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Near Earth Asteroids provide an interesting and unique promise for scientific understanding
and resource utilization, while also providing some of the greatest danger of serious planetary
impact. One potential mission architecture, utilizing a digging hub and soft elastomer limbs for
locomotion and adhesion, could provide solutions to all these opportunities and problems. One
current obstacle in the design of this concept is the lack of characterization and understanding
of the interactions between the lander robot and the asteroid surface. This interaction takes two
forms: the contact between the robot structure and the asteroid surface, and any passive or active
adhesion forces attracting the robot to the surface. This thesis examines these interactions through
the creation of rigid link approximation models for a single arm of the robot, as well as a planar
approximation for the full robot moment in a single direction along the ground. This is accomplished
with simulations of the interactions between the robot and the surface, along with other external
forces. In examining attractions to the surface, active attraction in the form of electroadhesion
is selected as the primary focus. The preliminary stages of granular electroadhesion are thus
characterized, with the construction of a test fixture, development of a test procedure, and some
data taken for a variety of materials, including four granular ones. With these two contributions,
this work should help advance the progress of soft robotic modeling, granular electroadhesion, and

the soft robotic lander mission concept.
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Chapter 1

Background and Motivation

1.1 Introduction

Near Earth Asteroids, or NEAs, pose both danger and opportunity. As some of our nearest
planetary neighbors, they can provide clues as to the formation of Earth and the rest of the solar
system. This proximity also provides an opportunity for asteroid mining, since these asteroids
could provide easy to reach refueling stations for spacecraft leaving the planet. In addition to the
potential of NEAs for science and In situ resource utilization (ISRU) missions, these asteroids also
are some of the biggest risks for planetary impact. With the goal of solving these challenges, the
Area of Effect Softbot (AoES) was proposed by Dr. McMahon [20]. In this solution, a number of
smaller soft robots, the AoES, are deployed to an asteroid surface, while a mothership orbits a safe
distance from the surface. The defining feature of these robots is the large elastomer arms, which
provide anchoring to the asteroid and a propulsion to the surface, acting as a solar sail. For this
class of asteroids, soft robotics provides a unique solution to some of the main challenges of working
on an rubble pile asteroid, which are landing on an uncertain, rough environment, and sticking to
the surface once there. With many near earth asteroids possessing small gravitational attraction

and high spin rates, the effective gravity at the surface can sometimes even be negative [2].



Figure 1.1: Images of the surface of the rubble pile asteroid 101955 Bennu, as taken by the OSIRIS-

REx mission. The rough surface will add difficulty to future missions on the surface.

However, since the asteroids remain together, some other force must be holding the asteroid
together, and the most likely candidate is internal cohesion. Using a large surface area of a soft
material, the AoES can anchor itself with adhesive forces to maneuver around the asteroid and
dig. Additionally, the large surface area can be used to leverage solar radiation pressure (SRP)
to maneuver down to the surface and land, eliminating the need for other on-board propulsion.
Beyond the mission risk advantages of using the AoES mission architecture, this novel concept
lends itself well to novel science objectives, as most state of the art spacecraft cannot sample an
asteroid subsurface, while the AoES could dig arbitrarily deep if regolith conditions allow. For

planetary protection, a team of AoES on the surface could loft material to change the orbit of the



body, as investigated by D. Brack [2]. Given the potential benefits of an AoES mission to NEAs,
it is worth building a model to evaluate the surface operations viability of the concept, especially
since there area number of challenges associated with using soft robotics in a space environment.
Thankfully, some of these challenges are addressed by the use of HASEL actuators, developed
by Acome et al [I] in the Keplinger Research Group (KRG). These electronically controlled soft
actuators are self contained and contain no air, meaning it does not expand like pneumatic soft
robots, nor does it need an external pump or motor, which add significant weight and cost to a space
mission. These actuators work by charging flexible electrodes on opposite sides of a dielectric fluid
filled bag, which by compressing the bag, change the shape of the bag, creating some displacement
and exerting some force. The type of force and displacement depends on the shape of the dielectric
fluid bag and electrodes.

A number of works have analyzed various other aspects of a potential AoES mission, including
the solar radiation pressure based landing control by Oguri and McMahon [21], and the digging
mechanics of the hub by a CU Boulder graduate projects team. This leaves a gap, however, in
any modeling of the AoES after it has landed but before it begins digging. The motivation for
this project is to develop an effective method of analyzing the behavior of the AoES as it interacts
with the surface of an asteroid. This will allow the viability of an AoES mission to be established,

especially since a number of challenges still need to be addressed.



Controlled
Landing

Figure 1.2: Concept of operations for the AoES. The focus of this thesis is largely on the surface

mobility aspect, which has yet to be investigated. Image credit to McMahon et al, [20]

One challenge of using soft robotics in this context is the extreme flexibility while maneuvering
to the asteroid. Since a very high area to mass ratio is critical for the effective use of SRP forces
in propulsion, the thickness of these arms is on the order of a few centimeters for a 1 meter arm.
Movement of the hub relative to the arms will primarily happen during landing, when the AoES
is changing its attitude to get the desired magnitude and direction of SRP forces. Since the arms
will still be very flexible in bending, rapid changes in attitude could lead to large vibrations in the
arms, and adverse performance if this was unexpected by the controller. Additionally, it is unknown
what combination of parameters of a limb will be required for the AoES to be able to crawl on
the surface, including potential active adhesion. Since limb thickness, length, shape, and material
are all potential variables, an ideal model will be able to vary all those parameters while remaining

computationally efficient. Furthermore, the model should be able to predict how the passive effects



of the softness of the limb will affect controllability, both on the surface and traveling to it. Finally,
experimental verification and characterization of the limb and active adhesion methods would need
to be performed to ensure that the model accurately represents a true interaction between the

AoES and the asteroid surface.

1.2 Soft Robotic Modeling

Soft robots, as discussed above, refer to any robot design which leverages the compliant
nature of the materials in its construction for the its movement or material handling. While a
number of works have examined soft robotic modeling, this problem poses some unique challenges
not directly addressed by previous work. Analyzing soft structures is typically challenging, as
many traditional structural analysis software is designed primarily for rigid structures, and may
have assumptions made for speed which make large displacement results inaccurate. Additionally,
many are not designed to simulate the same time-variant forces found in soft robotics, since most
dynamic analysis of rigid structures is in the form of vibration tests, which are fundamentally
different than applying control to a soft structure. Some soft robots even utilize a combination
of rigid and soft elements [7], potentially further complicating the results. Some work has been
done in the creating soft robot specific modeling tools, including a multi-limb modeling by Huang
et al [I7], and a reduced-order cable actuated limb modeling method by Chenevier et al [5], both
of which provide computationally efficient hyper-elastic models. However, both of these models
have limitation in the implementation: the Huang model assumes slender limbs and the Chenevier
model is restricted to pull-cable control. One of the most general models built available, which can
analyze arbitrary structures with variable external or control forces by Faure et al [9], Largilliere et
al [18], and Duriez [8], whose work has culminated in the SOFA modeling toolkit. While this model
is useful in a variety of situations, its computational cost and general complexity of implementation
mean it could be less than ideal for the initial design of a soft robot and its control algorithms. For
this preliminary ideation phase, a computationally faster model would be ideal, and, particularly

for the AoES, one that was built with the particular forces relevant to the NEA environment.



1.3 Granular Electroadhesion

Electroadhesion, a potential source of active adhesion to the asteroid surface mentioned
above, is an active form of electrostatic attraction which, through interdigitated electrodes, selec-
tively polarizes a surface, as seen in figure The driving mechanism for this phenomenon has
been established to be the interaction of the fringe field between the oppositely charged electrodes
interacting with natural or induced dipoles in non-conductive materials, or directly with electrons
for conductive ones, to create electrostatic attraction. This effect needs high voltage in order to be

effective in many materials, especially non-conductive ones.

(a)‘ High voltage power supply }—{ Control unit ‘

Substrate material

I Electrodes + — Induced charges

Dielectrics t Electroadhesive forces

®) [ | o . .

F

Figure 1.3: Illustration of the mechanism behind the attraction of electroadhesion. For the conduc-
tive materials shown in (a), the electron movement is the driving factor, while for non-conductive
((_’7

ones shown in (b), dipole realignment is the driving factor. “+” denotes positive voltage while

denotes negative or ground. Image credit to Guo et al, [16]



Electroadhesion is a growing field with a variety of new bodies of work, many of which are
outlined and summarized by Guo et al [16]. In that work, the authors also outline the unanswered
questions within the field, of which a primary one is the examination of granular electroadhesion,
either in terms of theoretical modeling or experimental verification. While works by Guo et al [15]
and Téllez et al [23] have tested electroadhesion on a variety of materials, including followup work
by Guo et al on the optimization of pad width and spacing for conductive and non-conductive
materials [I4], all these materials tested are relatively flat, even if a few, like the concrete tested
by Tellez, are somewhat rough. Even many works which examine practical uses of electroadhesion
in grippers, like Cacuccio [4], and Shintake [22], examine the use of these devices on a variety
of shapes, but none shown are rough or porous like some common natural materials such as tree
bark or volcanic rock. Additionally, work done to produce crawling robots, like the soft robot
of Gu [13], or the more traditional designs found in Wang [24] and de Rivaz [7], is tailored for
human environments with many flat surfaces, but may not be able to perform well in natural
environments, or the rocky ones found on rubble-pile asteroids. Even the work done by Germann
[12], where the authors constructed and characterized a flexible electroadhesive pad, only looked
at the interaction of the pad with flat test substrates. Given that rough, porous, and granular
materials are common outside man-made environments, if electroadhesion is to be useful beyond
these, techniques to characterize and specialize electroadhesion for these situations is required.
This is especially pertinent on asteroids, where only estimations of the surface texture and type are
possible before reaching the asteroid for the first time with a spacecraft, so electroadhesive pads
which are robust to many types of surface environment would be needed to guarantee functionality.
This work begins to examine electroadhesion on rough and granular materials to begin to fill this

gap in knowledge for this field.

1.4 Thesis contributions

Given the gaps in low-level soft robotics modeling and granular electroadhesion, both of

which are critical to developing the next stage of the AoES mission, this work seeks to help further



the understanding of these areas as well as provide practical solutions for the furtherance of the
development of the AoES mission concept. This is done by creating two rigid link approximation
models, one for the AoES limb alone and one for the a planar approximation of the AoES, as well as
develop a test procedure for granular electroadhesion and begin to characterize granular materials.

The models demonstrated by this work begin to accomplish these goals, as will be shown,
though more work needs to be done before an AoES mission can be considered ready to fly. Through
the creation of a variable-accuracy model with the ability to discritize arbitrary limb shapes, this
model supports the exploration of the design space for the AoES. Additionally, a test fixture
and procedure are developed for testing electroadhesive attraction on granular media, and some

preliminary data is presented for granular and non-granular test substrates.



Chapter 2

Limb Dynamics Model

2.1 Derivation

2.1.1 Unforced Dynamics

To model this system, the flexible arm is approximated as a series of rigid links, connected
with a pin joint. At each pin, a torsional spring and damper account for material effects, while the
mass and mass location of each link depend on the mass location depends on the limb shape at
that link. These assumptions create a simplified, planar case for the limb simulation, which is what
will be examined in this work. This model uses a trapezoidal approximation of each link, using the

link width at each end of the link. An example of this can be seen in the figure [2.1
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Figure 2.1: Examples of a seven section limb discretization for both the rectangular limb on the
left and a piece-wise diamond-shaped one on the right. Black dots are the points which form the
vertices of the trapezoids, and blue ones are the centroids of the trapezoidal elements. Solid lines

show the outside of the limb, with the dashed lines completing the individual link trapezoids.

To solve these equations for a variety of initial conditions and external forces, a numerical
integration approach is used, allowing for the easy inclusion of external forces and control. The

equations of motion for this simplified, planar limb are derived using a Lagrangian approach,
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Figure 2.2: Diagram illustrating the model parameters (top), and model states (bottom) for the
limb-only model. In the upper plot /; is the link length, . ; is the position of the mass along the link,
m; indicates the link masses, k; is the joint torsional stiffness, and ¢; is the angular damping. The
lower plot shows the generalized coordinates, #;, and corresponding coordinate rates 0;, with arrows
corresponding to the positive direction of the angle, regardless of the sign of the angle depicted. In
this case, all angles and rates are defined as positive for a right-handed rotation about an out of
the page axis.
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outlined below.

| 1.
=1
"1
V:th@—@qﬁ (2.2)
=1

For the above equations, m; is the mass of link ¢, v; is the velocity of that mass, I; is the moment of
inertia about the center of mass of that link, and 6; is the angular velocity of each link, relative to
the inertial frame. For the potential energy, k; is the spring rate of the spring at the base of link ¢,
and 6; is the angle of each link relative to the horizontal. 6y is zero. For the generalized coordinates,
the absolute link angles were selected, such that ¢; = 6;, and ¢; = 92 In addition to the kinetic and
potential energies, a damping function, D, is defined to account for energy losses resulting from the
bending at the joints. This derivation assumes linear angular damping, proportional to the relative
rate at each joint. For this type of system, the damping function would be as follows

"1 . )
D = Z 501'(91' +6;-1)? (2.3)
i1

In this equation, ¢; is the damping constant at the i*" joint. Similar to the potential energy equation,
0y is assumed to be always zero. Finding the equations of motion requires taking various partials

with respect to the energies, as defined in equation

dor or oV 0D

_ < a2, 2.4
0q, "o og 04, © (24)

This derivation will start with the partials with respect to V, since they are among the easiest to
evaluate. For the potential energy, only spring forces are initially considered. Assuming each joint
has a known, constant spring rate at its base, k;, and assuming 6y = 0, k,11 = 0 and take the
partial with respect to 6,

ov
005

kses - kses—l + ks—i—les - ks—i—las—i-l

We can thus represent the full partial of the potential energy with respect to all the generalized

coordinates as the matrix equation
ov

oK
oq 4
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Where the stiffness matrix, K, is defined below

ki+ky  —ko 0 0
—ko kot ks —k3 0
K= (2.5)
0 0 e L L
0 0 —kn kn

To include damping, the approach is similar to the potential energy. Assuming each joint has a

known, constant damping coeflicient at its base joint, ¢;, the damping function can be constructed

D= ci(di — di-1)?

1

N

n
1=

Assuming ¢o = 0, ¢,+1 = 0 and take the partial with respect to ¢, obtaining

oD
9qs

= Cs(s — CsGs—1 + Cs41qs — Cs1Qs+1

With a similar matrix equation definition as with the stiffness matrix above,

oV .
% = Chq

With the definition of the the damping matrix, Cp, as

_cl +co —Co 0 0 ]
—C2 co+c3 —c3 0
Cp = (2.6)
0 0 e Cp—1+cyp —Cp
I 0 0 —cp, Cn |

Now with the potential energy and damping function partials out of the way, Moving on to the

kinetic energy partials. The definition of the velocity of the mass on the i limb is defined below:

i—1 i—1
v; = — (lcﬁi sin(6;) + Z:l 1;0; sin(@))i + (lcﬂi cos(6;) + Zl 1;6; cos(Hj)>j (2.7)
j= j=
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With the velocity of each mass defined in terms of the generalized coordinates, beginning with the

partials relative to the generalized rates.

00

C e Ll
= 06, 06,

For the angular rates, this partial is easy, with a result of zero unless i = s, in which case the result

is one. For the velocities, the result can be one of three cases, outlined below

0 s> 1

8vi

a0, | L sin(0s)i + lc, cos(0s5)] s=1 (2.8)

—lssin(0s)i + lscos(0s)] s <i

\

Plugging this in and evaluating the dot product between the velocity and velocity partial gives the

equation below,

SZ = I,0, + msvs( — ¢, sin(0s)1 + I, cos(é’s)j) + Z m;Vv; - ( — lssin(6s)i + I cos(@s)j)
s i=s+1
s—1
= Iz'és + Mg (lzsés + lcs Z[lz COS(Qi — 95)92])
=1
n i—1
+ 1 Z [ml (e, cos(b; — 0,)0; + Z[lj cos(8; — Gs)éj})}
i=s+1 j=1
n s—1
= Iiés + msliés + (lcsms + ls Z [ml]) Z[Zz COS(Hi — 95)91]
1=s+1 =1
+ ls Z [(lclml + li Z [mj]) COS(@Z‘ — 03)91:|
i=s+1 j=it+1

Now, evaluating the time derivative on this term, obtaining

DT (1 4 2 )i, + (z me + 1 Zn: [m-])si[z-cos(a-—a )éi]
dt 898 S S Cs S Cs S S Z:s—‘rl (] Z:1 (2 1 S K3
+ I Z [(lcimi + 1 Z [m]]) cos(6; — 05)91}
1=s+1 Jj=i+1
n s—1
- (lcsms 1> [mi]) > [t sin(6; — 05)(6; — 0,)6]
i=s+1 =1

— s Z [(lcimi +1; Z [m;]) sin(8; — 05)(6; — 95)32} (2.9)

i=s+1 Jj=i+1
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In the above equation, there are terms proportional to angular accelerations, which will form the
mass matrix, M and terms which are proportional to angular rates, which will form a damping-like
rate matrix, Cp, 1 to form a matrix equation for this partial, like with stiffness and true damping.
Cm,1 is referred to as damping like because while it contains elements proportional to the generalized

rates, it does not extract energy from the system.

d oT
—— =Mq+ Cn16 2.10
dt 893 q-+ m,1q ( )
Like before, the terms above are written into matrices, given the regular pattern or terms which,

in addition to the variable number of links, lends itself to this format. For the system mass matrix,

the coefficient a; = (Ic,m; +1; Z?:Hl[mj]) is used to make the matrix fit on the page.

i (I + mllgl) asly cos(f2 — 61) anly cos(f, — 01) ]
asly cos(f2 — 61) (I2 + mglzg) anle cos(b, — 03)
M = : : : (2.11)
an—1l1 cos(0p—1 —01) ap—1lacos(0p—1 —602) ... aplp—1c08(0p —0p_1)
I aply cos(6y, — 61) apla cos(6, — 62) (I, + mnlgn)

Since the size of the terms make it difficult to display the matrix visually, it is instead summarized

in the equation below

ajli sin(ﬂj — 91)((9] — 92), 1< ]

Cma(i,5) = 4 0, i=j (2.12)

ailj sin(Hj — 91)((9] — 92), 1>
We will revisit this equation after evaluating the final partials Turning our attention to the partial

of kinetic energy with respect to the positions,

8T " 8vi
90, = 2"V g,

s

Given the angular rates are independent of the positions, those partials are zero, leaving only the
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partial of the mass velocity of some link ¢ with respect to an arbitrary link angle ;.
(
0 §>1

8Vi . .
90, —le, cos(0s)0st — I, sin(05)0s] s =1 (2.13)

—lscos(0s)0si — lssin(0s)05) s <i

Evaluating the dot product,

gg _ _lcsms Sz_:l |:ljéj sin(0; — 93)] + 1 zn: [mz <lcz. sin(6; — 05) Zz_i [ljéj sin(6; — 93)]>]] 0,

L j=1 i=s+1 j=1

n n

= (lcsms + 1 Z m1> <§ljéj sin(fs — Qj)> + ls< Z milcﬁ'i sin(fs — 6;)

L 1=s5+1 1=s5+1

n i—1
+ > mi Y 16 Sin(9s—9j)])]és

i=s+2 Jj=s+1

These terms, proportional to velocity, will form a second mass-based damping-type matrix, Cy, 2,

which follows the form

Cm2(s,s) = (lcsms + 1 2”: mz> (Siiljéj sin(fs — Hj)>
i=s+1 j=1

n n i—1
+ l5< Z m,lcﬁz sin(&s - 91) + Z [mz Z ljéj Sin(as - 9])]> (2.14)

1=s+1 1=s5+2 j=s+1

where the only populated terms are the diagonal, and all off diagonals are zero. Additionally, by
combining these two matrices into one damping matrix Cy; = Cp,1 + Cyy, 2, which simplifies the
expression and adds the only-diagonal terms of C,, 2 and the off diagonals of C,, ;. Substituting
these matrix equations into the Lagrangian equation above, obtaining the matrix equations of
motion (EOM) below

Mg+ (Cp +Cp)g+ Kq=Q (2.15)

To integrate these dynamics, the approach outlined in Mechanical Vibrations by Géradin [I1] is
used, where for a second order differential equation of the form above in eqn. the state vector

becomes r = [qT qT]T, and thus the first order differential equation can be written as

Br+Ar=p
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Where A and B are matrices defined as

K 0
A=

0 —M

cC M
B =

M 0

and the forcing vector, p = [QT 0]7. It can be seen that this provides the initial matrix equation
for the upper block, and a unity equation of Mq — Mq = 0 for the lower block. Rearranging

this for numerical integration yields the differential equation below
=B 1(p— Ar) (2.16)

For any general forcing, this equation now contains all the information needed to propagate free
dynamics of this system. Further sections will address how the external forcing term is used to

incorporate gravitational forces, normal forces, and controller torques.

2.1.2 Gravitational Forces

To add gravitational forces into the dynamics, the partial of the gravitational potential energy
with respect to the generalized coordinates is taken, with the negative of the result being the

generalized gravity force, Qs,,,, -
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n
varav = Z miYm,; g
=1

avvgrav =g i m; Ym,;
i=1

06, 06,
i—1
Ym; = L, sin(6;) + Z l;sin(6;)
j=1
0 5>1

Y,
00, le.cos(0s) s=i

lscos(fs) s<i

n

8V rav
825 = g(milcs cos(8s) + l':zs;rl myls cos(ﬁs))
Qsgrav = _g(lcsms + ls( Z mz)) cos(s)
1=s+1

2.1.3 Contact Forces

Adding contact forces is more difficult than gravitational forces, as contact forces are non-
conservative, regardless of the elasticity of the collision. To account for this, the simulation includes
checks to determine if a joint is in contact and if it will remain in contact for the next time step. It
does this by monitoring the y-position of the links, calculating contact forces once they are within
a certain bound of zero. Once in contact, the contact force is calculated to be the required force
to keep the y-velocity of the joint at zero given the natural dynamics and other external forces. To
prevent joints from becoming stuck to the surface, if the required force is negative, that joint is
removed and solver iterates to find the forces for the other joints in contact. The first step in finding

which joints are in contact. This can be achieved by comparing the the calculated y position to a



19

ground threshold value. The y position and velocity for the end of the i*" joint are defined below
Y; = Z lj Sin(ej)
j=1

y'i = Z ljéj COS(@j)
7=1

Since the equation for the effect of the forces on the state is nonlinear in the state, with an additional
objective function which is also nonlinear in the state, an iterative Newton-Raphson solver is used

to find the required forces. Using the matrix form

X = Xgp—1 — J(kal)_lf(xkfl) (217)

where J is the partial of the objective function with respect to the search variable, %. For our

case, the objective function is the y velocity of joints in contact, 7;, and the search variable is

the normal force at that joint, N;. So if an arbitrary m joints indices i, = [ic1 @c2, vy Gem)

in contact, the objective function would be f = [g; , ¥i.,, - y'ic’m]T, and the search variable is

) Nz ]T

. With the necessary terms defined, the Jacobian, J, can be found.

c,17 c,27 °° c,m

Starting from the the y velocity of a random joint s, the effect of a normal force on joint ¢ can
be determined from a potential function, like for the gravitational forces, though this one will be
discontinuous. The potential function for normal forces is defined below

n | Nivi, yi <0, &N; >0

WWw=-)Y_ (2.18)

=110, else
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Taking the partial with respect to the generalized coordinates,

OW _ Y
56, = 2= Vigg:

i=ic

ayi 0 s>
90,

lscos(fs) s<i
A%
7. = —l5cos(fs) Z N;

i=i.>s
Qn, = lscos(s) Z N;
i=i.>s

For an arbitrary time step k, our objective is to find the force setting the y component of velocity

to zero at the next time step, ;. , x = 0. Taking the partial with respect to NV;

c,b?

lc,a

%y;\[::; = ; [h(% cos(0jk+1) — Oj k41 Sin(ej,k+l)a(;]<}jc—:)]
To find the partial of the states at time k + 1, the dynamics definition from equation the
effect of the normal force on the state at the next time step using an Euler approximation, rg+; =
ri + B,;l(p — Agry)dt. Using this definition, and starting with the partial with respect to the full

state, since 6 and  are linear transformations of the full state, the form for the required partials

above is shown below.

Orpy1 _ Bl op
ONi,, ¥ ON;,,
op
ON;

dt

= [l1 cos(b1), lacos(Ba), ..., l;,, cos(B;.,), O, .., 0"

ic,b
c,b

Since the A and B matrices are dependent of the state at the previous time step, they are indepen-
dent of the normal force, making these partials relatively simple. Assembling these terms shows

that each term of the Jacobian can be written with the matrix equation

J(a,b) = [~1101sin(0y), ..., —la0,sin(0,), 0, ..., Iy cos(8y), ..., lgcos(6,), O, ..., O]B,;la%

c,b

(2.19)

dt
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2.1.4 Frictional Forces

Frictional forces are incorporated using the Coulomb friction model, where friction is propor-
tional to the normal force by some constant coefficient of friction, . This creates a new potential

function

n | Niyi — | [, fidz|, 5 <0, &N;>0
Vi=-)_ " (2.20)

=110, else

Since this force acts in the x direction, the x position and velocity of each joint are defined below

x; = le cos(6;)
j=1

i
&=~ lj;sin(6))
j=1
In equation the integral is defined as the force integrated over the total distance traveled,

which can also be parameterized in time, making the upcoming partials more clear. Additionally,

the relationship to the normal force is made more clear, such that there is only one force variable.

n | Niyi — | [ uNi(t)adt], 5 <0, &N; >0

=110, else
To find the generalized force, the partial is taken with respect to the state, as with the above two
forces. This results in the generalized force as a function of the normal force shown below

Qs; =I5 Z [(cos(8s) — sign(d)usin(f,))N;] (2.21)

i=i.>s

Now that the equation for the generalized friction force has been found, repeating the process for
the combined normal and friction forces as with normal alone in the previous section finds a new
Jacobian. Conveniently, the only change is to the partial of the force vector p with respect to the

normal, which now becomes

op;
ON;

= [l1(cos(61) — sign(:j;ic’b)u sin(61)), l2(cos(62) — sz’gn(a’:ie,b),u sin(62)), ...,

c,b

lic,b(cos(eic’b) - sign(:ticyb)u sin(t%c‘b)), 0, ..., O]T
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2.1.5 Control

The final piece of the limb-only model is the implementation of control to begin testing crawl
control schemes. Moment forcing is assumed at specific joints, which is consistent with the output
of angular HASEL actuators developed by KRG [I]. Finding the effect of a joint moment on the
states, requires creating a potential function for the moment from an actuator at an arbitrary joint
i.

Vet = —M;(0; — 0;—1) (2.22)
While it might not be immediately apparent that the potential should be of the relative angle,
simple examination shows that if the relative angle remains constant, the joint actuator would not

have moved, and thus has done no work. The generalized forces due to control are thus

8‘/01;1"1
00,

Qctri, = M — M1

=—M; + Mt

assuming that all links are actuated. Any non-actuated links could would have that moment as
always zero.

Now that there is an implementation for control torques in the model, it is time to start working on
building a controller. The first step is finding a reference path to control around. For the purposes
of this work, reference paths were manually built for the 3 and 4 link cases, so future work is needed
to determine an optimal crawling trajectory. For both of these manually constructed trajectories,
the last link was kept flat against the ground and the other link angles were calculated to maintain
flat ground contact of that link. To account for the extra degree of freedom posed by the 4 link
case, the reference angle for the second link was also zero. For these cases, all links except the final
were actuated, so the passive dynamics played a comparatively small role. More work needs to be
done in determining effective control schemes for cases where the passive dynamics play a larger
role.

Two methods were used for determining controller gains. The first was to use gains proportional
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to the angle and rate errors separated at each joint to determine the control torque at that joint,
that is, M; = K, ;(6; —0,) +Kd7z~(9.i — Hlm-), where 6, ; and GM are the reference positions and rates,
respectively. The second approach was to use an LQR controller to produce a full-state gain matrix.
Since A and B matrices have a slightly different meaning in [IT] than most standard formulations,

an alternate notation is used, outlined below.
r=Fr+Gp (2.23)

Though F and G are normally reserved for discrete time state space formulations, since no discrete
time analysis is done in this work, seems like a reasonable way to avoid confusion. In reference to

the A and B matrices defined above, F and G are thus determined to be

F=B'4A (2.24)

G=B"" (2.25)

Using the F' and G matrices and solving the matrix Ricatti equation finds the optimal gain for
some controller cost function. As is typical with designing an LQR controller, the @ and R matrices

were tuned to provide an adequate but stable response.

2.2 Results

To verify that the dynamics are correct, the energy of the links is calculated for each time step
of the simulation, along with the energy dissipated by the dampers, to be sure that any mechanical
energy lost by the system is accounted for with energy dissipated by the dampers or friction. With
contact forces, since a perfectly inelastic collision is assumed, the total energy should have a step
decrease upon each impact. Plots of the states and energies for a few test cases are shown below.
Most plots are shown with 3 links for simplicity, however, a more complicated arm can be simulated,
and results from such a test are shown in the last subsection. In addition to producing the state
and energy plots shown, the script also can produce animations of the links for a given simulation,

which can be easier to interpret for reasonableness. An example of a frame of this animation is
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Figure 2.3: Frame capture of the animation of the 3-link contact case. Blue lines are the links, red
circles are the joints, and the larger black circle at the base is the root joint.
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shown in figure [2.3] To decrease the number of variables, all limbs shown in results use the petal
shape shown in the images of the AoES, have a total length of 1.8m, thickness of 2.54210 3m, an
elastic modulus of 4.36Mpa, and limb density of 1000%. Unless otherwise noted, the time step for

these simulations is 0.01s, with the simulation time varying depending on the phenomenon being

observed.

2.2.1 Unforced

To show that the model performs with only internal forces, the unforced dynamics case is
shown here. As expected, the system oscillates about angles of zero for each link, and the energy

rate is clearly only numerical errors, and is centered on zero, confirming the unforced dynamics.

; 0.3 . . . . . T T T

< 1
g 02 T B2]
B il ™ &
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Figure 2.4: This plot of the system states, with angles on the upper subplot and angular rates on

the lower, shows the system behavior over a 100 second simulation. the limb oscillates due to the

restoring force from the springs
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Figure 2.5: Plot of the system energies over a 100 second simulation. Over this period, energy

passes between kinetic an potential, as expected, since these is no form of dissipation.
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Figure 2.6: Energy rate plot over a 100 second simulation. Over this period, energy rates are clearly

numerical errors.
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2.2.2 Gravitational Forcing, No Damping

For the most simple forcing case, the simulation produces results as seen in figures
and For these simulations, the gravitational acceleration used is 0.001%, which was chosen
because it produced a reasonably sized response for the limb parameters selected. The simulation
performs as expected, with link angular decreasing from their initial nonzero values as the limb
is pulled by gravity. Because of the positive initial rates, the angles initially increase, but start
decreasing shortly, only rebounding from the spring forces at the end of the simulation time.
Without damping, this system would oscillate indefinitely. The only point of interest in these plots
is the smooth nature of the energy variations seen in fig. Investigating this discrepancy found
that these variations are unchanging in shape for a certain initial condition, and that the value
at a given time are exactly proportional to the size of the time step, which indicates it is related
to a simulation, rather than the underlying dynamics. The most likely explanation is that this
results from the way that the forcing is implemented. All forces are calculated at the beginning of
each time step, and the numerical values are then fed to the dynamics equation, where the state is
propagated with a fourth order Runge-Kutta. Since each sub step of the integration updates the
state, and the value of the generalized force of gravity is position dependent, this leads to small
errors that would not be present if that force were recalculated at each sub step This idea seems
supported by the fact that the maxima of the kinetic energy and energy rate change occurring at
similar times, which would be the point when the angles are changing the fastest. While the error
seems to be sufficiently small, it could be worth looking into solving the issue by adding gravity

separately from other forces in a way that allows it to update with the state.
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Figure 2.7: This plot of the system states, with angles on the upper subplot and angular rates on

the lower, shows system behavior over a 100 second simulation. Dashed lines show the steady-state

angle for each link
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Figure 2.8: Energy plot of the gravitational forcing simulation, which shows that the total energy
remains constant, which is expected, as no energy is entering or exiting the system, and dissipated

energy remains zero, since there is no internal damping.
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Figure 2.9: In the energy rate plot, the energy changes are over five orders of magnitude below the
scale of the energy, small enough to be safely written off as numerical error. The smoothness of
the plot is likely a result of the way the nonlinear gravitational force was calculated, potentially
leading to a position based error. Investigating and potentially fixing, thus further reducing the

magnitude of the energy rate, will be the subject of future inquiry.

2.2.3 Gravitational Forcing, With Damping

Including viscous damping the internal forces yields the simulation results as seen in figures
and For these simulations, the damping ratio at each joint was set to 0.4, and the
time step was increased to 0.1s to account for the extra simulation time needed to reach steady
state. The gravitational acceleration remains the same as above to maintain as much similarity as
possible with the undamped case. While helping to verify the compatibility of viscous damping
terms with the gravitational forcing, as well as ensure the system would eventually reach a steady
state. As can be seen in figure all the limb angles converge to their expected steady state

values, confirming the gravitational force values. Additionally, the hypothesis for the cause of the
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energy rate discrepancy is further supported, since the magnitude is approximately scaled by the

time step increase and all the local maxima correspond reasonably well with a local maximum in

the kinetic energy
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Figure 2.10: In this plot of the system states, now with damping, all states approach their predicted

steady state values with time, helping to verify the accuracy of the forcing function. While the first

100 seconds fairly closely resemble the no-damping case, it is clear and the simulation progresses

that energy is being extracted from the system.



32

1
12 %10
— ] Total Energy
10 + Kinetic Energy
Potential Energy
sk Dissapated Energy

]
-

e
z
ﬁ 0 ——
9
ab
-0 F
_8 | I | | |
0 200 400 GO0 200 1000
Time, t, [s]

Figure 2.11: The total energy, defined as mechanical plus dissipated energy remains constant, which
is due to the fact that it is a summation of the kinetic, potential, and dissipated energies, as a means
of verifying the accuracy of damping forces in the simulation. As is expected, kinetic energy goes
to zero while the potential settles at a negative value, since zero potential energy is defined as level

with the root node.
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Figure 2.12: The energy changes are four orders of magnitude below the scale of the energy, which,
while closer than before, are a result of increasing the size of the time step to account for the
increase in simulation time. This time step size dependence further supports the idea that this

error is numerical in nature.

2.24 Contact Forces, No Damping

Including contact forces creates the results seen in figures 2.13] and 2.14] It is important to
note that there is no joint damping for these simulations, meaning all the mechanical energy lost is
because of the impacts with the ground. These figures show an initially down curved limb drawn
down by restoring forces and gravity before impacting, first on the second joint, followed by the
first and third. Impacts appear as discontinuities in the plot of total energy, where it can be seen
that further impacts occur past the first three initial mentioned, as an impact from a joint nearer
to the end can cause another, earlier joint to be forced off the ground. This phenomenon clearly

happens in this case, as there are six impacts but only 3 links.
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Figure 2.13: The state plot after adding contact forces shows a new, angular behavior associated
with the introduction of contact forces. As joints come into contact with the ground, impulses
create step changes in the velocity, and after the initial contact, normal forces prevent any joint

from moving downward. By the end of the 40 second simulation, all the links have come to rest.
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Figure 2.14: The normal force energy plot shows that the total energy remains constant between
impacts, and experiences step decreases at each impact, which is expected, as energy is not con-
served in inelastic collisions. Kinetic and potential energy are smooth between impacts, and only
kinetic energy experiences significant step changes. this is expected, as only rates experiences step

changes in the state plot, and potential energy is only a function of position.

2.2.5 Friction forces, no damping

Adding friction forces to the contact produces the figures seen below. There is nothing
particularly of note in the state plot, though in the energy plot accounting for the energy dissipated
by sliding friction causes the same step-wise behavior to the energy seen in the friction-less case
above. The plots below also represent results where the material had no stiffness, this is because

the variability in contact force when the joint springs are present obfuscates the role of friction.
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Figure 2.15: This plot of the system states shows similar behavior to the contact case, but with a

slower response than without friction.
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Figure 2.16: Total energy remains constant between impacts, when the energy lost from sliding

friction forces are accounted for in the dissipated energy

2.2.6 Control

Controlling a limb for a specified path with all the forces shown above leads to the plots
shown below. The controller gains here were found with an LQR method, where the gains were
calculated around angles and rates of zero, and no penalty was applied to angle or rate errors of the
final, uncontrolled link. Figure [2.1§shows that the most significant errors occur when a joint makes
contact, since the controller does not take this nonlinearity into account. Overall, the controller
behaves promisingly, especially given the disturbances posed by the final link and ground contact.
An energy plot was not included here, since all other forces are confirmed to behave as expected

and the actuators add energy to the system.



— 1 b
-
= 6.
< 05} ]
/
g -0.5 F B
= </
oy
2
‘ﬁ: _]_ L L L L L
0 50 100 150 200 250 300
Time, t, [s]
02 : ; ;
EE ;
= 6
< 0.1+ gz :
@ 3
=
pj 0 /f-—\\<\\‘ N\\‘ J\/\/\\H
[=]
01} i
E
e
< -0.2 L L .

1
100 150
Time, t, [s]

1
200 250

300

38

Figure 2.17: Plot of the system states, showing the controller doing a reasonable job of tracking

the states for 3 cycles.
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Figure 2.18: In this plot of the controlled state errors, the controller reasonably tracks reference
states for 3 cycles, which is not unexpected, since the actuators are not torque limited like a real

HASEL actuator would be.
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Figure 2.19: This torque plot shows the controller torques used to maintain the reference path

tracking shown above

2.2.7 10 Link case

This case is meant to show the versatility of the model in easily increasing the number of
links. Control is not shown here, though all other forces are. One of the primary benefits of this
aspect of the model would be with control, in creating an under actuated system to get a sense for

how a control law will react to the passive dynamics between actuators.
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Figure 2.20: This plot of the system states shows that these high link-count simulations are difficult

to interpret, which is why the animations are very useful here.
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Figure 2.21: In this energy plot, total energy remains constant between impacts, confirming the

model with 10 links.



Chapter 3

Full Robot Dynamics Model

3.1 Derivation

3.1.1 Unforced Dynamics

This section outlines the dynamics derivation for the Full AoES model, including the modified
solution setup, as well as the modifications to the external force derivations. The new model diagram
can be seen in figure On either side of a hub link, there are mirrored limbs, one left and one
right. The link number relates to the distance from the hub, so the first left and first right links are
directly connected to the hub, until the n*® link at the end of each limb. The hub link varies from
the other two links in that the hub mass can have some height above the hub link, to account for
the y height of the hub on the real AoES. Unlike the limb model, no part of these links are fixed,
so the model is free to move in the the x and y directions, which will be critical for determining if
a given control sequence will cause the AoES to crawl. Definitions for the model parameters are

outlined in the diagram figure caption.
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Figure 3.1: Diagram of the model parameters for the full AoES model (top), and states (bottom).
Parameters maintain the definitions from the limb-only model in fig. with the addition of an
L or R to indicate if it is for the left or right-hand limb, respectively. The limb length and mass
positions are left off this diagram given the many terms on this diagram already, but follow the
same convention as the limb-only model. Additionally, d;, and dgr are used as simplification terms
for the distance from the hub mass to the left and right joints, as the hub link length or limb mass
position terms never appear alone. ¢y and ¢p function similarly, completing the description of
the mass position. On the bottom plot, the states are illustrated, with arrows indicating positive
direction. For this model, the right hand limb, as well as the hub, follow the sign convention that
right handed rotation about an axis out of the page is positive, while the left-handed limb is defined

such that right handed rotations about an axis into the page are positive.

Using the same Lagrangian solution approach as for the limb, but with new kinetic and
potential energy equations to account for the new links and lack of a fixed base. Since a Lagrangian

approach is used, a set of generalized coordinated must be defined. For this set of connected rigid



44

links, the natural set of coordinates which completely and minimally define the full range of system
motion are the angles of each link, so ¢ = [0, 0s,..., 0,]7. The state vector for the resulting
equations of motion are thus r = [¢ ¢]7 or r = [01, ..., Oy, 61, ..., 6,]7. Building off of the limb-only
plot, the complete unfixed model illustrated in figure contains two mirrored examples of the
limb only model fixed to a hub link. The hub, unlike the limb links, has a vertical offset for the
mass to account for the substantial height of the hub. The generalized coordinated for this model
are now more complex, since the robot is no longer constrained at any of the joints. For this model,
the hub mass z and y positions are the tracked Cartesian coordinates, giving the set of generalized
coordinated to be ¢ = [0, ..., Op1, 2, Y, 61, OR 1, ..., HRJL]T. The state vector remains defined as
r = [q ¢]T. Now that the system states and parameters have all been defined, the system derivation

can begin. We start with the kinetic and potential energies, as defined below

1 . n . .
T = 3 <mhvh v+ 1,07 + Z [mL,iVL,i VLt IL,Z'H%J' +MRiVRi - VRi + IR,Z-H%M])
i=1
1 n
V=3 <kL,1(9L,1 +00)? + kra(Or1 — 00)° + > [kri(Ors —0ri-1)> + kri(Ori — ‘9R,i71)2]>

i=2
In addition, since most materials dissipate energy during movement, represented by the torsional
dampers in the model, a dissipation function must also be considered. For the linear torsional

dampers modeled, this is given by the equation below

D=3 (CL,1(9L,1 +61)? +cra(Or1 — 0n)° + > [eri(Bri — 0ni1)” + cri(Ori — 9372-_1)2])
=2

Where L and R denote the left and right hand limbs, respectively. These definitions can be use when

applying the Lagrange equation below to find the equations of motion for an arbitrary coordinate

gs- Starting with the partial for the potential energy with respect to the generalized positions, the



process of which for the various coordinates is outlined below

Al
ov
Gy =0
2;; =kr1(0p1 +0n) — kr1(Or,1 — On)
= (kpa +kr1)0n + kr100,1 — kr10R
(9?:,1 =kr1(0p,1+0n) —kr2(0r2 —01.1)
= (kp2+Fkr1)0r1 +kpa16n —kr 2012
3(2":,8 =krs(Ors —0rs-1) —krs+1(0Ls41 —015),1 <s<n
= (kps+1+krs)0rs —kr,s0rs—1 — krs+100,s41,1 <s<n
G(Z‘L/n =kin(@rn —O00n-1)
=krnOrn — krnfrn—1
8(321 =kr1(Or1 — 0n) — kr2(0Rr2 — OR1)
= (kr2 + kr1)0r1 — kr10n — kr20R2
ov
s = kRrs(0r;s —Ors—1) — kRs+1(ORs+1 —ORs), 1 < s<n
= (krs+1 + kRrs)0rs — krRsORs—1 — kR s+10Rs+1,1 < s <n
(;ZZH = krn(Orn — ORn—1)

)

= krnOrn — kRnOR -1

Using the same matrix formulation as for the limb model

ov

— =K
oq d
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Where the stiffness matrix, K, is defined as a block matrix below, with the sub matrix definitions



following

Ky,
02xn

Kipn

OTLCL‘TL

Onx2
0242
0122

Onz2
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K, and Kpg are of size nxn, while K, ; and Kpgj, are lan.

krn —krn 0 0
—kpn kpntkin-1 —kpn-1 . 0
K; =
0 0 krs+kro —kr2
0 0 —kr2 kro+kra
KL,h = |:0 0 kL,1:|
kRJ-%kRQ —kRQ 0 e 0
—kRr2 kro+krs —krs " 0
Kgp =
0 0 kRm—l*'kRm _kRm
0 0 ‘_kUin kfﬂn
Kgrp = {—kRJ 0 .. O}
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A similar set of partials is taken for the damping function with respect to the generalized rates,

oD
=0
ox
oD
-0
Yy
oD . . ) )
— =c,1(00,1 +6n) —cr1(0r1 — On)
00,
= (cpa + CR,1)9h + CL,19L,1 - CR,léR,l
oD . . . .
— =cr1(0p,1+0n) —cr2(0p2 —0r,1)
0011
= (cr2+ CL,1)9L,1 + CL,19h - CL,QéL,Q
oD . . ) )
: = cL,s('gL,s - 9L,sfl) — CL,s+1 (QL,erl - 9L,S)7 I<s<n
091, s
= (cpst1+cns)0ns —crs0ps 1 —cLsi1frsi1, 1 <s<n
oD . .
o =crn(0rn —O0r,n—1)
= CL,néL,n - CL,néL,n—l
oD . . ) .
— =cp1(Or,1 — 0n) —cr2(0Rr2 —OR1)
00Rr 1
= (cr2 +cr1)0r1 — cr10h — cr20R2
oD . . ) )
— =Crs(Ors —ORrs—1) — CRs+1(ORs+1 —ORs), 1 < s<mn
801%,3
= (CR,erl + cR,s)éR,s - cR,séR,sfl - CR,5+19R,3+17 1<s<n
oD . )
89'R . = CR,n(eR,n - 0R,n—1)

)

= CR,neR,n - CR,nHR,nfl

Using the same matrix formulation as for the limb model

oD
—=C
0q D9

Where the stiffness matrix, Cp, is defined as a block matrix below, with the sub matrix definitions
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following
Cp, 0 (of ) 0
L nr2 Dpp, nxn
O24n, 0242 0 O22n
Cp
CDL’h 01."132 (CL,l + CR,I) CDR’h
0 0 cy C
| Ynrn nr2 Dgrp Dgr ]
Cp, and Cp, are of size nxn, while Cp, , and Cp,,, are lzn.
CLn —CLn 0 0
—CLn CLn+CLn-1 —CLn-1 0
Cp, =
0 0 cL3+cr2 —CL2
0 0 —CL,2 cr2+crLi
CDL,h |:0 0 CL71:|
CRrR1+ CR2 —CR2 0 0
—CR2 CR2 T CR3 —CR3 0
Cpy =
0 0 CRn—1 1+ CRn —CRn
0 —CRn CRn

Now that the potential and damping function are complete, the next step is the kinetic energy

partials. To do this, new velocities is defined for the kinetic energy equation in terms of the states.

ODR,h = [—CR,l 0

|

The hub mass velocities, from which all others build, is defined below.

~

vp = (£)1+(9)]
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The left link i*" velocity is defined as follows. For the i = 1 case, the summation is ignored

i—1
VL, = (.1‘ + dLéh sin(@h + ¢L) + ch’iéL,i Sin(aL,i) + Z ZLJ'Q.L,]‘ Sin(@LJ‘))i
j=1

=+ (y—dLéhCOS(9h+¢L) cLZQLzCOS eLz ZZLJHLJ COS(@L]))
7=1

The right link i*® velocity is defined as follows. As with the left link, the summation is ignored

when 7 = 1.
. i—1
VR, = (& — drbypsin(0y, — ér) — lep, ,Op,isin(0r;) — ZZL_]QR] sin(fg,;))i
7j=1
. . /Z:_l .
+ (y + dgrOy cos(0n, — ¢r) + lepORsi cos(Or;) + Z lR,jOR,; cos(@R,j))j
j=1

Starting with the derivative with respect to the generalized rates it follows that for any of the rates,

the trend must follow the form below.

oT 8Vh 89h n aVL . . 80L )
4s (mhvh +  [mpivig s — 4 10—
QS q qs i—1 qs qs
. 90 R
MRV Il =) (3)
s s

For the partials of the angular rates, it is easy to see that they are zero for all cases except when
the generalized rate is that angular rate. The velocity partials are less obvious, so starting with

the hub velocity

ovy, .
Zh 4
i
ovp X
Zh 9
ag Y
AL
o0,

8Vh

WL’S—O,\V/S
8Vh:O,Vs

aéR s

)



For the left link velocities,

8VL7i

0%

8VL,i

9y

aVL;L'

a0y,

aVLJ'
d0r, s

3VL7Z‘
89R,5

=13, Vi

=1j, Vi

7

0

and the same for the right velocities

ovr,
i
ovr
9y
ovr
a0y,
8V R,i
07,5

aVRJ'

80}2 s

)

= 1§, Vi

=1j Vi

=0,V1,s

- (ZCL,S Sin(9L7S))i + (ZCL,S COS(QL,s»j

x (Ip,ssin(fr1,)) + (s cos(0r5))]

= (drsin(0p + ¢1))i — (dr cos(0 + é1))]

= —(dgrsin(6n, — ¢r))i + (dr cos(0n, — ér))]

=0,V1, s

—(lg,ssin(0r,s))t + (Ir,s cos(0r,s))]

s>

o _(lCR,s Sin(9R7S))i + (lCR,s COS(QR,S))j s = Z

s <1
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Plugging in these partials for each generalized rate and evaluating any dot products, and obtaining

the solutions below. Starting with the x velocity,

or

- = MpVp -

0%

i=1

n
(1’2) + Z [vaivL,i : (15) + MRiVR,; (17?)]
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n ) ) i—1 )
= mpx + Z [mL,i (JT + dy, 05, sin(@h + ¢L) + chﬂ-eL,i Sin(@L,i) + Z [lL,jGL,j Sin(@L’j)])
=1 j=1
. . 171 .
+ iji (l‘ — dRHh sin(ﬁh — ¢R) — lcR,lﬂR,i Sin(gphi) — [ZLJ'HRJ‘ sin(HRJ)])}
7=1

n

= (mh + Z[mL,i + mR,i])ﬂb + (dL sin(0y, + ¢r)sumi_[mr ;] — drsin(0, — ¢r) Z[mR,iDéh
=1 i=1

+ Z [sin(@L,i)<lcme7i + 11 Z [mL,j])éLyi — sin(fg,;) (lcR’imR,i + IR, Z [mRJ]>9‘R7Z}

i=1 j=i+1 J=i+1

(3.2)

Now with the partial with respect to the z velocity, taking the time derivative yields the equation

below.
(igi = (mh + Z[mL,i + mRﬂ-])jc'
i=1
+ (dL sin(@h + gZ)L)sum?’:l[mLJ] —dp sin(Gh — qu) Z[mR7Z]>6h
i=1
+ Z [Sin(ﬁLﬂ-)(chyimLJ +lri Z [mL,j])éL,i - Sin(QR,i)(lcR,imR,i + R, Z [mR,jDéR,z}
=1 J=i+1 j=i+1
+ <dL cos(0p, + ¢r)sumi_[mr, ;] — dr cos(0p, — dRr) Z[mR’Z])G%
i=1
+ Z [COS(QLJ) (ch,ivai +lr Z [mLJ])é%,i — COS(QRVZ') (lcR’imRﬂ; + IR Z [mRJ]>6}%7Z}
=1 j=i+1 j=itl
(3.3)
Following the same process for the y velocity,
oT N . )
S = MpVp - LiVLi* RiVR,i-
i v (1])4-;[771 v (1) + mpiv (1])]
= (mh + ) [mei+ mR,i])ZJ + ( —dp cos(Bn + @) Y [mr) + drcos(by — ¢r) Y _[mr. )
i=1 i=1 i=1
+ Z {COS(@L,Z') (lCL,ivai + 5 Z [mLJ])G'L,i + cos(Or.i) (lCR,imRvi + IR Z [mRJ])é}RJ}
=1 j=it1 j=itl

(3.4)
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Applying the time derivative,

jtgz = (mh + Z[mL,i + mR,i])i/'
=1
( dp, cos(0n + ¢1) Z[mm] + dr cos(0n, — ¢R) Z[mR,iDéh

i=1

n

=1
n

+ Zn: [COS 9Lz)(ch,mLi +1r; z": [mL,jDéL,i + COS(GR,i)(lcR,imR,i + 1R, Z [mpg ]]>9Rz}
j=itl j=itl

=1

(dL sin(6y, + ¢r.) Z le — dpsin(0y, — ¢r) Z[mRz])Q}%
=1

_ Z [COS(GL z) (ch Jmrg+ lLJ' Z [mL,jDé%,i + COS(GRJ') (ZCR,imRJ + lR,z' Z [mR J])eR z}
j=i+1 j=it1
(3.5)

=1

Moving on to the hub rate, éh,

T _ 16y + Z [mL,iVL,@' - [(drsin(0h + ¢1))i — (dr cos(Oh + ¢1.))]]

90n i=1
+mpivR;- | — (drsin(0n — ¢r))i+ (dr cos(0h — ¢R))Jﬂ

= I,0), + Z [mL,iVL,z' - [(drsin(0h + ¢1))i — (dr, cos(0h + ¢1.))]]

=1
+mpivRri- | — (drsin(6, — ¢r))i+ (dg cos(6) — ¢R))3H

(Ih + Z[mm]d% + Z[mgﬂ]d%> éh + Z [mLJdL [(:L’ sin(ﬁh + ¢L> yCOS(@h -+ (bL)

=1 =1 =1
i—1
+lep cos(b + 01, + ¢L)9L,i + ZULJ cos(bp + 01,5 + ¢L)9L,j])]
j=1

+ mpidr[( — @sin(y, — ¢r) + ycos(0, — ¢r)

i—1

+ lCRz COS(Hh — eR,i — (bR)éR,i + Z[ZR’j COS(Qh - GRJ — (bR)éR’j])H
7=1
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Taking the time derivative,

n n

% 3T (Ih+z [mr.q dL+Z MR, dR>9h+<Z[mL ildr sin(0p+or) Z mp,]dg sin(0,— ¢R))
0y, — pa 2

n

+ ( Z[mL ildr cos(6n + or) Z mp;)dg cos(f, — ¢R)>

=1

+ [dL (ch,imLﬂ' +li Y [mL,j]) cos(0h + Or.i + ér)0L;

i=1 j=it1
i (T s + L fjl[mR,j]) cos(0h — O — 6r)0r. |
j=i+
+ (i[mL,i]dL cos(fn + o) — i:[mR,,;}dR cos(6), — m))a:«éh
+ (jzl[mL,inL sin(fy + 1) — i[mR,,qdR sin(6n — 6x))
- z"; {dL (lCLw'mLﬂ' +iL il[mL,jD sin(0n + 0ri + o) (0 + 01,001
i= j=i+
+dp (ch,imR,i . anl[mR,j]) sin(fp, — Or; — or)(On éR,i)éR,i} (3.6)
j=it

The process for the left link angular rates is similar to the hub rate, as shown below

oT
89L,s

= IL780'L73 +mp sV s - [(ZCL’S sin(@L,s))’Z + (chys cos(GLys))j}

+ Z |:mL7iVL’7; . [(ZL,S Sin(9L7S))i+ (lL,s COS(GL,S))j:”
i=5+1

—10L5+mLs(l O+ Loy, (50(0p.5) + 7 c08(61,4) + dr.cos(On + O + 61,)00

s—1
+ Z[ll cos(6; — HLS)GZ])) +lr.s (33 sin(0z,s) + ¢ cos(0rs) + drcos(Op, + 01 s + ¢1.)0n
i=1
i—1
+ Z [ml le, cos(0; — 01 5) 0, +Zl cos(0; — 0y, 5)9 ])D
1=s+1 7j=1

= 1,0, stmp, Sl 9L 5+(chysmL7s+lL,s Z [ml]> (m sin(0r,,s)+y Cos(@L,s)—i—chos(Qh—i—@L,s%—(bL)éh
1=s+1
s—1 n n
+ Z[l, cos(f; — 9L,s)9i]> + s Z [(lcimi +1; Z [m]]) cos(6; — HL,S)H'i

i=1 i=s5+1 Jj=i+1
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Now, evaluating the time derivative on this term, thus obtaining

n

d or ) . )
389@5 = (Irs+ mL,schys)QL,s + (ch,smL,s +lrs Z:;rl[ml]) (:U sin(6r, s) + §cos(0r, 5)
.. S_l . n n ..
dcos(On+0rs+00)bn+_[licos(0; = 0,)0] ) +lus D [ (lesmitl Y [my]) cos(0,—01,)0]
i=1 i=s+1 j=i+1
- (ch,SmL,S s > [mi]) (i'éL,s cos(0rs) + 901, sin(01,) + dp sin(0), + Or.5 + &) (0 + 01.5)0n
i=s+1
571 . . . n n . . .
+ S [lisin(0; — 0r,)(6; — eL,S)ei]) N [(lcimi 1 [my)) sin(6; — 0r,)(6; eL,s)el}
i=1 i=s+1 j=it+1
(3.7)
Finally, for the right hand links,
d or . n
T :Is sl2 ‘98 lc sls ) 93 i 03
oy~ e malen s (ter o + I, P 1) (isin(01,5) + § cos(Or)
s—1 n n
+dpeos(8 +0p,s+dr)n+ Y [l cos(8; — eR,S)éi]) tlrs Y [(lcimi—i-li 3 [my)) cos(@i—QR,s)éi]
=1 i=s+1 Jj=i+1

— (lCR,st»S + lR,s Z [ml]> (iéR,s COS(@RJ) + 3)9‘375 sin(937s) +dgr Sin(ah + 9375 + ¢R)(9h + éR,s)éh

1=s+1
s—1 n n
+ Z[lz Sin(ﬂi - 6R,s>(0i — 0375)01‘]) — ZR75 Z [(lclmz + li Z [m]]) sin(@i — 0R75)(9i — 9R75)91}
i=1 i=s+1 j=i+1
(3.8)
Like in the limb only model, these terms can now be grouped into a matrix form, such that
d oT
— 2= = M{+ Cy 1€ 3.9
dt 04 q+Um1q (3.9)

Given the number of and complexity of terms in these matrices, a general block form is shown,
then the equations for individual terms are shown in an element-wise equation format. The block

mass matrix is as follows,

ML M[T,h Onxn

M= \Mp, M, Mgy

Onxn M}?h MR
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My, and Mpg are of size nan, My, and Mg, are 3zn, and M), is 3z3. The mass damping matrix

is constructed similarly,

T
Cm,lL CmJL,h On:pn

Cm’l - Cm’lL,h Cmvlh Cm71R,h

T
Onxn CmJR,h C'm,lR

Cm,1, and Cp, 1, are of size nan, Cp, 1, , and Cy, 15, are 3zn, and Cy, 1, is 3x3. Using the same
process as above for the generalized rates, the most generic form of the kinetic energy equation

with respect to an arbitrary generalized coordinate, gg, is expressed below.

oT (%h

00 90; ; v 90n.;
= mpon o+ Ipfp o + Z ML VL L R Rji
=1

ovr, ;i
- MRiVRi—7— + IriOR,i
aqs + RiVR 8(15 + RiVR 8(15

0qs

+1 L,z‘éL,i

0qs dqs

Simplifying the earlier equation for the partial of kinetic energy with respect to the positions. All
angular rate terms, as well as the hub mass velocity, can be ignored, since those terms do not

contain any of the generalized coordinates, leaving only the left and right limb mass velocities.

oT - 6VLZ' 8VRZ'
e mL,'VL,l' ) 4.777/1%7\;}57 ?
0qs ZZ:; S dqs ’ ‘ 0qs

The partials of the i*" left limb velocity for each of generalized coordinates are shown below.

8VL,1' o .
o 0, V1
ovr; .
K — v

oy 0. Ve
ovr. ) 5 ), si ]

8V€Lh’ = (dpOh cos(0y + o1))i + (drbpsin(0, + o))

0 s> 1

ovr

0L, (ZCL,SéL,s cos(0r.5))t — (ch,SéL,S sin(r,5))] s=1

(lL759.L75 COS(0L7S))7t — (ZL759'L75 sin(@Lvs))j s <1

ovr,
00r s

=0,V s
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Similarly for the right hand limb velocities,

OVR;i :
9 0, Vi
OVR .
=0,V
oy P
3VR,¢ ; ~ s o
90, —(dRrOp cos(0n, — ¢r))i — (drOp sin(0n — ¢r))J
OVR,z' . .
o0, =0, Vi, s
0 s> 1
OVR; ) R . ) _
9075 =\ —UcpOrs cos(fr,s))t — (leg.OR.s sin(0rs))j s=1
_(ZR,séR,s COS(0R75))5 — (13759'}373 sin(@R,s))j s <1

Assembling this for the partial with respect to an arbitrary link angle 67,  leads to the term below.

n

8T 8VL71'
00, ; MLVLiGg,

=Mp Vs - [(ch,SH'L,s cos(0r.5))t — (ch,séL,s sin(9L7s))j]

+ Z M VL - [(ZL,séL,s cos(01,.6))i — (In.s01.5 sin(0r,5))j

i=s+1
. . Sil .
=mpsle, 0L, [at cos(0r,s) — ysin(fr,s) + drbnsin(0r s + 0n + o) + Z I 01 5sin(fr ; — 0L7s)]
j=1

+ Z [mL,z‘lL,séL,s (90 cos(0r,5) — ysin(0r s) + dp0y sin(0r s + 0 + ér) + ch,iéL,i sin(fr,; —0r5)
1=s+1
i1

+ Z lL,jéL,j Sin(QLJ — 9L,s)>i|
j=1,j#s



o7

This results in the equation below

n

= [(ZCL’SmL,S s Y mL,z’) (96 cos(0r,s) — ysin(fr,s) + drfpsin(0r5 + 0y + é1)

i=s+1
s—1 ) n
+ > l10rsin(6r, 9L,s)) + lL,s( > mule, frisin(0r; —0r)
j=1 i=s+1

n i—1
+ Z [mp Z [ZL,jéL,j Sin(QL,j—HL,s)D]éL,S

1=5+2 j=s+1

(3.10)

Similarly for an arbitrary right link angle, 0g s

= MRiVR.i
RV R, 80R7S

= (lCR,st,S + ZR75 Z mR,i> <ac COS(@RS) + ySin(QRVS) + dRéh sin(@R,S — 05+ ¢R)
i=s+1

s—1 n

+ Z ZRJ'Q'RJ' Sin(9R75 — 9R,j)>éR,s + ZR75( Z mR,ilcRyiéR,i Sin(eﬁs — HR,i)
Jj=1 i=s+1

n i—1
+ Z [iji Z lR,jéR,j Sin(eRys — (9373')])(9'375
i=s+2 Jj=s+1

(3.11)

Representing these terms in a matrix form as above, such that

or

8q = m,gq (3.12)

Where Cp, 2 is defined below.

Cm,QL 0n13 Onxn
Cm72 = 03zn Cm,Qh 032n

On:cn 0n13 Cm,QR

Cm,2, and Cp, 2, are of size nan, and C, 3, is 3z3. With these equations, the unforced dynamics
for this new system are now fully defined, deriving the various forces present in the model can

begin.



3.1.2 Gravitational Forces

o8

To add gravitational forces into the dynamics, the partial of the gravitational potential energy

with respect to the generalized coordinates is taken, with the negative of the result being the

generalized gravity force, Qs,,,,. Like with the limb model, a simplistic constant-acceleration

gravity model is used here, but more complex models could be added with this same approach.

n
Vgra" = (mhy + Z[mL,iymL,i + mRaiymR,i]>g
=1

For the above equation, y,,, , and yp,, ; are defined below

i—1

Ymy, =Y —drsin(0p + ¢r) + lep , sin(fr ;) + Z lr,;sin(0r, ;)
j=1
i1

Yp: =Y+ drsin(0n — Or) + lep, sin(0ri) + Y lrjsin(9r,))
j=1

Now taking the partials of the potential function

avaraw o
or 0
8‘/grav Y =
Ty = Big(my + Zz;[mL,l + mR,Z])
8Vgrav o - Ym Ymp,;
20, _gg[m“ 90, T MRigp "]

avgrav & ymL i
=g mr -
9015 ; 0015

WVray . " Ymp,
0. ‘glznglaeRs

)

(3.13)

(3.14)
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expanding the mass position partials,

OYm;
?)9:1 = —dr cos(0 + o)
0 §>1
Yy, ;
901, = Ylep,cos(frs) s=i
lpscos(0rs) s<i
0 .
ZZ:,Z =dpg COS(@}L — ¢R)
0 s>
Y, ;
907« = Ylep,cos(Ors) s=i
lpscos(Ops) s<i

Substituting these partials, the generalized force equations are shown below

Q-’Egrav = 0

n
Qugraw = —9 (M + Z[mL,i + mp)

=1
Qhgraw = —9( —drcos(Oh +61) Y [mr]+drcos(On — ¢r) Y [mry))
i=st1 i=s+1

n

QL sgrae = =9(ley ;s + 15 Y [mi]) cos(0rs)
i=s+1
n
QRysgrae = —9(len.mRs +1Rs Y [MmR4]) cos(Or,s)
1=s+1

3.1.3 Contact Forces

Adding contact forces is done in a similar way to the limb only model. At every time step, the
contact force function monitors the y-position of the links, calculating contact forces once they are
within a certain bound of zero. Once in contact, the contact force is calculated to be the required

force to keep the y-velocity of the joint at zero given the natural dynamics and other external
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forces. To prevent joints from becoming ”stuck” to the surface, if the required force is negative,
that joint is removed and solver iterates to find the forces for the other joints in contact. The first
step in finding which joints are in contact. This can be achieved by comparing the the calculated
y position to a ground threshold value. The y position and velocity for the end of the i*® joint are
defined below
i
yri=y—dpsin(0y + ér) + Y _lp;sin(0r;)
j—l

Yri =y + drsin(0, — ¢r) Zlesm Or,;)

Jri =1y — drpcos(0y + dr) + Z 13015 cos(0r5)
j=1

Uri = Y+ drp cos(0, — dr) + Z Ir,j0R,j cos(OR.;)
j=1

Since the equation for the effect of the forces on the state is nonlinear in the state, with an additional
objective function which is also nonlinear in the state, an iterative Newton-Raphson solver is used
to find the required forces, like with the limb model, using the formulation in equation For
the full model case, the objective function is the y velocity of joints in contact, x ;, and the search
variable is the normal force at that joint, Nx ;. For those previous two variables, X is a placeholder
for left, L, or right, R. So if an arbitrary u joints indices i, = [ic,1%c,2, ..., ic,] i contact, the objective
function would be f = [§;_, %i.,, - Yi...]’, and the search variable is x = [N;_,, Nj_,, ..., Ni.,]*
For the full model, these contact indices are the index within the generalized position vector for
the link in question, rather than the link-based indices used throughout the rest of this work. The
hub uses all three indices from its states to monitor the joints connected to each limb as well as
the hub mass, in the case where the AoES becomes inverted. With the necessary terms defined,
the last piece required to perform the calculations, the Jacobian, can be found. Starting from the

the y velocity of a random joint s, the effect of a normal force on joint ¢ can be determined from a

potential function, like for the gravitational forces, though this one is discontinuous. The potential
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function for normal forces is defined below

n

Vi = a(Np, y)Noy — > _[a(NL i, yLi)NLiyrs + a(Nri, yri) NryR.i) (3.15)
i=0

where the coefficient, a(N,y) replaces the piece wise function in the limb model potential function

with its own definition

1, y<0& N>0
a(N,y) =

0, else

For the equation above, the ¢ = 0 case refers to the joint at the root of the first link on that side, or,
equivalently, the corresponding side of the hub link. In the following equations, is, which comes from
ic, is a single index that loops through all generalized coordinates, rather than the left-right-hub

notation used elsewhere. Taking the partial with respect to the generalized coordinates,

OA%N _ Z N, Yis

aQS o ° 8‘]3
y;
s
Oz
0y, -1
dy
0 Hub mass contact
Y,
20, )~ cos(0, + ¢r) Left contact
dr cos(0, — ¢r)  Right contact
\
8%5 B 0 s>1
s
lpscos(Ors) s<i
dyi. B 0 s>1
89}?,3 B
lpscos(Ors) s<i
T = lcos(a) 3N,

i=i.>s

Qn, = lscos(qs) Z N;

i=ic.>s
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Q:J:N =0
QyN = Z NZ
i=ic

Qny = (dr cos(0y, + o) — drcos(0p, — ¢R)) Z N;

i=i.>s

QL,SN = lL,s COS(HL,S) Z Nz

i=ic>s

QR,SN = lR,s COS(GR,S) Z N;

i=i.>s

For an arbitrary time step k, our objective is to find the force setting the y component of velocity

to zero at the next time step, y;, , x = 0. Taking the partial with respect to N;_,, obtaining
Ot _ - 00 jk+1 ; 00x j o1
2B = g Ix ;i :J) cos(Ox 5 —0Ox.; sin(0x_; LI R
aNic’b J:1 [ ij ( aNic’b ( X7]7k+1> X»]7k+1 ( X7J7k+1) aNiC,b ):|

Where X corresponds to either the left or right side, depending on where the contact has occurred.
To find the partial of the states at time k + 1, the dynamics definition from equation [2.16] is
used in finding the effect of the normal force on the state at the next time step using an Euler
approximation, rg1q = rg + kal(p — Agrg)dt. Using this definition, and starting with the partial

with respect to the full state, since any particular state is just a linear transformations of the full
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state

Orps1 _ po1 0P

= dt
ONi,, ¥ ON;,,
811) _ [aQLunN 8QL71N anN 8QyN thN 8QR,IN 8QR,nN]T
ION;,, ON;,, 7 0N, ON;, ON,, ON, ON;, =~ 0N,
0Qus
ON;.,
6ngN — 1
ONi,,
) dyp cos(0y + ¢r), if i.p refers to a left hand joint
Qny _ ,
ON;
el drcos(0n, — ¢Rr), if icp refers to a right hand joint
QLo lp.scos(0rs), if icp refers to a left hand joint
ON; ,
o 0, if 4. refers to a right hand joint or is closer to the hub than s
.
Q 0, if i.p refers to a left hand joint or is closer to the hub than s
R,sn _ ’
ON;.,
b lR,scos(Or,s), if icp refers to a right hand joint

Since the A and B matrices are dependent of the state at the previous time step, they are indepen-
dent of the normal force, making these partials relatively simple. Assembling these terms allows

each term of the Jacobian to be written with the matrix equation

J(a,b) = \P(a)Bglﬁdt (3.16)
Tc,b

Where ¥ is a matrix whose value depends on the velocity of the joint at i.,, an arbitrary joint in

contact, as outlined below.

\Il(a) = |:¢L,n(a)? ceey ¢L,1(a)>¢a:(a)a ¢y(a)» wh(a)a wR,l(a)> cey ¢R,n(a)a w[',,n(a% ceey

T

1/}['/71((1),1%;(@), ¢y(a), wh(a)7 wR,l(a)7 ey wR,n(a)
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—dp, sin(0y, + ¢L)9h, if 7., refers to a left hand joint

—dpsin(fy, — gZ)R)éh, if ic q refers to a right hand joint

—lrs sin(GL,s)H'L,S, if ic o refers to a left hand joint

0, if 7., refers to a right hand joint or is closer to the hub than s

0, if 7., refers to a left hand joint or is closer to the hub than s

—lRrs sin(@R’s)éR’s, if ic q refers to a right hand joint

dr, cos(On + ¢r), if ic, refers to a left hand joint

drcos(0y, — ¢r), if ic, refers to a right hand joint

lpscos(0rs), if icq refers to a left hand joint

0, if 4. 4 refers to a right hand joint or is closer to the hub than s

0, if 4. 4 refers to a left hand joint or is closer to the hub than s

lpscos(fr,s), if icq refers to a right hand joint

3.1.4 Frictional Forces

Frictional forces are incorporated using the Coulomb friction model, where friction is propor-

tional to the normal force by some constant coefficient of friction, . This creates a new potential
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function

n

Vf:_a(NL,z’ayL,i)(NL,iyL,i_|/ frada) = [a(Npi, yr) (NLiyri — !/ fraidz|)
TLyi i=1

+a(NR,iayR,i)(NR,iyR,i/ Jradz|)] (3.17)
TR,

Since this force acts in the = direction, the = position and velocity of each joint are defined below

xT; = Z lj cos(q;)
j=1
—> " ljg;sin(q;)
j=1

In equation the integral is defined as the force integrated over the total distance traveled,
which can also be parameterized in time, making the upcoming partials more clear. Additionally,

the relationship to the normal force is made more clear, such that there is only one force variable.
n | Niyi — |ft puN;(t)z;dt|, y; <0, & N; >0
=1 1o, else

To find the generalized force, the partial is taken with respect to the state, as with the above two

forces. This results in the generalized force as a function of the normal force shown below

Qr, =1s > [(cos(qs) — sign(d)psin(gs)) Ni] (3.18)

i=ic>s

Qo = =1 Y. sign@)

i=ic

yf:ZNi

i=ic

Qne =Y (dr(cos(Oy + ¢r) — psign(is) sin(6), + 61))

i=i.>s

— dr(cos(bn, — dr) — psign(x;) sin(0y, — dr)))N;

Qrs =1I0s Y (cos(0y,s) — psign(i;) sin(6,s)) N

i=i.>s

Qrs =lrs Y (cos(0rs) — psign(id:) sin(0rs)) N

i=i.>s
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Now that the equation for the generalized friction force has been found, and repeating a similar
process for the combined normal and friction forces as normal alone in the previous section to find
the Jacobian. Conveniently, the only change is to the partial of the force vector p with respect to

the normal, which now becomes

apf — |:8QL7TLf aQL71f 8Qxf any 8th 8QR71f 8QR,nf T
aNic’b a PR ) 8Nicyb 78 ) 8N,L ) BNZ ) aNl g eeey aNZ

c,b
OQz;
ON;.,

9Qy,
ON;

ic,b ic,b c,b c,b c,b

c,b

80 dr(cos(0y, + ¢r) — psign(d;,, ) sin(0y, + ¢r))  if icp refers to a left hand joint
. :
ON;,,

dr(cos(0p — ¢r) — psign(i;,, ) sin(0n — ¢r)) if icp refers to a right hand joint

801« lps(cos(Or,s) + psign(is, ) sin(fr5)), if icp refers to a left hand joint
»Sf ’
ON;

o 0, if i.p refers to a right hand joint or is closer to the hub than s

;

90 0, if i.p refers to a left hand joint or is closer to the hub than s
R,s¢ ’

ON;

o Ir,s(cos(Or,s) — psign(Zi,,) sin(0rs)), if icp refers to a right hand joint

\

3.1.5 Control

As with the limb model, the last force added to the full AocES model is actuator torques. The

total potential function from all possible actuators in a model is shown in the eqn below.

n

Vetn = —Mp1(0p1 +6n) — Mr1(0r1 — 6h) — Z[ML,Z’(@L,Z’ —0ri-1)+Mp;i(0r; —Ori-1)] (3.19)
=1

In the same way that the positive angle definition is mirrored between the left and right limbs, the

actuator torque definition is also mirrored. This creates a system where a positive torque at a joint
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causes a positive acceleration in that joint angle, all else constant.

achtrl
= -—Mp,+MR,1

20, L1+
AV,

ol M+ ML,i+1
89L75 ’
oV,

o Mpi+ MR,i+ 1
0. ’

Qctrlh = ML,l - MR, 1
Qetriy , = Mpi— ML,i+1

QctrlR“q = MRJ‘ —MR,i+1
3.2 Results

The results procedure is extremely similar to the limb model, in that the energy of the links is
calculated for each time step of the simulation, along with the energy dissipated by the dampers, to
be sure conservation of energy is observed. With contact forces, since a perfectly inelastic collision
is assumed, the total energy should have a step decrease upon each impact. Plots of the states
and energies for a few test cases are shown below. Most plots are shown with 2 links per arm
for simplicity. To decrease the number of variables, all limbs shown in results use the ”petal”
shape shown in the images of the AoES, have a total length of 1.8m, thickness of 2.5421073m, an
elastic modulus of 4.36 M pa, and limb density of 1000%. Unless otherwise noted, the time step for
these simulations is 0.01s, with the simulation time varying depending on the phenomenon being
observed. Unfortunately, unlike with the limb model, there is an unresolved dynamics bug in the
code, which only produces reasonable results for cases where the parameters and states of the left
and right limbs are the same, and some terms are manually set to zero. These preliminary results

are shown below.
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3.2.1 Unforced Dynamics
3.2.2 Unforced

To show that the model performs with only internal forces, the unforced dynamics case is
shown here. Depending on the initial condition, the energy rate appears to be only numerical
errors, but other initial conditions seem like the response is not reasonable. The symmetry of the
Flapper case seems to eliminate errors, while the inverse symmetry of the Waver seems to cause it

to break down.
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Figure 3.2: This plot of the system states, with angles on the upper subplot and angular rates on

the lower, shows the system behavior over a 100 second simulation. the limb oscillates due to the

restoring force from the springs
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Figure 3.3: This plot of the system states, with angles on the upper subplot and angular rates on

the lower, shows the system behavior over a 100 second simulation. The mass y position changes

in opposition to the movement of the limbs
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Figure 3.4: This plot of the system energies, shows the system behavior over a 100 second simulation.

Over this period, energy passes between kinetic an potential, as expected, since these is no form of

dissipation.
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Figure 3.5: This plot of the system energy rate, shows the system behavior over a 100 second

simulation. Over this period, energy rates appear to be numerical errors.
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Figure 3.6: This plot of the system states, with angles on the upper subplot and angular rates on
the lower, shows the system behavior over a 100 second simulation. The limb oscillates due to the

restoring force from the springs.
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Figure 3.7: This plot of the system states, with angles on the upper subplot and angular rates on

the lower, shows the system behavior over a 100 second simulation. The limb oscillates due to the

restoring force from the springs. However, the model seems to accelerate the x and y positions

continuously, which would be unexpected.
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Figure 3.8: This plot of the system energies, shows the system behavior over a 100 second simulation.

Over this period, energy passes between kinetic an potential, as expected, since these is no form of

dissipation.
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Figure 3.9: This plot of the system energy rate, shows the system behavior over a 100 second

simulation. Over this period, energy rates may or may nor be numerical errors.

3.2.3 Gravity

For the gravity verification, the AoES started with a symmetric initial position, as not to

exacerbate dynamics errors.
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Figure 3.10: This plot of the system states, with angles on the upper subplot and angular rates on
the lower, shows the system behavior over a 100 second simulation. The limb oscillates due to the

restoring force from the springs in a similar manner to the flapper unforced case.
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Figure 3.11: This plot of the system states, with angles on the upper subplot and angular rates on

the lower, This the system behavior over a 100 second simulation. The y position is the only state

that appreciably changes, as expected.
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Figure 3.12: This plot of the system energies, shows the system behavior over a 100 second simu-

lation. Over this period, energy passes between kinetic an potential, as expected, since these is no

form of dissipation.
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Figure 3.13: This plot of the system energy rate, shows the system behavior over a 100 second
simulation. Over this period, energy rates appear similar to the smooth errors seen in the limb

only model

3.2.4 Contact

Contact Forces appear to be working in terms of results, as the energy displays the expected
step-wise behavior, though while running the simulation frequently reaches the maximum number

of iterations when calculating the normal force.
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Figure 3.14: This plot of the system states, with angles on the upper subplot and angular rates on

the lower, shows the system behavior over a 100 second simulation. The limb response has no real

features of note.
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Figure 3.15: This plot of the system states, with angles on the upper subplot and angular rates
on the lower, shows the system behavior over a 100 second simulation. The only hub state that
meaningfully changes is the hub y position, which accelerates downward until the link beneath it

hits the ground.
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Figure 3.16: This plot of the system energies, shows the system behavior over a 100 second simu-

lation. Each time a link strikes the ground, the system looses energy at that time step



Chapter 4

Electroadhesion

4.1 Overview

A key part of mining small bodies is being able to remain on the asteroid surface. Due to
the micro-gravity environment, small disturbances could lead to the AoES escaping the asteroid
system, or at least wasting days in orbit. While passive adhesive forces should be enough for static
operations like digging and launching, as established in work by McMahon [20] mobile operations
may require extra adhesive forces, especially those which cause a reduction in the area in contact
with the body. Since the AoES will already need a high voltage system onboard for the HASEL
actuators, electroadhesion is a natural choice for increasing our adhesion to the body. While
electroadhesion is best suited to flat, monolithic surfaces, as long as it creates forces on the order of
the natural adhesion of the body, the potential maximum adhesion would be achieved, since higher
attractive forces would only result in peeling off the top layer of material. To this end, experimental
work was carried out to begin to characterize the adhesive forces of electroadhesion on granular
surfaces. The first part of this work was designing a test fixture capable of determining adhesion
forces in shear, normal, and peel. The fixture was then used to characterize electroadhesive pads on
relatively flat, monolithic materials; rough, monolithic materials, and granular materials. The flat,
monolithic tested for this thesis were PMMA, glass, wood, slate, Metalized PET, and cardboard.
The rough, monolithic material tested was cork bark, tested in both with the primary roughness
direction aligned with the direction of force, and perpendicular to it. The granular materials tested

were regolith simulant made by the CLASS Exolith lab at UCF, sand, gravel, and leaf litter.
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Due to time constraints, only shear forces were gathered for this thesis. The results of the tests
separate the materials into three clear force groups which align with the categories shown above.
The flat, monolithic materials tested had average force values of 3 to 16 newtons, while the cork
had an average of about 0.6, and the granular materials varied between 0.1 N and forces which
were too small to measure. Some of this is due to the inherently stochastic nature of these tests,
especially for the granular materials. More work needs to be done to better understand the effects

of electroadhesion on these materials.

4.2 Test Procedure

To test the adhesive forces, a test fixture was designed to be able to test shear, normal,
and peel forces in order to fully characterize the force profile of the pads. This was achieved with
a pulley and rail system, which allows a string attached to a collar on the pad to be pulled in
a consistent direction. Applying the force is an Aurora 310C muscle tester, which is capable of
measuring torque and displacement while providing either force or length control through a motor
and lever arm. The test bed is removable to allow for the easy swapping of materials, and has
enough depth to fit test beds of granular materials. Additionally, the test fixture has guards on the
front and rear of the test bed to ensure the operator is protected from high voltage when the pad

slips. A picture of the finished test fixture can be seen in figure [4.1
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Figure 4.1: Picture of the completed Test Fixture

Test materials were mounted such that they could not slip under shear, but were easily re-
movable, by having a close fit with the side walls of the test bed, and bars underneath to prevent
movement along the test direction. Most materials were mounted to acrylic sheets, with the ex-
ception of wood and the granular materials. Mounting was achieved with spray glue, double-sided
tape, or Gorilla Glue, depending on the material. The cork bark was made from a piece of reptile
terrarium wall decoration, cut to size an mounted to an acrylic sheet with Gorilla Glue. The test
piece includes two test sides, one where the electroadhesive pad is pulled across the predominant
bark fissure direction,and the other where it is pulled parallel to them. The acrylic test piece was
simply an acrylic sheet cut to size with two bars to prevent forward movement in the test fixture.
The wood test piece was a board cut to size, with two pieces of wood attached in a similar arrange-
ment to the acrylic using Gorilla Glue. The cardboard test piece was adhered with double-sided
tape to a piece of acrylic. The slate was adhered to an acrylic base plate with Gorilla glue in a

similar manner to the cork, though there is no alternate direction since the material is relatively
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flat. The glass test piece was double-sides taped to an acrylic base plate, like the cardboard. The
metalized PET had two prepared samples, one with the metalized layer in contact with the pad,
and the other with the PET layer in contact with the pad. Both were attached to an acrylic base
plate with Elmer’s Spray glue. Images of all the test pieces can be found in the appendix. To
conduct the test, the force threshold was set to zero while the pad was charging, and the desired
length output was set to its maximum value. Since the force threshold was below the shear force
of the pad, it remained in place until the test began. The force was then increased at a constant
rate until failure occurred and the test data was saved. Due to the range of failure values and
the maximum data point limitations of the Data Acquisition System (DAQ) used, the ramp rate
was not constant for all tests, but was always constant for a given material. For the monolithic
materials, this test method provided a clear peak in the force time history plot, which is the failure
point for the material. The reported failure force value is the maximum value in the recorded force
data. A link to a drive repository with videos of example tests can be found through the following
link, Video Drive Folder|. For granular materials, the test procedure had to be modified in order
to accurately measure the smaller forces. First, in order to increase the resolution of the machine,
the lever arm was doubled in length to halve the applied force for a given torque. Additionally,
because of the low failure forces, the force threshold had to be decreased, which, in conjunction
with the increased length and mass of the arm, cause the muscle tester to vibrate the arm when it
was close to either of its angular displacement limits. This vibration made it difficult for manual or
automated data processing for the runs, so a plastic rod was used just before the limit to prevent
this adverse reaction. The downside to this, however, is that the force output no longer peaked
with the failure force, since the motor was still pushing against this rod. For these test, the length
output became critical in determining the failure force. Based on test results from the monolithic
materials, the failure point could be expected on the length plot where the material transitions
from a stretching behavior to a slipping behavior around a "knee” in the plot. This knee was not
easily determined from the maxima of the rate, acceleration, or jerk; however, it seemed to have

a consistent lag from the maximum acceleration. This criteria was then used, with an average


https://drive.google.com/drive/folders/1EFFPSR1xGHWduCwl_z1tQmT_04obFqYB?usp=sharing
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centered about the selected point to reduce the effects of noise, which is a much larger factor for
these materials. For these materials, the failure point was also plotted on the position curve, for

the assessment of whether the criteria was producing the correct point of failure.

4.3 Experimental Results

For the experimental results below, an example of the force and length plots produced from

a test are shown, with a red circle highlighting the point of failure.
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Figure 4.2: Cork shear force and arm position over the course of test 5 for the across ridge pull

direction.
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Figure 4.3: PMMA force and position over the course of test 2.
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Figure 4.4: Wood shear force and arm position over the course of test 4.
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Figure 4.5: Cardboard shear force and arm position over the course of test 3.
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Figure 4.6: Slate shear force and arm position over the

course of test 6.
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Figure 4.9: Gravel applied shear force and arm position over the course of test 4.
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Figure 4.12: Regolith Simulant applied shear force and arm position over the course of test 4.

The results from these individual tests is summarized in the box plots for all monolithic

materials in figure and for the granular materials in fig.
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tests with no electroadhesion.

For each of the materials, the results in the form of lowest force tested, highest force tested,

and mean, are summarized in the table below
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Material Lowest Force Average Force Maximum Force
Gravel -0.050 -0.012 0.011
Leaves -0.011 0.020 0.069
Sand 0.004 0.042 0.071
Regolith Simulant 0.035 0.058 0.078
Cork Bark 0.54 0.64 0.93
PMMA 2.77 3.10 3.56
Wood 4.97 5.33 5.66
Cardboard 5.43 5.88 6.25
Slate 5.96 6.01 7.31
Glass 8.92 9.51 9.97
Metalized PET 10.18 14.44 17.59

Table 4.1: Below is a list of the high, low, and average value for each material over the tests.
Results were generally unsurprising, with conductive materials adhering very well and granular or

rough media performing the worst.

4.4 Discussion

The results from the shear tests show three clear categories of materials when it comes to
attractive forces. The flat, monolithic materials tested had the highest shear forces in the test,
ranging from approximately 3 Newtons for PMMA, to 15 Newtons for metalized PET. The results
for all materials of this type can be seen in figure which shows the range of forces over 6 tests
per material. The wide range in the metalized PET values is potentially due to damage of the pad,
as the failure force showed a marked decrease for the last two tests, as compared to the previous
four. The granular materials constitute a separate group, with extremely small forces compared
to any of the monolithic materials. The results from this group can be seen summarized in the
figure The highest shear force for this group was the regolith simulant, which, similarly to the

strongest material in the monolith materials, is slightly conductive. The other materials all show a
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range of forces, all of which are much smaller than the frictional forces of dragging the pad across
the material. The randomness in this friction force means more needs to be done to characterize

the baseline for these materials before the true effects of electroadhesion can be ascertained.



Chapter 5

Future Work

5.1 Robot Modeling

The work to be done on both models is relatively similar, so the two are evaluated together
here. The primary thing to further both models would be the incorporation of robust under actuated
control. This would be the start of true soft robotics control design for the project, and would help
asses the viability of the crawling mobility proposed for the AoES thus far. Additionally, both
models need verification against real data, as currently there are linearity assumptions present in
some aspects of the dynamics, which will likely be inaccurate upon comparison to experimental
data. Creating a test limb and collecting experimental comparison data will be a necessary next
step, as current vales for the spring rate and damping constants at the joints are largely placeholders
until the true nonlinear functions for their values are found.

For the Full AoES model, the error that is currently present in the dynamics simulation
needs to be found so that the model is completely functional, rather than just somewhat functional
depending on the initial condition.

After these models begin to allow the AoES concept to narrow in on a solution for limb shape
and control architecture, a more complex model, like the SOFA modeling toolkit [§], should be used
to obtain higher accuracy simulation results, as well as capture out of plane effects ignored in the
limited model proposed in this work. This more accurate modeling should provide more confidence

that the control algorithms will work when tested in low gravity and in unknown terrain.
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5.2 Electroadhesion

There are still a number of variables to test before granular electroadhesion can be fully
characterized. For these tests, ramp rate was held constant for each material, but due to the large
range of failure shear forces, different ramp rates were used for different materials. Running the
same material under a range of force rates would help determine if the force ramp rate affects the
failure force. In addition to the shear tests performed, it would also be useful to characterize the
normal and peel forces of the electroadhesive pad on each material.

While the pads used were thin for conformance to rough materials, this did not provide
enough impedance to avoid dielectric failure on highly conductive materials. The pad failed on
metalized PET when in direct contact with the metal coating, as well as with ice. Using a thicker
base material for the pad would help with improving its dielectric strength, which should allow
electroadhesion with these materials to be tested.

Creating pads which optimize the attraction to granular substrates would be interesting to
investigate. The current pads show a low degree of attraction to granular materials, so testing if
different pad patterns and textures improve this performance.

Creating test pads which mimic those in other electroadhesion characterization work, and
testing those pads on the same materials to provide a baseline and level of confidence in the test
fixture and procedure would be useful, as well as improving confidence in the forces expected from
electroadhesion for practical applications. In addition, the creation and comparison of different
pad materials and spacing will help provide additional data for the characterization of how these

parameters affect the force output of the pad.

5.3 Conclusion

In conclusion, this work set out to provide a fast model for the prototype design stage of the
AoES limb, and begin to characterize granular electroadhesion, which will further inform potential

control strategies for the AoES. As shown by the work above, this thesis accomplished these tasks
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through the creation of rigid link approximation models for the AoES limb and planar AoES, with
simulations of the interactions between the AoES and the surface, along with other external forces.
The preliminary stages of electroadhesion were also examined, with a test fixture constructed, test
procedure developed, and some data taken for a variety of materials, including four granular ones.
With these two contributions, this work should help advance the progress of soft robotic modeling,

granular electroadhesion, and the AoES mission concept.
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Appendix A

Electroadhesion Test Plates
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Figure A.1: Picture of the test plate for Cork
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Figure A.2: Picture of the test plate for PMMA
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Figure A.3: Picture of the test plate for Wood
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Figure A.4: Picture of the test plate for Cardboard
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Figure A.5: Picture of the test plate for Slate
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Figure A.6: Picture of the test plate for Glass
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Figure A.7: Picture of the test plate for Metalized PET
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Figure A.8: Picture of the test plate for Sand
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Figure A.9: Picture of the test plate for Leaf Litter
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