a partial success as contact on the object was on the top half of the cylinder,
leading to an eventual drop. Hence, 11.6% of the total objects were partially successful with
the pinch grasp.

Six objects from the set were failures: the hammer, the windex bottle, bleach cleanser,
the nine-hold peg test, the die, and the power drill. The mode of failure was either insufficient
normal force or shearing of the Ecoflex layer.

A planar caging grasp was used on the objects that were not in the previous success
category. Objects were caged using the palm. Out of eleven objects that were tested with
the planar caging grasp, five were successful (nine-hole peg test, master chef can, wood block,
sugar box, power drill), two were partially successful (windex bottle, bleach cleanser), and
four were failures (hammer, die, large marker, tomato soup can). Two of the objects (windex
bottle, bleach cleanser) were partially successful due insufficient normal force. Two of the

four objects (hammer, large marker) failed due to insufficient normal force while two (soup
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can, die) automatically failed due to the objects being unable to reach both the gripper and
the palm.

The overall unsuccessful objects for both the pinch and planar caging grasps accounted
to only 13.9% of the entire tested objects. The primary failure modes were determined
to be slipping and material shearing. This shows that the TR-SLL increased the gripper’s

resistance to torsion.
5.9 Conclusion and Future Work

In this paper, we developed a torsion resistant strain limiting layer (TR-SLL) to increase
payload capacity by increasing torsional resistance. A comprehensive design study was con-
ducted using FEA simulations to understand the design landscape of triangulated beams.
The number of triangles on a 102-mm long strain limiting layer was varied to characterize
the performance of the TR-SLL in plane and out of plane. It was found that designs near
equilateral triangles best resist torsional loads. We also characterize the 3D force and torque
landscape for HSAs in terms of displacement and rotation. This data was then used to
predict the payload capacity due to twisting of the gripper and found that twist was not the
dominant failure mode for the gripper.

This work found that adding a torsion resistant strain limiting layer dramatically in-
creased torsional performance, demonstrating a grasp stiffness value of 3060 N/m. The
addition of the TR~-SLL allowed a electrically-driven handed shearing auxetic gripper to pick
up a 5 kg dumbbell, maxing out the payload capacity of the robot arm it was installed
on. The TR-SLL gripper was also tested on a subset of the YCB data set and successfully
picked up 86% of the objects. Future work for these TR-SLL grippers include sensorization,
additional characterization of the TR-SLL design space to incorporate additional design
parameters, and more intelligent controls to further improve grasp performance. This work
lays the foundation to easily incorporate TR-SLLs into existing soft robots and demonstrates

additional payload capacity that is often lost due to torsional deflection in soft grippers.
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Figure 5.9: This figure shows the YCB test objects we evaluated the HSA gripper against.
Objects were filtered to have a critical dimension that fit within the jaws of the gripper. First
a pinch grasp was performed on the dataset. A success was defined as lifting the object and
holding it for 30 seconds. A partial success was fulfilled if the object was able to be picked
up but was not stable after 30 seconds. If the object was unable to be lifted off the ground,
it was a failure. Of the objects that were not fully stable after the time period, a caging
grasp was employed. The same success metrics were employed. The gripper was successfully
able to lift all objects across both grasp modes. However, three objects only achieved a peak

of partial success.
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Chapter 6

TORQUE RESPONSIVE METAMATERIALS ENABLE HIGH
PAYLOAD SOFT ROBOT ARMS

6.1 summary

Soft robots have struggled to support large forces and moments while also supporting their
own weight against gravity. This limits their ability to reach certain configurations necessary
for tasks such as inspection and pushing object up. We have overcome this limitation by
creating an electrically driven metamaterial soft arm using handed shearing auxetics (HSA)
and bendable extendable torque resistant (BETR) shafts. These use the large force and
torque capacity of HSAs and the nestable torque transmission of BETRs to create a strong
soft arm. We found that the HSA arm was able to push 2.3kg vertically and lift more than
600g when positioned horizontally, resulting in .33Nm of torque at the base. The arm is able
to move between waypoints while carrying the large payload and demonstrates consistent
movement with path variance below 5mm. Finally, we test the arm in a pipe inspection task.
The arm is able to locate all the defects while sliding against the inner surface of the pipe,

demonstrating its compliance.

6.2 Introduction

Soft robot arms have been trapped in hanging form factors and low payloads due to their
inability to support larger forces and moments. Hanging form factors restrict a soft robot’s
ability to interact with their environment to a top-down perspective, rather than the one that
most benefits the task at hand. We present an electrically driven metamaterial robot arm
that is capable of lifting large payloads while also supporting its full weight under gravity as
seen in Fig. A). This allows the arm to operate in whatever orientation best serves the
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current task.

Soft robot arms are a broad area of research [169,198]. They have been used to explore
ruins [42], for sample collection underwater [193], and even mounted on drones for docking [3].
A huge benefit of soft robot arms comes from their distributed compliance which helps
provide a physical guarantee of safety and with tasks such as pick and place. However they
are broadly held back by two limitations: small supported torque and payload capacities.

Supporting large forces and torques is critical for robot arms. Li et al [108] is able to
create tremendous force capacities through fluid driven artifical muscles, capable of lifting
car tires. However these are limited to pulling through the body of the soft arm and can not
support meaningful torques. The combination of both meaningful force and torque resistance
is vital to a useful robot arm. We build a soft robotic arm that is capable of lifting large
payloads while supporting its own weight under gravity.

In this paper we:

e Design a soft robot arm using handed shearing auxetics capable of lifting more than 2

kg vertically and 600 g horizontally.

e Analyze the design space of handed shearing auxetics and characterize bendable, ex-

tendable flex shafts

e Evaluate the arm through object lifting and pipe inspection tasks
6.3 Background

There is a large body of recent literature in soft robot arms. Guan et al. created an arm
capable of lifting strawberries through cable driven helicoid structures [64]. Kang et al. and
Zhao et al. used shape memory alloy muscles to lift water cups and ping pong balls [93,204].
Ahlquist et al., Lui et al., and Bianchi et al. all created pneumatics based arms to dock, pick
flowers, and throw ping pong balls [3,[13,/113]. However all of these works have two things

in common: Small payloads, and an inability to support themselves outside of a hanging
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Figure 6.1: We present a soft Handed Shearing Auxetics (HSA) robot arm that is able to
support meaningful forces and torques while holding itself up against gravity. Subfigure (a)
shows the assembled soft HSA arm, (b) shows the soft HSA arm lifting a 2.3kg payload
vertically, (¢) shows the inspection task setup with the mounted webcam, and (d) shows the
different pipe defects (holes, gash, scratches from top left) captured by the HSA arm during

the inspection task.
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Figure 6.2: A System overview is presented for the HSA Arm. The arm is made from four
layers, with each driven by a different HSA. Proximal layers use HSAs printed further along
the auxetic trajectory culminating in a thinner distal HSA. HSAs on level two through four
are driven by nested Bendable Extendable Torsionally Rigid (BETR) shafts. A rendered

version of the arm is shown on the left and the realized construction can be seen on the

right.
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configuration. These arms cannot be inverted and would buckle while trying to support
their own weight, let alone additional weight from a payload. These are major restrictions.
The field of robotics has centralized on objects from the YCB dataset [28] which have masses
much greater than that of a ping pong ball or strawberry. To demonstrate the great benefit
of soft robots, we need to support payloads in the hundreds of grams range.

Some soft robot arms can lift meaningful payloads. Li et al. used pnematic muscles
to lift a car tire [108]. While capable of supporting meaningful payloads, this arm cannot
support itself outside of the truck configuration and can only support large forces, not mo-
ments. Childs et al.,Yang et al., and Bruder et al. have created soft robotic arms capable of
meaningful payloads while supporting moments, however, they support smaller forces and
torques that the work presented here [23}35,/197].

Handed Shearing Auxetic (HSA) soft robots have emerged as a promising field for their
ability to generate large forces and for their ability to hold themselves up against gravity
[63,|111]. Work has been done to generate controls and models for 4-DoF platforms resisting
gravity [62,|172]. They have also been used in mobile robots [97,/100] to carry electronics
payloads, and in packing groceries [34]. For mobile platforms, payloads are still relatively
small compared to the largest objects in the YCB set and for the grocery packing robot,
only the gripper was soft. The largest limitation however is that handed shearing auxetic
robots are limited to a single layer of HSA, preventing their use as a robot arm. Recent
works [100,/180] have enabled torque transmission to HSAs not directly connected to a motor.

This points towards electrically driven soft robots as a capable solution for soft robot
arms. HSAs can support large forces and torques while supporting themselves under gravity

and now no longer require a direct connection to a motor to actuate.
6.4 Design of Metamaterial Soft Robot Arm

This section describes the design of our four layer soft metamaterial robot arm. First, we
use a lumped element model to determine component performance targets for horizontal

payloads of 500 g and 2 kg vertically. Then, we manufacture and test components for both
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Figure 6.3: Interpolated HSA force and torque characterization is presented here for each of
the four layers of HSA in the soft arm. Thick- and thin-walled HSAs printed at 0% of way
along the auxetic trajectory are presented with just expansion data (layer 3, 4 respectively)
and HSAs printed beyond that (layer 1, 2) are shown with both expansion and compression

regions.
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Table 6.1: Table showing the minimum and maximum force (F) and torque (7) values for all

the HSA configurations from the mechanical characterization data. Here, 6 represents the

corresponding value of rotation and e represents the corresponding value of extension. The

table is divided into two categories to represent the values in the compression and expansion

regimes.
COMPRESSION
HSA Type Min. Force (0, e) Max. Force (6, €) Min. Torque (6, €) Max. Torque (0, €)
IN] IN] [Nmm] Nmm]
50% 79.5 (0, -2.6) 167.3 (-49.9, 0) -120.3 (0, -2.6) 275.8 (-49.9, 0)
15% -34.5 (0, -10.4) 38.3 (-29.9, 0) -130.2 (-29.9, 0) 110.89 (0, -10.4)
0% (Thick) - - - -
0% (Thin) - - - -
EXPANSION
HSA Type Min. Force (0, e) Max. Force (6, e) Min. Torque (0, e) Max. Torque (0, €)
N] N] [Nan] [Nrnm]
50% 0 (0, 0) 478.1 (0, 15.7) -8.8 (59.9, 0) 392.2 (0, 10.4)
15% -26.3 (29.9, 0) 82.5 (0, 20.4) -153.29 (0, 10.2) 87.9 (9.9, 20.4)
0% (Thick) -27.9 (42, 0) 39.7 (0, 13.6) -134.8 (0, 13.6) 131 (31.3, 0)
0% (Thin) -11.21 (59.9, 0) 13.1 (0, 15.3) -40.2 (0, 15.3) 47 (19.9, 0)
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extension performance and torque transmission. We finally evaluate the assembled system

to see how well it meats the initial design requirements.

6.4.1 HSA Characterization

To establish a design space for the HSAs in the arm, we selected a 2 kg vertical lift target and
a 500 g horizontal lift target. We then used kinematics to determine the forces and torques
required to support those loads and used that as targets for the HSA property space. Based
on work from [63,[183], we designed HSAs to achieve the target properties, then printed them.

We characterized the HSAs using two main properties, force (F) and torque (7) as a
function of both displacement and rotation. We characterized four different configurations
of the HSA, 50% open, 15% open, 0% open, and 0% open with thinner walls. The 50% open
HSAs occupied the first layer of the arm, 15% open HSAs occupied the second layer, and the
0% HSAs occupied layers three and four as shown in Fig. |6.2] For layer 4, we reduced the
wall thickness of the HSA to reduce the torque requirement for actuation. All of the HSAs
on layers 1, 2 and 3 (50%, 15%, 0%) had a length of 90.5 mm, an outer diameter of 30.7
mm, and a wall thickness of 3.5 mm. Layer 4 HSAs (0%) had the same length and outer

diameter with a wall thickness of 1.7 mm.

6.4.2 Torque Transmission Characterization

All HSAs we characterized were fabricated using the Carbon M1 3D printer with FPU 50.
All HSAs were printed horizontally on the build platform, and were post processed following
the manufacturer’s guidelines and specifications.

The test procedure consisted of a series of extensions and rotations that were programmed
using a custom test method on an Instron 68SC-2 at 200 Hz. We individually chose the exten-
sion and rotation values based on the maximum safe limits of the tested HSA configurations.
The ranges of extension and rotation were determined by manually observing them for all
HSA configurations. The data was collected over seven and fourteen equidistantly spaced

points in displacement and rotation respectively. This results in 98 datapoint groups per
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Figure 6.4: Plot of Torsion and extension tests for the soft soft torque transmission elements

in the robot arm.

We characterize elements for layer 2 (Small: Short), layer 3 (Large

BETR), and layer 4 (Small: Long). We also characterize the single non-extendable flex shaft

for complete individual component level analysis. Torque characterization was done when in

the extended (dashed) and rest states (solid). The X intercept represents the slack/deadband

in the material and the slope represents the torsional stiffness. Forces required to extend

the elements in the arm are also shown in the extension test plot. These values oppose HSA

extension.
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HSA. Each datapoint group was collected during a 1 mm vertical displacement at 10 mm/s.
The raw data collected from the test apparatus was approximated using cubic fits for dis-
placement and rotation to visualize the force (F) and torque (7) responses of the HSA as
shown in Fig. [6.3

A linear interpolation surface fit was chosen to visualize the data. For the force plot,
positive values represent the HSA pulling on the environment while negative values represent
pushing on the environment. For torque, positive values represent the HSA trying to twist
less in the direction it is twisting and negative values represent the HSA trying to twist more
than the direction it is twisting in. The maximum and minimum force and torque values
observed for each HSA configuration is shown in Table

To deliver torque to layers two through four, a bendable, extendable torque transmission
system is needed.We looked to the work presented in [180]. We characterized three different
configurations of the extendable flex shafts (BETRs), large, long, and short. We character-
ized their force and torque responses using an Instron 68SC-2 mechanical testing machine.
As these BETRs are intended for transmitting torque from the motors to the HSAs, we
evaluated the torsional stiffness of these BETRs, while also testing the force required to ex-
tend them. Additionally, we incorporated a non-extensible flex shaft at the first layer of the
arm to provide enhanced torsional stiffness, while the extendable BETRs were used for the
second and third layer. The CAD rendering of the BETR designs can be seen in Fig. 6.2
The large BETR had an outer diameter of 30.7 mm and a wall thickness of 4.5 mm. They
were fabricated with PTFE tubes using a Bantam Desktop CNC machine. The large BETRs
were utilized to drive the arm’s third layer. Additionally, we fabricated two variants of small
BETRs, short and long. The small BETRs were made out of FPU 50 using a Carbon M1
3D printer, and can be seen in Fig. [6.4 The long BETR was fabricated by connecting two
short BETRs and a single non-extendable flex shaft using 3D-printed adaptors made out of
PLA. The short BETRs were used to drive the 15% HSAs on the second layer of the HSA
arm, while the long BETRs were used to drive the 0% HSAs on layer 4 as shown in Fig)6.2

The torque response was recorded for the large, short, and long BETRs and the non-
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extendable flex shaft by applying a rotation of 5 degrees at a rate of 1 deg/s. This charac-
terization was done in both non-extended and extended states for each of the components
to understand how torsional stiffness changes with extension. Little change was observed for
the BETRS. The large, long, and short BETRs were extended to 45 mm, 35 mm, and 20 mm
respectively, while the non-extendable flex shaft was extended to 4 mm. Similarly, for force
response, an extension of 22 mm, 20 mm, 35 mm and 5 mm was used for the large, short,
long, and non-extensible flex shaft respectively at the rate of 1 mm/s. All of the recorded
data were visualized as shown in Fig. [6.4]

The torsional stiffness values were then calculated from raw data for each of the BETRs.
The large BETR had torsional stiffness values of —11.52 Nmm/deg and —12.03 Nmm/deg at
the non-extended and extended states respectively. The long BETR was at —1.39 Nmm/deg
and —1.33 Nmm/deg at the non-extended and extended states, showing very little difference
in its performance. The short BETR had torsional stiffness values of —3.60 Nmm/deg and
—2.90 Nmm/deg at its non-extended and extended states. The non-extendable flex shaft
had torsional stiffness values of —3.29 Nmm/deg and —4.78 Nmm/deg at the non-extended

and extended states respectively.

6.4.3 Fabrication of the Soft Arm

In this section, we describe the manufacturing and characterization of the Handed Shearing
Auxetic (HSA) actuators, and Bendable Extendable Torsionally-Rigid (BETR) flex shafts.
We also describe the fabrication and assembly steps for the HSA arm. We then describe the
test methods that were used to evaluate the performance of the robot arm.

A parallel plate system was used to connect the sixteen independent Quasi-Direct Drive
motors (QDD100 Beta 3) to the HSAs and BETRs through pulleys. Two torques were
transmitted along the same shaft using a set of live and dead axle pulleys with the motors
preventing unwanted cross-talk. This forms the metal base at the bottom of the robot that
the soft arm is built on top of.

The components used for the fabrication of the robot arm can be seen in Fig. (6.2 The
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HSA arm is made from four levels or layers, where each level was connected to the other
layer using 3D-printed plate sections.

For the first level, we added four large BETRs (lavender) with one in each section that
drives another four large BETRs at level 2. The large BETRs drive the 0% HSA (gold) at
level 3. Long BETRs (teal) run through the inner sections of the large BETR up to level 4
to drive the thinner HSAs (purple) at the distal end. Levels 1 and 2 are driven using 50%
(yellow) and 15% (pink) HSAs at levels 1 and 2 respectively. In order to maximize force

output, the HSAs were connected to 3D-printed adaptors at levels 1 and 2 as shown in gray
in Fig.

6.5 Results - Performance Evaluation of HSA Arm

In this section, we evaluate the performance of our HSA arm. The arm performs lifting
tasks to demonstrate payload capabilities in both a horizontal and vertical configuration.
The arm’s compliance is evaluated by inspecting a pipe ,commonly found in the Oil and Gas
industry, for defects. The workspace of the arm is evaluated using an optical motion tracking
system. This demonstrates the HSA arm’s reachable positions in 3D space. The arm was
tested for its repeatability by programming it to follow triangular and square patterns for a

fixed period of time.

6.5.1 Payload Evaluation

We demonstrate the payload capacity of the metamaterial soft robot arm in both horizontal
(extending out) and vertical (extending up) configurations.

The horizontal test is conducted following the methods established in [197]. The arm is
commanded to move up against gravity from the home position and weights are added until
it returns home. The home position was recorded as breaking the beam of the laser and the
test ended when the beam when the beam was broken again. The arm was able to support
550g in weights without breaking the beam but failed to support 575g. The weights were

suspended 60cm out from the base, resulting in a torque to the base of the arm of 0.33Nm.
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Figure 6.5: Here we present the maximum load supported when the arm is positioned hor-
izontally (b). First the arm’s default resting position is recorded with a laser level. Then
the arm is moved up to its maximum extension. Weights are added to the distal tip until
the arm returns to its starting position. The arm is able to support 600 g when horizontally
extended, resulting in 0.33 Nm of resisted torque. Subfigures (c¢) and (d) show the HSA arm
before and after lifting a 603-g mustard bottle from the YCB object dataset
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Figure 6.6: Here we present the workspace of the Arm as tracked by a rigid body at the tip of
distal tip of the robot arm. The arm is moved to the cardinal, inter-cardinal, extended, and
twisted positions in a randomized order. The centroid as tracked from the motion capture
system is presented in 3D as well as in two slices from the Y and Z direction respectively.

The arm covers a range of 106.5 mm in X, 105 mm in Y and 50 mm of extension in Z.

This demonstrates a huge payload, especially for a soft robot arm that is supporting itself
perpendicular to gravity.

A vertical lift test was also conducted as shown in Fig B). Here a 2.3kg payload
was bolted to the distal tip of the arm, and the arm was commanded to extend upwards.
Extension and a twisting motion were observed. The arm successfully lifted the payload and
was able to move through both repeatability test motions (triangle and square). The arm was
also supporting the entire weight of the soft components up against gravity, demonstrating

large payload capacity, even when constrained to support its own body weight.

6.5.2  Inspection Fvaluation

We performed a mock inspection of a 2 foot (610mm) diameter pipe, commonly found in the
Oil and Gas industry. The goal of the inspection task was to show that the HSA arm can

be controlled to move along a curvature, which helps in performing inspection tasks. The
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HSA arm was placed horizontally before performing the inspection task. A roller was placed
on top of each section using FDM 3D-printed mounts to facilitate smooth drag across the
surface of the pipe when the arm is in contact. We inspected three common pipe defects,
a gash, holes, and scratches [46,/135]. We fixed a Webcam on layer 3 to view and record
the pipe defects and arm movement. Highlights from this can be found in Figl6.1| D) where
the holes, gash, and scratches are highlighted in a gold box. The arm was teleoperated
in a search pattern from left to right, and top to bottom over the pipe surface. The arm
movement was manually stopped when the defect was found, and the search motion was
resumed. The video of the HSA arm’s inspection task can be found in the supplementary

material.

6.5.3 HSA Arm Workspace Analysis

First, we evaluated the reachable workspace of the HSA arm using random domain sampling
among thirteen target positions (rest, two extension, two twist, four cardinals, and four
ordinals). The workspace analysis helps in assessing factors such as the arm’s ability to reach
all the necessary points to perform a specific task. Four tracking markers were attached to
3D-printed mounts, which were fixed to the fourth layer of the HSA arm. A rigid body was
then defined using these four markers at the distal tip of the arm and compared to a base
reference for tracking. The test was allowed to run continuously for ten minutes to fill in
the workspace. The data was recorded using an OptiTrack motion capture system using
four Flex 13 cameras. The centroid data of the rigid body at the distal tip was considered
to visualize the reachable workspace of the HSA arm, which is shown in Fig. [6.6l Here,
the base reference point was determined by subtracting the total height of the arm from
the initial position of the tracked centroid. The arm was able to fill in the domain sample
quite well with less coverage coming to or from the rest position. The centroid achieved a
mobility range of 106.5 mm in X, 105 mm in Y and 50 mm of extension in Z. This provides a

reasonable workspace to manipulate heavy objects such as lifting a YCB mustard bottle [28]

as shown in Fig[6.5(C) and D).
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Figure 6.7: In this figure we show motor inputs corresponding to a triangular movement

pattern (N, SE; SW) and a square movement pattern (NW, NE, SE, SW) repeated 45 times.

Color represents Zenith and black dots represent the most common location the arm moved

to projected down to the lowest point in its trajectory. As can be observed, the arm is very

repeatable, with most variance in position below 5 mm.
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6.5.4 HSA Arm Repeatability

Repeatability tests were performed to show the HSA arm’s ability to repeat specific patterns
by programming the arm to move to specific cardinal and inter-cardinal directions. We
chose triangular and square movement patterns for this evaluation task. The same optical
motion tracking setup as described in the previous subsection was used to record the data
during the movement of our arm. We moved the arm to the north (N), southeast (SE), and
southwest (SW) positions for a triangular pattern, and to the northwest (NW), northeast
(NE), southeast (SE), and southwest (SW) positions to follow a square movement pattern.
The triangular and the square patterns were repeated for 45 cycles, where each cycle took
11.6 seconds for the square pattern, and 8.6 seconds for the triangular pattern. The transient
startup data from the first cycle was removed. The centroid data was recorded and plotted
in the three-dimensional space to visualize its path. For the two repeatability test patterns,
we have shown the path of the tracked centroid corresponding to a reference point which
denotes the base of the arm. The base reference points shown in Fig. were calculated by
subtracting the total height of the arm (590 mm) from the rest position of the centroid for
each pattern. During the repeatability tests, variances can be observed in some regions (for
square pattern: paths 1 to 3 & 2 to 1; for triangular pattern: paths 3 to 2 & 2 to 1) which
might be caused by the internal PID controllers of the motors. Projected waypoints are
shown in black in Fig. [6.7 Waypoints were determined by identifying the points where the
centroid moved to frequently, and projecting them onto the plane where the global minimum
value lies so they could be visualized. Most X-Y variance between paths falls under 5 mm,

demonstrating strong repeatability.

6.6 Conclusion and Future Work

In this paper, we designed and fabricated a soft robot arm using handed shearing auxetics
(HSA) and bendable extendable torsionally-rigid flex shafts (BETR). We characterized the

3D force and torque landscape for HSAs in terms of displacement and rotation. We also
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analyzed the BETRs using mechanical testing to measure its force and torque responses.
Then, we performed the workspace and repeatability analysis of the HSA arm using optical
motion tracking system. We tested the arm’s maximum load capacity and demonstrated the
arm’s ability in performing tasks such as lifting and pipe inspection.

The arm was able to lift more than 600 g when horizontal and 2300 g when vertical
while also supporting its own weight against gravity. The arm demonstrated a range of
motion of 100mm in translation and 50mm in extension. Through repeatability tests, the
arm showed strong repeatability with most path variance below 5mm. Future works could
consider expanding the available workspace for the arm, and developing more robust controls
and controllers.

This work set out to show that soft robot arms can support large payloads and moments,
all while supporting their own weight under gravity. This enables more functionality for soft
robotic arms by allowing them to be mounted in various configurations. By leveraging the
benefits of handed shearing auxetics (HSAs) and bendable, extendable flex shafts (BETR),
torque can be transmitted through a multi-stage arm, capable of lifting and moving with

more than 2 kg.
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Appendix A
COMPUTATIONAL DESIGN OF PASSIVE GRIPPERS

A.1 Summary

This work proposes a novel generative design tool for passive grippers—robot end effectors
that have no additional actuation and instead leverage the existing degrees of freedom in
a robotic arm to perform grasping tasks. Passive grippers are used because they offer in-
teresting trade-offs between cost and capabilities. However, existing designs are limited in
the types of shapes that can be grasped. This work proposes to use rapid-manufacturing
and design optimization to expand the space of shapes that can be passively grasped. Our
novel generative design algorithm takes in an object and its positioning with respect to a
robotic arm and generates a 3D printable passive gripper that can stably pick the object up.
To achieve this, we address the key challenge of jointly optimizing the shape and the insert
trajectory to ensure a passively stable grasp. We evaluate our method on a testing suite of
22 objects (23 experiments), all of which were evaluated with physical experiments to bridge

the virtual-to-real gap. Code and data are at
A.2 introduction

Passive grippers are end-effectors with no actuation. They leverage the existing degrees of
freedom in a robotic arm to perform grasping tasks. Among the robotics literature, there
has been a growing interest in such grasping techniques as they: reduce the manufacturing
and deployment cost when compared to active grippers; have lower energy consumption
since they do not require continuous power; and enable easier human-robot-interaction as
anything passively grasped can be removed by a human without changing the robot state.

A fundamental limitation to the widespread use of passive grippers, however, is that they
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Figure A.1: We present an automated algorithm for designing passive grippers given a target

object and its positioning. As our algorithm co-designs both the gripper shape and the
insert trajectory, our approach broadens the space of shapes that can be passively grasped,
compared to existing methods. The figure shows two of the 21 grippers (out of 23) that can

successfully pick up the object in reality.
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are currently significantly restricted in the types of shapes that can be grasped.

Motivating this work is the insight that rapid-manufacturing and design optimization
can be used to expand the space of shapes that can be passively grasped. We propose an
algorithm that, given an input shape, can automatically generate a 3D printable custom
gripper and an accompanying grasp insertion trajectory for stable pickup. This approach
is directly applicable to a plethora of robotics applications that target repetitive tasks. For
example, it can be used for task-specific tooling of robotic work cells in assembly lines,
allowing assembly lines instrumented with simple robotic systems (i.e. systems that lack
dexterity) to be easily updated to respond to changes in the product. We can simply optimize
and print new passive grippers overnight and re-purpose existing hardware.

The challenge with optimizing a passive gripper for a given input is that (1) there is a
valid insert trajectory for making contact with the object and (2) once contact is made, the
object can be lifted stably. This implies a large-scale search, nominally at the resolution
of the 3D printer, where performance evaluation is expensive to compute since it involves
physical evaluation and a nested optimization.

We address these challenges with two fundamental insights that allow us to reduce the
complexity of this search. First, we observe that stability is a function of the contact points
between the gripper and the object. We call this set of contact points the grasp configuration
(GC) and we expose it as a design variable that should be optimized. We observe that,
given the GC, an insert trajectory must ensure that there exists a gripper whose final insert
configuration touches the GC and can be inserted without colliding with the rest of the shape.
Based on this observation, our second insight is that we can search for such a trajectory by
creating an abstraction of the gripper geometry that reflects such minimal requirements and
then running a co-optimization over the space of trajectories and abstracted gripper shapes.
The abstraction we propose is a parametric skeleton of infinitesimal thickness that connects
the points on the GC to the flange frame’s origin (FFO) of the robot, the center of where
we mount the gripper. This reflects the requirement of a rigid object that is attached to the

FFO and makes contact with the selected points.
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From these two insights, one could argue for a two-step approach that optimizes the
GC for stability and then, co-optimizes the trajectory and the gripper abstraction given the
GC. The challenge, however, is that the chance of successfully finding a feasible insertion
trajectory depends on the choice of the GC. We therefore propose a strategy for computing a
ranked list of stable GC candidates that are likely to enable a collision-free insert trajectory.
We use this ranked list of candidates for co-optimizing the trajectory and gripper abstraction.
Once the trajectory and the GC are found, a straightforward modification of classic topology
optimization algorithms can be used for computing the gripper geometry.

We evaluate our method over an experimental dataset of 23 examples, containing both
representative samples from standard grasping datasets as well as a set of challenge models
that are difficult to pick up. Our method finds solutions for all of these examples (see
Figure . We evaluate the virtual-to-real gap by running real physical experiments in all
23 results. We are able to pick up all but two models whose 3D representation fundamentally
differed from the real shape. The vast majority of models have high grasp reliability and a

large range of stability, but for one we generated a solution with marginal stability.
A.3 Related Work

Robotic Co-design Robot design involves specifying both geometry and actuation se-
quences. Traditional methods start with general-purpose geometry and then customize
the actuation. This is useful given the cost of manufacturing and the relative ease of re-
programming. However, the revolution in digital fabrication and the resulting ease of cus-
tomization has opened a new era of task-specific robot design. A body of recent work has
shown the advantages of jointly optimizing a robot’s shape and actuation for a variety of
tasks such as ground locomotion [53,68,(115[168,203], flying [55], swimming [116], and grasp-
ing [32,49,72,/136,/194]. Our work builds on this new trend, but instead of customizing a
whole robot, we propose to enhance a general-purpose robot with customized end-effectors

that can be rapidly fabricated, lowering the cost of customization.
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Generative Gripper Design Past work on generative gripper design has focused on
active grippers. Antipodal grasping was an early target for computational design ef-
forts |22,[187], with researchers developing shaped fingertips for antipodal grasping using
direct formulaic approaches [22]/77,/78157,[187] and neural network techniques [67]. Vacuum-
based gripper design is another direction. The user specifies target locations, and then a 3D
printable manifold and superstructure are generated for a specific object [74,/170]. Our work

extends these ideas to passive grippers.

Passive Grippers In literature, many grippers were classified as passive only because they
passively conform to an object (as in the case of compliant [44] and soft robotics [158]). Some
so-called passive grippers rely on actuators to release a grasp [131}/137,158200]. Truly passive
grippers have zero degrees of freedom and have no reliance on actuators.The most widely
deployed passive grippers in industry are forklifts, but they can only be used on objects
specifically designed for them, e.g., pallets, shipping containers, and FIBC bags. The passive
grippers proposed by [127,[128] use a rotational motion to engage an antipodal grasp, but
they can only pick up extruded cross sections (e.g., a cylinder), the key category not covered
by our method. Other work has focused on passive deformations around objects to apply
antipodal forces [21}/66].

We stress that Table highlights characteristics of objects, not a strict classification.
By covering a larger number of characteristics, we significantly expand the space of objects
that can be passively grasped. For example, the bottom row of Figure shows an object
that is graspable outside its CoM and is antipodal resistant and therefore can not be grasped
by prior work.

Table summarizes the object shape restrictions posed by different types of grippers.
The forklifts can pick up objects around their center of mass (CoM) and through internal
pickup (e.g., holes and handles). Active parallel jaw grippers or other passive grippers that
generate antipodal grasps work well on a variety of objects because they can create opposing

forces anywhere and do not rely on gravity at the CoM for the opposing force. However,
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Table A.1: Comparisons of different grippers on types of objects they are able to pick up.

Internal  Antipodal Grips Extruded
Pickup  Resistant Outside CoM Cross Section

Ours v v v
Non-Actuated Fork Lift v

Mucchiani et al. 2018/2021 v v

Antipodal (active or passive) v v
Antipodal (active) + Custom fingertips v v v
Vacuum-based (active) v v v

they suffer from picking up objects via internal structures and objects that are antipodal
resistant. For example, the bottom row of Fig. shows an object that is graspable outside
its CoM and is antipodal resistant. Parallel jaw grippers with custom fingertips may be
able to pick up the antipodal resistant part due to their large conformable gripping area.
Vacuum-based gripper can pick up a wide variety of objects with large enough flat surface.
We stress that Table highlights characteristics of objects, not a strict classification. By
covering a larger number of characteristics, our work significantly expand the space of objects

that can be passively grasped.

Grasping All grippers require a grasp planning step and numerous methods have been
applied to solving the problem. A fundamental metric for evaluating a grasp is force closure.
A grasp is force closed if it can resist any arbitrary set of forces and torques [14,24]. A
grasp can be partially force closed if it resists all but a subset of forces and torques [101]. An
alternative is to evaluate the caging of an object kinematically, in which an array of obstacles
is placed around an object to limit the range of motion of the object [149,161]. The downside

is that one cannot be sure where the object is relative to the robot when grasped, therefore
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Figure A.2: Steps of our algorithm: (a) Import the object’s shape from a user provided
file; (b) Generate multiple promising GC candidates (where the blue cones point to contact
points); (¢) Optimize gripper shape and trajectory by using a skeleton (shown in red) as
the simplified gripper model; (d) Generate the final gripper shape (shown in black) using

topology optimization.

we chose to focus on a grasp being force closed.
The challenge with physics-based methods for grasp point selection is the need to model
noise. Deep learning techniques have been shown to generate robust grasp poses both in

the constrained 2.5D bin picking setting |118] and even the full cluttered 6D grasp pose

setting [119}/125,129}|142,/159,|177]. An alternative is to learn visomotor policies directly
from raw visual data , ,. While learning methods successfully generate grasp

candidates, they are trained primarily for antipodal and vacuum grippers and cannot be

directly applied to passive grippers.
A.4 Overview

Our algorithm takes an object’s geometry and positioning, along with a robot’s kinematic
structure as input, and generates (1) a passive gripper geometry that can be 3D printed and
(2) a collision-free insert trajectory for creating a stable grasp.

Our algorithm involves three steps, as illustrated in Figure [A.2] First, we generate a
ranked list of GC (grasp configuration) candidates. We define a GC as three contact points

on the object. We choose three contact points since this is the minimum number of points
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that constrain a rigid motion. Next, we search for a collision-free trajectory for a given GC.
The trajectory search is done by jointly optimizing the trajectory and a gripper abstraction.
Finally, given the GC and the insert trajectory, we optimize the gripper shape to minimize
compliance and weight using topology optimization.

As discussed, GC selection is uniquely responsible for final stability. However, it also
impacts the likelihood for finding a valid insert trajectory in the second step and the possible
trade-offs between compliance and weight in the third step. We consider four metrics: (1) a
binary metric that validates static stability under gravity; (2) a measurement of robustness—
the minimum disturbance force and torque that make the object unstable; (3) a heuristic to
identify GCs that are unlikely to have a valid insert trajectory; and (4) an estimate of the
final gripper weight. We use (1) and (3) to prune randomly sampled GCs and use (2) and
(4) to rank the remaining GCs.

The next step is to optimize the insert trajectory to avoid collisions with the object. We
consider one GC from the ranked list at a time and proceed to the next best GC if we fail
to find the trajectory. Collision avoidance depends on both the trajectory and the gripper’s
overall shape, making it the most challenging objective. We first simplify the problem by
ignoring the structural cost. We observe that the geometric aspect that affects collision is
how the contact points are connected to the FFO and how the connecting structure moves
through time. We propose to represent the gripper geometry using a skeleton (See Fig.
.), which is parameterized curves that connect the FFO to each grasp point. We then
jointly optimize over the space of skeletons and trajectories by minimizing a cost function
associated with collision. We also add a trajectory complexity regularization term to the cost
function to reward a simpler trajectory which reduces the chance of collision, leaves more
collision-free space to optimize gripper shape, and lowers the robot’s energy consumption.

The final step is to compute the gripper geometry. While the skeleton could serve as a
workable gripper, it is too fragile. An alternative is to compute the volumetric region that
does not intersect with the target object during insert motion, and use this full collision-

free volume as the gripper. However, this gripper is too heavy. We therefore propose to
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use topology optimization to generate the final gripper geometry, simultaneously minimizing
compliance and weight, while constraining the gripper to lie in the collision-free volume (See

Fig. |A.2d.).
A.5 GC Candidates Generation

Recall that a GC (grasp configuration) is a set of three contact points on the target object.
We choose three because it is the minimum number of points that constrains a rigid body.
More contact points will kinematically over-constrain the solution, make it harder to find a
collision-free trajectory, and make the gripper more sensitive to the approach direction [16].
Our proposed strategy for generating this list of candidates involves three steps. First, we
propose a method for sampling GCs. Our sampling scheme identifies points on the surface
that do not make contact with the floor and that can be directly connected to the FFO
without colliding with the object; sets of three identified points are selected uniformly at
random. We then drop GCs that are not statically stable under gravity (Section and
the ones that we identify as unreachable—i.e., candidates that are unlikely to have a collision-
free gripper shape and grasp trajectory (Section . Finally, we rank the remaining
GCs to maximize the robustness to external disturbances once the object is grasped, while

trading-off compliance and weight of the gripper shape by using another heuristic metric

(Section [A.5.3)).

A.5.1 Static Stability Under Gravity

Each contact point makes a contribution to the object’s stability by exerting forces onto the
object at different angles and location. We assume Coulomb’s model of friction that limits
the angle with respect to the surface at which the forces can be exerted. For contact point
i, |£7] < ;| £N] where £ and £V are the tangential and normal forces exerted, respectively;
and p; is the coefficient of friction at that point. This constraint can be viewed as a cone
and can be approximated using a polyhedral cone with ¢ sides where the allowed force is

the non-negative linear combination of the edges of the polyhedral cone, called basis. Let
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w;; be the wrench (force and torque) generated by j-th basis of the cone at point i. The
contribution from the i-th contact point can be written as 2321 kijwi; where k;; > 0.

We determine if the GC is stable using partial force closure, which specifies whether a
grasp can withstand a particular external disturbance (in our case, gravity) [102]. Formally,
the partial force checks if there exists k;; > 0 such that 37 > 4 kijwi; = [g 0]" where g is the
unit vector of gravity. We say a GC is stable if it meets the partial force closure condition.

There is a slight problem with using this formulation of force contribution for passive
grasping because the force of gravity does not directly cause top-facing contact points to
generate forces, instead, the gripper only generates a contact force if there is a torque around
the center of mass. To account for this, we set the frictional force generated by the top-facing
contact points to zero and set those generated by the bottom-facing points depending on the
angle with respect to the ground. Formally, we set u; = max(0,n; - g)u where p is the base
coefficient of friction.

There is a stronger condition called force closure which specifies whether a grasp can
withstand any external forces and torques [14.24]. However, this type of grasp which typically
involves contact points on different sides of the object makes breaking contact more difficult.
We observe that, by utilizing gravity, the object can still be held stable without a force
closure grasp. Hence, the partial force closure condition is sufficient for our purpose.

There is a small drawback from using force closure related metrics. These metrics assume
that the contact points can exert forces onto the object. However, since our gripper is
passive, the contact points just counteract the gravity and cannot exert additional force.
This is problematic when we evaluate a GC with top-facing contact points. The metric will
overestimate the stability. therefor we set the F™ to be |F"| = pmax(0,n; - g), where n; is

the unit surface normal at point ¢ on the object, g is the force of gravity.

A.5.2  Identifying Unreachable GC

Given a GC, it is expensive to determine if a collision-free trajectory exists—it involves

solving the co-optimization problem in Section [A.6] Thus, we need a fast heuristic that
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(b) (c)

Figure A.3: Illustrations of the reachability heuristic. The dark blue arrows point to the
contact points. The dashed black arrows show a candidate rigid motion to break all contact
points simultaneously. (a) contact points cannot instantaneously break contact with the
circle; (b) contact points can break the contact by translation; (c¢) contact points can leave

the object by rotating counterclockwise around the point p.

identifies unreachable GCs. Our insight is to check if there exists an instantaneous motion
where all contact points simultaneously break contact with the object.

We will motivate our heuristic in 2D for ease of illustration; these ideas extend natu-
rally to 3D. Imagine grabbing a circle at three equally spaced locations in a 2D space (see
Fig. ) It is trivial to see that there is no rigid motion to break all three contacts simul-
taneously without colliding with the circle, so we can drop it without running the expensive
optimization. However, if the contact points are roughly on the same side (see Fig. [A.3p.),
then we can break the contacts just by moving the contact points away; hence, we keep this
GC. One might be tempted to just check if the normals of each contact point are pointing
in the same hemisphere. This is too strict. Consider grabbing the object in Fig. [A.3c. The
two contacts’ normals are pointing in the opposite direction. However, this GC is reachable
since we can rotate counterclockwise around the midpoint between the two contact points.

Our heuristic searches for an instantaneous rigid motion (translation and rotation) so that

all contact points simultaneously sufficiently break contact with the object. We define the
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instantaneous motion of the gripper as (¥, d, ¢), where v is the instantaneous translational
velocity and & is the instantaneous angular velocity around the rotation center ¢. We can
derive the instantaneous velocity of a single contact point as U; = ¥+ & X (¢; — ¢) where ¢;
is position of the contact point. The contact point breaks contact if v; - 7; > 0 where 7i; is
the normal direction at the contact point. We also limit the angle between o; and 77; to 0.«
to avoid nearly parallel motion to the surface. Formally, if there does not exists a motion
(0,d, ) such that v; - 7l; > ||¥;|| cos(@max) for all ¢, then the GC is unreachable.

Inspired by the barrier method [61], we construct a loss function that penalizes motions
that violate the constraints. We then solve the following minimization problem for a valid

motion using a standard gradient-based optimization:

i 3 [fcos(Bnwe) = - i + [ = 11.]

where []; denotes max(0, -).
Note that we do not normalize v; to avoid numerical instability when the value approaches
zero. The angle between two vectors will not exceed ., because we also constrain ||7;]] < 1.

A GC is said to be unreachable if the loss function does not converge to zero.

A.5.3 Ranking

The final step is to produce a ranked list of candidates for the next stage. We consider two
metrics.

The first metric evaluates the minimum disturbance force that causes the object to be-
come unstable. This metric measures how stable the grasp will be after the object is picked
up and experiencing the transfer motion. Inspired by the well-known minimum wrench met-
ric, we introduce a new metric called partial minimum wrench, which measures the minimum
additional external wrench to violate the partial force closure condition. Intuitively, this met-
ric corresponds to the maximum tilt angle and/or acceleration that an object held by this

GC can experience before falling off. A higher partial minimum wrench is better.
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The second metric is the estimated finger length. If the contact points are far from the
FFO, the gripper will be cumbersome and the path to reach the point will be long. We
therefore estimate the finger length by finding the shortest non-colliding path from the FFO
to each contact point and taking the maximum path length. A shorter length is better.

Since the two metrics can be conflicting, our ranking scheme is inspired by the non-
dominated sorting criteria in multi-objective optimization [48]. We segment the candidates
into multiple Pareto frontiers, and sort them by the estimated finger length within each

frontier.
A.6 Trajectory Optimization

In this stage, for each GC candidate, we want to search for an insert trajectory that avoids
collision. Since collisions depend both on the gripper’s shape and the trajectory, we need to
design them together. The fundamental challenge in the co-design of a gripper and trajectory
is the complexity of the search space. The nominal search space of the gripper geometry
corresponds to the resolution of the voxel grid that a 3D printer can afford, and the search
space of a trajectory can be described by the degrees of freedom of a robotic arm over time.

We propose a novel reduced representation of the search space to make this search tractable.

A.6.1 Gripper Abstraction

We represent a gripper design as a skeleton which is comprised of three fingers, each with
multiple joints connecting the FFO to the three contact points (Fig. ) This represen-
tation stems from the weakest constraint that the grasping points need to be connected to
the FFO. We use a skeleton of infinitesimal thickness to evaluate collisions over 2D curves as
opposed to volumes; we account for manufacturability by expanding the mesh by an offset
that corresponds to half of the printer resolution.

The insert trajectory is represented as a linear interpolation between a list of robot states
in joint space. We call these robot states the keyframes of the trajectory. The first keyframe
defines the robot when the gripper is outside of the object’s proximity, and the last keyframe
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defines the robot when making contacts with the target object.

We define the gripper skeleton as G € R3*™*3 where m is the number of joints in each
finger and define the trajectory as 7 € R™*? where n is the number of keyframes and d is
the robot’s degrees of freedom. Our goal is to optimize the tuple of the gripper skeleton
and the trajectory: (G(x), 7T (x)) where x € RY are the adjustable parameters, namely the
intermediate joint positions for every finger, and intermediate trajectory keyframes, for a
total of N :==3-(m —2)-3+d- (n— 2) parameters. In our implementation, we set m = 4,
n = 4 and d = 6, resulting in 30 degrees of freedom in total. We denote (G(0),7(0))
as the initial guess from the initialization method described in Section We specify
appropriate ranges 0 € RY to each of the adjustable parameters (i.e. —o; < x; < ;) to
ensure the search space is connected and the solution remains valid (e.g. the robot does not
self intersect and the skeleton maintains its overall shape). In the following discussion, we

omit x and hence write G and 7 to mean G(x) and 7 (x).

A.6.2 Co-Optimization of Trajectory and Gripper Skeleton

To co-optimize the trajectory and the gripper skeleton, we propose an objective function
with four energy terms: gripper collision energy E,, trajectory collision energy FE, robot
collision energy FE,., and the trajectory regularizer L. The first three terms focus on collision,
while the regularizer penalizes complex trajectories.

The gripper collision energy is defined as the maximum collision at any point of the tra-
jectory measured over the whole gripper skeleton. Similarly, the trajectory collision energy
is defined as the maximum collision of a single point in the gripper measured over the whole
trajectory. These two metrics are illustrated in Figure [A.4 We note that, in theory, either
one of these metrics can individually represent the collision error we target. In practice, how-
ever, we cannot directly compute them, but must instead evaluate them over a discretization
of the trajectory and skeleton. Our insight for combining these metrics is that they describe
the two basis directions for the surface, making the evaluation over a discretization robust

to small features.
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(a) Gripper Collision Energy (b) Trajectory Collision Energy

Figure A.4: Our collision energy measures the collision of the surface swept by the skeleton
over trajectory shown in pink. We compute collision using path intersections along two
directions: In (a), the path along the skeleton is tested at different time steps in the trajectory
(shown by vertical red lines); In (b), the path along the trajectory is tested at different points
on the skeleton (shown by horizontal orange lines). Collisions by the paths are shown in
blue. Maximum collision of the paths in (a) defines the gripper collision energy, and likewise
maximum of those in (b) defines the trajectory collision energy. Note: a simple box and a

linear path is used for simplicity of the visualization.
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Both metrics depend on a measurement of collision over a path: the collision of the
skeleton at any point can be expressed as the sum of the collision of its fingers (piece-wise
linear paths) and the collision of a point throughout the whole trajectory is measured from
the path this point traces. We will describe our measurement of collision over a path later
in this section.

Since the robot end-effector cannot go lower than a certain clearance height h, we intro-
duce a robot collision energy term FE, which is the maximum penetration into the ground
by FFO’s position. We penalize the complexity of the trajectory with the L2 norm of the
trajectory variations from the initial guess (i.e. the trajectory components in x).

Our optimizer minimizes the following energy term:
minl E G, T)+ E(G, T)+ ME(T)+ XL(T)

where \; and Ay are the significance of the robot collision energy and the trajectory regular-
izer. Since this objective is non-differentiable, we use controlled random search (CRS) with

local mutation for minimizing this energy [92].

Collision Along a Path There are several approaches to compute the collision of a given
path. One trivial approach is to use the length of the path that lies inside the object. We
call this length the inside distance. However, this approach does not capture the degree of
collision, as illustrated in Figure We propose to include a measurement of the shortest
additional distance to make the path collision-free. We call it the wrap-around distance (See
Fig. . To measure the wrap-around distance, we compute the geodesic distance between
a pair of points when the path enters and exits the object. We take the sum of the geodesics
if the path enters and exits multiple times, and we do not include the geodesic if one or both
endpoints are in the object. The collision of a path is defined as the sum of the inside and

wrap-around distance (See Fig. |A.6)).

Discretization We compute F, and F; by sampling the trajectory and skeleton, respec-

tively. We adaptively subdivide the trajectory so that the skeleton moves by at most some
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(a) (b) (c)
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Figure A.5: Tllustrations of the inside distance (pink) and wrap-around distance (cyan) of the
skeleton (red) through some objects. The path in (b) is closer to a collision-free state than
that in (a), but the inside distance is the same. The path in (c¢) has lower inside distance

than (a) and (b), but it needs more work to reach a collision-free state.

(a) (b) (c)

Figure A.6: The wrap-around distance is the sum of the geodesics (cyan) between every pair
of entering and exiting intersections. The path in (a) has one such pair and in (b) has two.

Some endpoints in (b) and (c¢) do not have a pair and therefore the geodesics are not defined.
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distance dg,, and we adaptively subdivide the fingers by that same distance. This sampling
is repeated for every iteration as lengths of individual segments can significantly change when
adjustable parameters change.

To find where the path enters and exits the object, we use a raytracing algorithm to find
intersections. Since the path for trajectory is not linear, we adaptively subdivide the path
with some linearity tolerance dj;, into connected line segments.

To efficiently compute the geodesic distance between any given two points, we need to
allow some accuracy trade-offs. We approximate the geodesic distance by running a standard
shortest path algorithm on the vertices and edges of the triangle mesh. We use the isotropic
remeshing algorithm to generate a new mesh whose edge lengths are as close to one another
as possible. This makes the approximation more accurate. We precompute the shortest
distance between every pair of vertices. The approximate geodesic distance for any given
two points on the surface is computed as the distance of those two points to their closest

vertices plus the precomputed geodesics between the two vertices.

Initialization We initialize the skeleton by computing the shortest, non-colliding curves
that connect from the FFO to each contact point and then simplifying these curves to the
right number of joints by discretizing the curves, expanding them by the surface normal, and
removing vertices that does not contribute to collision avoidance. We initialize the trajectory

to be a straight line towards the object.
A.7 Topology Optimization and Refinement

At our last step, we generate the gripper design by performing discrete topology optimization
over the collision-free volume [9]. Since the trajectory is known, this volume can be computed
as the complementary space of the swept volume of an object moving away from the gripper
(See Fig. [A.7). For the boundary conditions, we set the external forces to be the forces
exerted by the contact points of the known GC along the normal directions and fix parts

of the gripper around the FFO. In post-processing, we apply a smoothing kernel and run
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Figure A.7: In the robot’s reference frame, the swept volume of the bunny (shown in white)
is the space occupied by the bunny throughout the trajectory. The complementary space is

the collision-free space for topology optimization. The topology optimized gripper is shown

in black.

marching cubes to retrieve a smooth mesh. We further refine the gripper geometry by adding
a small sphere at each contact point and subtracting the result with the swept volume to
ensure an accurate geometry around the contact points. This increases the area of contact
and improves the robustness of the grasp. Lastly, we add robot-specific mounting structures

such as holes and a mounting plate for fast installation.
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A.8 Results

We evaluate our algorithm on its success rate and demonstrate different designs fabricated
in real. We refer the reader to the supplementary video for demonstrations of the grippers

n motion.

A.8.1 Ewaluation Set

We created a testing set of 22 objects (See Fig. [A.§)).

Five models are engineered to demonstrate the unique capabilities of the generated passive
grippers. A1-A3 are designed to represent internal structures. Al contains an L-shaped hole
at the front. The pyramid (A2) contains a curved hole that requires a twist motion to insert.
The Top Key (A3) contains a rectangular slot at the top and requires a quarter turn to insert.
The pallet (A4) is designed to test if our algorithm can generate a fork-lift. The wedge (A5)
is engineered to resist an antipodal grasp because of its tapered shape at all orientations.
To the best of our knowledge, objects (A2) and (A5) cannot be passively picked up by any
prior work.

In addition to our engineered models, we include a representative set from prior work.
First, to uphold the SIGGRAPH tradition, we add the Stanford bunny (B) to our evaluation
set. We choose some challenging objects (C1-C8) from the Fit2Form dataset [67] representing
adversarial objects from Dex-Net 2.0 (C1,C2, C4,C6-8) [118] and objects from ShapeNet (C3,
C5) [31]. We a pick a subset of YCB objects [29] that are feature-rich and contain no moving
parts (D1-D8).

The input to our algorithm is the shape and its positioning. We run two experiments
with (A1) using orthogonal positions: inserting from the front and from the side, resulting

in a total of 23 experiments. We refer to them as Front Key (Al-f) and Side Key (Al-s).
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Figure A.8: Evaluation set. A: engineered models; B: bunny; C: challenge models; D: samples

from YCB dataset.
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Figure A.9: Example grippers and their trajectories from objects in our dataset. Generated

grippers and trajectories vary significantly across different models. These gripper designs

mimic everyday mechanical tools such as wrenches (A5 and D1) and tongs (C7, D2, and D7),

but are highly tailored to fit the objects. The accompanying trajectories can be classified

into insert motions (A5, C2, and C7) and twist motions (A2, A3) and are nontrivial to design

by hand.
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A.8.2  Implementation and Experimental Setup

Our algorithm is implemented in C++, using libigl [84] and CGAL [179] for most mesh
processing tasks. We use URb as our robot, which has six degrees of freedom. We use the
code from [160] to calculate swept volume, and we use ToPy [81] to run topology optimization
with the voxel size of 2 millimeters. We ran the algorithm on all 23 experiments on a cluster
with 40 cores.

In our GC generation stage, we randomly sample 1,000 points on the mesh and generate
3,000 GCs. We assume the base coefficient of friction p is 0.5 in modeling the contacts. For
the reachability heuristic, we set 0.« to 80°. In computing collision of a path, we set both
the subdivision distance threshold (dg,,) and the linearity threshold of the trajectory (dyy,)
to 1 millimeter. In computing the total objective function, we set the robot floor clearance
(h), the robot energy significance (A1), and the regularizer significance (Ay) to 0.05 meters,
1000, and le-6, respectively. In the optimization stage, we use NLopt’s implementation of
CRS for trajectory optimization [88] with the population size of 10,000 and relative tolerance
of 1e-6. We allow the intermediate finger joints to vary within 1 centimeter, and we allow
the six joints to deviate within 5°,5°,5°,45°,25°, and 90°, respectively.

We set the robot grasping position (the last keyframe) so that the end effector is pointing
forward and we place the object right in front of the end effector. This is true for all the
models except for the Top Key (A3) which we point the end effector downwards. We ran
the optimization stage until we were able to find three candidates that succeeded or until we
ran out of grasp candidates, whichever happened first. We picked one candidate to fabricate

and validate in the real world.

A.8.3 Algorithm Performance

The GC candidate generation step took less than a minute for each model. The trajectory
generation took between 7 and 26 minutes, and 13 minutes on average per GC candidate per

model. This step terminated after running on 5 GC candidates on average and succeeded on
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at least one candidate on every model. The topology optimization took on average 1 hour
and 26 minutes, but varied largely with the dimensions of the bounding box.

The whole pipeline takes on average 2 hours and 38 minutes per model, and on average
54% of the time is spent running topology optimization. While several computation steps
could be sped up with straightforward implementation updates (for example, faster topology
optimization [205]), our computation speed is on par with SOTA generative design systems

and suitable for practical use, particularity when considering manufacturing time.

A.8.4 Qualitative Analysis

As illustrated in Figure [A.9] the gripper shapes and trajectories are highly customized for
each particular object. While many trajectories may seem obvious given a gripper, our
algorithm can generate non-intuitive solutions. For example, it took one of the authors (who
had seen all visualizations) almost two minutes to figure out how one of the grippers fits
into its object. This highlights the tightly coupled nature of the problem and the need for
co-optimization.

While all solutions are unique, we note that it is possible to classify gripper shapes into
three categories. Inserts take most of the load in a single point, typically inside a cavity
on the object, as is shown for examples Al-f, A2, A3, C1, and C2. Tongs rely on a wide
separation of support from underneath, as shown in examples C7, D2, and D7. Finally
wrenches have a narrow grasp from opposite sides that distributes the load on all three
grasp points, as shown in A5 and D1. While customized to particular shapes, the designs
replicate standard types of simple tools.

The trajectories most grippers follow also fall into a triadic grouping. Most objects fall
into the front insert category where the gripper moves directly in and grabs the object from
the bottom. Some examples include the front key (A1), the pallet (A4), the cup (D1), the
orange (D7), and the challenge object C1. Although the trajectories may seem simple, they
are not trivial to be designed by a user because they can be sensitive to approach angles and

sequencing. For example, to get the orange, we need to go slightly down then insert to avoid
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the convexity of the sphere, and to get the front key (A1), we need the right amount of in
and up motion.

A number of designs fall into the side insert category where the required motion is to
slide horizontally into the desired position. Some examples include our wedge (A5), our
Side Key (Al-s), objects C2 and C7. Our algorithm is able to find the solution even if the
required motion is not perfectly straight. In the bunny example, the robot needs to slightly
turn to get around the convex part.

Our pyramid (A2) and Top Key (A3) fall in to the twist insert category. These objects
are designed to only be grabbed by rotation motions which our algorithm is able to find.

Together, these results suggest that our algorithm is successful in understanding the
affordances of each object. For example, object Al is picked up with a front or side motion
depending on the orientation of the cavity. Objects with bilateral symmetry are grasped on

opposing sides, and objects with recesses have smooth insertion trajectories.

A.8.5 Physical Experimental Setup

We 3D print the grippers using two materials. We use a material with high coefficient of
friction for the contact region (TangoBlackPlus) and a material with high stiffness and low
cost for the rest of the griper (ABS). While these could be printed together in a multi-
material printer, to reduce cost, we use the Stratasys J750 Digital Anatomy for the contact
region and Stratasys FDM 3D Printers (Fortus 250mc, F120, F170) for the rest and assemble
the two parts.

All objects and printed grippers were tested on the UR5 arm in moveJ mode with the
trajectories specified by our algorithm. We tested object pick up as well as resistance to
dropping once the object was correctly seated in the gripper. This involved rotating clock-
wise, counterclockwise, and a forward roll until the object fully fell out of the gripper and
can be seen in FiglA. 10l For the Top Key we roll in the opposite direction due to joint

limitations in the URb at this position. We repeat every test 10 times per object.
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Table A.2: The number of successful pickups and maximum roll and pitch angles before the
object falls out of the gripper with ten tests per category per object. For roll and pitch,
the object was correctly loaded into the gripper to represent stability once an object was
successfully picked up. Some objects (A3, C1, C3, C4, C6, D7) demonstrated multiple falling
modes where an object could find additional regions of stability, resulting in large standard

deviations.

Object Pickups CW (deg) CCW (deg) Fwd Tilt (deg)

mean sd mean sd mean sd
Al-f 10 170 3 -162 6 68 9
Al-s 10 34 6 -23 7 30 4
A2 10 360 0 -360 0 53 23
A3 10 360 0 -359 3  -292 144
A4 10 237 3 -28 3 25 2
A5 10 52 6 -59 12 34 4
B 10 60 3 -194 1 145 3
C1 10 341 34 -246 41 118 15
C2 10 38 11 -238 5 276 10
C3 10 242 65 -189 5 83 3
C4 10 360 0 -332 59 316 72
Ch 2 149 12 -14 4 9 2
C6 6 308 113 -358 4 28 69
c7 10 255 22 -66 5 34 9
D1 10 62 16 -107 44 68 16
D2 10 92 2 -101 2 26 5
D3 9 27 2 -21 4 19 5
D5 10 127 15 -59 3 14 2
D6 10 101 8 -89 4 69 33
D7 8 97 6 -178 102 40 7

D8 10 50 9 -104 10 30 2
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Figure A.10: Post-grasp stability test for the bunny. We measure the maximum roll angle

both CW and CCW (left) and forward tilt angle (right) before the bunny falls.

A.8.6 Real World Validation

Of the 23 experiments, 21 lead to successful pickups and the results are shown in Table [A.2]
17 of these experiments had 100% success rate and only two had success rates below 80%.
These results, and the following analysis of the failure cases, show that our method is able
to successfully bridge the virtual-to-reality gap and displays high grasp reliability in real
experiments. Visualization of these results are shown in Figure and our supplemental
video.

The two failure cases (D4 and C8, not shown on the table) had significant discrepancies
in their virtual representations. Since our gripper and trajectory were computed over the
wrong input, the results were not well suited in practice. The 3D mesh we used to represent
the bowl (D4) is thinner than the actual bowl, causing the gripper to collide during insertion.

The challenge model (C8) was not oriented in its rest position causing inaccuracies during
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stability analysis. We note that the two models that had 80-90% success rates had similar
discrepancies, but those affected our gripper to a lesser extent because of symmetries in the
models and the locations where the discrepancies happened.

The two models with marginal stability (C5 and C6) were examples from the adver-
sarial dataset, which are notoriously challenging to grasp. These failed because the grasp
locations we chose did not leave much room for misalignment. The grasp location must be
robust to errors in the gripper fabrication (order of 0.5mm), the motion of the robot (order
of 0.lmm) and human positioning the object (order of 0.5mm in the best case scenario).
This uncertainty was not accounted for by our algorithm that evaluates the stability of a
grasp configuration (Section . We highlight, however, that our system was robust to
these errors in all but these two adversarial examples, which shows the effectiveness of our

approach.

A.8.7 Limitations and Future Work

The most evident direction for improvement is stability evaluation for selecting the grasp
configurations. This would make our method more robust to errors in object placement and
gripper trajectory encountered in real experiments. As discussed in Section [A.3] the SOTA
algorithms for evaluating the quality of a grasp configuration in active grippers use machine
learning approaches, but these results cannot be directly applied for passive gripper design.
The results in this work invites new avenues of research in this direction. Future work
should also consider modeling external forces that may occur during pickup, for example
when picking up an object from a bin.

On the algorithmic side, while the random sampling of GC candidates shows numerous
successes, they may be sub-optimal in terms of robustness. Future work should employ a
better sampling algorithm for maximal robustness and diversity. Further analysis on the
collision avoidance objective should also be done to find the optimal trade-off between com-
putational time and convergence as we vary the significance of each cost component and

reduce the sampling resolution. In particular, we observed that dropping the trajectory col-
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Figure A.11: While our algorithm is able to grasp A3 with wrench and twist motion (see
Fig. , it cannot find a solution with insert and twist motion. In this experiment, we
restricted the contact point to lie inside the object, and the only GCs found (see examples
on the left) have no feasible solution since the algorithm prioritizes stability without knowing
the shape of the slot. Given a manually specified GC (middle), our algorithm is able to find
the solution (see example that has been validated in reality with 100% reliability on the

right). This example illustrates avenues of future work on GC and trajectory co-design.

lision energy and the wrap-around distance achieves better convergence when the trajectory
samples are sufficiently high. However, adding these components to the cost function is
important for convergence with sparse samples.

It would be interesting to investigate alternatives to jointly optimize the contact point
selection and trajectory optimization which cannot be completely decoupled (see Fig. [A.11)).
One other challenge is that the trajectory optimization can get stuck in a local minimum
and not find a collision-free trajectory for a GC even if one exists. When this happens, the
algorithm will choose a lower ranked GC. Additional freedom in object placement could also

be achieved by optimizing robot’s state in the grasping position.
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Future work should also investigate different post-grasp trajectories. By assuming a
vertical motion, we are unable to grasp objects with no bottom support such as a cylinder
or a cone. Such objects can be handled by incorporating complex grasping strategies, such
as rotating the object after being grasped [127]128].

Finally, while we argue that customization for a single input has important practical
applications, it would be interesting to relax some of the assumptions on our input. For
example, we improve grasp reliability by considering random deviations of the object’s posi-
tion and geometry. Another interest direction for future work is to build on our optimization

techniques to handle two or more input shapes or classes of shapes.
A.9 Conclusion

This work introduces a novel application for a generative design that has a high potential
for impact in industrial applications of robotics. Robotic systems in industrial settings are
highly inflexible—any change requires expensive re-design of autonomous components. The
true cost of this rigidity has been particularly apparent during recent changes in demand
during the COVID-19 crisis. Our algorithm addresses these challenges by establishing a
new framework for creating robotic systems that can easily adapt to different scenarios
without requiring additional dexterity, programming, or system complexity. Our key insight
is that we can achieve this flexibility through re-design of passive grippers. We address the
challenges of exploring the complex design space of passive grippers with novel insights on
representation abstractions and co-design. We validate our findings with extensive physical
experiments and discuss limitations, paving the way to exciting avenues of future work in

this domain.
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Appendix B

KINEMATIC MODELING OF HANDED SHEARING
AUXETICS VIA PIECEWISE CONSTANT CURVATURE

B.1 Summary

Handed Shearing Auxetics (HSA) are a promising technique for making motor-driven, soft,
continuum robots. Many potential applications from inspection tasks to solar tracking re-
quire accurate kinematic models to predict the position and orientation of these structures.
Currently there are no models for HSA based continuum platforms. To address this gap we
propose to adapt Piecewise Constant Curvature (PCC) Models using a length change cou-
pling matrix. This models the interaction of HSA structures in a 2x2 array. The coupling
matrix maps the change in motor angles to length changes and defines the configuration
space in our modified PCC Model. We evaluate our model on a composite movement en-
compassing bending, extension and compression behavior. Our model achieves a positional
accuracy with mean error of 5.5mm or 4.5% body length and standard deviation of 1.72mm.
Further, we achieve an angular accuracy with mean error of -2.8° and standard deviation of

1.9°.
B.2 Introduction

The ability to orient robotic arms in space is critical to a wide range of applications. In in-
spection tools the ability to point cameras and other sensors ensure our critical infrastructure
is well maintained and objects we purchase are fabricated properly. Satellite communication
systems require accurate angular tracking to ensure connections are not lost [6] |[1]. In energy
systems it enables sun tracking for solar panels and solar thermal systems [126] [152]. All

of these applications necessitate that they are resilient to contact with their environments
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Figure B.1: Modeling a 2x2 HSA platform with Extended Piecewise Constant Curvature
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which is a strength of soft robotics [138] [15] [154]. An electrically driven soft robot able to
accurately point would be of broad utility.

Current research on electrically driven soft actuators has shown that handed shearing
auxetics (HSAs) have proven very promising [112]. They are capable of linear expansion,
and have distributed compliance like pneunets [124], but are driven by motor torques rather
than fluid flows. Recent research has focused on applying HSAs to gripping tasks [37] [38],
sensorization [41] [40] and mechanical characterization [182], but there have been no proposed
control methods that describe the actuation of HSAs.

We use a common design of two sets of opposite handed HSAs to form a 2x2 HSA
platform [112] as seen in Fig[B.I] Its simple design makes it an ideal section for a soft
robotic inspection arm, while its large platform area makes a single section ideal for used as
a pointer for solar panels or communication equipment. Despite the simplicity and utility of
the design, without a model it cannot be of use or properly controlled.

We therefore look to adapt the existing soft robotics literature on control and apply
them to HSA systems in order to enable electric soft robotic pointing systems and future
multi-segment arms. We look to a common soft robot modeling method, Piecewise Constant
Curvature (PCC) [89] [147]. PCC models assume that arms can be modeled as composites
of rods that bend at a programmable radius and length that rotate relative to each other.
Typically this bending is induced by differential pressure on chambers [94]. Because HSAs
are extensible and compliant, we needed to develop a constant curvature model that captures
this behavior. Extensible PCC models capture the arc length changes of the segments as
they are actuated.

Our work maps the actuation space to segment lengths and accounts for inter-segment
coupling with 5 parameters in a coupling matrix. We demonstrate that the PCC is more
predictive than simple kinematic models with and without coupling. We evaluate this model
on a composite movement to combine bending, extension and compression of the HSAs. Our
proposed model achieves a positional accuracy with mean error of 5.5mm or 4.5% body length

and standard deviation of 1.72mm. For the orientation, we achieve an angular accuracy with
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mean error of -2.8° and standard deviation of 1.9°.

In this paper we:

e Model the interactions between individual HSAs on a platform.

e Adapt the Piecewise Constant Curvature model to a HSA driven platform with 4
lengths.

e Validate the modified PCC model through experiments on a HSA platform.

B.3 Background and Related Work

Soft robots have been usually driven by variable length tendons and pneumatic actuation
and more recently, electroactive polymers [165].Handed shearing auxetics (HSAs) are a new
category of material that enables electric soft robots. HSAs couple auxetic expansion with
shear as a result of their periodic links and joints structure [112]. Auxetic metamaterials
normally have a symmetric point in their trajectory, enabling them to transition from one
handedness to another. This symmetry is purposely broken in HSAs, resulting in a single
chiral shear motion. In order to create a HSA of opposite handedness, a simple reflection of
the periodic pattern is sufficient [182]. When tiled on a cylinder, the HSA patterns couple
global shearing from twisting to expansion along the axis of rotation [36]. These structures
are compliant by nature, allowing for spring like responses to impacts or other disturbances.
Their responsiveness to twisting allows for them to form linear compliant actuators driven
directly by motor torques when placed in pairs |[112]. Most applications of HSAs have been
in grippers, since they require no model to be able to grasp successfully [37] [38] [41] [40].
Modelling the motion of soft robots is challenging due to their inherent infinite degrees of
freedom.Various research works have shown that finite element methods and other numerical
techniques can be used to describe the behaviour [202] [57]. But their inability to provide
a closed form solution limits their adoption. An alternate approach - piecewise constant

curvature models have been found to be more effective in defining the behaviour, where the
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robotic structure is broken into continuous segments with constant curvatures providing an
easy way to model a system which is differentiable everywhere [95] [191]. PCC modelling
includes two mappings - 1) From actuator space to the configuration space (s,k,¢) which
describes the curvature produced by the continuum robot and 2) from configuration space
to pose which defines the position and orientation of the end-effector.

The first mapping is unique to the type of robotic system such as pneumatic or tendon
actuated arms [144] [174]. The second mapping is a standard kinematic transformation from
the arc parameters to the coordinate system of the task space. This transformation can be
achieved through different conventions and definitions [69]. One of those techniques uses the
modified Denavit-Hartenberg (D-H) approach to define a transformation matrix that maps
the configuration space to the task space.In this modified D-H method, the continuum robot
is defined as a virtual rigid-link robot allowing for convenient closed form calculations [89).

At first glance, one might be inclined to use a parallel manipulator model for the kinemat-
ics of HSA based robotic section, since both HSAs and Stewart platforms rely on a change
of length [47]. However, unlike links in a Stewart platform HSAs are always perpendicular
to their base. This is most similar to traditional pneunet based structures which have been

modeled using PCC [51].

B.4 HSA model and Platform Design

HSAs are not conventional linear actuators but do extend when the connected motor is
activated. The extension of a single HSA is a function of the motor’s angle of rotation 6. To
establish mapping between angles and HSA length we conducted a force vs. displacement
test using an Instron Universal Testing Machine at step angles of 30° from 0° to 180°. We
made our HSAs on a Carbon M1 out of FPU50 with a inner diameter of 22.98 mm and
thickness of 2 mm. At each step we observed the length at which the force was zero. We
observed that the extension is approximately linearly dependent on the angle, which is shown

in Fig[B.5l As a result, the length of an actuator can be modeled as linear function of the
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Figure B.2: Configuration parameters for the PCC model
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T

Figure B.3: Assembly at rest.



170

Figure B.4: Assembly after
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angle of the servo motor. We found an equation of the form L = o %60+ oy with ag = 0.124,

ayp = 0.119 fit the data with an R? = 0.99.

B.4.1 The 2x2 Platform

A 2x2 HSA platform, as shown in Fig. was designed, 3D printed, and assembled. It
has four independent HS-785HB servos in the base connected to to four vertical HSAs. The
HSAs are attached together to a ridged platform on top. The servos are controlled via a
Pololu Mini Maestro 12-Channel USB servo micro controller unit (MCU) and are powered
with 6V and the system draws up to 3 watts during testing. The servos are mounted to the
base in an angled pattern at 42°. This arrangement allows for a 43.68 mm center to center
distance between HSAs. A key feature of the actuator assembly is the presence of opposite
handed HSAs. In order to balance the net torque on the top platform produced from the
independent rotation of each HSA, each handed pair of actuators are arranged diagonally
in the 2x2 grid as shown in the top right corner of Fig[B.6 Thus, two of the servos rotate
clockwise and two rotate counterclockwise to extend each HSA. Therefore there is no need for
a strain constraint layer or a solid core in the structure. This allows the platform to change
in length and extend in the Z direction in addition to bending. The resulting workspace of

a single structure can be seen in Fig [B.7]

B.5 Kinematic Models

B.5.1 Mapping 0 to Length

In the 2x2 HSA platform, all the actuators are fixed in position at the base and coupled
together with the top platform acting as a second common link between them. If HSA
actuators were rigid length change actuators, the system would appear to be over constrained
since only 3 heights relative to one plane are needed to define another. HSAs however are
compliant, with the ability to compress and extend in response to external forces in addition

to twist driven length changes. This means that the length of any of the actuators at any
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Figure B.5: Plot of HSA axial deformation against angular rotation with 5.2N applied force.
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Figure B.6: The 2x2 HSA test platform. The top figure indicates the handedness of each
HSA in the platform.
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time is dependent on length of other actuators (and by extension their theta states). We
use our previous observation to model the length of actuators as linearly dependent on theta

values of all actuators. If L represents the lengths of the actuators then we can write L as

L=03-0+p.

The [y matrix establishes the extent of coupling between the actuators and g and 51
vector establishes their height at rest. Consequently, any change in the dimensions of HSA
would affect the coupling. For this reason we determine 3, and j; for our chosen design
through regression modelling.

Since, all the actuators in our experiment are similar in design, shape and geometry, we
expect a symmetric matrix for a cross-linked system produced by them.The [3) yegression Mmatrix
does not result in a perfectly symmetric matrix due to imperfections involved during system
assembly and experimental set-up. To enforce symmetry we break the [, matrix up into
two components, By symmetric and S0 deviation Such that Bo symmetric + Bo.deviation = 50,regression-
The By symmetric Matrix is then found by taking the mean of the diagonals, making a circulant
matrix. We then use By symmetric 8 Bo. Further, we average out the terms in 3; to build a

measure of the height of the actuators at rest.

B.5.2  Piecewise Constant Curvature approximation of HSAs

We choose the central point between all HSAs to be the distal end of our constant curvature
rod as seen in Fig. From there, we define the origin to be the point between the
bottom of all the HSAs. In order to model the HSA assembly we first establish the straight
lines connecting the ends of the HSAs. Fig. shows the HSA assembly represented as
two square, rigid bodies of the same dimension m, with corners P = {A, B,C, D} and
P =1{A B,C, D} called the “platform” and “base” respectively. We also initially constrain
all points in P to lie in the same plane P and all points in P to lie in the plane B. The
platform and base are separated by the set of rigid links with lengths L = {L;, Lo, L3, Ly} =

{la,1B,lc,Ip} where I; = ||JJ||s for J € P and have geometric centers. We note that due
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to this geometry the distance lg from the center of the platform to the origin i.e. the center

of the base is given by:

_lA+lc_lB—|—lD

I — B.1
s 5 5 (B.1)
lo —1a
_ oA B.2
AT A+ o) (B.2)
KB = lp — s Ko = la—lo = —KAK :—ZB_ZD = —K (B.3)
BT +1p) C T dlla+ 1) AP (s + 1) B '

Though we can calculate these lengths for each individual actuator, more significant is
their arc length subtended during it’s motion. Given the dependence of the platform’s pose
on angles and curvatures subtended by actuators, we follow the piecewise and extensible
constant curvature approach to model the position and orientation as a function of their

lengths.

B.5.3  Calculation of k, ¢, and s

To determine k, ¢, and s for our system, we extend the previous work on PCC models and

determine the following relationships while referring to Figure [B.2]

1 [l — 12 (Up— i)
- E\/(lc 12 p +ip)? (B4)

The angle of rotation about the z-axis ¢ is derived as

¢ =tan™? (M) (B.5)

lelp —lalp
Finally the arc length s is proportional to the angle ¢ by the curvature «,

2 [
s = —sin*t (/155) . (B.6)

K



It is worth noting that

hH(l) S(K, ls) = ZS
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which are the cases for when the platform is in its rest position and when there is curvature

only in the Y Z plane respectively in this particular instance.

B.5.4  Calculation of position and orientation

With the center of the top platform represented in arc parameters (s, k, @), we use a D-H

formulation for transformation to X )Y, Z coordinates of the center of the top platform.

We approach the forward kinematics from the base as a virtual revolute-revolute-prismatic

(RRP) transformation as previously stated in [147]. This approach defines our transformation

matrix shown in (B.7)).

COS ¢ COS kS
sin ¢ cos ks
—sinks

0

—sin¢g cos@¢sinks

cos¢ sin¢sinks
0 COS KS
0 0

cos ¢p(1—cos ks)

K

sin ¢(1—cos ks)

K

sin ks
K

1

The base coordinates of the system are defined in our system as -

B =10;0;0;1]

(B.7)

(B.8)

The position coordinates of the center point of the top platform would then be given by:

Further, the orientation is defined by two angles:

(B.9)
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Figure B.8: Sequence of operations with the platform for experimental validation where each

frame represents the state of the platform at time = t seconds.

B.6 Experimental Setup

Calibration is required to map between PWM values in Pololu’s software to angular displace-
ment on each individual servo for precise and accurate control. This was done by attaching
an approximately 10 in rod to the end of each servo and rotating 90 degrees to determine a
conversion between PWM values and servo’s angle of rotation.An OptiTrack system made
from four Flex 13 cameras was used to track changes in the 2x2 HSA platform. The four
cameras were located in top corners of a 1 cubic meter test volume and pointed at the plat-
form. Two rigid bodies were defined representing the dynamic top platform and the static
bottom platform. 3D position and quaternion data were saved for each rigid body. We
gathered all permutations on the HSAs from 0° to 180° in 30° increments. This resulted in
2401 unique states. These states were used to determine the coupling matrix f, and vector
b

For validation , we performed a composite rotation of the platform as shown in

Fig [B.8 This ensured that all the possible positions - extension, compression, bending &
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rotation were combined within one single sweep. We performed this sweep for the full range

of speeds the servos could generate (between 0.15 RPM and 30 RPM)
B.7 Results and Discussion

B.7.1 Mapping 0 to length

The basis of our model is the mapping between inputs 0 and lengths. In section we
found the linear relationship between 6 and the length [ of an HSA at which there is no
more extensional force. As a first approximation, we use these results in an uncoupled linear
model for estimating lengths of the actuators and observe significant errors against measured
lengths from OptiTrack. The analysis for it is shown in Fig. where the average error
in length estimation is 4.78mm with a standard deviation of 4.7mm and a range of -9 to
16mm. This was not unexpected as the above model considers the actuators as behaving
independently within a coupled system but the 2x2 HSA platform acts as a common linkage
between the four actuators producing a coupled model with interconnected links. This leads
the naive model to over estimate the length of the segments and produces a wide range of
errors.

By contrast when we integrate the two observations in our Coupled Length Estimation
Model, as explained in the modeling section, we correct the bias and reduce the range and
variance of the errors as seen in Figure [B.9] The resulting error in actuator length prediction
reduces to a mean of 0.25mm with a standard deviation of 1.6mm with a range of -4 to 6
mm. Since the errors in length propagate through the model we must examine the effects
on predicting position and state through the trajectory.

In Figure [B.ITA we see the inputs to the sequence seen in Fig[B.8 The lengths of the
actuators predicted and measured are seen in Figure[B.IT|C. As we can see, when the actuator
is moving, we see the most agreement between the model and measurement. The greatest
disagreement occurs when an actuator is meant to be held still. This is likely a result of an

relationship not captured in the beta matrix. We suspect that the driving actuators, acting
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using coupled mapping
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as a force generator are compressing the held actuators, which then are pulled or pushed.
An alternative explanation where the limits of extension are the source of errors is less likely

to be true since L2 and L1 have large errors at their rest state.

B.7.2 Piecewise Constant Curvature Model

Figure and D show the error propagation through the model. We cannot observe the
full state of the PCC section model, but we can observe the value of ¢ from the Optitrack
data since its merely the angle between the plane that contains the center point and the Z
axis, with the XZ plane. In Figure we see that ¢ is accurately captured by the model.
The error of ¢ is between -3.4° and 3.7° with an average of -1.5°.

We can also observe «, the angle subtended by the arc section which is a combined
metric of k and s. a and ¢ encode the orientation of the platform. We observe that « is
well predicted from the kinematic model with a range of error between -5.85° and 0.2° and
an average error of -2.8°. Therefore the model can reasonably capture the orientation of the
platform.

We compare the Cartesian coordinate of the center point with the one predicted from the
model in Figure [B.I11B. The result is a model which can predict the position with minimal
error. When we repeat it’s motion at various speeds as seen in Figure [B.10| we see that
for these motors, the model does not have an appreciable change in error. The figure shows
the distribution of errors in the distance between the center of the platform observed and
predicted. As the speed varies the mean error goes from a minimum of 5.5mm to a maximum
of 5.7mm with no meaningful correlation with speed. Therefore we can conclude that for
these motors and mass, the inertial effects can be ignored and a kinematic model such as

ours is sufficient.
B.8 Conclusion and Future Work

In this paper we established that Piecewise Constant Curvature models (PCC) are good

forward kinematic models for a 2x2 handed shearing auxetic platform when interaction be-
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tween HSAs is modeled for a coupled system. This is the first model of HSA platforms
and demonstrates that soft robotics modeling techniques can be adapted to HSA systems.In
comparison with a naive approach, coupled model is found to be more accurate for predicting
the lengths of the actuators. These can then be mapped into position and orientation of the
HSA assembly’s top platform. Over the complete range of Servo motor actuation, this model
shows no degradation with increased speed.

Now that HSA platforms can be modeled they can be used more fully in robotic ap-
plications beyond gripping.We believe there is potential to further decrease the positional
and angular error by expanding the interaction of HSAs in the coupled system as non-linear
terms. Future work includes developing a dynamic model based on the kinematic model
proposed in this paper and integrating it with a control framework for specific applications.
Additionally, the platforms we have designed have only constituted a single link in the PCC
framework. Extending this to a multi segment robotic arm made from HSAs is a logical next

step.
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Figure B.11: (a) Shows the variation of servo motor angle(input) with time; (b) Shows

comparison of Observed vs Estimated position of the center of the top platform; (c¢) Shows

a comparison of Observed vs Estimated lengths of the actuators; (d) Shows a comparison

of Observed vs Estimated orientation angles of the platform.
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