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Abstract

Robot hardware has rapidly become more accessible in the last ten years.
However, there is still a dearth of low-cost hardware platform that are
open-source and easy to build. With recent developments in accessible
manufacturing methods, such as FDM 3D printing, manufacturing and
designing parts without using precision machining has become feasible.
In this thesis, we address two gaps in open-source hardware platforms
that can be filled using relatively few precision machined parts. Both
designs are fully open-source, and the controllers for both systems are
also available online.

The first hardware platform aims to create a lightweight bipedal system
with pitch control, allowing it to recover from perturbations and perform
dynamic motions. We do this by adding a reaction wheel actuation system
that controls the pitch angle of the robot, fully actuating the system and
enabling attitude stabilization. We linearize the dynamics of the system
to obtain a linear discrete-time optimization problem that can be solved
as a quadratic program. The linear MPC problem is tested on hardware
at 240 Hz.

The second part of the thesis covers the design and control process for an
aquatic robot that can be easily modeled in a fluid simulator, simplifying
the sim-to-real transfer process. To precisely control the robot state, we
use a five-bar linkage system. We implement and test this on hardware,
and demonstrate that our system is able to accurately and repeatably
navigate in a fluid environment.
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Chapter 1

Introduction

Currently in robotics research, there are several common hardware platforms for
testing new control and learning algorithms. Most of these are commercially available
robots, such as the Unitree Gol quadruped, and have become increasingly affordable
in the last decade. However, there is still a limited number of hardware platforms that
are feasible for using in a laboratory setting. Many robots are expensive, bulky, and
have inaccessible or incorrect documentation for their mass and inertial properties.
In this thesis, we propose two open-source hardware platforms that aim to fill these
voids. The first hardware platform aims to solve the under-actuation problem for
bipedal robots. The second hardware platform provides a low-cost platform for fluid
simulation validation and novel fluid navigation control policies. The design, assembly,
and controllers for both projects are covered in this thesis and are also available
online. By broadening the scope of available hardware, we hope to make testing and
validating new control policies more accessible for research labs, independent projects,

and budget-constrained institutions.

1.1 Thesis Structure

This thesis is organized by hardware platform. Chapter 2 covers work on the biped.
We address the under-actuation of bipedal systems and their lack of pitch control by
integrating a reaction wheel actuation system onto an open-source, lightweight biped.

The reaction wheel guarantees stabilization during flight and ground contact phases.



1. Introduction

Chapter 3 covers the design and implementation of our novel aquatic robot. We
introduce a low-complexity testing platform for validating simulation results and for

testing novel control policies in fluids.



Chapter 2

Biped RWA

2.1 Introduction

The requirements for a research hardware platform becomes a problem when taken
in conjunction with the downsides of commercially available bipedal systems. Bipeds
such as Cassie are typically large, expensive, and difficult to fix after breaking, which
is largely due to the large number of precision-machined or cast parts involved in
manufacturing. Additionally, many of these bipeds are not open-source, leading
to confusion over mass properties or low-level functionality. Using these bipeds in
a research laboratory is therefore difficult, as every break or malfunction requires
company consultation, and the lack of design transparency makes proper modeling
near impossible. Large-scale bipedal systems also often require a crane and multiple
humans to position and run code, making them difficult and potentially unsafe to
operate in a laboratory setting. Having lightweight and inexpensive robotic systems
is critical for testing new dynamic control policies, and makes testing much safer and
faster [7].

The solution is to turn to open-source legged designs, which tend to be smaller,
lighter, and cheaper. There are many open-source legged quadrupeds available, such
as the Stanford-doggo or Squeaky [13][24], and many open-source controllers that
have demonstrated impressive agility on hardware [4]. However, there are significantly
fewer open-source bipedal designs that are maintained and well documented. Out of

these, the legged robotic system from the Open Dynamic Robot Initiative (ODRI)

3



2. Biped RWA

Figure 2.1: Bolt, a bipedal 6DOF robot from ODRI [11]

boasts a lightweight and low-complexity design, providing torque control with an
open-source design [11]. It also has a small number of precision machined parts,
making it feasible to quickly assemble and run. Many of the primary structural
components are 3D printed, making fixing parts easy and low-cost.

However, bipeds without actuated ankles are inherently unstable. Bolt’s legs
each have 3 DOFs, along with a passive ankle joint. This gives yaw and roll control,
but means that Bolt has no pitch control [8]. This limitation, which is common
among bipedal robots with no torsos, means that bipeds without alternate ways of
producing angular momentum cannot perform truly dynamic maneuvers, such as
running or jumping [22]. We can take inspiration from nature to fix this problem.
Legged animals stabilize themselves during dynamic movement using unconventional
actuation strategies involving their other body parts. Cats and other quadrupeds
use their tails, spines, and legs to adjust their attitude or provide a counterweight
during dynamic motion [20][18]. Humans and other primarily bipedal primates use
their arms to produce angular momentum that keeps them upright while running
and jumping [21].

One of the simpler methods to control angular momentum is by using a reaction



2. Biped RWA

Figure 2.2: The Cubli, a RWA controlled robot [10]

wheel actuator (RWA), which is commonly used on spacecraft to perform attitude
control [10]. RWAs also have simpler dynamics than tails, making them a good
choice for applications that require rapid computation and linearized dynamics. We
demonstrate that RWAs help with perturbation recovery, contribute to a stable gait

pattern, and are effective at stabilizing a bipedal system during dynamic maneuvers.



2. Biped RWA

Figure 2.3: Bolt with RWA attached

We also adhere to the mission of the ODRI by publicly releasing the CAD and
design specifications of the RWA. This system requires minimal precision machining
and is low-cost, lightweight, and made to integrate smoothly with the existing biped.
By creating a publicly available pitch control system for bipedal robots, we hope to

make this open-source platform more accessible to research labs.



2. Biped RWA

Figure 2.4: The Penn Jerboa, which features a bio-inspired tail design for a bipedal
robot

2.2 Related Work

2.2.1 Tails

Tails, which can generate significant angular momentum and are relatively energy-
efficient, have been used for attitude stabilization on bipeds and quadrupeds [12][17].
They have also been used for dynamic maneuvers on legged systems, making them
an appealing option for stabilization [19]. However, several factors make them not
feasible for this system. Using a bio-inspired stabilization method would require an
excessive amount of additional hardware, which the lightweight design and low-torque
motors of this biped are unable to support. Tails would introduce another layer of
control complexity, since their inertial properties can change. Adding an additional
limb requires collision checking between the linkage and body, and can introduce

another contact mode that leads to unforeseen behaviors during testing.



2. Biped RWA

Figure 2.5: A quadruped with a RWA system navigating a balance beam [15]

2.2.2 RWAs

RWASs have previously been used successfully on legged systems for otherwise difficult
or impossible locomotion tasks, such as balance beam walking [15]. They have also
been used for attitude stabilization when robots lose rotational control during flight
or when there are only two feet in contact with the ground [14]. RWAs have been
previously used on bipeds to improve walking efficiency, and have been shown to
successfully compensate for the added mass on the system [5][6]. However, RWAs have
not yet been used on bipedal systems for attitude control during dynamic locomotion.

One downside of RWAs is their tendency to saturate rotor speed. This can be easily

prevented by adding a linear feedback term that regulates the angular momentum.



2. Biped RWA

Additionally, since many of the dynamic maneuvers are short-lived, making the pitch
correction policy aggressive enough leads to quick acceleration and deceleration of

the reaction wheel.

2.2.3 Dynamic Manuevers On Legged Robots

Highly dynamic behavior, such as running and jumping, has been demonstrated on
quadrupeds, and on humanoid robots. However, demonstrations of similar behavior
on bipeds without torsos has been limited to running and limited hopping. This is
because hopping also requires precise knowledge of the takeoff and landing states.
Further, because robots during landing experience high-magnitude impulses if their
legs are not exactly aligned, bipedal jumping has a very limited success rate. There

are very few demonstrations of bipeds performing dynamic maneuvers consistently.



2. Biped RWA

2.3 Background

2.3.1 Quaternions

Unit Quaternions

We use unit quaternions for our attitude representation, as they are singularity-free,
unlike Euler angles, and are simpler to normalize than rotation matrices. Quaternions
are defined as a four-length vector with a norm of 1, ¢ € S* € R*. Conventionally,
quaternions are broken into a three-length vector part, v € R?, and a scalar part,

w € R. We will use the Hamiltonian notation placing the scalar part first:

g = H (2.1)

Quaternions can be easily related to axis-angle notation, which defines a rotation

0 € R around an axis a € R3:

(2.2)

| cos(0/2)
= [asin(@/Q)]

Multiplying two quaternions can be written using the skew symmetric operator

X

for a vector [v]* and the orthonormal matrix operators [¢]|; and [q]r, where

L
=

Using these conventions, we can express quaternion multiplication as
@1 X G2 = [q1]ng2 = [q2]rar- (2.5)

10



2. Biped RWA

2.3.2 MPC

Previous work on RWAs for legged robots largely uses a simple proportional-derivative
controller, ignoring the rest of the body dynamics. Adding a cross-coupling term
to relate the leg and the reaction wheel control inputs has been underexplored, but
is relatively simple to do and requires only linear dynamics. In order to do so, we
must further explore our system dynamics and combine the standard floating-base

dynamics with gyrostat dynamics.

Legged Centroidal Dynamics

Most legged MPC controllers are built on a convex centroidal approach. This separates
the controller into two sub-problems: center of mass control and footstep planning.
We assume that the mass of the body is large enough such that we can neglect the
leg masses, simplifying this problem to a single rigid body and two forces from the
ground. Given the body mass m and a body frame inertial moment Jy, the dynamics

equation becomes

P N,
0 Q(0)B8

&= - 1N< ) (2.6)
B, (PJ) ' (Pry =P w)

We assume we know the system state, which includes the center of mass r € R?,
the attitude of the body § € R3, the linear velocity Vv € R?, and the angular velocity
By e R3.

The inputs to the system are a force input ¥ F € R? and a torque input 7 € R3
from the ground reaction forces. We can calculate the force and torque inputs from

the ground reaction force components f using the relation

NE

B T

u = =

fi
I, .. I ] | )

RT'p ) ... RTp,)*| |-
[p1] [Pn] I

where I, signifies an n by n identity matrix. We also place a friction cone constraint

11



2. Biped RWA

on the ground reaction force to prevent foot slip and approximate the friction cone

as a pyramid:

_,ufz S fy S ,ufz (29)

Gyrostat Dynamics

One of the major advantages of using a RWA is that the motion of the reaction wheel
does not change the inertia tensor of the system. This means that we can model our
robot as a gyrostat, with multiple rigid bodies whose motion does not change the
inertial properties. Assuming that the reaction wheel was manufactured with perfect
dynamic balance, it will have a constant inertia in the body frame of the robot that

can be written as

B, =P L (2.10)
where B L is the inertia of the wheel expressed in the robot’s body frame. The
total angular momentum of the RWA is
h, =P L(PwPy) (2.11)
where Bw € R3? is the body angular velocity and Pt € R? is the angular velocity
of the wheel in the body frame. We can then write the total angular momentum of
the robot 2H as
B =% jBw+h, (2.12)
We can derive the equation of motion for the gyrostat by taking the derivative of
the angular momentum.
Bry =P JP0 4P w x (PTPw+P L)+ 7 (2.13)

where P71, is the net body-frame external torque on the robot, #.J is the sum or ZJ,

and B.J,, and 27, is the body-frame net torque from the RWA. We can write this in

12



2. Biped RWA
terms of p, the angular momentum of the reaction wheels using the equation

k
S PLBy — Al 2.1
=1

where A, is the constant Jacobian matrix. This gives us the expression

BTf B Jw —|—B w X (BJBW + Agwp) + Azwurw (215)

where u,,, is the input torque to the reaction wheel. This expression can be

written in the standard manipulator form,

Mo+ C(q,v) = B(q)u (2.16)

where we can define our mass matrix M, dynamic bias C(q,v), and control

mapping.
By 0
0 I

p [ur} (2.17)

13



2. Biped RWA
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Figure 2.6: Reaction Wheel Assembly

2.4 Hardware

This section elaborates on the mechanical design of the Reaction Wheel Actuator
(RWA). The RWA was optimized for weight, and the center of mass of the RWA was
designed to be positioned over the original center of mass of the biped. The reaction
wheel actuator (RWA) unit is driven by a brushless DC motor, with a continuous
maximum current draw of 12 A and a maximum torque of 0.7 Nm. The system has

dimensions of 150 x 150 x 46 mm and a total mass of 0.284 kg.

14



2. Biped RWA

2.4.1 Electronics

The motor driver used to control the RWA are miniaturized versions of the TI
micro-controller boards, and are designed by ODRI using a Texas Instruments micro-
controller chip. They are capable of dual motor torque control and operate at 10 kHz.
The board has CAN and SPI control communication abilities and operates at up to
40 V.

The encoder used for the reaction wheel system is the AEDM-5810-712 Broadcom
encoder. This module contains the same optical encoder used in the rest of the biped
joint motors, making integration simple. This encoder has a maximum velocity of
12,000 RPM.

The motor used for the reaction wheel is similar to the motors used for the rest of
the RWA system, but is able to output a continuous torque of 0.7 Nm. This allows
the biped to recover from perturbation while standing and control pitch while in the

air.

2.4.2 Design

The system is primarily composed of acrylic plates and 3D-printed polylactic acid
(PLA). The main components are the reaction wheel, which is machined out of 6061
aluminium, the motor, and the encoder. The reaction wheel and lathe both require
precision machining, and the acrylic plates require a laser cutter. Additionally, several
3D printed structural components have been modified to integrate the RWA on top
of the original body, as shown in Fig. 2.7. The modified CAD and STL files are
included with the rest of the CAD for the RWA.

The CAD and STL files are available online at https://github.com/sofiakwok/
biped-rw.

2.4.3 Machining

The main machined components are the reaction wheel and the shaft. The reaction
wheel was manufactured out of 6061 aluminium alloy on a CNC milling machine to
ensure accurate distribution of mass along the wheel rim. The shaft was manufactured

out of high-strength 1045 carbon steel rod on a lathe. The drawings for both are

15
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2. Biped RWA

Figure 2.7: The modified top of the body structure

included in Figs. 2.8 and 2.9.

2.4.4 3D Print Preparation

All 3D prints were printed with 80 percent infill on a Bambu Carbon X1 printer,
using Bambu PLA. All prints were sliced using a 0.20mm standard preset. To prepare
the parts, we use Helicoil threaded inserts. This requires tools for installing M2 and
M2.5 Helicoil threaded inserts, as shown in Fig. 2.11. Refer to Figs. 2.12, 2.13, 2.14,
and 2.15 for a step-by-step tutorial on how to properly install Helicoils.

2.4.5 Acrylic Plate Preparation

For the side plating, 0.125” acrylic plate was used. Acrylic has the best material
properties for our weight-constrained system, and is also easily machined and widely
available. The acrylic was cut on a SD-90-1390 Rabbit CO2 laser cutter, which offers
location precision of 0.01 mm. The weight cutouts and through holes for screws do
not need to be rigorously dimensioned or undergo post-processing. However, the
bearing mounts on each plate should be an interference or friction fit.

There are several different approaches to correctly size the bearing mount hole.

16



D016 + 0.025

00.24 + 0.025

2. Biped RWA

M3x0.5
0.20 + 0.07

1.31+0.0]

1.31+0.01

T Tight-Tolerance
High-sfrength 7075 *

= 9w3116_1i'g'na1mrun'Eé'm'gnﬂ'-'}*r@nRg S 7 awminum kod

Figure 2.8: Shaft GD&T Drawing
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Figure 2.9: Reaction Wheel GD&T Drawing
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2. Biped RWA
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Figure 2.10: Installation locations and sizing for Helicoils

It is possible to do multiple test tolerance cuts with the laser cutter, or deliberately
undersize the hole and use a drill press to correctly tolerance the hole. The bearings
on both sides are flanged to ensure correct depth insertion. The bearing should be
able to be removed and inserted without using a press fit machine. It is a good idea

to chamfer the hole edges for easier insertion and removal.

2.4.6 Bill of Materials

Materials and costs at the time of publication are included in Table 2.1. The total
cost for all materials, installation tools, and electronics comes out to less than $250

USD.

19



2. Biped RWA

Spny e

Tepair system.

CAUTION
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DRILL. Dril 1 o adequato depth using
drill supplied.
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-

A ey spmentatal s i e vidny o use. )

Check thread size on shank to
Insert Location Guide: e caran 2 °°°' aiza fo
pa INSTALL.

1. Retract mandrel and place insert in
100l (tang end towards front of tool).

2. Rotate mandrel through insert until
tang is fully engaged in driving con-
tour. Continue to rotate mandrol
unti insert is engaged in 1 or 2
threads in the body.

ANLEY. \

Engineered Fastening

Stanley Engineered Fasten
2 Shotlor ook Lana
Danbury, CT 06810
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Figure 2.11: Parts required to correctly install Helicoils
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2. Biped RWA

Figure 2.12: Tap the 3D printed part with the correctly size Helicoil tap

Figure 2.13: Screw the Helicoil inserts into the tapped hole with the correctly sized
installation tool

21



2. Biped RWA

Figure 2.14: Make sure that the Helicoil is positioned one quarter-turn of the
installation tool below the surface of the part

Figure 2.15: Remove the tang using the correctly sized tang break-off tool. Make
sure that the tang does not stay inside the part

22



2. Biped RWA

Figure 2.16: Flanged bearing correctly mounted in acrylic

2.4.7 Assembly

Figures 2.17, 2.18, 2.19, 2.20, 2.21, 2.22, 2.23, and 2.24 describe the assembly process
for the RWA. For the screws attaching the reaction wheel to the rotor, Locktite
243 was used to prevent loosening during use. The nuts used to fasten the encoder
baseplate and to constrain the tapped end of the shaft are nylon-insert locknuts to

prevent screws coming loose during use.

2.4.8 Testing

The setup for the RWA is similar to the original Bolt system architecture to enable
easy integration. The assembled system can either be tested using a low-level script
in master-board-sdk or can be tested with just the motor driver boards in virtual

spring mode.
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2. Biped RWA

Figure 2.17: Separate the rotor and stator by loosening the set screws

Figure 2.18: Mount the rotor to the reaction wheel
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Figure 2.19: Mount the stator to the acrylic plate. Route the stator mounting wires
through the cutout as shown in the picture

Figure 2.20: Tighten the rotor set screws
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Figure 2.21: Attach rotor and stator together and screw together 3D parts

Figure 2.22: Mount encoder according to part documentation
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Figure 2.23: Mount RWA to modified biped top

Figure 2.24: Attach RWA to Bolt
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H Part Quantity ‘ Cost H
Encoder 1 71.63
Motor 1 70
Stock Acrylic 127x6” 5.70
Stock Aluminium 6”x6"x5/8” 24.75
PLA 1 spool Bambu PLA Basic | 19.99
Flanged Bearings 2 26.04
M2 Screws 5.68
M2.5 Screws 7.43
M2 Helicoil Installation Kit 1 13.35
M2.5 Helicoil Installation Kit 1 13.35

Table 2.1: RWA Bill of Materials

2.5 MPC

This section goes into further detail about how we create and solve our optimization

problem. First, we incorporate the RWA dynamics into our centroidal model and

linearize. We can then discretize our calculated transition matrices to make a convex

discrete-time optimization problem. Finally, we solve for the motor torques using the

calculated ground reaction forces.

2.5.1 Biped RWA Dynamics

Adding our RWA for pitch control to the centroidal dynamics of our system, we

obtain the equations of motion

T',

0
Ny
B

w

p

NU
Q(0)Pw
= =g

(2.18)

where u, € R is the torque input vector for the RWA and p is the momentum

state of the reaction wheel.

We can linearize the dynamics of our system by assuming that body angular
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velocity, attitude change, and RWA velocities are small. This eliminates the Coriolis
term for the rotational and gyrostat dynamics. We can then write the rotation
representation for the system assuming small body angle changes, giving us a linearized

representation for the rotational kinematics and dynamics:

0~ RT(0,)PwP0~ BN Brs+1,) (2.19)

This gives us the linearized dynamics

[ r ] 03 05 T 05 Ou][r] [O
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0 A

We can now express our dynamics as a linear function where

() = Az(t) + Bu(t) (2.20)

2.5.2 Trajectory Optimization

We can convert our transition and control matrices A and B into discrete-time
matrices for hardware. We can then write our control problem as a convex discrete-

time quadratic program:
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k—1

min Yty — el + ] (221)
0

subject to x; 41 = Ajx; + Biuj, 1 =0, ...,k — 1 (2.22)

Du;=0,1=0,....k—1 (2.24)

where x;, u;, Q);, R; are the robot state, control inputs, cost matrix for state, and
the cost matrix for control at timestep i. C; enforces the linearized friction cone
constraints for our ground force reaction vectors, and D; constrains foot forces to be
0 when a foot is in the swing phase. We can write this as a quadratic program (QP)
and solve for the ground reaction forces for feet in contact with the ground. Then, we

can calculate the joint torques for a leg in contact with the ground using the relation

7 =J R"f; (2.25)

where f; is the ground force, J; is the forward kinematic Jacobian, R is the world

to body rotation matrix, and 7 is the joint torque.

2.5.3 Swing Leg Control

For bipedal walking, we assume that one foot is always in contact with the ground,
and that it is pinned with no slip. To calculate the swing foot trajectory, we first
take our desired foot placement on the zy plane and interpolate between our current
position and desired position using a polynomial spline. We then can write the

necessary joint torque for the swing leg as

7= JN(IG(Pp! = p) + Ka(Po? =P v)) (2.26)

where J is the foot Jacobian, K, and K, are our proportional and derivative
gain matrices, Zp and Pv are the position and velocity of the swing foot in the body
frame, and Pp? and Bv? are the reference position and velocity along the generated

trajectory.
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Figure 2.25: Drop Test Recovery

2.6 Results

2.6.1 Simulation Results

Drop Test

We first simulate the biped and RWA in Pybullet. We perform a simple drop test
from a height of 0.5 meters using a PD controller to control pitch angle. The model
with the reaction wheel is able to recover and stabilize, while the model without a

reaction wheel loses balance and tips over.
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Disturbance Rejection

We then apply an impulse to the y-axis of the biped body in simulation while running
a convex centroidal controller. The robot with a reaction wheel is able to recover,

but the robot without a reaction wheel is unable to stabilize itself and falls over.
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Figure 2.26: Controller with Perturbation

2.6.2 Hardware Results

We demonstrate successful balancing and stabilization with a PD controller for
attitude control in Fig 2.29.

We also demonstrate a stabilizing centroidal controller, as shown in Fig. 2.30.
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Figure 2.27: The original robot is unable to recover from a perturbation and falls
over.

Figure 2.28: The robot with a reaction wheel is able to stabilize after a perturbation
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Figure 2.29: PD recovery from perturbation

Figure 2.30: Centroidal controller base stabilization
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Chapter 3

Jellyfish

3.1 Introduction

New control schema for navigating through vortices and turbulent environments
show exciting developments in designing energy-efficient aquatic robots. However,
testing new controllers often proves challenging. RIL-based control policies require
large quantities of data to train, making simulation fidelity difficult [23]. Model-
based control policies also require an accurate representation of the robot and the
interactions between the fluid and the linkages. In order to test and develop novel
control algorithms on aquatic robots, we require accessible and simple hardware
platforms.

Commercially sold underwater robots are frequently intended for underwater
inspection or servicing, weighing many kilograms and costing thousands of dollars.
These commercial products are often not feasible for researchers, as they require a
large body of water to test in and foster a reliance on proprietary design and software
knowledge. Previous research projects in aquatic robots are often under actuated
and involve soft, deformable material [3]. This makes the robot incredibly difficult to
accurately simulate, since modeling fluid interactions with rigid bodies often requires
complicated governing physics equations. Additionally, many high-fidelity simulators
only analyze a planar fluid field due to processing constraints [16]. This means that
any robot which varies in the z-plane cannot be realistically modeled.

We introduce BLOOPER (Bio-inspired Locomotion Optimization and Oceanic

35



3. Jellyfish

Figure 3.1: Fluid simulation of vorticity off of a rigid body [16]

Figure 3.2: An underwater robot for ocean surveillance and mapping [2]

Planar Evaluation Robot), a cheap, open-source hardware platform for fluid testing.
BLOOPER has very little variance in the z-plane, narrowing the sim-to-real gap. It
comes with a controller for the five-bar linkage that makes up the fins and rudders,

which is able to rapidly and accurately travel to the end-effector positions.
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3.2 Related Work

3.2.1 Aquatic Robots

There are many open-source aquatic robots. However, many of these are designed for
industrial applications or environmental monitoring, and are nontrivial to maintain
and simulate. Open-source robots are also often expensive, costing thousands of

dollars to build, and by necessity have complicated control systems [9].

Figure 3.3: LoCO AUV, an open-source autonomous underwater vehicle [9]

Other aquatic robots are bio-inspired and mimic the actuation modes of sea
creatures, but are not easily modeled due to their soft structure [25]. This makes
sim-to-real transfer difficult or near-impossible, since deformable materials lead to
out-of-plane motion. Unfortunately, since most aquatic animals use deformable or
flexible materials for propulsion, there is a tradeoff between accuracy and complexity.
Most research platforms compromise by using several actuators inside a deformable

structure to generate thrust.
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Figure 3.5: Robotic jellyfish from Max Planck Society [27]

3.2.2 Robotic Jellyfish

Previous work on robotic jellyfish has focused on the swimming mechanisms of
jellyfish, leaving the robots under actuated [27]. While realistic to nature, having an
inherently uncontrollable system is not advantageous for testing many new control
schema. Additionally, many jellyfish robots are made of deformable material, adding

an additional layer of complexity to modeling [26].
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3.3 Background

3.3.1 Five-Bar Linkage

Five-bar linkages have been used in robotics for engraving, as legs for novel robot
designs, and as mechanisms for haptic feedback. They are used over serial linkage
mechanisms where precise control of an end-effector is desired, as the inherent

mechanical stiffness of the system reduces the possible slop.

Figure 3.6: Five-bar linkage mechanism by I. Eglamal

We can further understand the mechanical advantages of a five-bar linkage mech-
anism by studying Fig. 3.6. When two actuators are placed at the base points A and
B, we can control the angles 6; and 65, allowing us to control the position of the end
effector. This gives the system two degrees of freedom, and lets the end effector cover
the area within the reach space.

There are many resources online to help model and optimize the link lengths,
actuator spacing, and other components of the linkage design, including a built-

in Matlab object and Python package that can help to solve for the best design
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Stepper Motors

/2

Proximal Links

Figure 3.7: Matlab kinematics package for a five-bar robot [1]

parameters. It is important to avoid the situation where one of the arms fully extends,
reducing the degrees of freedom of the end effector and leading to a kinematic
singularity. Although our controller does not encounter mathematical problems when

a singularity is reached, it does increase the slop in the system, and can lead to
unnecessary strain on the actuator.
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Figure 3.8: Jellyfish Assembly

3.4 Hardware

BLOOPER is designed to be cheap and easy to assemble. The system has less than
0.01 degrees of error when correctly toleranced, making it a good option for RL or

model-based control policies.

3.4.1 Vision

In order to find the robot position, we use an Aruco marker on the jellyfish body
coupled with a USB camera. Using publically available OpenCV packages to find the

position and angle of the Aruco marker gives us the state of the robot.

3.4.2 Electronics

We use servos for this project, as they offer increased precision and do not require
an external encoder. For the central servo, which requires more torque due to water
resistance, we use a MG995 servo. The outer two servos experience relatively little

torque and thus are smaller and cheaper SG90 servos. The MG995 requires more
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Figure 3.9: Electronic system for BLOOPER

voltage than the Arduino can supply, and thus requires an external power source. We
use a bV wall converter to power all three servos with a breadboard.

For controlling the robot, we use an Arduino Uno. This can be connected via
serial port to a laptop, making it easy to simultaneously record the robot state and

run a controller.

3.4.3 Waterproofing

BLOOPER is designed such that only the body, fins, and rudders are submerged,
making modeling the structure much simpler. This has the additional benefit of
considerably reducing the risk of shorting the motors.

In order to reduce potential risk to the electronics, we keep the Arduino and power
supply offboard. Due to the high cost and relatively small selection of waterproof
servos, we instead use relatively inexpensive servos and avoid submerging them. The
MG995’s sensitive electronics are far enough removed from the water level when
mounted that it requires no waterproofing. The SG90s can be made water resistant

by hot gluing the wire exit port shut, as shown in Fig. 3.10.
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Figure 3.10: SG90 with hot-glued wire exit

3.4.4 3D Print Preparation

All 3D prints were printed with 30 percent infill on a Bambu Carbon X1 printer,
using black Bambu PLA-CF. All prints were sliced using a 0.20mm standard preset.
In order to ensure minimal play on pivoting parts, we deliberately under size the
holes shown in Fig. 3.11. These holes are used for rotating joints and are drilled after

printing to precise diameters.

Additionally, to ensure neutral buoyancy, we make the body of BLOOPER hollow.
This can be done with either as little infill percentage as possible or with an internal
cavity, depending on printer specifications. The internal cavity size can be adjusted
depending on total weight of motors and other components that have non-trivial
mass. We recommend making the body fully watertight with epoxy or a spray-on
sealant, as PLA has a tendency to absorb water over time. We then hot-glue the

baseplate and trim the excess glue, as shown in Fig. 3.12.
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Figure 3.11: Pivot points that require precise tolerancing

Figure 3.12: Hot-glued BLOOPER body
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3.4.5 Bill of Materials

The total cost to build BLOOPER comes out to $119.52. This is considerably less

expensive and time-consuming to assemble than other open-source aquatic robots.

H Part \ Quantity \ Cost, H
Arduino Uno 1 27.60
MG995 1 3.82
SG90 2 3.60
5V converter 1 7.99
Dowel Pins 4 27.44
0.5 Modulus Plastic Gears - 20 T 5 5.70
0.5 Modulus Plastic Gears - 40 T 5 5.70
PLA 1 roll Bambu PLA Basic | 19.99
M2.5 Screws 17.68

Table 3.1: Jellyfish Bill of Materials

3.4.6 Assembly

We use Loctite to ensure minimal axial play between gears while still preserving
rotation. The M4 screws that serve as the gear shafts should be tightened until the
gear can no longer shift vertically but is still free to spin. The servo power, ground,
and signal wires should also be extended to ensure no electrical contact with the
water. All parts should be friction or interference fit, and should not require a press

or mechanical force beyond what the human hand can apply.

3.4.7 Testing

A simple test script is included in the repository that tests the serial connection
between the computer and the Arduino. Once the robot is assembled, we recommend
running a test script included in the Github repository that sweeps from a 0 to 90
degree fin angle with a 0 degree rudder angle. If the rudder angles look incorrect,

check the offset of the side and central servos.
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Figure 3.13: Jellyfish angle conventions

3.5 Controller

In order to understand the controller setup of the jellyfish, we can represent it as a
five-bar linkage. For simplicity, we can model this as a planar linkage mechanism and
assume minimal axial shift. In our case, our end effector is the rudder control point.
We set this at a right angle to the rudder itself to avoid singularities during control
phases, which results in a DOF loss.

There are many different approaches to solving for the control inputs and end
effector position of a five-bar linkage. In our case, we know @, the angle of the fins
from the vertical, and «, the desired angle between the fins and the rudders. Knowing
these two angles and the mechanical parameters of the linkage, we can solve for j3,
the angle that the outer servo should go to. We will calculate [ for the right five-bar

linkage. The calculations for § for the left five-bar linkage are near identical with
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slightly different signs.

There are many different ways to solve for 5. We will use trigonometry and our
known distance constraints, assuming that all links are rigid and that there is zero

stiffness at all joints. Assuming that our fin location is at the x-y origin, we can write

x| | fsind
- L e

where f is the length of the fin.

the location of the fin as

We can then solve for the location of the rudder control point (3, ¥ys) using our

desired «:

(3.2)

wo| | rxsin(a+ 04+ 7/2) + 2
Y2 —rxcos(a+0+7/2)+y

where r is the distance from the rudder pivot point to the rudder control point.

Then, using the known offset (m,,m,) between our outer servo and fin pivot

point, we can solve for the point at the end of the servo arm, E.

T3 [sin 8+ m,
Y3 B Lcos B+ m,

where [ is the length of the servo arm.

(3.3)

Finally, we can use a distance constraint to solve for 3, since we know that the
distance between the rudder pivot point and the servo arm pivot point must stay

constant with length d.
& = (29— x3)* + (y2 — y3)° (3.4)
d* = (x5 — ssin f — my)* + (y2 — scos 8 — my)? (3.5)

Solving for 3, we obtain the expression
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a = 4lxg — 4lm, (3.6)
b=d*— 1>+ 2lm, — 2lys — m> + 2m,x9 — m3 + 2myys — 25—y (3.7)
c=d* — 1> = 2m, + 2ys — m> + 2m,xy — mj + 2myys — T5 — Y3 (3.8)

0.5va — 4bc + 2lm, — 211’2)
b

[ = 2arctan( (3.9)

The design parameters for the jellyfish can be modified, but care must be taken to
ensure that [ stays positive as 6 sweeps from 0 to 7/2. A verification script that plots
[ for various « and 6 values is included in the repository under tangent_function.m,
and the Arduino implementation is included in jellyfish.ino. An example plot for
values of o from 0 to /4 is shown in Fig. 3.14. For all values of 6 from 0 to 7, 8

must be positive for the end effector position to be feasible.
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Figure 3.14: Values of g for 6 with current design parameters
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3.6 Results

We are able to successfully demonstrate BLOOPER deploying and balancing in an
aquatic environment. BLOOPER is able to control its fins and rudders to within 0.1
degrees. Future work involves testing BLOOPER in a larger aquatic environment

with different steering and control strategies.

Figure 3.15: BLOOPER with fins at 0 degrees
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Figure 3.16: BLOOPER being tested for leaks and balance
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Chapter 4

Conclusion

In this thesis, we introduce two low-cost robotic systems that fill gaps in robotics
research hardware. We utilize the recent developments in FDM 3D printing to make
systems that involve minimal amounts of precision machining and expensive, custom
components. With this work, we hope to make testing novel control policies on
hardware more accessible.

Research frequently creates more questions than answers. Both robotic systems
can undoubtedly be improved and will likely go through many more design iterations
as they are used to test different controllers. Future research directions for the
biped system include implementing and testing dynamic locomotion, such as jumps
or running, or testing contact-rich control methods. Future research directions for
BLOOPER include extensive testing to ensure the design is water-resistant and tuning
the mechanical parameters of the five-bar linkage system to make end-effector control

more precise.

o1



4. Conclusion
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