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Do not go where the path may lead,
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ABSTRACT OF THE DISSERTATION

Simplifying Terrain Navigation with Soft Legs

by

Dylan Drotman

Doctor of Philosophy in Engineering Sciences (Mechanical Engineering)

University of California San Diego, 2021

Professor Michael T. Tolley, Chair

Traditional robots, such as robotic arms in assembly lines, are designed for specialized,
repeatable tasks. However, robotic applications are not always set in structured environments.
Rather than using rigid components, soft robots made from soft materials are able to bend, extend,
and deform. These movements enable soft robots to swim, walk, crawl, and grasp objects like the
impressive capabilities of biological systems, such as the octopus. I hypothesized that the ability
of soft legs to easily compress and bend would reduce the complexity of the control algorithms
and hardware required for navigating unstructured obstacles. However, because soft walking
robots move very differently than their rigid counterparts, they provide a new challenge. Soft

appendages must be soft enough to passively adapt to the environment while being stiff enough

XV



to generate forces for walking.

In this thesis, I have investigated methods to design, fabricate, model, and control soft-
legged robots that are able to navigate over obstacles using simple control strategies. Inspired by
nature, I found that a pneumatically actuated soft-legged quadruped robot with three actuated
degrees-of-freedom (DoF) per leg was able to navigate over loose rocks or pebbles, squeeze into
tight spaces, and walk underwater against flow when augmented with an inflatable soft body. I
developed an application-driven design framework to relate the geometry and material properties
of the soft legs to common metrics such as bend angle and blocked force. This design framework
enables roboticists to rapidly design and fabricate soft robots to satisfy functional requirements. I
also developed a lumped-parameter soft robot simulator to replicate the movement of the robot
and used genetic algorithms to evolve practical, task-driven control strategies for accomplishing
challenging problems, such as squeezing through a confined opening. Practical implementation of
these gaits normally requires heavy and bulky pumps and valves which can be very challenging to
carry onboard a robot with soft legs. To address this concern, I developed soft air-powered circuits
to control the gait of the soft-legged robot without requiring any electronic components. The
sequential behaviors were mechanically “programmed” in the circuit by storing information using
the snap-through instability in hemispherical elastomeric membranes. The pneumatic memory
elements in the circuits changed the walking direction of the robot based on physical interactions
with the world. These pneumatic circuits could potentially be used to control electronics-free soft
robots for navigating environments where electronics may not be suitable, such as environments
sensitive to spark ignition. The contributions in this dissertation enable more versatile soft robotic

systems which could potentially be used to monitor hazardous environments.
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Chapter 1

Introduction

1.1 The Field of Soft Robotics

The impressive capabilities of biological systems have been used as inspiration for
developing soft robots. The octopus, for instance, is able to squeeze its appendages and body
through extremely small openings because of its lack of an internal skeleton. The design of these
creatures can help engineers design robots that can navigate over obstacles or through cluttered
environments. The field of bioinspired soft robotics has grown significantly, resulting in soft
robotic systems with animal-like behaviors including swimming [1], jumping [2], and crawling
[3].

In contrast to rigid robots, soft robots made from soft materials are highly dexterous and
able to reach into inaccessible locations by bending, extending, or deforming. Soft robots have
infinite passive degrees-of-freedom (DoF) compared to the finite passive DoFs on their rigid
counterparts. Soft robots can safely adapt to their surroundings which can be used for grasping
fragile objects and human-robot interactions. Soft robotic designs have previously been used for
applications that rigid robots were not well-suited for, including wearable systems [4], haptic

devices [5], and surgical devices [6].



1.2 Legged Locomotion

From a historical perspective, robotic locomotion became a topic of interest in the 1940’s
because of the potential use cases for the US military and space exploration [7]. Rigid legs require
many joints and corresponding actuators to achieve complex motions required for navigating
different environments. Soft robotic limbs, on the other hand, are an attractive option for legged
locomotion over uneven terrain because compliant materials can passively conform to their
surroundings. In addition, soft robots can squeeze into tight spaces to explore environments that
are inaccessible to rigid systems. The challenge with designing soft robots is to balance strength
and compliance; soft walking robots need to be soft to adapt to their environment while being
strong enough to carry payloads and generate forces required for locomotion.

Traditional legged robots require direct drive motors or geared transmissions that drive
each DoF. As robots become more complex with more controlled degrees of freedom, they require
more motors. As a point of comparison, there are over 600 muscles that control the movement of
a human body [8]. Embedding 600 motors into mobile robots would be expensive and unwieldy
using current actuator technologies. Alternative fabrication techniques such as multi-material 3D
printing and soft lithography can help to conserve space by embedding actuators into the structure
of the robot. The hardware limitations and mechanical design of current rigid robots limit their
potential to generate movements similar to biological systems.

The culmination of the work presented in this dissertation provide the tools necessary to
design and control pneumatically actuated soft walking robots. The actuators are embedded into
the structure which reduces the algorithmic and mechanical complexity required for controlling

soft robots.

1.3 Thesis Outline and Contributions

The chapters and contributions from each chapter are as follows:



Chapter 1: Introduction

e This chapter introduces soft robotics as a field and highlights key background information

that is relevant to the work in this thesis.
Chapter 2: Application-Driven Design Framework

e We developed an application-driven design framework for modeling multi degree-of-

freedom (DoF) actuators with bellows.
o We used these soft actuators for three different soft robotic applications:

1. Legs on a 3D printed soft walking robot capable of navigating over natural terrain
2. Fingers on a soft robotic gripper capable of rotating a fragile light bulb
3. Robot arm with a suction end effector for manipulating objects

Chapter 3: Gait Optimization for a Soft Legged Robot

e We developed a lumped-parameter model for the soft legs and designed a soft robot
simulator to replicate the movement of the soft-legged quadrupedal robot interacting with

obstacles.
e We used genetic algorithms to evolve the simulation to generate new gait sequences.

e The evolved gaits enabled the robot to walk faster on flat ground and navigate through an

obstacle that was previously impossible using heuristic control strategies.
Chapter 4: Pneumatic Circuits for Controlling the Gaits of Soft Legged Robots

e We designed pneumatic circuits to control the gait of a walking robot without any electron-

ics.

e We developed a new soft valve that enabled the circuits to control the omnidirectional

movement of the robot based on interactions with the environment.



Chapter 2

Application-Driven Design of Soft, 3D

Printed, Pneumatic Actuators with Bellows

2.1 Introduction

As robotic systems become increasingly integrated into our daily lives, there is a growing
need for robots that can safely work and interact with humans. The development of new materials
and advanced manufacturing techniques has led to an interest in robotic systems made of soft
materials. In contrast to rigid robots, soft robots have intrinsically soft and extensible bodies
capable of absorbing impact from collisions [2]. Soft robots deform continuously along their
bodies (as opposed to rotating about discrete joints), enabling them to change their shape safely
when interacting with humans or obstacles in dynamic environments.

Nature provides inspiration for designing soft machines. Muscular hydrostats (e.g. the
octopus tentacle) conform to objects in their surroundings through a combination of active motion
and passive deformation. The motions of these appendages enable the animals to manipulate
objects and navigate complex environments. Cephalopods can grasp objects, swim, and navigate

the sea floor by contracting muscle fibers arranged along their soft tentacles [9]. Inspired by



these natural examples, researchers have sought to develop tentacle-like soft robots with actuated

motion similar to the octopus [10, 11].

a)

Figure 2.1: Soft robotic application for a 3D printed bending actuator module. a) Soft manipu-
lator capable of rotating objects. b) Soft manipulator with a suction end effector [12]. ¢) Soft
quadruped robot walking over rocky terrain [13].

Soft robots operate by actuating a deformable, soft structure to achieve controlled motion.
Traditional actuators are constrained to linear or rotary motion while soft actuators are able to
deform and adapt to objects in their environments with theoretically infinite degrees of freedom.
Soft robots are generally controlled using pneumatic [14], hydraulic [15], or electrically actuated
systems [16, 17].

Soft pneumatic actuators operate by applying positive or negative controlled input pressure
to a hollow space inside a soft body. These actuators bend, twist, extend, or contract depending
on the geometric or material asymmetries [18—20]. While many types of soft pneumatic actuators
exist, they can be broadly organized into three categories: 1) McKibben actuators, 2) fiber
reinforced actuators (FRAs), and 3) pneumatic networks (Pneunets). McKibben actuators have a
meshed sleeve wrapped around a flexible membrane to create a contractile actuator [21,22]. Fiber

reinforced actuators use fibers to restrict motion of a pneumatic chamber causing the actuator to



move in a controlled direction depending on the fiber wrapping and fiber angle [23,24]. Pneunets
create a bending motion by using an inextensible strain limiting layer under a pneumatic network
of air chambers [25]. These actuators are used for a wide range of applications such as a wearable
device [4], a swimming robot [1], and a walking robot [3].

Soft robots have previously been fabricated using laborious molding processes [18,26,27].
These molding processes are limited when designing complicated actuator morphologies. Recent
innovations in 3D printing have enabled the rapid fabrication of highly customizable, flexible,
soft actuators. However, the materials available on commercial 3D printers often do not replicate
the material properties (e.g. elasticity and strain-to-failure) of silicone rubbers traditionally used
for soft actuators. Previous work has sought to address this challenge by developing custom 3D
printers to print with a range of materials [28-31], although these systems do not yet have the
precision and resolution of commercial systems.

3D printing has become a key technology for advancing the emerging field of soft robotics.
Soft actuator designs can more closely resemble their bioinspired counterparts due to recent
advances in 3D printing [32]. 3D printing enables researchers to rapidly fabricate new custom
designs for soft actuators and sensors including 3D printed elastomeric actuators [33], integrated
3D printed actuators and sensors [34], and edible actuators [35]. 3D printing has enabled advances
in the designs of soft robots actuated with smart materials such as dielectric elastomer actuators
(DEAs) [36] and liquid-crystal elastomer actuators (LCEs) [37].

We, and others, have taken advantage of the capability of 3D printers to produce complex
geometries with little to no extra cost [38]. Commercially available multi-material 3D printers are
capable of printing mixtures of a rubbery and rigid material, greatly expanding the capabilities
of directly manufacturing fully functional soft robots. We have designed soft components
with a combination of intrinsic and extrinsic compliance sufficient to allow large, repeatable
deformations. We have recently demonstrated the benefits of using multi-material 3D printing

to fabricate a jumping soft robot powered by combustion [2] and an end effector inspired by a



squid sucker [39]. In this work, we designed the soft actuators manufactured on multi-material
3D printers that use the Polyjet technology (i.e. Connex printers by Stratasys), one of the few
commercially available multi-material 3D printers. However, we hope that the general approach
(as described in Section III) would be equally applicable to the design of soft robots manufactured
using a variety of 3D printers.

A soft robotic application, such as locomotion, may require a specific actuator geometry
(e.g. overall length or actuator diameter) or a specific actuation metric (e.g. blocked force or
displacement). It is challenging to make early design decisions to satisfy application constraints
due to the coupling between the effects of various design parameters (e.g. actuation method,
material, actuator geometry) on the performance of a soft robot. Thus, a systematic approach is
needed for the design of soft robots.

In this paper, we create a design framework to predict application-based metrics for a soft,
3D printable bending actuator with bellows. This design approach limits the design-iteration cycle
time by relating the geometric parameters of the actuators to application-oriented metrics such as
bend angle and blocked force. In Section II, we describe the design of the soft actuators. The
models for the soft actuator are detailed in Section III. In Section IV, we describe the fabrication
process. In Section V, we validate the forward kinematic model with experiments. We also
tested the repeatability of the actuator chamber in bending by cyclically pressurizing an actuator
chamber. In Section VI, we perform a sensitivity analysis on the geometric parameters of the
bellows and compare the predictions of the model in response to varying key design parameters
to experiments for a few actuator designs. In Section VII, we discuss how these bending actuator
modules are used as legs for a soft quadruped robot. In Section VIII and IX, we discuss our

findings and conclude this paper.



a)

Cap—;, =0

Actuator
Chamber

Constraining

Figure 2.2: Actuation and geometry of a 3D printed soft actuator. a) Demonstrating the motion
of an actuator from an uninflated state, to three inflated states by pressurizing chamber Cy,
chamber C;, and chamber C3 respectively. b) Vertical cross-section of a single chamber of the
bellows in the uninflated state. The vertical dashed line represents the center line of a single
actuator chamber. The shaded region represents the inside of the chamber. ¢) Top perspective
of the soft actuator. Each actuator contains three pneumatic chambers which are pressurized
independently. The dark grey region represents the overlapping internal geometry of the bellows.

2.2 Actuator Design

3D printing actuators allows designers to create complex actuator designs that are difficult
to fabricate using soft lithography or other molding techniques. We designed a 3D printed actuator
capable of bending and extending about two axes (Figure 2.2a). These modular actuators are
composed of three parallel, connected chambers rotated 120 degrees about the longitudinal axis of
the actuator (Figure 2.2c). A rigid cap at the tip of the actuator module seals the three chambers.
When each chamber is pressurized, the actuator module bends. The actuator module is connected
to a rigid mounting plate at the base for interfacing with rigid components. In principle, this base
could also be soft.

Each of the chambers of the actuator module can be pressurized with positive or negative



gauge pressure. When an actuator chamber is pressurized, the actuator bends in the direction
away from the inflated chamber. If the actuator chamber is actuated with negative gauge pressure,
the actuator bends towards the actuated chamber. In this work, we used a volumetric control

system that can achieve both positive and negative gauge pressure [12].

2.3 Modeling

The extension, bending, and blocked force of the soft actuators at a constant pressure are
affected by the geometry of the bellows and material properties. In this section, we model the
motion of the actuators in 3D space and quantify how the performance of the actuators is affected
by changing the geometry of the bellows.

Each actuator chamber has bellows allowing the actuator to extend, compress, and bend
much more compared to cylindrical tubes of the same material. The bellows unfold and fold
when the chambers are actuated with air or water. The geometry of the bellows is related to the

initial length of the chamber of an actuator module in the uninflated state /o [40] (Figure 2.2b).

D0:2(r2+r1—|—t) 2.1)
lo = nDy (2.2)

A B
5= t2a+rtrtm (2.3)

where Dy is the distance from one of the bellows to the next for an actuator chamber, # is the
number of bellows, r; is the inner radius of one of the bellows, r; is the outer radius of one of the
bellows, ¢ is the thickness of the wall of the bellows, m is the flat portion of the bellows, ‘% 18 the
outer radius of the actuator, and g is the inner radius of the actuator.

The kinematics of rigid robots are defined based on the displacement of each joint angle

and the dimensions of each linkage. Soft continuously deformable actuators are more difficult to
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Figure 2.3: The actuator space is the space that represents actuator-specific characteristics (e.g.
the material of the actuator and the geometry of the bellows) and how the chambers of the
actuator change length depending on the input pressure. The actuator space is mapped to the
configuration space and to the final task space for the position of the end of the actuator in
Cartesian coordinates.

model compared to rigid linkages. An analytically tractable approach is to make the simplifying

assumption that the actuator forms constant-curvature arcs [41]. We modeled the kinematics for

the actuator in the actuator space, configuration space, and task space (Figure 2.3).

2.3.1 Forward Kinematics

The actuator space relates the pressure, geometry of the bellows, and material properties
of the actuator to the length of the three chambers of the actuator. The actuator space, q, is defined

by the lengths of the three chambers /; when i = 1,2, or 3.

q=[l,k,5)" (2.4)

When an actuator chamber is actuated with positive or negative gauge pressure, the
bellows extend or contract, changing the overall length of the chamber. The deflection of the
chamber is modeled using elemental load cases applied to a half-convolution of one of the bellows
[42,43]. This model has been extended from [42] to account for a variation between the radius ry
and rp by approximating the actuator stiffness for the two different radii as springs in series.

Assuming the axial stiffness is similar in extension and compression, the stiffness k; of

chamber i is:
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1
4= 2B+ o)

6Ttr? +24mrs +m® 4 3m*rm(1 + Trf)

Bj = 24E1 (2.6)

(2.5)

where 3; is a geometric parameter related to the material and geometry of the bellows defined in
Figure 2.2b, I is the averaged area moment of inertia of the chamber, E is the elastic modulus of
the material and r; is the radius of the bellows for the convex (j = 1) and concave and (j = 2)
portions of the bellows. For non-negligible wall thickness (r > %), use rj+ % instead of r;. This
assumption holds for applications where the actuator walls are thicker relative to the geometry of
the bellows.

The change in length of an individual bellows chamber Al{ due to its internal pressure P;

is determined from:

PA,

Al ==
i

2.7)
16 = AIf + 1y (2.8)

where [ is the extended actuator chamber length for chamber i, A, is the averaged cross-sectional
area of a bellows chamber, and k; is the stiffness of an an actuator chamber, given by Equation
2.5.

The three actuator chambers are connected by multiple constraining layers positioned in
the center of the actuator along the length of the actuator (Figure 2.2c). These layers connect each
of the bellows from one chamber to the two adjacent chambers, which is important for preventing
buckling. However, this support structure also diminishes the extension of each actuator chamber.

We account for this effect by defining the length of the actuator chamber including effects of the

11



constraining layers as:

Ie
n= (2.9)

0
I =n(lo—y2n(r1 +1)) +¥2n(r1 +1) (2.10)
li= ol + (1 — )l 2.11)

where 1 is the ratio of actuator extension to actuator chamber nominal length [y, [{ is the
constrained length of chamber i, [{ is the fully extended length of chamber i (unconstrained),
and /; is the final length of chamber i. The parameter ¥ specifies the percentage of the height of
the bellows (2n(r; +1)) that is connected to the constraining layer. The coefficient o specifies
the portion of the circumference of the bellows connected to the constraining layer. For our
prototypical design, the constraining layers constrain the entire height of each of the bellows
(y=1) and a third of their circumference (a0 = 1/3).

The configuration space of the actuator is determined based on the constrained length
of each actuator chamber, [, /5, and /3. The position of the actuator is defined based on the

centerline of the actuator relative to each of three pneumatic chambers [41] (Figure 2.4).

1
a)=5(h+h+h) (2.12)
(VB —21
¢(q) = tan 1<\/—(32(12—313) ‘)> (2.13)
2B +B+B—lh—lik— bl
K(q) = i b1l (2.14)
6(q) = (q)x(q) (2.15)

where [ is the length of the centerline of the actuator, d is the distance between the center of the
actuator and the center of each pneumatic chamber, K is the curvature of the actuator, and ¢ is the

angle of the actuator in the x-y plane.
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Centerline

Figure 2.4: The three chambers of the actuator bend forming a constant curvature arc when one
of the chambers is actuated. The position of the tip of the actuator is determined based on the
deflection of the centerline.

The actuator’s configuration space is then mapped to the task space of the actuator. This

space represents the Cartesian coordinates of the distal end of the actuator.

c=2psin (g) (2.16)
. [0
X = csin (§> cos(0) (2.17)
. (0 .
y=csin (5) sin(¢) (2.18)
7= cCos (g) (2.19)

1

where c is the chord length of the actuator, p is the radius of the actuator (p = +

), and x, y, and z

are the x-coordinate, y-coordinate, and z-coordinate at the tip of the actuator.

2.3.2 Inverse Kinematics

The inverse kinematics are used to find the chamber lengths associated with a desired
tip position of the actuator. The actuator configuration is unique when the base of the constant-
curvature arc is normal to the plane it is attached to.

To solve the inverse kinematics, we relate the individual lengths of the actuator chambers

13



to the centerline of the actuator [44].

¢=rtan"! (X> (2.20)
X
2 2
e AV Y (2.21)
X2y 22

cos (1 —xy/x2 +)?) ifz>0

0= (2.22)
21 —cos (1 —xy/x2 +2) ifz<0

0

= < (2.23)

The lengths of each individual chamber are then mapped to the position of the actuator in 3D

space.

li =1—06dcos (?(i—l)-l—g—q)) (2.24)

where d is the distance from the actuator center to the center of each actuator chamber. By

combining Equations 2.9, 2.10, and 2.11, we define the length and pressures for each chamber.

_ lo(li — ayZn(rl +t))

If = 2.25
! lo—(X’Yll’l(rl—Ft) ( )
(16 —lp)k;
p=~L 2.2
2 (2.26)

2.3.3 Blocked Force

We used Castigliano’s method to derive an expression for the blocked force for a soft

actuator by representing the actuator module as a curved beam (see Supplemental Info)
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i — Eerrl(P(1 —cos(0)) — hr)
Y p3 (16— 1sin(0)cos(0))

(2.27)

l 3
Eerp = A Y ki (2.28)
i=1

where FyA is the force from the bending actuator, E, ¢ is the effective Young’s modulus of the
actuator when pressurized, Ag is the cross-sectional area of the three-chambered actuator, hp
is the height of the actuator off the ground, and k; is the stiffness of actuator chamber i. The
stiffness of the actuator depends on the input pressure to the actuator chambers, the geometry of
the bellows, and the stiffness of the material. The stiffness of the actuator can also be resolved
experimentally or by using finite element analysis (FEA). The stiffness of an actuator module

used as the leg of a soft quadruped was determined using FEA [13] (see Supplemental Info).

2.4 Fabrication

We used a commercial multi-material 3D printer (Connex 3, Stratasys Inc.) to print the
actuator modules. This printer mixes rubbery material with rigid material to create materials with
a range of stiffnesses which can be represented on the Shore A scale from 35A-95A. We can tune
the Shore value by changing the percentages of the rigid and soft materials. This printer provides
a larger range of material stiffness choices compared to alternative FDM 3D printers that have
limited options for flexible materials (e.g. NinjaFlex, thermoplastic polyurethane).

The material used for the actuator module is a mixture of commercially 3D printed,
photocurable elastomer (Tango+ or Tangoblack+) and a hard plastic (VeroClear). We have used
both black and translucent materials (Tangoblack+ and Tango+ respectively) for our actuators
which have similar material properties. We chose a mixture of material that results in a Shore
hardness value of 70A as a compromise between compliance and stiffness. We printed these

actuators with a rigid base plate for mounting. The base plate and rigid cap are made of the same
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hard plastic (VeroClear).

The multi-material 3D printer fills the internal volume of the actuator chambers with
support material during the printing process to prevent parts from collapsing that have large,
overhanging features. An alternative approach is to modify the 3D printer to print pre-filled
fluidic channels [31]. The base plate and the actuator are printed as one part and the cap is printed
separately to allow for the removal of support material from the actuator chambers. This support

material can be difficult to clean when designing complex components.

Actuator
Cleaning Rod

Internal
Volume

Actuator _—~

Chamber

Figure 2.5: Cross-section view of one of the actuator chambers to show the placement of the
rigid rods in the center of an actuator chamber.

To remove support material from the soft actuators, we used the chemical soaking approach
recommended by Stratasys for their desolvable SUP706 support material (i.e. soaking printed
parts in a solution of 2% sodium hydroxide and 1% sodium metasilicate with agitation). However,
after this process, support material still remained in confined concave areas (i.e. inside the
bellows). Therefore, we used high pressure water/air to remove any remaining support material.

We decided to use high pressure air/water to remove support material. However, high
pressure water/air can cause ruptures in the actuators if the support material clogs the chambers
during cleaning. To solve this problem, we 3D printed rods along the length of the internal cavity
of the chambers of the bellows in place of the support material (Figure 2.5). The 3D printed

rods are removed after the printing process has completed, which makes the cleaning process
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much quicker. The cleaning rods can also have bellows to fill the internal cavity of the actuator
chambers, but this type of cleaning rod is much more difficult to remove. Air and water are used

to remove the remaining support material once the rods have been removed.

2.5 Experimental Testing

To demonstrate the versatility of the models, the tip position of the actuator was measured
when the actuator chambers were pressurized within the operating pressure bounds. When all
three chambers are inflated equally, the actuator extends axially. In all other cases, the actuator
bends. The outer profile of the actuator workspace in the XY plane and XZ plane are shown in
Figure 2.6. Figure 2.6a shows a top view while Figure 2.6b shows a side view (Plane 1). The

experimental results were compared to the analytical model (Figure 2.6b).

a) Top View b) Plane 1
60
130 * Experimental
40 + Simulated
120 ¢ 3
. 20 . L} N .
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.40 ‘. :.’
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X (mm) X (mm)
Figure 2.6: Motion capture data using a motion capture system for tracking the tip of the soft
actuator extending and bending for varying input pressures. a) Top view of the actuator task
space showing Plane 1 as a cross-section of the actuator task space (XY plane). The shaded area
represents the actuator task space from a top projection. b) Experimental data for the bounds of
the 3D task space when the actuator is bending in the XZ Plane (Plane 1). The actuator was
inflated at varying positive pressure between 0 and 50 kPa at 5 kPa increments.

We actuated a single chamber of an actuator from 0 - 50kPa for 1000 cycles (~ 5 hours
of data) and recorded the position of the tip of the actuator using our motion capture system

(sampled at 120Hz) (Figure 2.7). The chamber was pressurized using our volumetric control
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system [12] and controlled using PID (proportional—integral-derivative controller ). The cycles
were downsampled to 1Hz and overlapped. We chose the initial cycle to be the 10" cycle instead

of the 1% cycle because it took a few cycles to reach a steady actuation cycle.

Position Data
60 R (R 10™ cycle
95 : Final Cycle

Z (mm)
Z.(mm)

0 . . 20 ! ! : : : : .
20 0 20 40 0 5 10 15 20 25 30 35 40
X (mm) X (mm)
Figure 2.7: Position of the tip of the actuator when one actuator chamber is cyclically pressurized
from 0-50kPa for 1000 cycles (~5 hours of data). The 10 and last cycle are emphasized in
the dotted blue and solid black lines (respectively) and the cycles in between are shown in cyan.
The trajectory is shown in a scaled image (left) and the zoomed in image (right). The actuator
followed a similar path for all cycles, but the actuator extended further for the same pressure as

the actuator cycles increased.

The actuator followed a repeatable path for all cycles and did not rupture during testing;
however, the actuator extended further as the number of actuator cycles increased. The repeata-
bility of the actuator depends on the choice for the the geometry of the bellows, input pressure,
and material. The material changed stiffness slightly depending on the ambient temperature as
reported previously [45].

We previously reported the max pressure for this actuator to be 105kPa when the layers
of the actuator are printed along the width of the actuator [12]. We wanted to test whether print
orientation had any affect on actuation so we tested the actuators to failure when pressurizing one
chamber and compared results. We discovered that the actuator can handle up to 110kPa when
printed with layers parallel to the bellows axis of rotation. Unless the geometry of the prints are
close to the scale of the layer height (16 microns), there will be a minimal change in actuator

performance. However, cleaning actuators near this scale would not be practical.
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Table 2.1: Sensitivity values for geometric parameters of the bellows

90 | aF300734
129745 | 4900 110
ot ~6.8E-4 1700
dl29744 | 142 1.6
OB 2.17E4 570
0A ~4950 ~66
on 6 0.144

2.6 Actuation Trends for Varying the Geometry of the Bel-
lows

The models discussed in Section III relate the pressure in the actuator chamber and the
geometry of the bellows to the position of the tip of the actuator and the blocked force of the
actuator. By tuning the geometry of the bellows, robot designers can create soft robots that satisfy
functional requirements.

There are many geometric parameters that can be tuned to adjust the motion of the bending
actuator. We performed a sensitivity analysis to find which parameters have the greatest effect on
bending and blocked force. We took the partial derivative of the analytical model for bend angle
0 and output force FyA with respect to the geometric parameters ry, ¢, B, ly, n, and A. The results
showed that the thickness of the material of the bellows ¢ and the inner chamber diameter of the
bellows B had the greatest effect on blocked force and bend angle. The sensitivity values (partial
derivatives) are shown in Table 2.1.

Based on the results from the sensitivity analysis, we fabricated actuators with a £10%
percent variation of ¢t and B. We compared these actuators to results from the analytical model
(Figure 2.8).

The experimental data fits the model well despite model assumptions (linearly elastic

material and constant curvature). As ¢ gets smaller, the pressurized chamber strains the material
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Figure 2.8: Comparing the actuator models to experimental results varying actuation pressure
and varying the geometry of the actuator. Relationship between bend angle 0 and force FyA to
varying input pressures (Figures a-b) and to the two most sensitive geometric parameters of the
bellows: wall thickness of the bellows # and the inner diameter of an actuator chamber B inflated
at a constant pressure of 50kPa (Figures c-f).

more which causes the results to diverge from the model because of the linear elastic assumption.

There is a limitation on how thin the actuator walls can be due to the strength of the
material used for the bellows. This thickness is dependent on the stress in the bellows when the
chambers are actuated. The stress on the bellows over time can have an impact on the life span of
the soft actuators. The max stress for an extending actuator chamber must be less than the yield

strength of the material [42].

3PA,(A—B—1)

(¢} = 2.29
max 27‘512(3—{—%) ) ( )

Gma_x < GY (2.30)
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2.7 Soft Robot Applications

The three-chambered 3D printed actuator analyzed in this paper can be used for a wide
range of applications such as a finger for a soft gripper (Figure 2.1a), a soft arm capable of
manipulating fragile objects (Figure 2.1b) [12], or a leg for a soft quadrupedal robot (Figure
2.1¢) [13]. The geometry, material, and pressure can be tuned to develop actuators to fit the
requirements needed for each application.

One can take advantage of this framework for practical soft robotic applications. The
inverse kinematics are useful for fine positioning of the end effector of a bending module. For
example, the soft arm pictured in Figure 2.1b is an example application that requires the actuator
to be placed at specific positions to manipulate objects placed within the actuator workspace.
The kinematics relationships provide the input pressures required to position the actuator. The
force model is useful when determining what bellows geometry and pressure are required to meet
application force requirements. For example, this model can be used to figure out how much
weight a gripper can carry (Figure 2.1a). The sensitivity analysis described in Section VI can
be used to determine which of the bellows geometric parameters need to be tuned to meet these
functional requirements.

In the next section, we discuss the use of these actuators and legs for a quadruped robot.

2.7.1 Application Case Study: Soft Legs for a Quadruped Robot

Here we describe the use of the 3D printed soft actuators with bellows as the legs of a soft

robot for passive adaptation to rough terrain.

Gait Model

The gait for a quadruped is defined by the common input pressure, the sequence of

chamber inflation, and the duration of each inflation. Our goal is to compare the advantages of
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various gaits on different terrain.

The dynamic pressure change in the chamber is modeled as a linear pneumatic RC circuit

[46].

P(1) = (Py— Pin)e "E0C0 + Py, (2.31)

where P is the pressure in the actuated chamber, P, is the initial pressure, and P;, is the common
input air pressure. The time constant T = RgpCgg is a metric that tells how fast the actuators
respond when pressurized where R is the resistance from the pneumatic valves and Cr is the
capacitance from the actuator chambers. The capacitance from the tubing is neglected. Since
the valves and the chambers of the quadruped are connected together in parallel, the equivalent
resistance of the resulting system is the sum of the individual resistances while the reciprocal of
the equivalent capacitance is the sum of the reciprocals of each capacitance.

This results in a model that predicts how quickly the robot reaches its pressure equilibrium.
While R and Cgg are difficult to determine individually, we identified the time constant T by

applying a step input in chamber pressure and observed the resulting motion (Figure 2.9).

Pressure vs. Time Step Response
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Figure 2.9: Pressure step response for bellowed actuator. The time constant for a single chamber
at initial pressure Py = 0 kPa inflated with an input pressure of P;, = 50 kPa is T = .045s. The
response time to settle at the desired pressure is 0.2s.

The leg sequence chosen for this quadruped is a circular rotation counterclockwise or

clockwise to lift the legs of the robot over obstacles. When the legs rotate, they push off the
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ground creating a frictional force applied in the direction perpendicular to the orientation of the
legs on the body. These circular rotation primitives are then sequenced for each of the legs. The
bending direction of each leg is determined from a model of deflection and extension of soft
actuators composed of three pneumatic tubes (Equation 2.13).

a) b)

X

-<"‘_N

Sacsase ey
Figure 2.10: Locomotion of the quadrupedal robot. a) The height of the robot is determined
by analyzing the deflection of a curved beam b) with an applied load. c) Side perspective of
the quadruped in the inflated state. d) The soft limb creates a circle when the chambers are
sequenced.

The weight of the robot body causes the base of each leg to deflect vertically (Figure 2.10a).
Each leg is compliant with stiffness depending on the input pressure. We used Castigliano’s
method to calculate the vertical deflection of a soft leg assuming that the soft robotic leg is a

curved beam fixed at the bottom and on a vertically constrained roller (Figure 2.10a)

3
A pmg (1. 1
y (2 2

T ~0 — ~sin(0) cos(G)) (2.32)

hp = H —8y* = p(1 —cos(8)) — &y* (2.33)

where 6’;‘ is the vertical deflection of the leg, hr is the height off the ground after the applied

load, H is the height before the applied load, p is the radius of the circular rotation when the leg
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contacts a surface, g is gravitational acceleration, and m is the mass of the robot body.
The translational velocity of the robot is estimated based on the distance the leg contacts

the ground assuming no slip (Figure 2.10b)

d=1/p*—h% (2.34)

where d is half the distance the leg is in contact with the ground and /i is the height of the robot

off the ground. The velocity of each leg is determined based on one rotation of the leg

od
Vieg = — (2.35)

where o is the rotational velocity of the leg. The pressure actuation time affects the rotational
velocity of the leg.

Since each leg is oriented in the shape of an X, the velocity contribution to the robot is:

V2 V2 od
Vrobot = TVleg = 7? (2.36)

This expression estimates how fast each leg moves through one cycle. The quadruped
velocity is determined by combining the pressure response time with the estimate for the linear
velocity.

Although one goal is rapid linear velocity, a competing goal is walking over obstacles.

Three different gait sequences are defined to address these competing goals (Figure 2.11).

Quadruped Capabilities

The translational velocity of the robot was compared with different gait sequences, leg
angles, and different terrain. The velocities were calculated as an average velocity for each

condition using image processing. The results of these experiments are summarized in Figures
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Figure 2.11: Actuation and gait sequences for one cycle of the quadrupedal robot gait. The

shaded region for the gait sequences represents the time each leg contacts the ground. The
chamber actuation sequence for all four limbs is next to the corresponding gait cycle. The
shaded region in the chamber actuation sequences represents the time for which the chambers
are inflated.

2.14a & 2.14b.

We control the soft quadruped robot using a modified version of an open-source control
board [47]. This board controls the airflow through three to six independent solenoid valves
(VQI100 Series, Steven Engineering) depending on the gait sequence. A common pressure
regulator controls the input pressure P;, applied to each chamber. The controller (Mega 2560,

Arduino) actuates the solenoid valves using ON-OFF control to achieve the gait sequences

described above.

Figure 2.12: We compared the performance of two leg configurations for the quadrupedal robot.
a) One configuration had an initial leg angle of 45 degrees, while b) the other robot had legs
connected to the body horizontally.
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Figure 2.13: Locomotion of the quadrupedal robot. Angled quadruped demonstrating its ability
to walk over a) a valley, b) small pebbles and c) large rocks.

We observed that Gair 2 is the most effective gait for translational velocity on flat ground
since it only requires two actuated chambers per gait cycle. However, this gait sequence is limited
on rough terrain. By contrast, Gait I and Gait 3 were intentionally designed to lift the legs off the
ground during the actuation sequence, resulting in improved speed over rough terrain.

Next we compared the two leg configurations (Figure 2.12). We found that the robot
moved faster with angled legs compared to the flat configuration for each gait (Figure 2.14a).
The angled legs support the weight of the robot at a lower moment arm and apply a larger
traction force. For applications that require the robot to move through confined spaces, the flat

configuration may provide more mobility.

a) b)
Gait 2 Large Rocks
Gait 1 .% Small Rocks |
Gait3 Ii) Valley‘
Gait 2 | | Flat Ground
Gait 1
0 0.05 0.1 0 0.01 0.02 0.03 0.04 0.05
Velocity (Body length/second) Velocity (Body length/second)

Figure 2.14: Velocity comparison for the quadruped a) Velocity of the robot compared to
different leg angles and gait sequences on flat ground. b) Velocity of the robot on different
terrain. The quadruped used for all four tests had angled legs and used Gair 1.

We concluded that an angled leg quadruped using Gait 1 had the best performance on the
largest variety of terrain. Thus, we tested the quadruped in this configuration over flat ground,

pebbles, rocks, and over a valley (Figure 2.14b).
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2.8 Discussion

The previous section showed how the 3D printed actuators with bellows presented in this
paper can be used for a practical applications such as locomotion on rough terrain. However, the
analytical model makes assumptions that will lead to errors in the force and deflection predictions
when the assumptions do not hold. For example, since the model for bend angle is based on the
deflection of one of the bellows, there will be an accumulation of error for actuators with large
numbers of bellows. Therefore, the model for bend angle of the actuator is a better approximation
if there are a lower number of bellows for each actuator chamber.

By modeling the actuator using a computational approach rather than an analytical
expression, we can remove some of the assumptions that limit the accuracy of the model. FEA
(finite element analysis) is commonly used for simulating the behavior of soft systems because
it can account for the geometric and material nonlinearities in soft materials. Using FEA,
there would also no longer be a constant-curvature assumption. However, FEA modeling is
computationally intensive and specific to one geometry. Thus, an analytical expression for the
behavior of the bellows enables roboticists to quickly make early design decisions for the entire

class of 3D printable three-chamber actuators with bellows.

2.9 Conclusion

In this paper, we have described a framework for predicting the actuation characteristics of
a three-chambered, 3D printed, soft actuator with bellows and related these actuation characteris-
tics to the geometry of the bellows. By relating the geometry of the bellows to application-oriented
metrics (e.g. bend angle and blocked force), designers can predict how their soft robot behaves
before manufacturing it. These actuator models and multi-material 3D printing can greatly im-
prove the versatility of practical soft robotic systems. This design framework enables roboticists

to rapidly design and fabricate soft robots that satisfy functional requirements, opening up new
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possibilities for how they approach designing soft machines.

The next steps would be to use a multivariable optimization method to tune the geometry
of the bellows, material, and actuation pressure to satisfy robot constraints. The actuators in
this work were tuned individually to demonstrate trends when parameters of the bellows were
changed, but additional constraints may be required depending on the application. For example,
an application may have both force and bending design requirements while needing a minimum

stress in the actuator to ensure the actuator will have a long life-span.
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Chapter 3

Evolution of Gait Sequences for Soft

Legged Robots

3.1 Introduction

Soft robots made from soft materials are highly dexterous and able to reach into in-
accessible locations by bending, extending, or deforming. Researchers have previously built
soft robots that are able to squeeze under obstacles [48], endure large impacts [3,48,49], and
change shape [50,51]. These capabilities are possible because soft robots are able to conform
to their environment. Structural compliance reduces the algorithmic complexity required for
navigating challenging environments [13,52] which makes soft-legged robots an attractive option
for locomotion.

Modeling soft robots is challenging because the designer must make assumptions to
accurately describe the robot’s behavior without making the simulation computationally expensive.
Researchers have used voxelated soft robot simulations (i.e. robot simulations composed of many
small, cubic blocks of a soft material) to generate new designs and actuation strategies [53-56].

The problem with using this approach is that voxelated robots model the internal volume of

29



the structure which does not significantly impact the gait of the robot. Efficient simulations are
required to evaluate the robot’s movement in different environments, especially for complex robots
(i.e robots with a large number of active degrees of freedom, passive degrees of freedom and
contacts with the environment). Computational modeling approaches are useful when representing
intricate model interactions, however, these models are inefficient when solving system level
problems such as gait discovery.

The Spring-Loaded Inverted Pendulum (SLIP) model [57] has been designed to simplify
the movement of complex walking systems by using limited knowledge about the dynamics
(i.e. the location of the center of mass and angular momentum) to replicate the movement of
multi-legged biological and artificial creatures [58]. The problem is that the SLIP model abstracts
away information that is necessary for a complete description of the dynamic movement of the
robot. For example, the SLIP model does not take into account contact points along the legs and
body and it does not include the swing phase of legs on multi-legged systems. The SLIP model
lacks important information that is required for modeling and controlling multi-legged physical
robots to navigate different environments.

Lumped parameter modeling is an effective approach for generating new behaviors on
physical robots because it is analytically tractable and maintains model fidelity. For example,
previous work modeled a soft inchworm robot as a multi-linked mechanism [59] which closely
matched the movement of the physical robot for the normalized step size. Researchers used this
simple model to find an optimal phase offset for the gait sequence of the robot. This demonstration
showed that simple predictive lumped-parameter models can be used to design gait sequences for
robotic systems without requiring excessive computational overhead.

Researchers in soft robotics have used splines [60], constant-curvature arcs [61], and rigid
links [59,62] to represent the movement of soft appendages. As the number of elements increases,
the model becomes a closer representation of the deformable object. However, as the number

of elements increases, the number of equations required to define the position of all element
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Figure 3.1: Gait optimization for a soft legged quadruped robot. a) Schematic of the workflow
for optimizing gait sequences for a soft legged robot. b) Labeled image of pneumatic and
electrical components required to control the walking robot. c¢) Schematic of the quadruped
learning how to squeeze through an obstacle before and after the gait sequence has been evolved
using a genetic algorithm.

increases (i.e. an equation for each element and the geometric constraints between neighboring
elements). Lumped parameter models represent critical elements of inelastic and elastic bodies
which are beneficial for designing soft robot simulators.

The manual design of soft robot controllers for walking robots is notoriously challenging.
Experimental testing puts strain on the physical hardware which limits the number of gait
evaluations. Researchers have used genetic algorithms since the early 1970’s as a means of
replicating the evolutionary process to design new robotic movements [63]. Genetic algorithms

are designed to optimize traits loosely based on Darwin’s principle of “survival of the fittest”
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[63,64]. Researchers have previously used genetic algorithms to evolve soft robots in simulation
to squeeze through tight spaces [56] and navigate over aquatic and terrestrial environments [54].
Although these simulation results are impressive, limited research on evolving soft robots over
challenging environments in simulation has transferred to hardware.

In this work, we simulated the movement of a soft-legged robot using a simplified lumped-
parameter model and tuned essential gait parameters using genetic algorithms. In Section I, we
discuss the design and simulation of the soft-legged quadruped robot. In Section II, we discuss
how we validated the simulation with hardware. In Section III, we discuss how we optimized the

gait sequence of the robot to walk faster on flat ground and squeeze through a confined opening.

3.2 Materials and Methods

3.2.1 Design of a Soft Legged Quadruped Robot

We designed a four-legged soft quadruped with three pneumatic chambers per leg. The
design of the robot was similar to our previous work [13, 52] (Figure 3.3a). The legs of the
robot were radially symmetric about the center of the body. Each limb was angled downward
at a 45° angle relative to the horizontal, and composed of three parallel, connected pneumatic
cylindrical chambers with bellows. When a chamber was pressurized, the limb bent towards the
two uninflated chambers (Figure 3.3b). The three chambers of each limb provided the multi-axis
bending required for walking. The bellows on each chamber reduced the resistance to bending
when compared to simple tubes of the same material. Simple tubes can fatigue over time because

of cyclic stretching and bending of the tube material.
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Figure 3.2: Labeled image describing the movement of the quadruped robot. a) The chambers
on each leg are inflated in sequence which causes the robot to walk in a desired direction. b)
When one chamber is inflated, the legs bend towards the other two uninflated chambers. c¢) Each
chamber is then inflated in a sequence over the entire gait cycle. Each gait cycle is then repeated
to produce movement. The delay and inflation time are directly programmed to produce this
movement. The estimated deflation depicted in c) ends when pressure reaches 10kPa. The red
dotted lines on the right indicates that the deflation stage for the corresponding chamber overlaps
into the next gait cycle. The gait depicted in c) is labeled as the Seed Gait.

3.2.2 Design of the Gait Sequence

There are many possible gaits that can be used to solve navigation problems with the
soft-legged robot. Each of the twelve chambers on the robot can be inflated and deflated in any
order within the pressure limits of each chamber. Previously, we hand-tuned a diagonal couplet
gait pattern which is similar to gaits observed in nature [13,52]. This gait sequence was simple
to implement because it only required a few valves (i.e. six valves instead of twelve valves) to

control the robot. The robot was able to move forwards, backwards, sideways, and rotate in
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place by using circular primitive movements. The direction of rotation of the legs determined the

walking direction of the robot.

3.2.3 Soft Robot Simulator

Simulated environments can help to solve unexpected issues and lead to new qualitative
and quantitative discoveries of successful gaits. Computationally efficient analytical models
are useful for simulating the movement of walking robots. We developed simplified models to
emulate the movement of the physical system without having to model the volumetric change
that occurs when each chamber is inflated.

We previously predicted the tip position of the leg based on the arc lengths of each of
the individual chambers [52]. We also showed that the length of the centerline of each leg was
a function of the lengths of the individual chambers. In this work, we represented the flexible
centerline as a combination of discretized elements to form a lumped mass-spring-damper model
(Figure 3.3). Each leg was composed of translational spring-damper elements and rotational
spring-damper elements. The lengths of the translational elements were described based on the
chord lengths of each segmented arc along the centerline. Each linear segment had a mass that
was a percentage of the total mass of the leg. The mass of the leg was equally distributed among
each element. We assumed that all of the springs extended and bent the same amount when the
chambers were pressurized. We also assumed that each mass-spring-damper element on each
leg was spatially invariant. The stiffness and damping coefficients for each element on each
leg depended on the pressure in the chambers of the corresponding leg. We used a weighted
average of the pressure dynamic profile to estimate a constant stiffness and damping coefficient
for each leg at different pressures (see Supplemental Materials). Four separate chains of elements
representing four legs of the robot were attached to a rigid body to represent the soft walking

robot.
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Planar Bending Model

We identified the unknown leg parameters (i.e. stiffness and damping coefficients) based
on the motion of one leg after one chamber was inflated. We assumed that the leg was radially
symmetric about the central longitudinal axis (i.e. each chamber was identical).

When one chamber inflated, the leg extended and bent in plane (Figure 3.3a). We
developed two different planar models: i) Linear Spring model and ii) Prismatic Joint model
(Figure 3.3c). The Linear Springs model included masses, translational springs and dampers,
and rotational springs and dampers distributed along the centerline. The Prismatic Joint Model
includes masses, prismatic joints, and rotational springs and dampers distributed along the
centerline.

The planar bending models were described in a 2D xy coordinate system. Let x; and y; be
the coordinates defining the end position of element i with mass m;. Each translational spring
or prismatic joint element extended from the nominal length [y to a length /;. Each torsional
spring rotated about an axis that was normal to the xy plane. The angle o; was measured from the
relative x axis of each element.

The forces and torques that move each leg were described in terms of the pressure in each
chamber. The torques were applied at each joint along the centerline and the forces were located
at the center of the inflating chamber. The force was applied along unit vectors that point from
one element to the neighboring element. The forces and torques that moved the soft elements
depended on the pressure in each chamber. The inflation pressure dynamics of each chamber in
each leg was represented as:

t

Pcn(t) =Po+ (Ps—P,)e in (3.1)
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Figure 3.3: Analytical description of the soft leg dynamics. a) When one chamber was
pressurized, the actuator bent towards the uninflated two chambers. b) The movement of
the soft actuator was described based on the movement of the centerline of the actuator. c) The
centerline was discretized into mass-spring-damper elements to model the quadruped robot
interacting with the environment.

and the deflation of each chamber was represented as:

t

Peu(t) = Pre wou (3.2)

where Pc;, was the pressure in chamber C,, for each of the n chambers, P; and P, are the pressures
in a chamber at the start and end of a cycle (respectively), and t;, and 7,,; were the time constants
in and out of the chamber(s). During inflation, Py = P, and P, = Py, while Py = P,y and

P, = 0 during deflation. We identified the time constants (T;, and T, ) for different numbers of
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chambers by applying a step input in chamber pressure to measure the resulting pressure response
in the chamber(s) (Figure 3.5).
The generalized coordinates g; for each element i were defined as (/;, ;). The forces and

torques representing the input u,, for each coordinate and each element were defined as:

g, (t) = kg;(qai — qoi) (3.3)

where g;4; was the desired generalized coordinate for element i and go; was the initial position or
orientation of element i.
We fit a quadratic function to define the steady-state trajectory of each generalized

coordinate on each leg:

qio(Pcn) = acaPZ, 4 beaPen + ccn (3.4)

where acy,, bcy, and cc,, were fitting parameters for the two generalized coordinates for element i

on chamber C,, (see Table 3.1 for these coefficients).

Table 3.1: Data-driven, steady-state model coefficients
Aacn bcy CCn R’

Lio(Pcn) | -0.0002 | 0.0559 | 60.967 | 0.91455
0i0(Pcy) | -0.0039 | 0.9918 | 4.7124 | 0.9703

The Linear Spring model included the transient and steady-state response of the trans-
lational elements while the Prismatic Joint model only included the steady-state response of
the translational elements. The Prismatic Joint model reduced the model by i equations when

compared to the Linear Spring model while still retaining model fidelity (see Results section).

Quadruped Simulation

We used Simulink®, Simscape™, and Simscape Multibody™ as the programmatic

environments to simulate the movement of the robot. In Simscape Multibody™, every joint
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block (i.e. every translational or rotational joint) was assigned mechanical stiffnesses, damping
coefficients, and initial conditions. We configured the 3D rigid body robot mechanics based on
physical constraints such as the geometry of the robot, the location of the ground and the position
of the obstacles.

We precomputed the pressure dynamics (Equation 3.1 and Equation 3.2) for each chamber
before running each simulation of the walking robot. We used a discrete time (0.5 ms timesteps)
lookup table rather than using memory elements in Simulink to find the pressure in each chamber
at each timestep. We used a simple nearest-point search method to find each pressure when using
variable-step solvers.

Each foot was modeled using point contacts with frictional forces on the plane parallel to

the floor. We modeled the static frictional force for each leg as:

Fy = u,F (3.5)

where Fy was the force of friction and ug was the static friction coefficient. The friction coefficient
s was evaluated at the point where the quadruped begun to slide down an inclined surface at an

angle 6;.

us = tan(6;) (3.6)

The legs deformed when contacted by the environment (i.e. external forces) and from
pressurized air (i.e. internal forces). In our model, we assumed the pressure in each chamber
was not affected by contact with obstacles or the ground. In reality, the pressure in the chambers
changed slightly (~15 kPa) when interacting with the ground and obstacles.

We used penalty force contact models for ground and obstacle contacts. These models
increased force as two objects approached each other. The contact models were functions of the

distance and velocity between two objects (4 and / respectively). We used the inverse square
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force law (Fy = h% — dh) for ground contact which was used in previous work [65]. For all
other contacts (i.e. contact with obstacles), we used the spatial contact block (i.e. a classical
spring-damper system) which is available in Simscape Multibody™. Both contact models are
activated once the defined objects were less than 1 cm away from each other.

In Simscape Multibody™, models that contain physical components require variable-step,
continuous implicit solvers. Implicit solvers are designed specifically for solving stiff problems.
We used the solver ode23s which is based on a modified Rosenbrock formula of order two. We
chose a minimum time step of SE-4 s for our simulations.

We improved simulation speed by using the following methods: (1) parallel processing
(i.e. using multiple cores), (2) fast restart (i.e. performing iterative simulations without completely
recompiling for the next simulation), and (3) accelerator mode (i.e. the code was converted to
C to speed up the simulations). The computer we used for the simulations has the following
specifications: Intel 19, 12 core CPU, one NVIDIA 2080 Ti GPU, 64 GB of RAM, anda 1 TB
M.2 SSD.

3.2.4 Hardware Design

The physical robot was fabricated using the same materials used in previous work [66].
To manufacture the soft legged quadruped, we used commercially-available polyvinyl chloride
(PVC) cylindrical bellows (Corr-A-Flex tubing, Teleflex Inc.) for the pneumatic chambers due to
their extrinsic compliance (to allow bending) combined with the intrinsic stiffness of the material
(to permit large internal pressures). As a result, we actuated the robot with a maximum internal
pressure of 170 kPa (compared to 110 kPa pressure from our previous, 3D printed legs[13,52]).

The sections of tubing that formed each leg were held together with retaining rings. The
robot body and retaining rings were 3D printed out of polylatic acid (PLA, Makerbot Replicator
2, Stratasys Inc.). We used a commercial multi-material 3D printer (Connex 3, Stratasys Inc.) to

print the feet of the robot out of a soft material (TangoBlack+) for traction, as well as rigid back
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plates to mount the legs to the body of the robot (VeroClear).

We previously used a modified version of an open-source control board [47] to control the
diagonally-coupled chambers on the soft legged robot. We upgraded our control board to include
twelve high flow valves (AVS-3211-24D) that were connected to a pressure-regulated pump (1/5
HP 58 PSI Oil-Free Airbrush Compressor, Central Pneumatic) (Figure 4.1b). The microcontroller
(Mega 2560, Arduino) controlled the timing of the solenoid valves based on the gait sequence
results from the quadruped simulations.

For each experiment, the robot walked on a chalkboard sheet. The obstacles for the
confined space experiments were made by stacking and fixing two 2x4 pieces of wood on each

side of the robot.

3.2.5 Parametric Identification

We used parametric identification techniques to identify the unknown model parameters
which are the time constants for the pressure dynamics (T;, and T,,;) and the leg parameters (i.e.
translational and rotational stiffness and damping coefficients). We designed experiments to find
each of these variables to uniquely define the configuration of the soft legs based on the pressure

in each chamber.

Pressure Dynamics

We used a linear empirical model to relate the number of pressurized chambers to the
time constants for the inflation and deflation phase (Figure 3.4b). We measured the rise and decay
of pressure in the pneumatic chambers during the inflation and deflation phase respectively (see
Supplemental Materials). The chambers were inflated for 1 second and deflated for 3 seconds.

We used a nonlinear least-square fit to find the time constants for each phase.

40



Y]
~

(=3
=

——0One Chamber o |nflation
——Two Chambers o Deflation

Three Chambers —Inflation Emperical Fit
——Four Chmabers —Deflation Emperical Fit
——Five Chambers
Six Chambers

N
i

Pressure (kPa)
)
o

Time Constant (s)
o
o -

0 1 2 3 4 0 1 2 3 4 5 6 7
Time (s) Number of Chambers
Figure 3.4: Model for pressure in each of the chambers during the gait sequence. a) Experi-

mental results for the pressure dynamics as a function of the number of the number of inflated
chambers. b) We modeled the time constants as a function of the number of chambers using
an empirical linear fit (R?> = 0.9892 for inflation and R> = 0.9413 for deflation). Each time
constant datapoint was calculated from the exponential models (Equation 3.1 and Equation 3.2)
for different numbers of inflated and deflated chambers. See example fit for a single chamber in
Figure SB.1

Planar Bending

We described the bending motion of the leg in terms of the steady-state response and
transient response. We recorded videos of the leg bending in plane and we tracked the position of
the centerline of the actuator for each experiment.

We measured the static position of the leg at different constant pressures to calculate the
chord length and angle of each element on the leg. We ran this experiment from 0O to 125 kPa at
25 kPa increments. We fit the quadratic model shown in Equation 3.4 to the collected data for the
translation and rotation steady-state models (Table 3.1 ).

We assumed the leg formed a constant-curvature arc when bending in free space with
radius R and angle 0. The angle 6 was measured from the center of the formed circle. We placed
the base of the leg at the origin and calculated the angles of each element (6; and ;) and the

length of each element /; based on the position of the ends of each element (x;,y;).

x; = Rcos(0;) +R (3.7)
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yi = Rsin(6;) (3.8)

= /3242 (3.9)

o == (T—6;) (3.10)

| =

We used a forced vibration analysis for the transient response of the leg. We manually
displaced the actuator and recorded how the radius and angle changed as a function of time. We
measured the radius and angle of the actuator at different constant pressures (from 0 to 125 kPa at
25kPa increments). For each experiment, the leg oscillated around the steady-state positions from
the static experiments. We used a least-square function to minimize the distance between the
measured parameters (i.e. the extension and rotation of the elements) with their corresponding

mass-spring-damper model (Figure 3.5d and 3.5f).

3.2.6 Validation with Hardware

We verified the model of the quadruped by comparing the movement of the simulation to
the movement of the physical quadruped prototype. We tracked the center of mass (COM) of the
physical robot from the side and compared the tracked position to the COM of the robot in the
simulation for (1) a gait using one diagonal pair (One Diagonal Gait) and (2) a gait using two
diagonal pairs (Seed Gait). The One Diagonal Gait actuated one diagonal pair of leg chambers in
sequence so the legs rotated clockwise or counter clockwise. The two diagonal pair gait (Seed
Gait) used the same sequence for each leg pair as the One Diagonal Gait except for both pair of
legs. We set the pairs of legs out of phase by 180° (i.e. when one pair of legs was on the ground,

the other pair of legs was in the air).
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Figure 3.5: Static and dynamic planar bending experiments for modeling the movement of the
soft legs. a) Schematic of the experiment used to model the steady-state response of the leg. The
chord length and angle of each element was calculated when a pneumatic chamber was inflated
to a constant pressure. b) Schematic of the experiment used to model the transient response
of the leg. In this experiment, the leg was deflected to an initial position and orientation while
inflated to a constant pressure. When the leg was released, we tracked the position at points
along the leg to analyze the dynamic response of the individual elements. ¢) The quadratic
model and experimental results for the change in chord length of each element. d) Oscillatory
experimental results and mass-spring-damper model for the displacement of each element. e)
The quadratic model and experimental results for the change in rotation of each element. f)
Oscillatory experimental results and mass-spring-damper model for the rotation of each element.

We measured the coefficient of friction by tilting the quadruped on the chalkboard surface.
The quadruped started to slip at 35° which results in a friction coefficient of 0.7. However, we
found that a friction coefficient of 0.8 more closely matched simulated results. We used a friction

coefficient of 0.8 for the simulations in this work.
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3.2.7 Gait Optimization

Tuning gaits by hand can be a non-trivial, time-consuming process. In addition, learned
controllers can make robots crash into walls, tip over, or break. By learning controllers in
simulation, soft systems can accomplish complex navigation tasks without requiring extensive
experimental testing.

Researchers have evolved new behaviors and new designs of walking robots using genetic
algorithms [55,67]. Genetic algorithms are useful because there is a complex relation between the
search space (i.e. all possible gait sequences) and the cost function (e.g. walking to a destination
in a short amount of time) leading to multiple local minima. Genetic algorithms solve both
constrained and unconstrained optimization problems on large problem spaces in hopes of finding

a global optimum [64]. Genetic algorithms use the following steps to search for a global optimum

1. Generate the initial population of individuals
2. Evaluate the fitness of each individual
3. Select the fittest individuals for reproduction (i.e. parents, elite individuals)

4. Create new individuals (i.e. children) through mutation and crossover. Children are
produced either by making random changes to a single parent *'mutation’ or by combining

the vector entries of a pair of parents ’crossover’
5. Replace the least-fit individuals of the population with new individuals.

6. Repeat the following regenerational steps until termination (i.e. time limit, sufficient fitness

achieved, etc.)

Genetic algorithms select, merge, and sort the individuals in a population to search for the

minimum of a fitness function. Genetic operators (i.e. mutation and crossover) control how much
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exploration versus how much exploitation is used in the genetic algorithm. The reproduction
and selection processes pick two parents and uses mutation and crossover genetic operators to
generate new populations. The algorithm stops when the stopping criteria (e.g. max number of
generations, time limit, fitness limit, max number of stall generations, or function tolerance (i.e.

change in fitness value between generations)) is reached.

Problem Formulation

We designed the genetic algorithm to optimize the gait of the simulated soft walking robot.
The fitness function (i.e. objective function) is the equation that defines what is a “good” gait.
The genetic algorithm was designed to: 1) improve locomotion speed on flat ground and 2) enable
the robot to squeeze through a small opening. We set the fitness function for both cases based on
the euclidean distance the robot traveled away from the origin and the time it took to get to the

final position.

fitness = ((ve)y> + (xe)x2)t, (3.11)

where x, and y, are the x-coordinate and y-coordinate (respectively) at the final time step. The
simulations that walked the furthest from the origin in the correct direction had the highest reward.
Individuals with low fitness values were removed from the evolutionary process.

The following parameters were used to define the gait of the robot: i) the gait period (1
parameter), ii) the delay time before each chamber was inflated (¢ number of parameters), and
1i1) the time that each chamber was inflated (¢ number of parameters) where ¢ is the number
of controlled chambers (the total number of parameters is 1+2c¢). For this problem setup, we
assumed that each chamber inflated once per gait cycle.

The gait period was kept to a constant 4.5 s and the chamber delay and inflation were
restricted to values between 0 and 2.25 s. The max inflation time was set to half of the gait period

to prevent the chambers from over-inflating after multiple cycles.
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We chose the Seed Gait (1 second inflation of coupled chambers with a 1 second delay
before inflating the next set of coupled chambers, Figure 3.6) as a seed for the initial population
because we already knew before running the genetic algorithm that this gait would enable the
robot to walk in the desired direction. The Seed Gait helped to ensure the genetic algorithm
would result in a successful solution. We evolved gaits with the Seed Gait as the seed for all of
the genetic algorithms in this work.

We chose evolution parameters that would allow the genetic algorithm to explore new
gaits without veering too far away from successful simulated gait solutions. We set 5 percent of
the population as elite members with the remaining 95 percent of the individuals crossed over or
mutated (80 percent and 20 percent of the remaining members, respectively).

We set the simulation time for the genetic algorithms for the obstacle experiments to be
13.5 seconds (3 gait cycles) and the simulation time for flat ground simulations to be 4.5 seconds
(1 gait cycle). The simulation time for the obstacle experiments was longer so the simulated robot
could have enough time to squeeze through the opening. We set a maximum position (1.5 m),
maximum velocity (3 m/s), and a maximum acceleration (150 m/s?) as the stopping conditions
for each simulation. The genetic algorithms stopped when the maximum number of generations
was met or when the fitness value stopped changing. We used a small function tolerance (1E-20)
to allow the simulations to completely evolve for all generations.

Genetic algorithms with large search spaces can result in suboptimal solutions because
larger search spaces have a tendency to get stuck in stall generations. The benefit of a large
search spaces is that there is potentially a better gait when compared to smaller search spaces.
To test this, we ran three genetic algorithms with the chambers coupled (12 variables) and we
ran three genetic algorithms when the chambers were inflated individually (24 variables). When
the chambers were coupled, we performed 2,304 simulations (96 generations with a population
size of 24, 4 trials). We performed 25,000 simulations (1000 generations with a population size

of 25, 4.5 seconds for each simulation (1 gait cycle), 4 trials) when the chambers were inflated
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individually. We also tested the individual chamber genetic algorithm with a smaller number of
generations (4,704 simulations, 196 generations with a population size of 24, 4.5 seconds for
each simulation (1 gait cycle), 3 trials).

When in the uninflated state, the legs easily bend, twist, and extend. However, the longer
the valves are open, the more air enters the chambers which causes the legs to become stiffer.
When the legs become stiff, it is challenging for the robot to squeeze through obstacles. The robot
also needs stiff legs to exert forces to squeeze through small openings. Therefore, there needs to
be a careful balance between softness and stiffness which makes squeezing through a small gap
opening a challenging problem.

We evolved the gait of the robot to squeeze through an obstacle using a genetic algorithm
(1500 simulations, 100 generations with a population size of 15, 13.5 seconds for each simulation
(3 gait cycles), 3 trials).

For each of the the genetic algorithms, we implementing code that takes the optimized
result and organizes the sequence order of the chambers from first to last. This part of the process
was necessary to estimate which chambers were inflated at the same time to precompute the time

constants for the pressure input and to generate code to implement on hardware.

3.3 Results

3.3.1 Parametric Identification

During the inflation phase, air filled the chambers causing the bellows to expand. Once the
bellows were fully expanded, additional air entering the chamber was compressed. The transition
between these two phases can be observed in Figure 3.4a at ~40 kPa. There was an abrupt change
in pressure at this point. This effect did not occur during the deflation phase because the bellows
contracted while the over pressurized air was deflating.

The time constant required for characterizing the inflation phase(t;, = RC) varied as
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the number of chambers increased. The capacitance C (i.e. the volume the air needs to fill)
changed as the number of chambers increased therefore the linear trend shown in Figure 3.4b
matches what is expected. The resistance R (i.e. length of tubing) also increased as the number of
chambers increased but that resistance change is almost negligible when compared to the change

in capacitance.

3.3.2 Validation with Hardware
One Diagonal Gait

We observed that the robot walking with the One Diagonal Gait closely matched the
predicted Linear Springs model, but the COM dynamics had extra oscillations. The dynamics
of the Prismatic Joint model more closely matched the movement of the physical robot when
compared to the Linear Springs model. It is more important that the simulation matches the
physical robot so that the gait improvement from the genetic algorithm translates from the

simulated environment to the physical world.

Seed Gait

When we tested the Seed Gait on the physical robot, we observed that the dynamics and
final position along both axis in simulation matched the movement of the physical robot. After a
10 second interval, the position error was 3.9 percent of the body length (10.5 mm) in x direction

and 9.4 percent of the body length (25 mm) in the y direction .

3.3.3 Gait Optimization
Diagonal Couplet

When the diagonal pairs of legs were coupled together, the overall problem search space

for the genetic algorithm was reduced and the evolved fitness function quickly stabilized at a
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Figure 3.6: Comparison between the simulated movement of the quadruped to the movement of
the COM of the physical robot walking with the One Diagonal Gait. a) Schematic of the robot
from the side walking using the One Diagonal Gait on Legs L3 and Ly4. b) Screenshots from the
video showing the quadruped taking steps forward by inflating each chamber in sequence (see
Movie S1). We compared the movement of the physical robot walking in in x, y and z planes to
the ¢) Linear Springs + Torsional Springs model and the d) Prismatic Joint + Torsional Springs
model. We observed that the Linear Springs + Torsional Springs model had a close agreement
between the simulation and experimental results, but there were additional oscillations. The
Prismatic Joint + Torsional Springs model also showed a close agreement between simulation
and experimental results with less equations and without the additional oscillations.

fitness value (Figure 3.8b). Although there was slight improvement in the fitness value at 80

generations, the overall gait did not significantly improve after ~ 30 generations.
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Figure 3.7: Comparison between the simulated movement of the quadruped to the movement
of the COM of the physical robot walking with the Seed Gait. a) Schematic of the robot from
the side walking using the Seed Gait. b) Screenshots from the video showing the quadruped
taking steps forward by inflating each chamber in sequence (see Movie S2). We compared
the movement of the physical robot walking in in X, y and z planes to the c) Prismatic Joint +
Torsional Springs model. We observed that the dynamics of the simulated and experimental
movement matched but there was a slight phase shift in the x-direction.

Individual Legs

It takes more generations for the fitness value in the individual chamber experiments
to stall when compared to the fitness value of the coupled chamber experiments (Figure 3.8d).
We noticed that the average fitness value for the coupled leg genetic algorithm was almost the
same as the average fitness value for the individual leg genetic algorithm, however, there was a
larger variance on the individual leg genetic algorithm. The genetic algorithm with the individual

legs outperformed the genetic algorithm with coupled legs since there were more gait sequences
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options to evolve. If the both genetic algorithms were run for a longer period of time, the gaits
would eventually converge to a global maximum, however, we leave these simulations for future
work.

Our results showed that the gaits did improve significantly when we ran genetic algorithms
with the chamber inflated individually compared to the seeded gait (Figure 3.9g). We successfully
improved the gait on flat ground in both simulation and on hardware. We observed that the genetic
algorithm with a larger number of simulations (Optimized Gait 1) improved the max distance
traveled more than the genetic algorithm with a smaller number of simulations (Optimized Gait
2) (5.3% improvement). The gaits obtained from both of the genetic algorithms improved the
overall speed of the robot when compared to the seed gait (1.2 X distance traveled for Optimized
Gait 1 and 1.5 X distance traveled for Optimized Gait 2).

The experimental results from the genetic algorithm with a smaller number of simulations
(Optimized Gait 2) and the Seed Gait closely matched the simulated results. The increased speed
on flat ground demonstrates the benefits of simulating and learning new gaits in software rather
than manually testing gaits on the physical soft legged robot.

The robot 1s unable to squeeze through a gap opening when controlled with the Seed Gait.
When the leg are in the swing phase, the legs push against the obstacle which pushes the robot
backwards and prevents the robot from squeezing through. After evolving gaits with the genetic
algorithm, we found a gait that can control the robot to squeeze through a gap opening equal to
80% of the width of the robot (robot width = 250 mm) (Figure 3.9g). The robot almost able to
completely navigate though an obstacle gap that was 70% of the robot’s body width, however,
the legs of the robot got stuck on the corner of the obstacle. A similar rigid system would not
be able to squeeze though obstacles smaller than the robot’s width without changing the gait for
each gap width. Soft legs can use simple periodic gaits to navigate through a similar class of
obstacles while a rigid robot would be unable to to accomplish this task. The results from these

experiments demonstrate the benefits of soft legs and the importance of the periodic gait sequence
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Figure 3.8: Results from the genetic algorithm for optimizing the gait of the quadruped walking
on flat ground. a) Bar plot of the free parameters that are optimized using the genetic algorithm.
b) Fitness evolution for each generation when pairs of chambers are coupled. Shaded region
denotes one unit of standard error. c) Bar plot comparing the optimized results for the quadruped
simulation to experimental results. The two are compared based on the euclidean distance per
gait cycle for three different gaits (Seed Gait, Optimized Gait 1, and Optimized Gait 2). d)
Fitness evolution for each generation when the chambers are optimized to inflate individually.
Shaded region denotes one unit of standard error.

for sequencing through obstacles.

3.4 Discussion

Data collection for a simulator is less taxing on the hardware when compared to testing
gait sequences directly on the robot. Hyper-parameter tuning does require experiments to develop
a successful model but the number of experiments are drastically reduced. Simulating the robot
makes it easier to prune out weak gaits and learn affordances about the environment in a shorter
time frame.

Soft legs enable robots to traverse different classes of environments with simplified control

strategies. Soft legs can take more paths (i.e. bend, twist, and deform) enabling robots to move
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Figure 3.9: Success and failure of robot squeezing through normalized gap width (normalized
by the robots width). a-b) Schematic of the robot squeezing through a gap opening smaller than
the width of the robot c-d) Simulated results showing the robot before and after walking through
the gap. e-f) Experimental results showing the robot before and after walking through the gap
(see Movie S5). g) The results for each gap distance are plotted against the distance traveled in
mm after walking for 30 seconds.

in more complex ways when compared to rigid legs. We have shown how important the gait
sequence of soft legged robots can be when attempting to squeeze through an obstacle. If the
gait sequence is not tuned properly, the robot will be unable to squeeze through tight spaces. The

combination of soft legs with genetic algorithms enable soft legged robots to tackle challenging
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navigation problems.

When modeling complex movements and interactions, it is almost impossible to exactly
model the robot, the physical environment, and the interactions between the two. Robot behaviors
trained in simulation do not always function properly when tested on the real robot leading to gaps
between simulation and reality. In this work, we assumed that the simulated stiffness and damping
coefficients were constant, however, this is not the case on the physical system. We believe the
differences between the stiffness and damping coefficients is what caused the difference between
the simulation results from the longer genetic algorithm (Optimized Gait 1) and the experimental
results.

For the experiments presented, we used a constant period for each gait, however the period
can also be optimized. The challenge with optimizing the period is that the parameter bounds for
inflation and delay must change during the genetic algorithm to account for the changing period.
Another approach would be to set the inflation and delay bounds to below enough to prevent the
chambers from overinflating.

The methods presented in this work can be used to explore unique gait sequences for
different environments (e.g. slippery surfaces, steps, tight vertical spaces, and rocky terrain).
Previous researchers have used a simple reward function to optimize the gait of a quadruped
to navigate hurdles, gaps, slalom walls, and platforms [67]. Their results show that a simple,
generic reward function can be used to train non-trivial locomotion skills over a wide range
of environments. The models presented in this work can be used to translate improvements in
different simulated environments onto a physical soft legged robot.

There may be gaits that perform better as a generalist (i.e. gaits that are able to navigate
all terrains) when compared to gaits that perform better as a specialist (i.e. gaits that are evolved
for a specific terrain). This idea brings up interesting questions about how to identify gaits that

are optimized for multiple environments. However, we leave this analysis for future work.
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3.5 Conclusion

We developed a computationally-efficient quadruped simulator to replicate the movement
of a soft legged quadruped robot. This simulator was designed to test gait sequences navigating
over different environments. We validated the model with a single diagonal couplet gait (One
Diagonal Gait) and Seed Gait. We then used a genetic algorithm to optimize the robotic gait to
walk on flat ground and squeeze through a gap. We evolved a gait that showed 1.5 X improvement
on flat ground. We found a gait that enabled the robot to squeeze through a gap up to 80% of the
robot body width. The resulting evolved gaits are not intuitive to tune by hand. Robots with soft
legs and simple gaits can be used to solve complex problem that are challenging for traditional
rigid robots such as surveying land to help during disaster relief efforts. This work is a step

towards robust walking robots using simplified control strategies.
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Chapter 4

Pneumatic Circuits for Controlling the

Gaits of Soft Legged Robots

4.1 Introduction

Recently, soft robots that use flexible materials and structural compliance to achieve
complex movements have demonstrated promise for simplifying interactions with complex envi-
ronments and for safely interacting with humans [27]. Various approaches have been presented
for the actuation of soft robots, including systems driven by pneumatic [48] or hydraulic pressure
[1], tendons [68], or smart materials [69], [70]. Pneumatic actuation is particularly attractive for
many applications due to the low fabrication complexity and the commercial availability of the
required components [71]. Generally, this approach involves inflating a sealed chamber within a
soft body with a controlled supply pressure. A material or geometric asymmetry then causes the
soft body to move in a prescribed direction (e.g. bending, twisting, extension/contraction).

The ability of soft robots to adapt to variable terrain makes them attractive for locomotion.
We have previously found that a pneumatically actuated soft-legged robot with three actuated

degrees-of-freedom (DoF) per leg was able to navigate a variety of terrains (e.g. flat or valley-
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shaped, covered with loose rocks or pebbles) using very simple gait patterns [13,52]. The
compliance of the soft limbs of the robot also enabled it to squeeze into tight spaces [13].
When augmented with an inflatable soft body, we further demonstrated that the robot was able
to manipulate the hydrodynamic forces it experienced while walking underwater to improve
locomotion for a variety of ambient flow conditions [72].

Previous pneumatically or hydraulically powered soft robots that use rhythmic motion to
achieve locomotion (e.g. by walking [3, 13,48, 52], crawling [73] rolling [74], slithering [46],
swimming [1, 15,75], peristaltic digging [76,77], or jumping [2]), have been primarily controlled
by pumps and/or solenoid valves connected to an electronic microcontroller. For example, we
used a modified version of an open-source fluidic control board [47] to control the movement
of our previous soft legged robot [13]. We, and others, have also used closed volume actuation
systems (e.g pneumatic or hydraulic pistons) to supply both positive and negative pressure for
controlling soft robotic systems [12,78].

Despite these demonstrations, two major challenges for fluidic soft robots are the size
and cost of the components (e.g. electronics, pumps and valves) required for their actuation and
control [71]. Since at least one pump or valve is required per actuated degree-of-freedom, the
size and cost of these components place a lower limit on the size of soft robots and an upper limit
on the number of actuated DoF.

To address these limitations, recent work has investigated fluidic control circuits for soft
robots. In these circuits, simple fluidic components (e.g. microfluidic valves[79]) can replace
the relatively large and expensive electromagnetic components (e.g. solenoid valves). Previous
work used microfluidic valves to interface with computer-controlled Braille displays consisting
of 64 solenoid valves to independently actuate 32 pneumatic DoF [80]. Recent work has used
microfluidic demultiplexers to decrease the number of solenoid valves required per independently
controlled fluidic lines (to n valves for 2" lines) [81]. The disadvantage of demultiplexing schemes

is that only one of the outputs can be controlled at a time, limiting the temporal resolution of
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Figure 4.1: Soft legged untethered quadruped robot with a bioinspired gait pattern controlled
with an electronics-free pneumatic actuation system. a-d) African sideneck turtle exhibiting
a diagonal couplet walking gait. e) Image of the untethered quadruped robot with onboard
soft valves powered by a pressure-regulated CO, canister; key components are labeled, as are
the directions of leg motions for forward walking. Pneumatic oscillators are used to control
the motions of each diagonal leg pair for forward walking. f-i) Sequence of images from a
video of the robot walking using only the pressurized CO, canister as a source of energy, with
two pneumatic oscillator circuits generating rhythmic leg actuation. j) Pneumatic logic circuit
for rhythmic leg motion. A constant positive pressure source (P, ) applied to three inverter
components causes a high pressure state to propagate around the circuit, with a delay at each
inverter. While the input to one inverter is high, the attached actuator (i.e. A, Ay, or Az) is
inflated. This sequence of high pressure states causes each pair of legs of the robot to rotate in a
direction determined by the pneumatic connections. k) By reversing the sequence of activation
of the pneumatic oscillator circuit, the attached actuators inflate in a new sequence (A1, A3, A2),
causing 1) the legs of the robot to rotate in reverse. m) Schematic bottom view of the robot with
the directions of leg motions indicated for forward walking.

actuation.

Garrad et. al developed an alternative type of fluidic circuit that converts sequences
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of conductive and dielectric fluids into analog or digital signals that can be used to generate
sequences of actuation to control soft robots such as a soft worm [82]. This approach has the
potential to reduce some of the components (e.g. valves) required to control a soft robot, but still
relies on a combination of fluidic and electrical components, and has yet to demonstrate control
of complex soft legged robot.

To reduce the cost and complexity of soft machines, and enable applications in envi-
ronments at risk of spark ignition (e.g. in underground mines), recent work has investigated
fluidic circuits for controlling electronics-free soft robots. This work builds on a rich area of
research on the design of integrated microfluidic circuits for signal generation and computation
[83-88]. Integrating an oscillating microfluidic circuit into a soft body has led to a fully soft
untethered robot that used monopropellant decomposition to power a simple motion pattern
[89]. However, this work did not present an approach to control complex motions (such as the
gait cycles of a legged robot), and the physical dimensions of the microfluidic channels limited
the fluid flow rate—and hence power—of the actuators. Recent work took a step towards a
microfluidic controller for legged robots [90]. With power, control, and clock inputs, this work
demonstrated the selection of states (walking or grasping) for a rigid robot. However, this work
did not address the generation of clock signals, or an approach to enable sufficient fluid flow to
actuate a soft robot.

Rothemund et al. developed bistable valves that enabled sufficient fluid flow for controlling
pneumatic soft robotic devices such as a gripper and an earthworm-inspired robot [91]. Subsequent
work used similar valves to demonstrate digital logic circuits for soft robots [92], and to generate
a soft ring oscillator that produced a continuous oscillatory movement for devices such as a
rolling robot, and a device for separating particles [93]. However, this work has not addressed the
challenge of generating more complex, coordinated motions for soft robots with many DoF, as
required to generate responsive gaits for a walking robot.

Nature, however, provides inspiration for how to generate motion from oscillatory circuits.
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Control circuits known as central pattern generators (CPGs) are used by natural organisms to
produce rhythmic movements such as walking, flying, and swimming [94]. For example, CPGs
observed in Xenopus tadpoles [95] and lampreys [96] produce simplified oscillatory movements
with minimal feedback. Animals use sensors to regulate their oscillatory gait patterns based on
the environment they are navigating [97]. Examples include stick insects that navigate large gaps
by changing their walking speed based on feedback from their antennas [98], and cockroaches
that use antennas to detect substrate conditions and adapt their walking gait [99].

Roboticists have been inspired by pattern-generating biological CPG networks to design
robots that can respond to information from their environment [100-102]. For example, decentral-
ized coupled oscillator CPGs observed in caterpillars inspired roboticists to develop a soft-bodied
robot that was able to switch between an inching and crawling gait pattern based on tactile sensory
information from the environment [103]. However, previous work on generating robotic gaits
based on CPGs has used electric components to generate the patterns.

This work presents pneumatic circuits composed of fluidic control components [92,93]
that are designed to control the gait of a walking robot without electronics (Figure 4.1a-g).
Analogous to biological gait control, these circuits generate oscillatory signals, and adapt the
oscillatory signals in response to sensor input to generate responsive gaits. Our proposed approach
for controlling soft systems enables robots to interact with the environment and make decisions
based on these interactions without requiring electronics (Movie 1). The innovations that enable
this approach are: 1) pneumatic circuits composed of a small number of fluidic control components
capable of generating gaits for legged locomotion, ii) a new pneumatic memory element (designed
to mimic a double-pole double-throw switch) to enable gait selection, and iii) an onboard tactile
sensor to semi-autonomously switch gaits based on input from the environment. Together, these
innovations enable simple fluidic circuits for controlling soft legged robots and represent a step

towards developing practical, electronics-free soft robots.
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4.2 Results

4.2.1 Soft legged quadruped design

To demonstrate the use of a pneumatic control system on a soft legged robot, we designed
a soft quadruped with three pneumatic chambers per leg (the overall morphology was similar to
our previous work [13,52], Figure 4.1). The four limbs of the robot emanated from the robot body
with two perpendicular vertical planes of symmetry. Each limb was angled downward at a 45°
angle relative to the horizontal, and composed of three parallel, connected pneumatic cylindrical
chambers with bellows. When a chamber was pressurized, the limb bent in the opposing direction
(Figure 4.1e). The three chambers of each limb provided the multi-axis bending required for

walking.

4.2.2 Diagonal couplet gait control

The gait for the quadruped was defined by the duration of inflation/deflation for the three
chambers of each leg of the robot. Rather than individually addressing all twelve chambers, we
simplified the control problem by pairing the similar chambers on the legs diagonally across from
one another (Figure 4.3b). Here, we refer to the three paired chambers of one diagonal pair as Ay,
A, and Az, and the three paired chambers of the other diagonal pair as By, B, and Bz. Timed
actuation of the paired chambers A1, then A, then A3 caused the first pair of legs to rotate in the
same direction, causing the robot to take a diagonal step. Similarly, the sequence By, then B»,
then B3 caused the robot to step in a perpendicular direction (see SI Movie S1).

Reversing the sequence of actuation of the chambers in a leg pair (e.g. Ay, A3, and A»),
caused the robot to move in the opposite direction (see section Reversing leg rotation with a 4/2
bistable control valve for omnidirectional locomotion, below). Thus, with linear combinations of
forward or reverse steps with the diagonal leg pairs, the robot was able to walk in any direction

(see SI Movie S2 and Movie S5). Rotation was also possible by reversing the direction of
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rotation of one leg in a pair with respect to the other. Thus, a simplified gait control system for
omnidirectional locomotion required the diagonal leg pairs to be able to rotate clockwise and
counterclockwise. In the following sections, we describe the pneumatic networks we designed to
achieve these rhythmic gait motions with only a single pressure supply line. We also describe
how these circuits are used to switch the rotation of the legs in response to user or environmental

input.

4.2.3 Rhythmic leg motion with a soft ring oscillator

To control the gait sequences discussed above without electronics, we used soft pneumatic
control circuits [91-93,104]. The basic rhythmic motion of a pair of legs was generated with a soft
ring oscillator [93] acting as a pneumatic CPG. The soft ring oscillator propagated continuously
with a constant pressure source acting both as signal (i.e. indicating when to oscillate) and source
of energy (see Methods and Materials, Soft ring oscillator analysis for details).

To generate rhythmic motion of a pair of legs, we connected one port of each valve of the
soft ring oscillator to pneumatic chambers of the legs. One set of paired legs (e.g. chambers Ay,
A3, and A3z) was connected to the nodes of the oscillator circuit (Figure 4.2a-c) which generated
pressure in the connected chambers (Figure 4.2d). The pressure generated in each chamber
during this process was consistent, with an average standard deviation of pressure throughout the

cycle of 9.4 kPa (see Supplementary Materials, “Consistency of Pneumatic Circuit Oscillations”).
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Figure 4.2: Soft ring oscillator concept. a) Each of the valves acts as an inverter by switching the
normally closed half (top) to open and the normally open half (bottom) to closed. b-c) The soft
ring oscillator is designed to sequence inflation and deflation of different chambers on the robot
(e.g. Oscillator A: Ay, Ay, and A3). The soft ring oscillator actuates the chambers in sequence
which results in the limbs rotating in a circle. These schematics depict the moments immediately
before (b) and after (c) the pressure in chamber A3z increases beyond the valve snap-through
pressure (P = 35 kPa). In (b) both A, and A3 are inflating. In (c), once the pressure in Az > Py,
the exhaust for A, opens and A begins deflating as depicted. d) Representative plot of the
pressure at the three nodes of the oscillator when actuated at 150 kPa. The moments depicted in
(b) and (c) are labeled on this plot as Inflating and Deflating, respectively.
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4.2.4 Simplified pneumatic circuits for controlling two pairs of legs

The soft ring oscillator discussed in the previous section generated continuous oscillatory
motion for a single pair of legs. However, the control of a quadruped requires coordination of
two sets of diagonally connected pairs of legs to produce a diagonal couplet gait. To control both
sets of legs, we considered two alternative pneumatic control circuits: a dual-purpose three-valve
ring oscillator connected to both leg pairs that we call Circuit 1, and a circuit consisting of two
three-valve ring oscillators in parallel (six valves to control the oscillation, one valve for phase

control), that we call Circuit 2. In the following sections, we compare and contrast these options.
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Figure 4.3: Simple circuits for generating a diagonal couplet gait. a) The dual-purpose three-
valve ring oscillator circuit (labeled as Circuit 1) controlled the pressure in twelve chambers
with four chambers (two mirrored pairs) connected to each inverter for a phase offset of 0°,
120°, or 240° between the rotation of each diagonal leg pair (depending on the positions of the
second pair of chambers relative to the first). b) Schematic of the quadruped robot controlled by
Oscillator A and Oscillator B when Oscillator B has a phase offset of ¢'. ¢) Box plot depicting
the velocity of the robot for four different phase offsets. The 0°, 120°, and 240° phase offsets
were controlled with Circuit 1 while the 180° phase offset was controlled by Circuit 2. d) The
parallel oscillator circuit (Circuit 2) consisted of two oscillators controlling the two leg pairs
in parallel. One of the oscillators was delayed by a phase controller (pictured here), and the
other was not (not pictured), resulting in a one-time delay of one oscillator with respect to the
other upon activation of both circuits. e) The delay was adjusted by changing the resistance
of an element R (i.e. the length and inner diameter of a section of tubing) connected to an
inverter so that it only delayed the circuit once at the initiation of oscillation. f) Representative
measurement of the pressure in the three chambers of the delayed oscillator. The time offset

delayed the initiation of the second oscillator (shaded region), effectively controlling the phase
between two oscillators.
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Circuit 1: Dual-purpose three-valve ring oscillator circuit

The first circuit for gait control consisted of a ring oscillator composed of three inverter
valves (Figure 4.3a). This approach actuated both leg pairs simultaneously, but with a phase
offset between the leg rotations. We achieved the phase offset by connecting one set of chambers
(e.g. A1, Az, and A3 from the first leg pair) to inverters at nodes 1, 2, and 3, respectively, and also
connecting the chambers (B;, Bj, and By) to the same inverters but at different node locations.
When i =3, j =1, k =2, this resulted in a phase offset of 120° between the leg rotations, and
when i =2, j =3, k=1, this resulted in a phase offset of 240° (see table in Figure 4.3a).

While the additional capacitance of the chambers from the second pair of legs increased
the delay time of each inverter (see Methods and Materials, Soft ring oscillator analysis), the
elimination of four valves (and their corresponding resistances and capacitances) led to a reduced
overall period of oscillation. Furthermore, this elimination simplified the control circuit and
reduced its mass.

We measured the walking speed for all three phase offsets achievable with this control
circuit—0°, 120°, 240°—and found average robot velocities of —0.005 (s = 0.001), 0.024 (s =
0.007), and 0.014 (s = 0.001) body lengths per second (BL/s), respectively where s is the sample
standard deviation. (Note: With all the legs rotating in unison, all feet stayed in contact with the
ground throughout the gait with a little backward motion due to asymmetries in the friction at
the feet.) For details on the method of velocity measurement, see Materials and Methods, Robot
velocity measurement. A comparison of these results with the velocity generated by the parallel

oscillator circuit (described in the next section), can be found in Figure 4.3c.

Circuit 2: Parallel oscillator circuit

Tortoises with a diagonal couplet gait pattern have approximately a 180° phase offset
between the periodic forces exerted by the diagonal pairs of feet [105]. It is hypothesized that

tortoises have adopted this gait to minimize metabolic cost [106, 107]. In our experiments with
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diagonal couplet gaits with 120°, or 240° phase offsets, we observed interference of one couplet
with the other that reduced the overall speed of locomotion.

The possibility of improved locomotion performance with a 180° phase offset between
the diagonal couplets motivated us to design and test a second gait control circuit.

Circuit 2 consisted of two ring oscillators acting in parallel, each of which controlled one
pair of legs (one couplet). To tune the phase offset between the two oscillators, we introduced an
additional inverter valve to control a time delay element. This time delay element was designed
to delay the second oscillator only once upon initiation of the circuit (Figure 4.3d-4.3f). After
initially changing state, the soft valve bypassed the resistor, so the resistor would no longer affect
the period of oscillation. Thus, after the initial delay, the second oscillator produced the same
actuation as it’s parallel twin, except with a phase offset between the two (plus any variations due
to imperfect fabrication). This approach provided finer control of the phase offset between the
motions of the diagonal pairs of legs, but required a total of seven valves (six valves for oscillator

control, one valve for phase control).

Comparison of pneumatic control circuits

To validate the hypothesized improved performance of the locomotion gait produced by
Circuit 2, we measured the speed of the robot with the phase tuned to approximately 180° (see
Materials and Methods, Robot velocity measurement). For gait cycles in which the phase offset
between the legs was approximately 180°, we measured a walking speed of 0.090 (s = 0.012)
BL/s (see Figure 4.3c). When comparing this value to those for measured for Circuit 1 with fixed
phase offsets of 0°, 120°, 240°, we found at least a 270% increase in the speed of the robot with
Circuit 2, justifying the additional four valves required. Note that this speed increase was in spite
of the increased mass of Circuit 2 (~ 112 g) due to the four extra valves. Based on our untethered
experiments with varying payload (see Untethered operation, and Figure S3), we would expect a

10% decrease in the speed of the robot due to the effects of this added mass alone (assuming a
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linear effect of payload).

Although the negative effects of the additional weight of the valves of Circuit 2 were
outweighed by the improved efficiency of the gait, our testing revealed a more practical concern:
the additional valves introduced more potential points of failure. This consideration was especially
important for our case of laboratory manufactured components, which had limited lifespans. Thus,
to minimize the risk of failure, we chose to use Circuit 1 for the majority of our experiments,

despite the reduced speed.

Reversing leg rotation with a 4/2 bistable control valve for omnidirectional locomotion

The soft ring oscillator circuits described above actuated the pneumatic chambers of the
legs in continuous, cyclical patterns (with various phase offsets between the diagonal couplets).
However, to change the walking direction, a more complex circuit was required to reverse the
sequence of actuation of the chambers. To achieve this direction reversal with a reduced number of
additional components, we designed a component to selectively switch the connections between
two of the mirrored pairs of chambers and two of the ring oscillator valves, resulting in a reversed
sequence (Note: This reversal was simplified by the fact that the robot had only three pneumatic
chambers per leg. For a leg with more pneumatic chamber, this reversal would have required a

more complex circuit).
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Figure 4.4: Soft bistable 4/2 valve for switching gaits. a) Operation of the 4/2 valve acting
as a latching double pole, double throw (DPDT) switch. The valve switches the direction of
rotation of the limbs between b) counter-clockwise and c¢) clockwise. d) Representative plot of
the pressure in the three chambers A1, A, and A3 before and after the controlling 4/2 valve is
switched (vertical line at 10 s).
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We switched the connections between the oscillator and the pneumatic chambers using a
soft 4/2 bistable control valve that is analogous to a latching double pole, double throw (DPDT)
switch (Figure 4.4a). This valve controlled the flow between four ports by switching between two
different states (corresponding to counterclockwise or clockwise rotation of the limbs; Figure

4.4b and 4.4c respectively). Our design switched the state of an elastomeric membrane similar to

69



that used in the 3/2 soft valves of the ring oscillator (see Figure 4.2), except with two (rather than
one) fluid lines connected to either side of the membrane. As a result, the sequence of chamber
pressurization reversed when pressure was applied to switch the state of the 4/2 valve (either
manually, or with a fluid; Figure 4.4d). Because the membrane was bistable, the valve did not

require continuous pressure to remain in a state.
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Figure 4.5: Omnidirectional control of the walking direction of the robot with 4/2 valves. a)
The output sequences of a three-valve ring oscillator circuit are controlled by the states of the
two 4/2 valves. The states of the valves control the direction of rotation of the two diagonal leg
pairs. We connected the 4/2 valve between two of the chambers to switch the chamber order for
the soft ring oscillator sequence. The robot can translate in four directions based on the states of
the two 4/2 valves. b) By adding a 4/2 valve to the outputs corresponding to each leg, the robot

can rotate clockwise or counterclockwise in addition to translating in any direction.

The 4/2 valve was partially enabled by an innovation in our soft valve design as compared

to previous soft valves used to actuate soft robots [91-93]: we found that by adhering the tubes
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directly to the membrane, they could be kinked (closed) in one membrane state, and opened in the
other (see Figure 4.4). This approach allowed us to simply adhere both tubes next to one another
for the 4/2 valve. See Materials and Methods, Soft valve fabrication for fabrication details.

The bistable valves allowed selection of the direction of rotation of each pair of legs. Thus,
we used two 4/2 bistable control valves (one for each leg pair) to control the translational walking
directions of the robot (Figure 4.5a). Two more 4/2 valves (e.g. one per leg, to individually
control the direction of rotation of each leg) could be used to control either clockwise or counter-
clockwise rotation (Figure 4.5b) which is left for future work. The mapping between the 4/2

valve states and the motions of the robot are shown in the tables in Figure 4.5.

Tethered control of omnidirectional locomotion

To test control of omnidirectional locomotion, we developed a manual controller to control
two 4/2 valves (Figure 4.6a-c, SI Movie S2). Each position on the manual controller corresponded
with half of a 4/2 valve to keep tube routing underneath the controller. This required us to press
one of the two positions corresponding to the full 4/2 valve to control the walking direction
of the robot (pressing both simultaneously would result in an undefined gait). We sequentially
commanded the robot to walk forward, left, backward, then right by changing the corresponding
valve states with the manual controller. Aside from this input, the robot required only a constant
source of pressure to generate the appropriate gaits. We demonstrated omnidirectional control
(Figure 4.5, SI Movie S2) using the dual-purpose three-valve ring oscillator circuit. Although
this circuit resulted in slower gaits, it was simpler and lighter than the alternatives which each
required seven valves.

As a demonstration of the use of omnidirectional locomotion for obstacle avoidance, we
controlled the diagonal motion generated by one oscillator with forward movement generated by
both oscillators to navigate around an obstacle (Figure 4.6d-f, SI Movie S4).

The motion of the robot was quasi-static (no ballistic phase). Thus, when one pair of legs
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rotated, the robot leaned on one of the limbs of the opposite diagonal pair to remain stable. As a
result, based on tracked data of six steps from SI Movie S1, the top of the feet lifted an average of
150.93 mm (s = 27.44 mm) which is 72% of the robot height. The ability of the robot to lift its
feet this high off the ground could enable the robot to navigate over a variety of obstacles. We

leave further investigation of navigating over obstacles to future work.
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Figure 4.6: Tethered control of the quadruped robot. a) Schematic of the robot, with a single
pressure supply line, tethered to a manual controller. b) Image from demonstration of the
robot walking forward, left, backward, then right in sequence, with commanded directions
indicated. c) X-Y position of a single point on the robot body during the experiment (see SI
Movie S2) tracked from the video with motion tracking software. d-f) Images of demonstration
of manually controlled obstacle avoidance by first walking diagonally using one diagonal pair of
legs and then walking forward with both diagonal pairs, with associated schematics indicating
the actuation of the legs.

Tactile sensor

We designed a soft sensor to semi-autonomously trigger a reversal of the walking gait

upon contact (Figure 4.7, SI Movie S5). The sensor was composed of an elastomeric membrane
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connected by a fluidic transmission to a 4/2 bistable control valve. When an object contacted the
sensor, the membrane pushed on the enclosed transmission fluid (water) to immediately switch
the state of a connected 4/2 control valve, resulting in a reversal of the direction of motion of the
robot (see previous section). This computation was done onboard the robot without any electrical
components. To increase the sensitivity of the sensor to external contact, we pre-pressurized the
transmission fluid until the connected 4/2 valve was near the point of instability but still stable
(the fluid was initially pressurized to less than P for the bistable valve to remain in the initial

state).

Tactile
Walking Sensor Obstacle
Direction

r
Top View
of Robot — i _.T
Walking
Direction
Sensor
Switch State

Figure 4.7: Sensor input for autonomous gait reversal. Contact with the wall switches the
walking direction of the robot by switching the state of a soft sensor that is connected to a 4/2
bistable valve. a) The pneumatic control circuit powered by a constant pressure source actuated
one diagonal pair of legs causing the robot to walk towards a wall. b) When the soft sensor
contacted the wall, the soft sensor switched state and c) the robot began walking in the opposite
direction.

4.2.5 Untethered operation

We demonstrated untethered walking of the robot by powering it with a disposable CO,

canister and a pressure regulator (Figure 4.la-g). We tested the robot walking with the CO,
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regulated to 140 kPa. The smaller 57 g CO; canisters provided ~45 s of operation and the
larger 306 g provided ~4 minutes at this operating pressure. We used Circuit 1 for each of the
demonstrations of the untethered robot.

Although the larger canister provided a longer operating time, the added weight of the
larger canister and regulator (666g, or 170% of the weight of the robot) negatively affected the
speed of the robot, causing it to walk 42% slower than when carrying the smaller canister and
regulator (194 g, see Figure S3).

Additionally, we measured the mass of compressed gas used per unit distance traveled by
the robot when walking over a 30 second interval of the gait by weighing the canisters before and
after walking. While carrying the large canister, the robot used 1.7 x the mass of compressed gas
per unit distance traveled as compared to while carrying the small canister. Thus, the smaller CO;
canister and regulator is a more efficient power source for the robot during untethered operation,
but resulted in a robot with a reduced operation time (45 s vs. 4 min).

Even while controlled with a completely pneumatic circuit, and carrying its power source,
the robot presented in this paper demonstrated a comparable top speed (0.09 BL/s) to our previous,

tethered, soft legged robot controlled by electromechanical components (0.13 BL/s) [13,52].

4.3 Discussion

Soft, pneumatically actuated valves are inexpensive, lightweight, and easy to manufacture
as compared to the electromechanical valves commonly used to control soft robots. With
appropriate design, these components can be combined to create sophisticated fluidic circuits that
can control the gaits of legged robots without any electronics. In this work, we demonstrated
the use of such fluidic circuits to control the omnidirectional locomotion of a soft legged robot
to navigate around obstacles. These circuits used a soft ring oscillator composed of soft valves

to generate rhythmic motions, which were acted on by additional control elements to adjust the
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walking gaits autonomously or based on manual input.

The properties of biological CPGs provide benefits for walking gaits as they enable
animals to generate stable rhythmic movements using minimal control inputs (i.e. minimal
descending locomotor commands) [94, 108]. In particular: 1) The neurons in CPG networks
produce signals that generate oscillatory motions (gaits), 2) these oscillatory signals are robust
to disturbances, and 3) sensors inputs act on these signals to adjust the gaits in response to
interactions with the environment. In this work, we have demonstrated each of these properties
with our experimental soft robotic system. First, each of the pneumatic circuits presented in
this work used a single pneumatic source to generate oscillatory motion, which reduced the
number of components—and hence the weight—of the robotic system. Second, when perturbed
(by temporarily changing the pressure in the pneumatic circuit), the circuits returned to their
rhythmic oscillation within one cycle (see SI Section Robustness of Pneumatic Circuit to Pressure
Variations). Third, the pneumatic logic components and sensors presented in this work allowed
the robot to adjust its stable rhythmic pattern based on information from the external world.

With the approach described in this paper, it is possible to modulate the frequency and
amplitude of the walking gaits (and hence the speed and foot clearance of the walking robot) based
on the design of the pneumatic components (e.g. the dimensions of the membranes of the valves).
Previous work has analyzed [109] and experimentally characterized [93] the effect of membrane
dimensions on their snap-through and snap-back pressures. In this work, we have described
the relationships between the snap-through and snap-back pressures required to choose a set of
membrane parameters appropriate for our walking robot. Future work could investigate ways to
adjust these parameters (e.g. switching between valves with different membrane dimensions) to
adjust the amplitude and frequency of limb oscillation during operation.

Circuit 2 was designed with a delay element to offset the phase of one oscillator relative
to another. Ideally, this phase should not shift over time. However, due to our manufacturing

method and the materials used, we observed variabilities between the pneumatic parameters of
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the valves and the chambers of the robot, as well as temporal variation in these parameters (see
Figure S1). These inconsistencies did not have a large impact on the gait for the time frames we
tested. However, future work could consider phase-locking circuits designs that can be used to
prevent a shift over time in the phase between the leg pairs due to manufacturing variabilities.
Circuit 1 had the advantage of avoiding this problem.

The physical size of the elements of the pneumatic circuit depended on the requirements
placed on the circuit. L.e. the pneumatic elements were designed to work within the operating
pressures of the soft robot and the pneumatic elements were required to transmit sufficient fluid
to actuate the robot. As a result, the elements added considerable mass and volume to the system,
both of which place a limit on the performance of an untethered walking robot. These challenges
are exacerbated by the increase in complexity of the circuit required to increase the autonomy
of the system. Approaches to reduce the mass and volume of the pneumatic circuits are needed,
perhaps by separating the pneumatic system into “power” and “control” circuits as is typically
done with electronics.

This work could be extended to apply to robots with more/fewer limbs or limbs with a
different number of DoF. The number of DoF for the oscillatory movement scales linearly with
the number of valves as long as the number of chambers is odd (e.g. oscillating 3 chambers
requires 3 valves, but oscillating 4 chambers requires 5 valves). However, reversing sequences
of more than 3 chambers requires more 4-2 bistable valves. By inspection, we find that for n
chambers on each leg (when 7 is greater than 1 and odd), there needs to be % bistable valves to
change the direction of rotation of the legs.

Future work could also investigate increasing the mobility of soft walking robots. Potential
avenues of research include autonomous object traversal and the navigation of natural terrains.
These feats would likely require a more sophisticated network of sensors, and a correspondingly
more complex pneumatic control system.

Overall, the integration soft pneumatic control circuits into the body of the robot is a step
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towards autonomous, electronics-free, mobile soft robotic systems. Inspired by animals with
simple nervous systems that are able to produce coordinated oscillatory movements regulated by
sensor feedback [95, 96], this work has demonstrated a pneumatically powered and controlled
soft robot to generate complex locomotion without electronics. This approach could lead to
robots useful for a variety of applications, including operating in environments sensitive to spark
ignition (e.g. in underground mines), in environments that do not allow metal (e.g. in an operating
MRI machine), or for the mass production of simple, inexpensive autonomous systems (e.g.
for cleaning robots or for entertainment). (For further discussion of potential applications, see

Supplementary Materials, Considerations for future applications).

4.4 Materials and methods

4.4.1 Soft robot fabrication

To manufacture the soft legged quadruped, we used commercially-available polyvinyl
chloride (PVC) cylindrical bellows (Corr-A-Flex tubing, Teleflex Inc.) for the pneumatic cham-
bers due to their extrinsic compliance (to allow bending) combined with the intrinsic stiffness of
the material (to permit large internal pressures). As a result, we were able to actuate the robot
with a maximum internal pressure of 170 kPa (compared to 110 kPa pressure for our previous,
3D printed legs[13,52]). The sections of tubing were held together with retaining rings. The
robot body and retaining rings were 3D printed out of polylatic acid (PLA, Makerbot Replicator
2, Stratasys Inc.). We used a commercial multi-material 3D printer (Connex 3, Stratasys Inc.) to
print the feet of the robot out of a soft material (TangoBlack+) for traction, as well as rigid back

plates to mount the legs to the body of the robot (VeroClear).
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4.4.2 Soft valve fabrication

The valves were composed of a cylindrical body, two caps and tubing. The body of the
soft valves and caps were molded out of a soft polymer (MoldStar 30, Smooth-On Inc.). The
polymer was poured into a 3D printed mold made of polylactic acid (PLA, Makerbot Replicator
2). The caps closed off the normally-closed and normally-open cavities of the valve. We used a
silicone adhesive (SilPoxy) to adhere the caps of the valve to the cylindrical body. Tubes were
fed through the side walls of the cylindrical body and the caps to create the inlet, exhaust, and

opened/closed airways (see Figure 4.2). Please refer to Supplemental Materials for more details.

Control valve characterization

We measured the snap-through and snap-back pressures for an individual 3/2 valve which
resulted in an average of 35 kPa (s = 3 kPa) and 20 kPa (s = 2 kPa) respectively. We fit the
pressure dynamics to an exponential function (solution to Equation 4.1) and found a time constant
(T = RC) of 1.32 seconds. We measured the snap-through pressure for an individual bistable 4/2

valve (including tubing on both sides) to be 35 kPa (s = 5 kPa).

Soft ring oscillator analysis

The soft ring oscillator was formed by connecting three three-port, two-state (3/2) control
valves in series, where the output from one valve served as the input to the next valve (Figure
4.2a-c). Each of the soft valves acted as an inverter (i.e. a NOT logic gate) with a time delay; thus
the soft valves switched the state of each connected chamber from a high (inflated) state to a low
(deflated) state, or vice versa. The valves regulated flow by closing and opening channels using a
snap-through instability in a hemispherical elastomeric membrane. The valves switched between
one of two states whether pressure was applied to the surface of the membrane.

The pneumatic soft ring oscillator can be modeled based on analogous electrical compo-

nents [93], leading to the following relationships for the resistance, capacitance, and pressure
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dynamics of the valves:

P 1

P b-p) @1
R = Riubing + Rinverter (4.2)
C = Cehamber + Cinverter (4.3)
Cehamber = 2—1\; (4.5)

where u is the dynamic viscosity of air, L is the length of the tubing, p is the density of air, D is
the inner diameter of the tubing, Cj,erer 1S capacitance of the inverter, Rjpyerrer 1S resistance of
the inverter, Ry, 1s the resistance of added tubing, V) is the volume of air in the reservoir, M is
the molar mass of the air, R, is the universal gas constant, 7 is the temperature of the air, and P;
can either be P (supply pressure) on inflation or P, on deflation.

The time delay propagated through each valve 1, was determined based on the two states

of the membrane in the valve

Patm_P+ P—l—_Putm
=R _— - 4.
tP C|:ln<Pst_P+>+ln<Psb_Putm>:| ( 6)
where Py is the the snap-through pressure of the membrane, Py, is the snap-back pressure of the
membrane, and the supply pressure is P,. If the tubing, chambers, and valves in the soft ring

oscillator are the same, the period of oscillation is T = nt;,, where n is the total number of valves.

The values of R and C can be tuned to adjust the time it takes for pressure to propagate through
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each valve, hence, R and C can be used to adjust the period and timing of a soft ring oscillator.

Soft ring oscillator characterization

We measured the pressure in the oscillator at the nodes connected to one set of diagonally
connected legs and processed the data with a ten point moving average sampled at 40 Hz for
the case of free oscillation (Figure 4.2d). The average period for one complete cycle of the soft
ring oscillator actuated at 150 kPa was 8.13 s (s = 0.12 s). The nodal pressures were measured
with pressure sensors (100PGAAS, Honeywell International Inc.). The period between the peak
pressures measured in each sequential node was 2.73 s on average (s = 0.12 s).

Differences between the pressure signals were due to slight variations in the fabrication of
each valve.

For a soft ring oscillator formed of bistable valves, a high frequency spike occurred in
the pressure when it reached the critical snap-back and snap-through pressures of the membrane
[93]. In our oscillator, the pairs of limbs of the robot stored large volumes of air (i.e. had high
capacitance), thus effectively acted as low-pass filters, filtering these high frequency pressure

changes (Figure 4.2d).

Setting the phase delay of the parallel oscillator control circuit

The time offset for the parallel oscillator circuit was controlled by adjusting the length of
tubing of the resistor. The length of tubing changed the time delay of the second oscillator with
respect to the first in the parallel oscillator circuit (see Circuit 2: Parallel oscillator circuit). We
measured the time delay in the ring oscillator circuit using different tube lengths (Figure 4.3¢). To
determine the time offset, we measured the pressure before and after the phase control elements
as we applied a step input pressure. We performed five experiments for each resistor length and
fit the data points to a linear trendline. An increase in the length of the tubing corresponded with

a linear increase in the phase offset. This is consistent with our model which predicts that the
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time delay of a valve varies linearly with its resistance R (Equation 4.6). We used tubing with a
0.3 mm inner diameter that was looped to keep the resistor in a small form factor. We looped the
tubing eight times for each trial to control for the effect of the number of loops of tubing on the
fluidic resistance. Each length of tubing was tested three times at a constant applied pressure of
155 kPa. The capacitance of the additional valve and tubing connecting the phase controller to
the circuit also contributed to the time offset (we assumed that this was constant for each trial, i.e.
that the capacitance change due to the change in the length of the looped tubing was negligible).
We used a similar approach as used to characterize the pressure in the soft ring oscillator (see
Soft ring oscillator characterization) to measure the pressure in the nodes of the oscillator with a

phase delay component (Figure 4.3f).

Characterization of oscillation reversal with a 4/2 valve

We used a similar approach as used to characterize the pressure in the soft ring oscillator
(see Soft ring oscillator characterization) to measure the pressure in the nodes of the oscillator
before and after a 4/2 valve was used to switch the output sequence (Figure 4.4d). The timing
within the oscillation cycle in which the 4/2 valve switched state determined how the pressure
responded (i.e. pressure stored in the chambers, tubing, and valves was either released or reused
after the switching occurred). While variable, the time delay during the transition was small
(< 1 second) relative to the time scale of the oscillation period.The experiments for switching
the direction of the robot were performed using Circuit 1, however, since the soft ring oscillator
circuit was identical to those used in Circuit 2, the direction reversal would work in the same way
in both cases. It should be noted, however, that the simultaneous reversal of the two oscillating
circuits could lead to variations in the phase offset between these circuits. We leave further

investigation of this challenge to future work.
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Controller fabrication

A manual controller was manufactured to control the walking direction of the robot. The
controller was manufactured from an array of bistable elastomeric hemispheres from an ice tray
(Zing Pop-Out Ice Cube Tray, Robinson Home Products Inc.). Each position on the controller
was designed to behave in the same way as half of a 4/2 control valve. There were two tubes
beneath each position on the controller that kinked when each of the membranes on the controller
were pressed. The tubes routed beneath each of the membranes were routed as shown in Figure

4.5a.

Robot velocity measurement

We measured the velocity of the robot by tracking the movement of the robot body during
multiple gait cycles. We actuated the robot with a set gait sequence and used the body of the
robot and leg of the robot as visual markers to measure the displacement of the robot for each
cycle. We recorded videos for each gait and tracked the position of the body using an open source

video analysis software (Tracker [110]).
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Appendix A

Supplemental Materials:
Application-Driven Design of Soft, 3D

Printed, Pneumatic Actuators with Bellows

A.1 Bending of a Circular Beam using Castigliano’s Method

When an elastic beam is deflected by a generalized force, the generalized deflection is

equal to the partial derivative of the strain energy. The strain energy due to bending is [111]

5 M
U:/ da A.l
) 3E 1P (A1)

where U is the strain energy, M is the moment, and o is the angle of the curved beam. The

deflection of the bending beam is

0
/ aMpdoc (A.2)
dF Eeffl
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where F is the generalized force, and d is the generalized deflection. The effective elastic modulus

is based on the stiffness of the three chambers of the actuator

! 3
Eofp= " Y ki (A.3)
i=1

Figure A.1: The height of the robot and vertical actuated force is determined by analyzing the
deflection of a curved beam with an applied load. Side perspective of an actuated limb with an
applied vertical load.

The moment about an arbitrary point C on the arc of the leg was used to find the deflection

of the leg in the x and y direction as a function of the bend angle of the leg (Figure A.1).
—MC — F'psin(a) + R{p(1 — cos(ar)) =0 (A.4)

M€ = —F'psin(a) + R} p(1 — cos(ax)) (A.5)

When the robot body is deflected by a vertical applied load, the horizontal force R? is
balanced with the leg on the other side of the quadruped. This dummy load is still required to

determine the horizontal deflection at any point along the leg. When the horizontal force R? is
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cancelled, the deflections at point A is

oM€ oM©
—— = —psin(0), = = p(1 —cos(0)) (A.6)
OF 7 9RA
p[® . :
=g /0 (—FApsin(at)) (—psin(a:) dor (A7)
5= P / (= FApsin(0))p(1 — cos(a)do (A.8)
Y Eeplho |

where S’y“ is the vertical deflection at A and & is the horizontal deflection at A. This is used to to
solve for the vertical displacement 6§ in Equation A.7 and height of the leg off the ground after

deflection Af.

p3FA 1 1 ‘
8;‘ = ngj)‘)] (56 ~3 sin(0) cos(e)) (A.9)
hp = H — 8" = p(1 —cos(0)) — &y" (A.10)

where H is the height before the applied load. The vertical force of the actuator is

A Eerrl(p(1—cos(8)) —hr)
5= p3 (%9—%Sin(9)cos(6)) (A.11)
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Figure A.2: We used a finite element analysis (FEM) to determine the stiffness k and extension
Al of a single bellowed chamber at varying pressures. An axial force was applied in compression
and tension when one chamber was pressurized and the resulting deformation was determined.

A positive sign indicates a tensile applied force while a negative sign indicates a compressive
applied force.
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Appendix B

Supplemental Materials: Evolution of Gait

Sequences for Soft Legged Robots
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Figure B.1: Comparison between experimental results and the lumped parameter pneumatic
model (Equation 3.1 and Equation 3.2) for a) inflation and b) deflation (respectively).

When the legs were inflated and deflated, the pressure dynamics matched an almost
exponential rise and decay (Figure B.1). The inflation phase has a transition at 40 kPa where the
bellows change from expanding to being fully expanded (Figure B.1a). Additional air added to the
chamber after this point pressurizes the air rather than expanding the bellows. The deflation phase
does not have this trait because the bellows are contracting at the same time as the compressed air
is being released. We assumed that the pressure difference around the inflection point during the
inflation phase was negligible.

When the chambers on each of the legs were inflated, the legs stiffness and damping

coefficients changed (Figure B.2). As the pressure increased, the stiffness of the translational and
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Figure B.2: Results for the linear mass-spring-damper models in translation and rotation. The
stiffness and damping values were function of pressure in the inflated chamber. The stiffness in
translation and rotation were roughly linearly increasing and the damping values roughly stay
the same.

torsional elements increased linearly (Figure B.2a and B.2c) while the damping coefficients for

the translational and torsional elements almost stayed the same (Figure B.2b and B.2d).

a) Optimized Gait 1 b) Optimized Gait 2
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Figure B.3: Optimized gait sequences for walking on flat ground. a-b) Each chamber is inflated
and deflated in a sequence over a gait cycle. Each gait cycle is then repeated so the robot can
produce movement in a desired direction. The delay and inflation times are directly programmed
on the microcontroller to make the robot walk. The estimated deflation depicted ends when
pressure reaches 10kPa. The red dotted lines on the right of each bar plot indicates that the
deflation stage for the corresponding chamber overlaps into the next gait cycle.

We used two different genetic algorithms to optimize the gait of the robot to walk on flat
ground. Optimized Gait 1 used a larger number simulations when compared to Optimized Gait
2. Each of the genetic algorithms optimized the delay and inflation timing for the periodic gaits

(Figure B.3).
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Appendix C

Supplemental Materials: Pneumatic
Circuits for Controlling the Gaits of Soft

Legged Robots

C.1 Consistency of pneumatic circuit oscillations

The soft ring oscillators produced continuous oscillatory signals with minimal control
inputs. To investigate the consistency of the periodic signal produced from the soft ring oscillator,
we measured the pressure in one of the leg chambers during 10 oscillatory cycles, and plotted
them together vs. the time since the start of each oscillation (Figure C.1). Over the oscillation
period, the average standard deviation in the pressure between cycles was 9.4 kPa, with a worst

case standard deviation of 15.5 kPa (19%) att = 1.8 s.
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Figure C.1: Consistency of the soft ring oscillator. Pressure was measured at one node of
the pneumatic circuit for 10 cycles and overlapped to show the consistency in the pressure
oscillations in this component of the pneumatic circuit.

C.2 Robustness of pneumatic circuit to pressure variations

To demonstrate the ability of our pneumatic CPG-based circuit to reject pressure dis-
turbances (e.g. as would be caused by, for example, impacts with the environment during the
gait), we tracked the position of the end of a soft leg during a normal oscillatory cycle and then
we perturbed the input pressure to the pneumatic circuit, reducing it to atmospheric pressure
for roughly one half-cycle. (The 3D movement of the foot was projected onto an XY-plane
orthogonal to the leg in its resting position, as seen in Figure C.2. The perturbation is labeled in
blue on this figure.) The leg partially deflated and then the motion of the foot quickly returned to
the pre-disturbance cycle. The red arrows on Figure C.2 indicate the direction of motion of the

foot.

C.3 Quadruped Robot Assembly

This section presents a step-by-step guide to design, fabricate, and assemble the quadruped

robot. Please refer to Figure 1 to see the each component on the assembled robot. The fabrication
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Figure C.2: Motion of the foot of the robot when the pressure in the pneumatic controller is
perturbed. The position of the foot followed a cyclical trajectory during a normal oscillatory
cycle (colored black). After the pneumatic circuit controlling the leg was temporarily perturbed
by reducing the input pressure to atmosphere, the position of the foot deviated from the cyclical
trajectory (colored blue). When this leak was sealed, the leg returned back to the normal

oscillatory movement.
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Figure C.3: Comparison of the speed of the robot while carrying the small (left) and large
(right) CO; canisters and regulators.

and assembly process steps are as follows:

1. 3D Print Components
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2.

(98]

4.

Leg Assembly

Quadruped Assembly

Valve Assembly

Sensor Assembly

3D Print Components The robot body, retaining rings, sensor boom, 3-2 valve mold,
4-2 valve mold, and sensor mold were 3D printed out of polylatic acid (PLA, Makerbot
Replicator 2, Stratasys Inc.). We used a commercial multi-material 3D printer (Connex
3, Stratasys Inc.) to print the feet of the robot out of a soft material (TangoBlack+) for
traction, as well as rigid back plates to mount the legs to the body of the robot (VeroClear).
The foot assembly was composed of three parts: the soft treads, the center plate, and the
connectors to the legs of the robot. The molds are composed of a three-part assembly and
a cap. Two caps are fabricated for the 3-2 valve and 4-2 valve and one cap for the sensor

mold. Each of the listed .stl files (Table C.1) are available to download and print.

Table C.1: List of .stl files

Object Name Part Assembly
Robot Body body_main.stl
Sensor Boom body_boom.stl
Foot foot_tread.stl foot_plate.stl foot_mount.stl
Retaining Ring leg_ring.stl
Back Plate leg_backplate.stl
3-2 Valve Mold | 3_-2_mold_cap.stl | 3_-2_mold_bottom.stl 3_2_mold_excess.stl 3_2_mold_shell.stl 3_2_mold_top.stl
4-2 Valve Mold | 4-2_mold_cap.stl | 4_2_mold_bottom.stl 4_2_mold_excess.stl 4_2_mold_shell.stl 4_2_mold_top.stl
Sensor Mold sen_mold_cap.stl | sen_mold_bottom.stl sen_mold_excess.stl sen_mold_shell.stl sen_mold_top.stl

2. Leg Assembly The leg were composed of three parallel, connected chambers with bellows

rotated 120 degrees about the longitudinal axis of the actuator. We used commercially-
available plastic cylindrical bellows (Corr-A-Flex tubing, Teleflex Inc.) for the pneumatic

chambers due to their extrinsic compliance (to allow bending) combined with the intrinsic
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stiffness of the material (to permit large internal pressures). 3D printed retaining rings
held the three pneumatic chambers together. We slid three retaining rings over the three
chambers to fit into the grooves of the bellows. The back plates of the legs were tapped
to attach threaded barbed adapters to the pneumatic lines. The three chambers were then

press fit and glued onto the the feet and back plates.

. Quadruped Assembly The legs of the quadruped are mounted on the body in the shape of
an X for omnidirectional locomotion. The soft legs were mounted on a 3D printed rigid
body frame. Each of the threaded adapters on the legs slide through the the three holes that
are on the robot body with each foot oriented towards the ground. The base of each leg is

then glued to the body of the robot.

. Valve Assembly The 3-2 valve and 4-2 valve were composed of a cylindrical body, caps,
and tubing. The body of the soft valves and caps were molded out of a soft polymer
(MoldStar 30, Smooth-On Inc.). The polymer was poured into the cavity of the mold that
form the cylindrical body of the valve. The polymer was also poured into the cap mold to
form to the two caps of the valve. After the cylindrical body of the valve and the caps have
cured, the opened/closed airways were fed through the holes in the caps. Each tube was
connected to a barbed connector that contacts the membrane when the membrane switches
state. we then used a silicone adhesive (SilPoxy) to adhere the caps to the cylindrical body.
Tubes were fed through the side walls of the cylindrical body and the caps to create the
inlet. The manufacturing process and assembly steps are similar for the 3-2 valve and the

4-2 valve except the 4-2 valve has twice the tubing routed through the caps.

. Sensor Assembly The method used to manufacture the sensor is similar to the valves
except there is only one cap. The fludic sensor channel is adhered to the cap of the sensor
using a silicone adhesive (SilPoxy). Tubes were adhered to the side of the sensor to evacuate

air bubbles in the sensor. The 3D printed sensor mount was press-fitted onto the wall of the
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robot body and glued in place.

C.4 Considerations for future applications

This work presents an approach to the design of fluidic circuits that can be used to control
a walking robotic toy. Since the circuits can be made completely out of molded or 3D printed
polymers (rather than materials like metals and semi-conductors), we anticipate reduced materials
costs. Furthermore, a single pneumatic source can be used to control multiple movements with
simple pneumatic actuators, rather than requiring individual electromagnetic motors to control
each behavior (e.g closing eyes, wiggling ears, and wagging tail would normally require a motor
for each movement). Thus, this benefit increases with the complexity of the toy. The complexity
of fabrication/assembly would also be reduced by combining the computation, sensing, and
actuation components into a single fluidic system.

The soft fluidic valves can also be used in environments that do not allow metal such as in
an MRI machine. Any metallic components can be placed outside of the MRI machine using a
tethered version of the robot; the actuation and computation can be done in the MRI machine
while the metallic pressure source used to operate the circuit can be moved to another location (it

may also be possible to replace our metallic pressure vessel with an MRI-safe alternative).
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