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SUMMARY

This project aimed to develop and verify a numerical model of a brush. This model is
meant to aid the study and design of brushes in Active Space Debris Capture. The model
is based on the Discrete Element Method and uses the YADE software package to con-
struct the brush model. This model simulates the dynamics of a bristle, their collisions
among themselves and other bodies. The behaviour of the brush predicted by the DEM
model was compared to observations recorded from three different experiments. The
first test compared the dynamic behaviour of bristle, the second focused on the brush’s
static behaviour, and the final test studied its dynamic behaviour. The experiment ob-
servations fall within the behaviour predicted by the model, within the limits of the ex-
periment.

vii





1
INTRODUCTION

O N February 10, 2009, two satellites collided in the low Earth orbit [1]. One of them
was an active communication satellite and the other an inactive derelict satellite.

This incident could have been avoided had the inactive satellite, space debris, been re-
moved from LEO.

Space debris is formally defined as “All man-made objects including fragments and
elements thereof, in Earth orbit or re-entering the atmosphere, that are non-functional”
[2]. Its number has been steadily increasing ever since space flight was made possible,
and this increase is bound to become a threat to space assets. The damage caused by
space debris could vary from micro impacts to catastrophic collisions. The threat of
damage to space assets supports the need to reduce the number of space debris cur-
rently in orbit and the generation of new debris. If left unchecked, the space debris
population could grow beyond control. It could even reach a point when even halting
all new launches to space would not stop the increase in space debris population. This
phenomenon is called Kessler’s syndrome [3]. This phenomenon will significantly affect
the operation of space agencies, so space debris management should be among their
chief concerns.

1.1. AN OVERVIEW OF SPACE DEBRIS MANAGEMENT
The main idea behind space debris management is to reduce the risk of damage caused
by debris to space assets. The methods used for minimising this risk depend on multiple
factors, which include, but are not limited to, the characteristics of the asset, space debris
environment and management policy. After assessing these factors, avoid the debris,
remove the debris, or do nothing. Apart from removing current debris, it is also worth
mentioning how newer satellites can reduce space debris using post-mission disposal
measures. The International Academy of Astronautics (IAA) Situation Report on Space
Debris [2] recommends rocket stages be put in a path that ensures that they re-enter the
atmosphere. It also recommends that the orbital lifetime of a satellite should be limited
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to 25 years after the end of its mission.
Many research groups have focussed their attention on developing concepts for man-

aging and removing space debris. Active Debris Removal (ADR) is a term used to describe
missions whose objective is to remove space debris.

Among contact-based ADR concepts, the concept of soft-touch plays a significant
role in their success. A collision on a hard surface could send the debris flying in space.
Moreover, hard end effectors require features on debris to grab them [4]. A brush end-
effector is a possible solution to the problems; it provides soft contact and can conform
to the shape of its target. Conformity allows contacting a featureless surface for detum-
bling, and multiple brushes may be used to capture debris.

Other tools exhibit soft contact. They, however, have certain disadvantages. The
soft cushion and soft electrostatic adhesion pads are other concepts coming under this
category. Matunaga et al. [5] proposed a gas-filled bladder to mediate the soft contact.
Their study revealed that it could reduce angular momentum magnitude; however, they
also observed the cushion redistributed part of the target’s angular momentum to other
axes. This concept has a serious flaw. The gas bladder can be punctured if it contacts a
sharp edge on the debris.

Branz et al. [6] proposed a concept that uses electrostatic attraction to connect to the
target firmly. The flexible nature of the pad allows it to contact and adhere to an irregular
surface. However, it requires very accurate sensors and a control system to follow the
motion of the target to adhere to its surface smoothly.

We propose using a brush as it has the advantage of both these concepts and lacks
their disadvantage. The electrostatic pad requires a very accurate estimation of the tar-
get’s state to contact the target, whereas the gas bladder does not. Its flexibility can ac-
commodate any error in its positioning. So does the brush. Additionally, any damage to
the brush will not result in its failure, unlike the bladder.

1.2. BRUSH DETUMBLING SYSTEM
The brush detumbling system uses a brush to contact the tumbling target. This system
allows the chaser to contact the target softly and distribute the contact force across a
large surface such that the damage is minimal.

The idea of using a brush is relatively new, and only a few research groups have
worked on this concept. Nishida et al. [7, 8] introduced the joint virtual depth control
for controlling this system. They used the spring-mass-damper model to capture the be-
haviour of the brush. Cheng et al. studied brush detumbling in two steps. The first study
focused on a fixed brush interacting with a target rotating about a fixed axis [9]. In the
second study, the model consisted of a brush attached to a chaser satellite interacting
with a moving target. Both the satellite and target were simulated to move along an orbit
[10]. These studies developed excellent control systems for handling a brush.

On the other hand, none of the models used to model a brush for ADR uses a model
which uniquely identifies a brush. These models could very well be replaced with other
entities which behave similarly. For example, Cheng et al. [11] used the Euler-Bernoulli
model of a cantilever to model a brush. Replacing a brush with a cantilever may not
change the outcomes of this research. Nishida et al. [8, 12] used a very generic spring-
mass-damper to model a brush. Developing a model specific to a brush would be a more



1.3. MODELLING A BRUSH

1

3

accurate representation of a system that uses a brush and can shine a light on behaviour
unique to a brush.

1.3. MODELLING A BRUSH
Brushes find use in many applications and are the subject of many research projects. Re-
searchers have used several methods to study them, and these models can be classified
as shown in Figure 1.1. This section will present a brief discussion of these models.

Figure 1.1: Classification of brush models

1.3.1. TOP-DOWN APPROACH
The top-down approach focuses on breaking down the individual functions of the sys-
tem and assigning subsystems to handle them. In the case of modelling a brush, re-
searchers have considered the brush as a system with various characteristics and as-
signed simpler mathematical entities to capture each property. The top-down approach
models can be classified into three groups depending on the system’s mechanics: single
element system, multiple element system, and continuum system. Here, the degrees of
freedom define the number of elements.

Three models use the single element concept (Figure 1.1). In the cantilever model,
the brush is modelled as an elastic rod fixed at one end and a transverse load applied
at the other end. This model’s advantage is that the bending stiffness can be calculated
from the material properties using the Euler–Bernoulli beam theory. Rawls et al. [13]
used the cantilever model to predict the force needed to deform a toothbrush. Wenjie et
al. [11] used it to model the behaviour of a brush contacting debris in space. However,
their experiments pointed out that this model must be augmented to include non-linear
phenomena. Wang et al. [14] gathered data on the behaviour of the brush and used
statistical analysis to get a mathematical model. They simulated brushes with different
dimensions and under different conditions using Finite Element Analysis (FEA). This
data was then used to make a regression model relating the force to the deformation. The
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final approach uses the spring-mass-damper system to model a brush. Nishida et al. [7]
used this approach to model a brush end effector for a robotic space debris detumbling
system.

The second model that comes under the top-down approach is the one that uses
multiple deforming elements. This approach allows the system to have many degrees
of freedom, letting it deform in several directions. Baxter et al. [15] used this method
to model the deformation of a paintbrush contacting a canvas. Their model consisted
of two parts: the skeleton and the surface. The skeleton is made of multiple spring-
mass systems, which let the brush deform in multiple directions and return to its origi-
nal shape. A subdivision mesh envelops this skeleton. The researchers focused on pro-
ducing a computationally quick model that can produce accurate painting strokes. This
focus on speed and its end use came at the cost of its physical fidelity.

The third model under the Top-down approach describes the system as a continu-
ous field. Magnenat-Thalmann et al. [16] drew an analogy between the flow of a fluid
around an object and the structure of hair on a person’s head. In this model, the shape
of an individual hair strand is that of a streamline in a fluid. This way, the model in-
herently possesses conformity, the ability to conform to the object’s shape it contacts.
Conformity is a trait lacking in other models under the top-down approach. Hair can be
considered very similar to the bristle on a brush, so the models used to describe it can
also be adapted to model a brush. This model, however, can only model the structure of
hair when it is stationary and cannot simulate hair dynamics.

1.3.2. BOTTOM-UP APPROACH

The Bottom-Up Approach models the basic building blocks of a brush and their interac-
tions. Then, the properties of the brush emerge from this collection and interaction of
these building blocks. The bottom-up branch in Figure 1.1 shows three distinct levels:
the building blocks, the block interactions and the block aggregation.

The building block is the smallest independent entity in a bottom-up model. Most
brush models in the literature use a bristle as a building block, while others use a collec-
tion of bristles called a primitive [17]. However, primitives have not been researched as
extensively as bristles. Xu et al. [17] modelled the behaviour of the hairy brush used in
Chinese calligraphy using primitives. The authors performed multiple experiments to
develop a physical model to account for ink flow, inertia and elasticity of the primitive.

In contrast to a primitive, there are many ways to model the behaviour of a bristle.
Venegas et al. [18] reviewed the methods used in cleaning applications and manufactur-
ing technology. They highlighted four methods that captured the behaviour of a brush:
large deflection theory, small deflection theory, Discrete Element Method (DEM) and
Finite Element Analysis (FEA). Large deflection theory is used when the bristles are ex-
pected to experience large deformations [19]. Small deflection theory is a particular case
of large deformation theory when the deflection of the beam is known to be small [20].
DEM is a method that models the dynamic behaviour of a large collection of rigid bod-
ies interacting. DEM can be used to model a bristle as a collection of cylinders chained
together with a torsion spring at each joint. FEA is a method used to solve differential
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equations. FEA is used to find the stress and the displacement of a bristle when forces
act on it [21].

Forces mediate the interaction among the bristles and the target. These forces are
calculated from deformations which are in turn calculated using geometry [19]. How-
ever, this requires calculating all interactions, which can be enormous. Hadap et al. [22]
developed an alternative to this tedious method. They developed a fluid dynamics based
model to capture these interactions and used it to model hair dynamics for computer an-
imation. However, this model may not be physically valid as they focussed on making
the hair simulation look visually appealing.

The final part of the bottom-up approach is how the bristles are arranged to form a
brush. Not much literature was found discussing the features of different bristle arrange-
ments.

1.4. GAPS IN LITERATURE AND RESEARCH QUESTIONS
The literature offered extensive and insightful research focussed on brushes. These stud-
ies showed different ways to approaches to thinking and modelling a brush. The differ-
ent applications of the brush also shone a light on the brush’s behaviour. Many of these
ideas can be adapted for studying a brush’s role in ADR. However, there are still some
gaps and unanswered questions. This section aims to discuss these gaps and formulate
a research question, including a set of sub-questions, to fill these gaps in the context of
ADR.

1.4.1. GAPS IN BRUSH MODELS FROM ADR
As mentioned earlier, a noticeable gap in studies into applying a brush for ADR is the
fidelity of the brush models they use. These studies use models which do not uniquely
identify a brush. These models could very well be replaced with other entities which be-
have similarly. Developing a model specific to a brush would indeed be a more accurate
representation of a system that uses a brush.

A significant downside of these models is that they have only a single degree of free-
dom. In other words, brushes in these models are restricted to deform only one way. A
brush in real life can deform in multiple ways, so these models have minimal scope.

Apart from accuracy, these models also suffer from another disadvantage: they do
not provide or propose a tedious method to translate the physical properties to the pa-
rameters of a brush. For example, a brush is made of several bristles having a specific
arrangement, material properties and radius. The brush model is also defined by a simi-
lar set of parameters, but not the same. For instance, the Euler-Bernoulli model used by
Cheng et al. [9, 10] is characterised by cross-section area and material properties. They
do not specify the parameters of a given brush is translated to their models. Wenjie et
al. [11] suggest performing experiments to calculate these parameters for each brush
design. So implementing these models is difficult.

A possible reason for these shortcomings could be that these studies were meant to
be pioneering studies. We speculate that the primary goal of these studies would be to
expose the community to a new option for ADR. They showed us that a brush could play
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the vital role of detumbling a tumbling target. These studies could motivate and pave
the way for more focussed studies to expand the community’s knowledge on using the
brush. With this in mind, one may ask, "what about brush models from fields?"

1.4.2. GAPS IN OTHER BRUSH APPLICATIONS
In other fields, research on brush focuses only on how it interacts with other objects.
However, none of them seems to ask what makes a brush special. We speculate this is a
consequence of focusing solely on the brush’s application. Since the brush is a ubiqui-
tous tool, its features and properties may be implicitly understood, allowing us to find
applications for it based on intuition. Once an application is found, the next step would
be improving its performance, and these studies fall under this category.

Explicitly exposing these properties and understanding how they manifest may give
valuable insight into brush behaviour and why it could be helpful for active debris re-
moval. For example, balancing a bike while we ride it is something we understand and
process implicitly. Focussing on its applications, such as a mountain bike or a road bike,
help manufacturers design bikes capable of handling these terrains. Understanding its
properties and dynamic phenomena allows us to go beyond a simple bike and develop
autonomous bikes and two-wheeled robots.

The model used by these studies suffers from a few deficiencies too. Chief among
them is that these models are very limited in their scope. These studies have identified
symmetries and equilibria in the system to simplify the model.

For one, these studies developed models which interact with flat or smoothly curved
surfaces often assumed to be larger than the brush. The simple geometry of the contact-
ing surface helps simplify the brush model. However, the objects in space encountered
during the ADR mission are rarely from or smooth; they have rough surfaces and com-
plicated geometry.

The brushes themselves are designed to be symmetric. Figure 1.2 different brush de-
signs focused in these studies. Notice that these designs possess translational symmetry,
rotational symmetry or even both. Such symmetries can help simplify the brush model.
These designs were developed through years of experience in their application and jus-
tify the specificity of these models. For example, the circular brush finds extensive use in
manufacturing applications. On the other hand, ADR is a fairly new use case of a brush,
and no specialised brush design has been developed for it. A model that can simulate
any brush design can reduce the need for trial and error.

Most of these models were designed to predict the static behaviour of the brush.
While few other studies did feature a moving brush, those models considered a quasi dy-
namic case. These models were developed to study a brush in continuous and smooth
contact with a surface. In essence, the quasi dynamic is similar to the steady-state mo-
tion of a simple harmonic oscillator. Such a case dramatically simplifies the system’s
behaviour, making it easy to develop a model. ADR, on the other hand, would involve
a very dynamic behaviour. In addition to continuous contact, debris handling would
involve impacts and separation from the contacting body. So, the models developed in
these studies lack the dynamic features necessary for studying ADR.
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(a) Linear array

(b) Rotary (c) Circular

Figure 1.2: Three different symmetric brush designs. Notice the different spatial symmetries of these designs. The
linear array has translational symmetry, the rotary brush has rotational symmetry and the circular brush has
both

The brush models also seem to ignore the interaction between bristles. This assump-
tion simplifies the brush model. It also reduces the computational cost of the simula-
tions. Such a reduction can be calculated as follows. Consider one collision check as
one operation; for a brush with n bristles, there will be nC2 collision checks. These op-
erations scale as O (n2) and can blow up very quickly. However, this simplification is not
without consequences. It eliminates the possibility of the model displaying two proper-
ties of brush (see 2.1) which could be vital to ADR.

The deficiencies discussed above make these brush models unsuitable for use in
ADR. This motivates us to develop a new brush model and verify its accuracy.

1.4.3. RESEARCH QUESTIONS
The previous research in applying a brush in ADR provided grounds for its feasibility.
This research aims to expand beyond that and answer the question “How does a given
brush interact with tumbling debris?”. This question forces us to think in general, as the
brush and debris could have any arbitrary form. The answer could involve quantitative
and qualitative methods to describe how this system behaves. A qualitative answer in-
volves focusing on the properties of the brush and how they work together to make the
brush detumble the debris effectively. At the same time, a mathematical model of this
system that exhibits these properties could constitute a quantitative answer.

The steps taken to answer this question involves focussing on further sub-questions
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and their answers. The answer to these subquestions will come together to answer the
main research question. These sub-questions are given below:

• How does a brush behave?

• What makes the brush useful in ADR?

• How to implement brush behaviour into a model?

• How to test this brush model?

The first two questions mainly involve understanding a brush, its properties and
what makes it a unique tool. The first question asks us to think about the different prop-
erties of a brush and deconstruct the brush into simple ideas. We can answer the second
question by discussing how these brush properties work together towards making them
suitable for ADR purposes. Observing brushes in experiments and simulations can shed
light on the different properties of the brush. These studies on brush focussed on its
application rather than its nature. The answers to these questions seek to fill this gap.

As highlighted before, there is a need for a brush model that captures all the brush’s
properties. Not just developing this model, it should be verified so that users can trust
its quantitative and qualitative predictions.



2
BRUSH BEHAVIOUR

T HE brush is one of the most ubiquitous tools in the world. It finds use in applications
ranging from cleaning and art to manufacturing. Its simplest form consists of a col-

lection of bristles affixed to a fixture. The end of the bristles at the fixture is called the
root, while the other is called a tip. This is illustrated in Figure 2.1.

(a) (b)

Figure 2.1: The two main components of a brush are the bristle and fixture. They are shows in 2.1a. The two ends
of a bristle are named root and tip. The root is affixed to the fixture while the tip is free to move. From this point,
figures of a brush would be drawn are 2.1b for the sake of simplicity.

The literature study concluded that it could be used for Active Debris Removal. Be-
fore asking how missions can use it, we should ask makes it is a suitable tool for ADR.
The first step to answer this question is to identify the properties of a brush. Identifying
properties beneficial for ADR would help us understand why it is a tool suitable for ADR.

9
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2.1. PROPERTIES OF A BRUSH
Throughout this project, we have identified a set of six properties of the brush. This set
may not be exhaustive, and more properties could be found. It is believed these prop-
erties uniquely identify a brush as no other entity was found featuring this set. These
properties are stiffness, dissipation, conformity, granularity, porosity, and momentum
transport. This set of properties makes a brush very unique tool. By working together,
these properties can enhance the capabilities of a brush. This synergy between the prop-
erties allows the brush to play a unique role in space engineering, especially ADR.

2.1.1. STIFFNESS
Stiffness is how an object resists deformation to an applied force. A brush inherits this
from its constituent bristles. The collection of bristles deform together and respond with
a reaction force. This reaction force resists the applied deformation. It is this reaction
force that is the manifestation of stiffness. Removing the external force returns the brush
to its original form.

The stiffness from the bristles is not the only source of stiffness in the brush. The fact
that the bristle roots are fixed onto the brush fixture lends an additional layer of stiffness
to the brush. Consider the following case. Imagine a brush is a collection of bristles,
all arranged as they would be in a brush except they are not rooted to the fixture. Even
though these bristles are stiff, this brush as a whole is not. Applying a force along the
side of this brush would squish the bristles together. However, removing the force will
not return the brush to its original shape. So, both the bristles’ stiffness and the fixture
play a role in making the brush stiff.

2.1.2. DISSIPATION
Dissipation is the property of an entity to disperse any local concentration throughout
its entirety. In the case of a brush, any concentration of velocity tends to disperse all over
the brush. Put differently, the brush tends to a state where local velocity tends to the
average velocity of the brush. This process converts kinetic energy into heat, and it is an
irreversible process.

Two mechanisms bring forth dissipation into a brush. The first is the dissipation
inherent in the bristles. A bristle material, like any other, dampens any relative motion,
such as bending, within it. The kinetic energy from the motion is converted into heat
energy. The brush inherits this. Any relative movement within the brush is translated as
a movement of the bristles. Since the bristles are rooted at the fixture, a bristle can only
move by bending. This bending leads to dissipation.

The second mode of dissipation comes from the interaction between the bristles. In
a brush that interacts with other objects, the bristles constantly collide. Contact forces
mediate these collisions. These forces have two components: a perpendicular compo-
nent to the contact plane and one tangential. Friction is this tangential force, and it tries
to minimise any relative tangential motion between the bristles. The normal force from
an inelastic collision at the contact point can also reduce the relative velocity. These two
mechanisms lead to the dissipation of energy. This form of dissipation is seen in particle
dampers used to dampen vibrations [23, 24]. The presence of fluid in a brush can also
give rise to a source of dissipation due to drag. However, this is a not source produced by



2.1. PROPERTIES OF A BRUSH

2

11

the brush alone.

2.1.3. GRANULARITY
Granularity is the property of a physical entity for which its mechanical behaviour is
greatly influenced by the size, shape and properties of its constituent grains [25]. It is
often associated with granular material. Andreotti et al. define a granular material as “
a collection of rigid, macroscopic particles, whose particle size is bigger than 100 µm”
[24]. These particles are also called grains. We extend it to include flexible particles, in
our case, the bristles. In other granular materials, the grain motion is not constrained.
The brush is a collection of these bristles. For a brush, however, the bristles mainly move
by deformation.

A remarkable property of granular materials is their ability to divide and join with-
out detectable changes in their behaviour. Sand, for example, is a granular material.
Dividing one cup of sand into two and mixing it back together will not show any visi-
ble difference. Consequently, granular material will not sustain any permanent damage
when torn or pierced. As long as the grains remain undamaged, the granular material
will not show any change.

(a) Brush before deformation (b) Brush after deformation

Figure 2.2: A brush conforming to the shape of an irregular object. Also, note that the bristles are parting to make
way for the object. Removing the objects returns the brush to its original state. This demonstrates the granularity.

2.1.4. CONFORMITY
Conformity is associated with the idea of an entity adopting certain qualities of its neigh-
bours. It may also quantify the extent to which these qualities are adopted. For a brush,
conformity is its ability to adapt the shape of an object deforming it. Doing so allows
the brush to accommodate an arbitrarily shaped object into its volume. This is shown in
Figure 2.2. One can imagine water flowing around an object dipped in it. Although not
as pronounced as water, the bristles of brush move around the object, each contacting
the object at small regions. These regions or their envelopes form a shape very similar to
the object.

The ability of the brush to sustain local deformation gives rise to conformity. How-
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ever, one may ask, do not all materials support local deformation? Yes, it is ubiquitous
property, but brushes are unique because the bristles can undergo considerable defor-
mation before they fail or get damaged. Consider a scenario where a solid metal block
is penetrated by the object shown in Figure 2.2. With considerable force, the object can
be forced into the metal block. However, it will sustain permanent damage, whereas a
brush will not. Additionally, the granular nature of the brush allows it to “tear” itself into
two pieces to allow objects to penetrate it.

2.1.5. MOMENTUM TRANSPORT

As the name suggests, Momentum transport allows the brush to transport momentum
from one part to another without moving the whole brush. When a body impacts a
brush, depending on the spacing between bristles and impact velocity, it can be ob-
served that momentum absorbed by the brush moves away from the region of impact.
Figure 2.3 shows this phenomenon. This phenomenon is similar to ripples on a water
surface moving away from a stone dropped in it.

Unlike momentum transfer in fluids, momentum is not convected in a brush. It is
more similar to conduction. The bristles are rooted in the fixture, preventing them from
moving beyond a certain distance. The mechanism for transporting momentum in a
brush is similar to that seen in sound waves. In a sound wave, adjacent particles collide,
transferring their momentum to the next particle. Similarly, the bristles collide with their
neighbours and transfer their momentum to their neighbouring bristles.

2.1.6. POROSITY

Porosity is the measure of space in a material. A highly porous brush will contain fewer
bristles in a given cross-section than a lesser porous one. This property directly affects
the stiffness and dissipation in a brush. A brush with many bristles is stiffer compared
to one with fewer bristles. Many bristles in a smaller area lead to frequent bristle-bristle
interactions. Just like a particle damper, an increase in interactions increase dissipation
associated with friction and inelastic collision [23, 24]. It can also be argued that momen-
tum transport occurs faster in highly dense (low porosity) brushes. In these brushes, the
distance between neighbouring bristles is small. So, the distance travelled by the bristles
is smaller. By assuming the bristle velocity constant, smaller bristle spacing leads to a
shorter duration for the momentum to be transported across the brush.

We should note that porosity, by itself, is relevant only interactions occur at the size
scale of the spaces. For example, there are large voids in the scale of atoms and sub-
atomic particles. Nevertheless, one does not consider all matter porous just because of
this fact. In a brush, these interactions could occur in the scale of the bristle diameter.
For example, the spaces in a brush could trap debris of such a similar scale.

2.2. A BRUSH IN SPACE
To introduce a brush in space, we need to discuss its interactions with this system. This
will be discussed in two parts. One, how does a brush would interact with its target. The
properties of the brush discussed earlier would be called up to help explain this inter-
action. Two, how the space environment affects the brush. Factors such as radiation,
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(a) Labelled Setup

(b) Body contacts the brush

(c) Body seprates from the brush (d) Momentum transported to bottom bristles

Figure 2.3: An experiment highlighting momentum transfer. The first picture shows the setup. The direction of
rotation of the body is shown by the red arrow. All other pictures zoom into the region of interest (ROI). Notice
that the body makes contact with a few bristles on the top half of the brush. The bristles then transport the
momentum to the bottom bristles. This is shown by the bottom bristle being bending and its tip separating from
the brush. The tip must carry momentum or else it will not separate cluster of bristle tips

significant thermal fluctuation and others can greatly affect the brush’s performance,
and it will be briefly discussed.

2.2.1. A BRUSH FOR ADR

The previous studies showed that a brush could be used for ADR. They produce simple
brush models and use them to study various use cases. They have focussed on control
algorithms [7], its interaction with a tumbling object [9] or its response to deformation
[11]. A question that remains unanswered is what makes it a suitable tool for ADR. This
section aims to answer this question using the set of properties of a brush. It presents the
relevance of each property and how these properties work together to make the brush an
appealing tool.
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Stiffness is the primary way for the chaser spacecraft to interact with the debris. It
manifests as a reaction force brought forth by deformation. By monitoring brush defor-
mation and controlling it through brush position, the chaser can apply controlled forces
to the debris. It also allows the missions to reuse a brush after one operation.

Stiffness, by definition, is the tendency to return to an object’s original shape. This
property allows the brush to retain its shape and properties after multiple uses. In real
life, though, there would be wear in the brush, so it will not last forever.

A brush’s inertia allows it to absorb momentum from a body colliding with it. Its
stiffness, however, could return it to the incident object. In ADR, this is not favourable.
Dissipation can tackle this problem. It converts this kinetic energy into heat and ensures
the momentum does not return to the object.

Additionally, momentum transport transports the momentum away from the impact
region to other parts of the brush. Momentum transport in conjunction with dissipation
makes the brush very effective at shaving away the motion of the impacting object. In
the absence of momentum transfer, dissipation would occur only in the isolated impact
region, which is very ineffective. With momentum transfer, the motion is transported
through the bulk of the brush, allowing it to be dissipated effectively over a large area.
Since the momentum carried by the bristles at the region of impact is transported away
from it, there will be minimal momentum transferred back to the object. This makes it
less likely to bounce off the brush.

Since contact mediates the interaction between the brush and debris, it helps to have
more of it. Conformity helps the brush achieve this. It lets the brush adopt the shape
of the debris. The contact force now acts over a large area, preventing any regions of
enormous stress. For ADR, this is useful because it prevents damage to the debris, which
could otherwise break the debris into more debris. This way, the brush can safely exert
large forces to detumble the debris. Additionally, a gripper with brush contact surfaces
could conform to the shape of a featureless object and grasp it. This task would be pretty
challenging to achieve with a standard gripper which requires some features to grab.

Granularity allows the brush to be pierced or parted without permanent damage.
This property and large deformation capabilities of the bristles allow the brush to con-
form to any shape easily. The stiffness would later return the brush to its original un-
pierced, unparted state. It also allows the brush to be easily repaired. If a section of the
brush is damaged, it can be replaced with an identical set of bristles without altering the
performance of the whole brush. Other soft material can completely fail if it is damaged
or torn. Cracks and tears could propagate through the material rendering it ineffective.

Porosity can play essential roles in the design phase and in capturing debris. While
designing, porosity can be used to fine-tune the brush’s stiffness. Low porosity would
lead to higher stiffness and vice versa. For ADR, the voids or spaces in the brush could
potentially host small debris. These spaces could trap dust particles in them, and this
could be augmented using adhesives or an electrostatic charge to hold the trapped par-
ticles in place.

Apart from the properties, a brush offers a large number of designs. Mission design-
ers could take inspiration from different areas where a brush is used. With the bristle
shape and arrangement, we can produce many designs with varying characteristics.
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2.2.2. SPACE ENVIRONMENT’S EFFECT ON A BRUSH
The space environment presents many challenges to any asset in space, including the
brush. Different hazards could affect its performance and must be considered before
deploying this tool. In the following section, we present a brief discussion on this topic.
This is a brief discussion, and further studies on this topic are strongly recommended.

The space environment can significantly affect the material properties of the brush.
Radiation and vacuum are the chief causes of this effect. Rubber and plastics are mate-
rials commonly used to make brushes. Radiation can either harden rubber which even-
tually leads to cracking, or it can soften it into a viscous matter [26]. The low-pressure
environment can lead to outgassing in both rubber and plastics, especially when these
materials include volatile additives. Outgassing can affect the polymer chains making
up these materials and affect their material properties.

Large temperature fluctuations can also affect the properties of the brush. Firstly,
these fluctuations cause the bristles to expand or contract. Uneven expansion may dam-
age it. Second, if the temperature soars to large values, it can melt the brush, perma-
nently damaging it. Even when temperatures do not reach such heights, thermal cycling
can harden plastics and rubber, eventually leading to cracks forming in them [26].

Additionally, the small size of the bristles means that they have a small thermal mass.
As a body gets smaller, its surface area to volume ratio increases. Consequently, its ca-
pacity to emit and absorb radiation, a surface area dependent phenomenon, dominates
over its heat-storing capacity, a volume-dependent phenomenon. This exacerbates the
problem of thermal fluctuations in bristles.

Like any assets in space, the environment is hazardous and poses a challenge to de-
ploying new tools. So choosing the suitable material capable of handling these dangers
over its lifetime is crucial. The physics of the brush and the chemistry of its material
must also be studied before deploying. We recommended further studies on this topic.

2.3. CHAPTER SUMMARY
The research studying the use of a brush in ADR had implicitly identified a few of the
properties. They incorporated some of these properties into the models of a brush.
However, without incorporating all of the properties of a brush, the resultant entity was
not uniquely a brush. We have identified six properties: stiffness, damping, conformity,
granularity, momentum transfer and porosity. This set of properties separates a brush
from other physical objects. It will help us better model the brush’s behaviour and help
designers decide whether it is suitable for a specific application. Qualitatively, these
properties have the potential to be useful for ADR too. The next step is quantifying the
utility of the brush. Developing a brush model incorporating all of its properties would
help us achieve this.
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MODELLING A BRUSH

T HE brush properties have allowed us the conclusion that it has the potential to be
an effective tool for ADR. Developing a numerical model would help studies, such

as brush design and control, focus on implementing it for ADR. This section aims to
describe a model of a brush.

To do so, we propose using the technique called Discrete Element Method (DEM) to
model. It is a technique frequently employed to study granular media. DEM can handle
the dynamics of a large number of bodies efficiently.

Previous studies [27, 28] have employed techniques similar to this and managed to
capture some of the brush’s properties. These studies produced a quasi-static model that
could not simulate the full dynamics. Additionally, these models were limited to specific
brush designs and a brush contacting flat or curved surfaces; they could not handle any
arbitrary shapes or brush design. More importantly, these studies ignored bristle-bristle
interactions.

We speculate these models were developed for particular brush applications, such
as manufacturing. Rather than exploring new brush designs, these studies aimed to im-
prove the current design. We aim to develop a model which addresses the shortcomings
and add additional features.

Developing our own DEM software is time-consuming and tedious. It also distracts
us from the main aim of developing and verifying a brush model. So DEM will be imple-
mented using YADE (Yet Another Dynamic Engine). It is a free and open-source software
specialising in DEM.

This chapter has the following structure. First, it discusses the theoretical formu-
lation of DEM. Second, it discusses how an ADR scene can be simulated using DEM.
Finally, it presents a brief discussion on YADE.
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3.1. DEM THEORY
This section presents how the Discrete Element Method works, mainly its theory and
formulation. The two main components of DEM are the bodies and the operations per-
formed on these bodies for each timestep. The bodies represent the granular material,
while the operations capture the physics of the granular material. DEM can handle a
large number of bodies by using simplified body geometries and efficient algorithms
for the operation. In simple terms, a DEM simulation starts by initialising all objects’
states, then calculating all interactions between these objects and finally numerically
integrating their motion. This section will first discuss the bodies and then discuss the
operations performed on them. For more details please refer [29]

3.1.1. BODIES
A body in DEM is defined by shape, material and state. The shape is the body’s geometry;
the material is defined by properties such as Young’s modulus and Poisson’s ratio, and
the state defines the physical state such as position and velocity, among others. The
shape and material properties do not change during the simulation, whereas a body’s
state does. Additionally, the object’s degrees of freedom (DOF are stored in the state.
Modifying the DOF allows users to constrain the motion of a body.

DEM treats all bodies in the simulation as rigid. So one might assume it is not pos-
sible to simulate flexible bodies. This is not true, however. Flexible structures can be
simulated by treating them as a collection of rigid bodies and enforcing additional inter-
action between them. This method allows us to simulate the flexible bristles in DEM.

In this section, we shall discuss first the sphere. Following this, we shall discuss the
formulation of flexible structures in DEM. Finally, we will introduce the concept of an
aggregate, a method used to model rigid bodies with complex shapes in DEM.

SPHERE

A sphere is an elementary shape. Its shape is defined only by its radius. It is also the most
common shape used in DEM, and its simple geometry allows collisions to be detected
easily. Additionally, its symmetry simplifies Euler’s rotation equations allowing them to
be solved easily.

FLEXIBLE STRUCTURES

A flexible structure such as a filament or a rubber ball can be modelled using DEM as
a collection of bodies called nodes. They are spheres that have additional interactions
with each other. The inclusion of flexible structures extends the scope of DEM as gran-
ular material often finds itself interacting with flexible structures. For example, soil is a
granular material and studying its interaction with plant roots is an important topic. Ge-
ologists could use this information to study how plant roots help soil from falling apart.
Such a study is presented Bourrier et al [30]. In our case, we aim to study the interaction
between bristles and tumbling debris.

The two main parts of modelling a flexible structure in DEM are its dynamic be-
haviour and interaction with other bodies. The dynamic behaviour captures the reac-
tion of the flexible structure to external and internal forces. The internal interactions are
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defined among the nodes in terms of Constitutive equations. These equations relate the
generalised force between two nodes to their relative displacements. The generalised
forces, namely, normal force Fn , shear force increment dFs , bending moment Mb and
twisting moment Mt are related to six relative displacements also called kinematic vari-
ables u.

The constitutive equations used in DEM is designed in such a way to emulate beam-
like behaviour [30, 31] and is given by the following set of equations.

F n = En A

L
un

dF s = 12Eb Ib

L3 u̇s d t

M b = Eb Ib

L
ub

M t = Gt It

L
u t

(3.1)

The coefficients of the kinematic variables are their corresponding stiffnesses. Here
En is the tensile modulus, Eb is the bending modulus, Gt is the shear modulus, Ib is
the bending moment of inertia, It is the polar moment of inertia, and L is the distance
between the nodes.

Nodes alone cannot simulate the flexible structure’s interaction with its surround-
ings. There are empty spaces between the nodes. A connecting geometry occupies these
empty spaces. In the case of a filament or a beam, cylinders connect the nodes. Along
with the nodes, these cylinders interact with the other bodies in the simulation. The
nodes behave as spheres when interacting with other bodies. The cylinder inserts a ficti-
tious sphere at the point of contact and uses the sphere contact model to calculate force
[30].

(a) A flexible rod (b) DEM model of a flexible rod

Figure 3.1: The geometry of a flexible rod and its model in DEM

The cylinders themselves do not have any mass; their masses are distributed among
the nodes. Similarly, the contact forces experienced by the cylinders are also distributed
among the nodes. This way, the dynamic behaviour of the flexible structure is described
solely by the nodes, while both the cylinders and the nodes describe the contact be-
haviour.

DEM extends the concept of a flexible beam to model flexible surfaces. Surface tri-
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angulation turns the required surface into a set of triangles, and the nodes are placed at
the vertices of this geometry. Again the spaces between the nodes must be filled. Two ge-
ometries fill these spaces: cylinders form the edges, and triangular prisms form of faces
of the triangulated geometry. The triangular prisms are called particle facets or pfacets
[31]. Forces between the nodes are defined by eq 3.1. Like the cylinders, the contact
forces at the pfacets surface are calculated by inserting a fictitious sphere. Like the cylin-
ders, the mass of the pfacets and the forces they experience are distributed among the
nodes.

This modelling of flexible structures is based on the assumption that these bodies’
local deformation or strain is small. This lets DEM use a linear model to calculate force
because the stress will be within the elastic limit when the strains are minor. Small strains
do not mean that the overall deformation of the structure is small. It can be significant
as long as the small-strain condition is valid. This method allows DEM to capture large
deformations without assumptions to simplify or linearise geometric non-linearities.

AGGREGATES

As the name suggests, aggregates are composed of bodies clumped together to behave
like a single body. These are used to model rigid bodies with complicated geometry.
Some of its physical property is the sum of its individual. For example, the mass of the
clump is the sum of the mass of all its components. The collision and interaction calcu-
lation is carried out for each element, and the resulting forces and torques are summed
up and applied to the clump. Any internal forces and torques cancel due to Newton’s
third law of motion, so interaction among the bodies in a clump is ignored.

Figure 3.2: An aggregates object compoosed of a set of spheres. Notice that the sphere overlap, but they do not
fly apart because the interaction among these bodies are ignored
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3.1.2. OPERATIONS
Operations drive the simulation in DEM. They capture the physical behaviour of the sys-
tem and allow us to predict its evolution in time. It solves Newton’s second law and
Euler’s rotation equation for all bodies using an explicit time-stepping algorithm. The
primary operations involved in a DEM simulation are detecting collisions, creating in-
teractions and solving the motion [29]. This section aims to discuss the formulation of
these operations in the order they are performed for a time step.

DETECTING COLLISIONS

Finding the overlap between two bodies or detecting collision is computationally ex-
pensive. So, collision detection is broken down into two steps to make it more efficient.
These steps are approximate collision detection and exact collision detection.

The approximate collision detection is fast and works by defining a simple bounding
shape P̃i that contains the i th body Pi . The simulation then checks for collisions be-
tween these bounding shapes of the two bodies. If a collision is not found between the
bounding shapes, one can be sure that the two corresponding bodies are not colliding.
The bounding shapes are usually elementary, a box, for example, allowing fast collision
detection. Once the simulation detects an approximate collision between two bodies Pi

and P j , it proceeds to calculate the exact collision geometry.
Mathematically this step can be expressed as follows

∀x ∈R3 : x ∈ Pi ⇒ x ∈ P̃i (3.2)

When two bodies Pi and P j collide, then
(
Pi ∩P j

) ̸= ;⇒ (
P̃i ∩ P̃ j

) ̸= ;, where ; means a
null set. From this one can imply the following(

P̃i ∩ P̃ j
)=;⇒ (

Pi ∩P j
)=; (3.3)

So, if approximate collision detection does not detect any collision, there is no collision
between the bodies.

The sweep-and-prune algorithm is a popular algorithm used for speedy approxi-
mate collision detection. This algorithm uses Axis Aligned Bounding Boxes (AABB) as
the bounding shape. Two points define them, the lower and upper corners ∈ R3. The
simulation finds the approximate collision by checking the overlap of these two AABBs
along all axis. Mathematically one can find the approximate collision using the follow-
ing equation. In the following, P̃ w0

i and P̃ w1
i represents the minimum and maximum

coordinate of P̃i along the w th axis.

(
P̃i ∩ P̃ j

) ̸= ;⇔ ∧
w∈{x,y,z}

[((
P̃ w0

i , P̃ w1
i

)∩ (
P̃ w0

j , P̃ w1
j

))
̸= ;

]
(3.4)

The bounding boxes of spheres are shown in figure 3.3. In the figure, all DEM detects
two approximate collisions: P̃1-P̃2 and P̃2-P̃3. It does not detect a collision P̃1 and P̃3;
this ensures the bodies P1 and P3 do not collide. However, one can observe the bodies
P1 and P2 do not collide whereas P2 and P3 do. This will be resolved in the next step,
exact collision detection.
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Figure 3.3: Approximate collision detection. The AABB corresponding to P1 and P3 do not intersect, implying
that P1 and P3 have not collided. Taken from [29]

Unlike the previous step, the exact collision detection is slow and computationally
expensive. The exact collision detection operates on the two bodies Pi and P j ; its for-
mulation will depend on the shape of the two bodies. For example, the algorithm for
detecting a sphere-sphere collision will differ from that of a sphere-cylinder collision.
The general idea of this step will be discussed in this section.

Exact collision detection calculates the collision’s extent and results in kinematic
variables that define the geometry of the collision. These kinematic variables define
the mutual configuration of the two colliding particles. Six variables define the mutual
configuration of the two bodies. Figure 3.4 shows these six kinematic variables. Nor-
mal straining defines the strain along the line, n, joining the two centres of the spheres,
whereas shearing represents the strain perpendicular to this line. This shearing comes
from the component of the relative linear velocity andω1+ω2 perpendicular to n, where
ω1 is the angular velocity of body 1 and ω2 is the angular velocity of body 2. Bending
comes from the component ofω1−ω2 perpendicular to n, whereas twisting comes from
its component parallel to n.

CREATING INTERACTIONS

Interaction creation involves calculating the force acting between the two colliding bod-
ies. Three aspects dictate this step: collision geometry, material parameters and the con-
tact model. The exact collision algorithm produce kinematic variables (see section 3.1.2).
The material parameters from the two bodies are used to calculate stiffnesses. The con-
tact model accepts the kinematic variables and stiffnesses to calculate the forces and
torques acting on the two bodies.

There are four stiffnesses, each corresponding to the four types of kinematic vari-
ables (normal straining, shearing, bending and twisting). Some interactions will only
make use of the normal and shear stiffnesses. The normal stiffness of the interaction,
KN , is related to the fictitious Young’s modulus of the bodies. The shear stiffness, KT , is
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Figure 3.4: The six kinematic variables: one normal strain, two shear strain, two bending strain and one twist-
ing strain. Taken from [29]

Figure 3.5: Two springs in series represent the stiffness between the two interacting spheres. Taken from [29]

a fraction of KN . The ratio KN /KT represents the Poisson’s ratio of the interaction. The
macroscopic Young’s modulus E is a function of KN and KN /KT .

A commonly used method to calculate KN is given below. KN is calculated using two
springs of length corresponding to the radii of the two interacting spheres. Let l1 and l2

represent the distance between the contact point and the centres of the corresponding
spheres. So l = l1 + l2 represents the distance between the sphere centres, Figure 3.5.
∆l represents the change in the total distance, and it is the sum of the ∆l1 and ∆l2. It is
also the extent to which the two spheres overlap that represents the deformation. The
forces F1 and F2 cause this deformation. By Newton’s third law, these forces are equal in
magnitude, and they are related to the corresponding deformations by Fi = Ki∆li .

KN∆l = F = F1 = F2

KN (∆l1 +∆l2) = F

KN

(
F

K1
+ F

K2

)
= F

K −1
1 +K −1

2 = K −1
N

KN = K1K2

K1 +K2

(3.5)

Here, Ki is related to the sphere’s Young’s modulus Ei and characteristic length l̃i .
The characteristic lenght is proportional to ri .
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Ki = Ei l̃i

KN = E1 l̃1E2 l̃2

E1 l̃1 +E2 l̃2

(3.6)

One can observe that the steps described above in 3.6 results in an equation indepen-
dent of the shape parameters (radius in this case). This step takes the material properties
of the two bodies and returns the stiffness, whereas the deformation ∆l represents the
collision geometry, and the collision detection step calculates this value.

The step of creating interaction ends by calculating the contact force between the
two bodies. The collision geometry and the stiffnesses along with the constitutive laws
are used to calculate the contact force. A very popular are common constitutive law,
originally proposed by Cundall [32], is shown presented here.

F N = KN uN n

F t
T = KT uT

(3.7)

At each step, the normal displacement, uN , and shear displacement, uT , are used to
calculate the forces. Note that the interaction is deleted if uN > 0. These equations result
in the normal force F N and a trial shear force F t

T . Friction mediates the shear force, so it
must be checked if its value is below the limiting static friction.

F T =
{

F t
T

|F N | tanϕ∣∣F t
T

∣∣ if
∣∣F t

T

∣∣> |F N | tanϕ

F t
T otherwise

(3.8)

Here, ϕ is the friction angle. The final force acting on the two particles is the sum of
the two forces. These forces act at the point where two spheres contact. Since the spheres
may have different radii, the torques must be calculated independently. The following
equations express the final force and torque acting on the two bodies.

F 1 = F F 2 =−F
T 1 = d1(−n)×F T 2 = d2n ×F

(3.9)

SOLVING THE MOTION

At each timestep, a body accumulates generalised forces (forces and torques) from its
interactions with other bodies. The simulation solves Newton’s second law and Euler’s
rotation equations using the generalised forces to predict the behaviour of all bodies in
the system. It uses an explicit time-stepping algorithm for solving these equations.

The leapfrog scheme is a popular scheme used to solve these equations numerically
and will be discussed below. The leapfrog scheme stores even derivatives at on-step
points and the odd derivatives at mid-step points. This section shows how the leapfrog
scheme is implemented to calculate linear motion.

Let a be a variable representing the state of the body. The following represents its
value at different timesteps.

• a−1 Previous timestep
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• a0 Current timestep

• a+1 Next timestep

• a−1/2 Previous mid step

• a+1/2 Next mid step

u denotes the position of a body, and it is calculated from the acceleration, which is
denoted by ü. Acceleration, at the current timestep, is calculated from forces accumu-
lated on the particle given by

ü0 = F /m (3.10)

The position at the next timestep u+1 is calculated from the acceleration at the cur-
rent timestep using the second-order finite difference equation.

u+1 = 2u0 −u−1 + ü0∆t 2 =

= u0 +∆t

(
u0 −u−1

∆t
+ ü0∆t

) (3.11)

The above equation is incomplete because u−1 is not known in the current timestep.
This information can be derived from the velocity from the previous half step (denoted
by u̇−1/2)

u̇−1/2 ≃ u0 −u−1

∆t

u+1 = u0 +∆t
(
u̇−1/2 + ü0∆t

) (3.12)

Note that the expression in parenthesis in equation 3.12 is, in fact, the velocity at the
next half step.

u̇+1/2 ≃ u̇−1/2 + ü0∆t (3.13)

Combining all of the equations presented above, we can summarise that the position
integration is done in two steps. First is calculating velocity at the following half timestep,
and later by calculating the position at the following time step.

u̇+1/2 = u̇−1/2 + ü0∆t

u+1 = u0 + u̇+1/2∆t
(3.14)

3.2. CONSTRUCTING AN ADR SCENE IN DEM
In a contact-based ADR mission, the primary interaction occurs between the tool and
the debris. These tools could be tentacles, end effectors or, in our case, a brush. In our
simulations, the bodies that we will focus on are the brush and the debris.

The brush would be simulated as an array of bristles. These bristles are slender rods
and will be simulated using a set of nodes and cylinders. Figure 3.6 shows how nodes
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and cylinders build a bristle. It also shows how a bristle with a non-uniform radius is
constructed. The roots of the bristles are fixed by constraining all the degrees of freedom
of the root nodes. Aggregating all the root nodes also achieves a similar effect.

(a) A simple bristle (b) A tapered bristle

Figure 3.6: Bristles constructed with nodes (circle) and cylinders (rectangles). A simple bristle has the same radius
across its length, while the radius of a tapered bristle changes along its length. Changing the dimensions of the
cylinders and nodes achieves this geometry

The debris geometry is constructed using pfacets, cylinders and nodes. For brevity,
this set of bodies would be referred to as pfacets unless stated otherwise. Pfacets form
a set of solid triangular facets which can approximately recreate the geometry of any
arbitrarily shaped body. The geometry of a body can be modelled in any 3D modelling
software and imported into the DEM simulation.

This body made of pfacets is not rigid and can deform. Assigning a large young’s
modulus to this body to simulate rigidity can be unfavourable as the simulation would
require very fine timesteps to remain stable. Alternatively, a rigid geometry using pfacets
can be achieved by adding all its constituent bodies to an aggregate, rendering it com-
pletely rigid. Additionally, this aggregate’s mass and inertia properties can be edited to
match the debris’s.

3.3. YADE
This section aims to present the features in YADE that will be used to construct the brush
model and ADR scenarios. YADE is an extensible open-source framework for discrete
numerical models, focusing on the Discrete Element Method. It stands for Yet Another
Dynamic Engine. It offers a user-friendly and concise scene setup, simulation control,
debugging and post-processing interface using Python. Additional information on YADE
is available in [29].

3.3.1. WHY YADE
Coding our own DEM framework can be time-consuming and takes our attention away
from the scientific aspect of this project. Apart from the core DEM algorithms, the frame-
work requires other features such as input/output of files, visualisation of results, and
generating the system’s initial state. When developing DEM software, optimising the
code and reducing its resource usage is another major task as DEM is very computation-
ally expensive. All of these tasks distract us from actually studying the behaviour of a
brush.

Using an existing framework is an obvious solution. Commercial software suites like
ABAQUS, ANSYS and others are expensive and can be restrictive. Extending these soft-
wares to include additional features is difficult as we are at the mercy of their existing
interfaces. On the other hand, free and open-source frameworks do away with this re-
striction by allowing one to modify the software’s source code. It lets us develop the code
and include additional features specific to the research without worrying about cost or
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developing a DEM framework. YADE is a very popular DEM package. It is documented
extensively and has a very active community developing it.

3.3.2. FEATURES OF YADE

The YADE back-end is written in C++, and it uses concepts in Object-Oriented Program-
ming extensively. C++ allows YADE to be computationally very efficient. The primary
benefit of using OOP is that the code reflects the system we want to simulate. For exam-
ple, the whole system would be contained in a system class; each body is an instance of
the body class while the different operations belong to operation classes. The interfaces
defined in each class allow them to communicate with each other. OOP makes the code
very modular.

It also allows YADE to be readily extended by inheriting features when implementing
new algorithms. The primary interfaces used to interact with the different components
are implemented in template classes, freeing the users from worrying about integrat-
ing their code into YADE. We need only translate our algorithms into C++ code and in-
herit the appropriate class. The following example illustrates this process. Operations in
YADE are called engines, and they are implemented as classes in C++. The forceEngine
is one such class used to apply a user-defined force on all bodies in the simulation. It has
access to the state of all bodies so users can implement models which require it.

For example, the dynamics of a body in orbit can be simulated by implementing
the Clohessy–Wiltshire equations in a class inherited from the forceEngine class. The
forceEngine class supplies the necessary information about a body’s state and applies
these forces to all the bodies. The Clohessy–Wiltshire class need only calculate the force
from the body’s state.

In YADE, the DEM model of a system is created using Python. All C++ components of
YADE is wrapped within a Python wrapper, allowing them to be used in a Python script.
Python allows quick and concise model development because of its simple syntax. Its
extensive package library allows us to use different packages to add more features to a
simulation. For example, the JSON (JavaScript Object Notation) package allows us to
output the simulation results into a human-readable file.

3.3.3. YADE SIMULATIONS

A YADE simulation starts by creating the bodies in the simulation and defining their ini-
tial state. Bodies are created using helper functions in Python, which calls the appropri-
ate body constructor. Spheres are created using the sphere function; nodes are created
using the grid-node function, cylinders with the grid-connection function and particle
facets using the pfacet function. Bodies can be aggregated together by passing the list of
bodies to the clump function.

Operations in YADE are called engines. Engines act on all bodies by changing their
state. They drive the simulation, calculating the time evolution of the system. The simu-
lation loop in YADE consists of successively calling these engines to modify the system’s
state. A typical simulation loop in YADE is shown in Figure 3.7
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Figure 3.7: A simulation loop in YADE. It starts by resetting the force on all bodies, followed by calculating
the interaction, the generalised force and finally updating the state of all bodies. Addtional steps such as data
recording can be inserted at the end of the loop. Taken from [29]

3.4. CHAPTER SUMMARY
This chapter presented the Discrete Element Method. We use it to model a brush and the
debris. It presented the theoretical background of DEM and discussed the models and
algorithms used in a simulation. Next, it discussed how DEM is employed to model a
brush and tumbling debris. Finally, it presented YADE, a free and open-source software
implementation of DEM and discussed its features, relevance and workings.
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T HE previous chapter presented the brush model, and this chapter will present the
methods used to verify this model. Experiments were used to verify the brush model.

This chapter will discuss the details of the experiment its results and then compare these
results with the predictions given by the brush model.

Alternate methods were considered for verifying the brush model. The literature
study pointed to experiments conducted on brushes, and we considered using that data
to verify the brush model. However, these experiments, for example, Shia et al. [28],
made use of brushes with 1000s to 10,000s of bristles. Simulating such an experiment
would require substantial computing resources, so they were excluded. Multibody sim-
ulations using FEM for deformation was another candidate. However, the software was
not accessible. So, it was concluded to perform experiments with a brush that could be
simulated with the available computing resource.

Although using an alternative numerical method to simulate a brush is difficult, it
was impossible to do the same for a bristle. The brush is expected to undergo consid-
erable deformation, so does a bristle. The cosserat rod model can efficiently predict the
behaviour of a slender rod, or in our case, a bristle, undergoing large deformation. Com-
paring the results from DEM and a verified cosserat rod model would support the validity
of the DEM bristle model.

The brush model was verified using two experiments—the first test studied the static
deformation of the brush and its reaction to this deformation. The second involved the
brush interacting with a rotating body. This experiment corresponds to the dynamic
behaviour of a brush.

In this chapter, the experiments or alternate models and the DEM simulations are
grouped under test cases. These sections will also present the results and discuss the
accuracy of the DEM model. Three tests correspond to the three methods used to verify
the model. The first test will focus on the dynamics of a bristle. Rather than an ex-
periment, the DEM results would be compared to the data from a verified cosserat rod

29
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model. The second and third tests will discuss an experiment involving the brush’s static
and dynamic behaviour, respectively, the corresponding DEM model.

4.1. BRISTLE DYNAMICS TESTS
As described in the previous chapter, a bristle is simulated using DEM as a slender rod.
This slender rod comprises multiple spheres called nodes chained together using cylin-
ders. The interactions between the nodes are modelled to behave like a flexible rod. The
original paper [30] verified this model in the static sense: the rod was subjected to a
deforming force, and its reaction force was measured. This result was then compared
against the analytical solution of a rod undergoing large deformation. This section aims
to check the validity of this model in the dynamic sense: the motion of the rod when
subjected to external forces.

Figure 4.1: Dimenions of the rod used in the simulations

The rod used for verification has the following properties.

Property Value Unit
Young’s modulus 200×109 N /m2

Poisson’s ratio 0.3
Density 7640 kg /m3

Length 0.4 m
Diameter 1.42×10−3 m

Table 4.1: Physical properties of the bristle

The motion of the rod, in our case the bristle, predicted by DEM, will be compared
against the predictions of another rod model called the Cosserat rod model. Like the
DEM model, it captures the geometrical nonlinearities of deformations of rods. Till et
al. [33] used this to develop a numerical model of a flexible robot. This model used
a linear elastic material model to calculate the reaction forces. They verified this model
using experiments involving a vibrating rod. Since the experimental data is not available,
we shall use their numerical model to simulate their experiments, and its results will be
compared against the predictions of the DEM bristle model.

The simulation consisted of a slender horizontal rod fixed at one end. Figure 4.1
shows the rod, its fixture and its dimensions. There were three test cases, each having a
different way of exciting the rod’s motion. In all the following cases, the rod will undergo
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Figure 4.2: Weight release test power spectrum. Comparison of the DEM and the cosserat rod models simulation
results. The position of the free end of the rod is tracked. And this data is used to calculate this power spectrum

vibration, and the validity of the DEM bristle model is based on the extent to which its
prediction matches the cosserat rod model’s prediction.

4.1.1. WEIGTH RELEASE TEST

In the weight release test, the free end of the rod was subjected to a transverse defor-
mation and released. A 20g weight attached to the free end of the rod caused this de-
formation. Releasing the weight causes the rod to oscillate, allowing it to do so for 4.5s.
The power spectrum, Figure 4.2, of the vibrating rod reveals that low-frequency vibra-
tion dominates the motion. Both DEM and cosserat rod model predictions agree on the
lower exciting frequency and predict the insignificant higher frequency oscillations. The
following cases will, however, excite the higher frequency more.

4.1.2. IMPULSE LOAD TEST AT FREE END

The rod was subjected to an impulse load at the tip for the second case. This impulse
load was modelled using a piecewise function, and its graphical representation is shown
in Figure 4.3. In the figure, M denotes the maximum value of the force, and d denotes
the duration of the impulse.

As seen in the previous test case, both DEM and the cosserat rod model predict the
same frequency of the low-frequency vibration. We observe two additional details: the
high-frequency vibration is more prominent than the previous scenario, and both DEM
and the cosserat rod model agree on its frequency with slight deviations.

4.1.3. FIXED END IMPULSE LOAD TEST

This test is similar to the previous case. It uses the same impulse load function, but the
force is applied to a point close to the root. The load is applied at a point located at
0.0458m from the root. There are no nodes at this location for the vibrational modes of
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Figure 4.3: The function used to a model the impulse load acting on the rods

(a) Full range (b) High frequency region

Figure 4.4: Free end impulse load test power spectrum. Comparison of the DEM and the cosserat rod model
simulation results. The vibrations are observed at the free end of the rod. The first subfigure shows the entire
power spectrum and while the second focuses on the high-frequency region of the power spectrum.

the bristle in the frequency range we study. This test hopes to provide more excitation
to the higher frequency vibrations. This test is called so since the load is applied close to
the fixed end.

We see that both DEM and the cosserat rod model predict the same vibration fre-
quency at the low-frequency range. However, at the higher frequency region, they pre-
dict slightly different frequencies.
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(a) Full range
(b) High frequency region

Figure 4.5: Fixed end impulse load test power spectrum. Comparison of the DEM and the cosserat rod model
simulation results. The vibrations are observed at the free end of the rod. The two subfigures show the entire
power spectrum and the high-frequency region of the power spectrum.

4.1.4. DISCUSSION

The bristle modelled using DEM can correctly predict the dynamics of a bristle at lower
frequencies. However, there is a slight deviation in its prediction at higher frequencies
compared to the cosserat rod model. This deviation becomes an issue only if energy is
somehow injected into the higher frequency region. However, it can be argued that this
higher frequency component will play a lesser role in a brush. The dissipative nature
of the brush prevents any excitation of high-frequency vibrations, as these vibrations
would be damped quickly.

A brush is composed of bristles that interact with each other through contact forces.
Friction is part of this interaction and its damps vibration. This phenomenon is made
clear in the frequency response of a vibrating rod moving under the influence of friction.
Using DEM to study this phenomenon, a simulation of the same bristle was set up. The
bristle was excited by an oscillating load to vibrate at different frequencies. The bristle
was made to rest on a surface that exerted friction force. One bristle end was fixed while
an oscillating force was applied to the other, the free end. The response of the bristle to
a particular frequency was obtained by setting the applied oscillating load to vibrate at
that frequency.

The results, in Figure 4.6, show that the bristle responds readily to low-frequency
dynamics while friction damps higher frequency dynamics. Even the peak in the high-
frequency region is less than one-eighth of the corresponding low-frequency peak. This
result supports the argument that friction in a brush dissipates high-frequency oscilla-
tions.
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Figure 4.6: The frequency response of a flexible rod damped by friction to an oscillating force acting on its tip.

4.2. BRUSH STATIC TEST
The static test is the first step in verifying the DEM model of a brush. By comparing
the behaviour predicted by the model and the behaviour of a brush observed in an ex-
periment, we can conclude the extent to which the DEM model captures the brush’s
behaviour.

Doing a static test eliminates a significant influencer of brush behaviour: motion.
Although our final aim is to develop a brush model suitable for use in managing moving
space debris, the static test allows us to focus on other brush properties, which influ-
ences the fidelity of the brush model. Specifically, properties such as stiffness, dissipa-
tion, conformity and granularity of the brush are highlighted in this test.

To study these properties of the brush, first, the working of the test must be under-
stood. The first part of this section explains the test setup and the rationale behind its
design. The second part discusses the DEM model and its predictions. The third part
presents the experiment setup and behaviour observed in the experiments. The final
part compares the simulation results, and the experiment concludes this test.

4.2.1. DESIGN
This test aims to study how damping, stiffness and conformity manifest in the brush’s
behaviour. Stiffness manifests as a reaction force upon deformation, friction arises as
a reaction force parallel to the contact surfaces, and finally, conformity is the ability to
react to an object’s shape and apply a distributed force over the surface penetrating the
brush. So the requirements for this test are as follows: the brush behaviour must be
observed at different states of deformation; a contact force must drive this deformation,
and a part of this force must be parallel to the contact; the contact surface must penetrate
the bounding surface of the brush, parting the bristles.

It was decided to use a wedge to penetrate the brush along the bristle length for the
static test. This is illustrated in Figure 4.7. The three requirements stated above are sat-
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isfied in the test. Since the deformation is directed along the vertical, there would be a
reaction force in this direction. The contact surface between the brush and the wedge
is angled away from the vertical. Consequently, a component of the tangential friction
force would be directed along the vertical. Moreover, the bristles deform in such a way to
accommodate the shape of the wedge. Additionally, using wedges with different angles
would allow us to observe how their shape affects the brush’s response.

The vertical force quantifies the reaction force generated by friction and stiffness.
The conformity of the brush can be studied by changing the wedge angle and observing
how the reaction force changes.

Figure 4.7: Static test design illustration. The bristles are aligned vertically, and a wedge deforms the brush by
penetrating the brush volume along the vertical direction. The wedge will be supported to not fall due to gravity.
This support is not shown in the diagram.

Additionally, more information into the physics of the test can be gleaned from the
free-body diagram shown in Figure 4.8. This system has three main contact forces: wedge-
bristle contact force, bristle-brush support contact force, and wedge-wedge support con-
tact force. Since this is a static test, the system will be at equilibrium. If the brush is
considered isolated, the force applied on the bristles must equal the force applied by the
brush support.

Similarly, if the wedge is isolated, all the force applied by the bristles must be equal to
the force applied by the wedge support. This situation presents two options to measure
the reaction force generated from penetration. Their values differ because the brush
and the wedge weigh different; their change is the same because the deformation of the
brush causes it. This can be seen in equations. So measuring the change in force at either
position would be no different.

Total force on bristle =−→
F n +−→

F t +−→
F b,y +−→

F b,x −mb g ĵ = 0 (4.1)

Force along the y axis/vertical axis

Fy = Fn sin(θ/2)+Ft cos(θ/2)+Fb,y −mb g = 0

∆Fy =∆Fn sin(θ/2)+∆Ft cos(θ/2)+∆Fb,y = 0

∆Fb,y =− (∆Fn sin(θ/2)+∆Ft cos(θ/2))

(4.2)
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(a) Bristle interacting with wedge
(b) Free body diagram of the bristle
and wedge

Figure 4.8: The two figures show how a bristle is being deformed. The first figure shows how the penetration of
the wedge into the brush deforms the bristle. The second figure shows all the forces acting on the bristle and the
wedge. Fn is the normal force, and Ft is the tangential force applied on the bristle by the wedge. Fb,x , Fb,y are
the x and y components, respectively, of the force applied by the brush support on the bristle. −Fn and −Ft are
the normal and tangential forces, respectively, applied on the wedge by the bristle. −Fw,x and −Fw,y are the x
and y components, respectively, of the force applied on the wedge by its support. X and Y represent the positive
directions of the X and Y axes.

A significant part of the test design was selecting a brush that could be simulated.
The main constraint posed by the simulations is in the number of bodies. In the case of
a brush, many bristles require considerable computational resources. So a brush with
bristle numbering in the 100s is more favourable than one numbering in 1000s or more.
Another constrain is the radius of the bristles relative to the length the wedge penetrates.
Even though this is a static experiment, some movement must be present to bring about
the deformation. If the radius is small, then the time step must be correspondingly small
so that bodies do not pass through one another without detecting collision in one step.
Finally, a brush with randomly arranged bristles is undesirable because recreating the
bristle in DEM would be very difficult. A brush that meets the constraints posed by the
simulation was found online, and it is shown in Figure 4.9

This brush was made of silicone rubber. The bristles had a length of 33 mm and were
arranged in a 17x5 grid. The manufacturer did not mention the type of silicone rubber,
so physical properties such as Young’s modulus, density, et cetera had to be found else-
where [34]. This source provides the following ranges of values for physical properties:
Young’s modulus = 0.001 - 0.05 GPa; density = 1100 - 2300 kg /m3; Poisson ratio = 0.47-
0.49. The range of value for Young’s modulus is too large for this experiment, so its value
was found experimentally. Its value was found to be 2.7±1.1GPa, and this experiment
is detailed in appendix B. The friction coefficient was another property that had to be
found experimentally. The procedure used to find this is explained in appendix C. These
uncertainties would be taken into account in the simulations.
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(a) Front view (b) Side view (c) Top view

Figure 4.9: The brush seen from different angles. Notice that the bristles are arranged in a 17x5 grid. Recreating
this arrangement in DEM would be easier than one with a random arrangement.

4.2.2. SIMULATIONS
With the test design complete, the next step is to make a theoretical prediction of the
phenomena we would observe in the experiment. The test would be simulated using
DEM in YADE. This section describes this process, including the YADE model, its result
and general features of this result.

SIMULATION SETUP

The simulation was set up as follows. Initially, the wedge was placed right above the
bristles’ tip, as shown in Figure 4.7. The nodes of the bristle at the root end were fixed by
constraining their degrees of freedom. Even though their motion was restricted, they still
experienced force. They do not move because YADE sets their acceleration to zero for all
iterations. The force experienced by these nodes will equal the sum of the bristle weight
and the reaction force. The wedge was modelled as a clump of pfacet, whereas the brush
was modelled using grid-nodes and grid-connections. This is illustrated in Figure 4.10.

(a) Front view (b) Side view

Figure 4.10: The bodies modelled in YADE. The colours indicate the different objects that make up the brush and
wedge. Grid-nodes are coloured red; the grid-connections are coloured green, and pfacets are coloured blue. Note
that the sizes of the objects have been exaggerated for the sake of clarity.
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In the simulations, the wedge moved into the brush in steps of 1mm and reached a
maximum depth of 33 mm before retracting. The first part of the simulation is called
loading, while the second is called unloading. The bristle’s length for the chosen brush
is 33 mm, and it would not be possible to go beyond that length. The speed of the wedge
motion followed a parabolic function of time, gradually increasing, reaching its peak,
and reducing to zero. Such a profile avoided large accelerations. This function had two
parameters: maximum acceleration (am) and penetration (s), the step size.

v(t ) =−k(t (t − td ))

where

k = am/td

td =
√

(6s/am)

v(t ) ⇒ Velocity as a function of time t

am ⇒ Maximum acceleration

td ⇒ Duration of one step

s ⇒ Penetration step size = 1mm

(4.3)

The simulation loop had three steps: move the wedge and stop, wait till equilibrium
and record the force. The simulation initialises by creating the brush and the wedge ob-
jects. The wedge occupied a space right above the brush without touching it. Next, the
simulation script moves the wedge down one step. Moving the wedge into the brush will
set the bristles into motion. The simulation waits for the bristles to reach equilibrium
to measure the static response of the brush. The script runs a predefined number of it-
erations and calculates the standard deviation of the total force measured at the fixed
end of the brush in that duration. This process is continued until the standard devia-
tion is within a threshold, signifying the brush has reached equilibrium. At equilibrium,
the total force at the bristle roots is recorded. The simulation repeats this moving, wait-
ing, and recording cycle until the wedge reaches the maximum penetration depth. At
this point, the wedge starts retracting from the brush by changing the direction of the
motion. The simulation stops once the wedge moves out of the brush volume. Figure
4.11 shows a flow chart representing the simulation script. These steps were repeated
for wedges with different angles.

SIMULATION PREDICTION AND DICUSSION

This section will briefly discuss these results, including some peculiar features. The main
observations of the force response were its non-linear nature, hysteresis and increasing
magnitude with larger wedge angles. This set of observations and the magnitude of the
force response constitutes the simulation prediction.

The reaction force is a non-linear function of penetration. Two factors contribute to
this nonlinearity. Firstly, the bristles bend to accommodate the wedge into the brush.
Bending in itself is a non-linear phenomenon. The brush inherits this nonlinearity, and
it manifests in this experiment. Secondly, more bristles deform when the wedge reaches
further into the brush. The wedge bends only one or two bristles for shallow depths.
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Figure 4.11: Static test simulation logic

However, as it penetrates deeper into the brush, these two bristles touch their neigh-
bours, bending them, and further penetration forces these neighbours to touch their
neighbours. This cascade of bristle bending leads to nonlinearity as a group of many
bristle bending has a higher stiffness than a few. Thus, these two factors work together
to make the reaction force a non-linear function of penetration.

An interesting feature observed in the graph is that the retraction curve does not
coincide with the penetration curve. This phenomenon results from the friction act-
ing between the bristles and the wedge. Friction points to a direction against the mo-
tion. When the wedge penetrates the brush, friction has a component pointing upwards
against the penetration. The reaction force due to stiffness of the bristles also has a com-
ponent pointing upwards, resulting in a large vertical force. When the wedge is retracted,
the friction has a component pointing downward against the retraction. The reaction
force due to stiffness, however, still points upwards. The resultant vertical force would
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(a) 30◦ wedge (b) 45◦ wedge

(c) 60◦ wedge (d) 75◦ wedge

Figure 4.12: DEM prediction of the response of the brush to four wedges with different angle. The arrows show
the direction of deformation. When the wedge penetrates, the depth increases, shown by the arrow pointing to
the right on the top curve. When it retracts, the depth decreases and this is shown by the arrow pointing to the
left on the bottom curve.

be lower. This mismatch manifests as two separate curves in Figure 4.12

Another observation is that the retraction curve jumps almost immediately to zero
when the wedge angle is 30◦ while it approaches zero at a slower rate for higher angles.
This, again, can be attributed to friction. At lower angles, friction contributes more to
the vertical force, dominating its behaviour. On the other hand, the vertical force has a
lower influence of friction at higher angles. Alternatively, we can use eq. 4.2 to explain
this behaviour. In the equation friction or Ft has a coefficient cos(θ/2). So this term loses
significance at high values of θ.

Finally, higher wedge angles equated to higher bristle bending, resulting in higher
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reaction force. This phenomenon is shown in Figure 4.12. Notice that as the wedge
angles increase, the maximum reaction force increases. This phenomenon is explained
by the bristle bending more when deformed by a wedge with a higher angle. An increase
in bending increases the reaction force generated by the brush.

ERRORS IN PARAMETERS

The simulations depended on certain parameters whose values were uncertain. These
could influence the predictions and had to be handled. There were four main parameters
whose values were uncertain: the radius of the bristles, Young’s modulus of the bristle,
coefficients of friction in the bristle-wedge and bristle-bristle interaction.

A sensitivity study was conducted on how variations in these parameters could po-
tentially influence the simulation. This study was done for all four wedges. Figure 4.13
shows the result for the 30◦ wedge and appendix D contains the remaining graphs. The
sensitivity to each parameter was tested across each value’s error range. Note that the
bristles have a conical shape, so they do not have a fixed radius. The sensitivity study
uses error in radius instead of absolute radius.

(a) Sensitivity to bristle-bristle angle of friction (b) Sensitivity to bristle-wedge angle of friction

(c) Sensitivity to error in bristle diameter (d) Sensitivity to bristle Young’s modulus

Figure 4.13: The sensitivity of the static test to different parameters. These are the results from the sensitivity
study with a 30◦ wedge.

The sensitivity study shows that the static test is most sensitive to error in bristle
radius, and it is least sensitive to bristle-bristle friction coefficient. The first can be ex-
plained by the fact that the reaction force generated by the brush is a function of its
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stiffness, also known as flexure rigidity. Consider the bristle to be a slender rod with a
circular cross-section. Then the stiffness is a product of Young’s modulus, E , and the
area moment of inertia (I ) of its cross-section. The following equation gives this prop-
erty.

Ix,circle =
π

2
r 4 (4.4)

The Young’s modulus had a close error of 40.74%, whereas the radius had an average
error of 13.3%. However, Young’s modulus is linearly proportional to stiffness, while the
stiffness is related to the fourth power of the radius. This difference explains why the
static test was more sensitive to the radius. The bristle-wedge friction angle has a lesser
effect because of a lower error, around 9%. Finally, we see two reasons why the bristle-
bristle friction angle had virtually zero influence on the static test. Firstly, there was no
tangential deformation between the bristle; in simpler terms, the bristles were pushing
each other and not sliding against each other. Friction, as a result, is not experienced be-
tween the bristles. So the angle of friction has no influence. Secondly, the static friction
between the bristles could be below the maximum allowable friction, also known as lim-
iting static friction. The static friction angle gives this maximum value of static friction.
If the friction developed between two surfaces is below the maximum value, changes
in the static friction angle will not affect the friction value. Additional experiments are
required to test which one of these hypotheses is correct. This, however, is beyond the
scope of this project.

The sensitivity analysis shows how each parameter influences the force response. In
the experiment, it is possibly more than one would have a value different from the mean.
To capture this possibility, we performed a Monte Carlo simulation. Values of the param-
eters would be chosen at random within their uncertainty range, and a system with these
values would be simulated using DEM. This was repeated 100 times, using a script, for
each wedge angle. The mean value and the standard of force at each penetration step
were calculated from the results. The results from this simulation would later be com-
pared with experimental results in section 4.2.4.

4.2.3. EXPERIMENT
Armed with the theoretical prediction, the next step to construct and perform the exper-
iment can be carried out. This section first discusses the apparatus used in the experi-
ment, followed by the experiment procedure and finally, the results from the experiment.

APPARATUS

Apart from the test design, the experiment design was mainly influenced by the avail-
ability of the experiment apparatus. The first was the brush. As mentioned before, it
had to have the right features so that it could be simulated. See section 4.2.1 for more
information. Figure 4.9 shows a few pictures of this brush.

The next important apparatus in the experiment was the force sensor used to mea-
sure the vertical force. A weighing scale was found online, and it had a maximum mea-
suring capability of 500g and an error of 0.13g. (See appendix A for more information).
Placing the brush on the weighing balance ensures that no forces other than gravity, the
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Figure 4.14: Drawing showing the static test experiment setup assembled

brush-wedge contact force, and the brush-weighing balance act on the brush. The force
measured by the scale certainly comes from the brush-wedge interaction and gravity.

The wedge was manufactured using FDM 3D printing. It is a quick and cost-effective
method to make parts with complicated geometry. Four wedges were made in total, each
with different angles. These angles were 30◦, 45◦, 60◦ and 75◦.

The wedge needs to be supported and provided with a provision to move vertically.
A vertical motion guide achieves this role. A ruler placed parallel to the motion allows
us to track the vertical position of the wedge. The assembly is shown in Figure 4.14 and
Figure 4.15 shows its labelled and exploded view. The clamp connects the wedge to the
assembly. The linear slider supports the clamp and restricts its motion to the vertical
direction. The position is controlled by a threaded rod that connects the slider to the
frame. Twisting the threaded rod moves the slider and allows very fine-tuned control of
its vertical position.

PROCEDURE

The experiment procedure is relatively straightforward and similar to the simulation.
The experiment setup is shown in Figure 4.16. The brush was rested on the weighing
scale under the wedge. The wedge was lowered by twisting the threaded rod until it
barely touched the brush. This marked the reference position of the wedge, and all posi-
tions are measured relative to this. The value shown on the scale indicated the zero load
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Figure 4.15: Exploded view static test experiment setup assembled

force, which is the weight of the brush. Similar to the position, this reading is a reference,
and all later readings are relative to this value.

Figure 4.16: Brush static test: Hardware experiment setup

Once the reference values are noted, the wedge is moved 1mm into the brush, de-
forming it. The weighing scale displayed fluctuating values, so it was given time to settle.
The force displayed on the scale was noted. The steps, move, wait, and measure, were
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repeated until the wedge reached a penetration of 33mm. This depth is the length of the
bristles, and it would not be possible to penetrate beyond this value. Beyond this, the
reaction force had a value higher than what could be measured by the weighing scale.
Now the wedge was withdrawn from the brush by raising it in steps of 1mm. This, again,
was followed by a waiting period, and the force value was measured. These steps were
repeated until the wedge was withdrawn entirely from the brush. This experiment was
carried out for different values of wedge angles.

RESULT

A glance shows that the experiment results have features similar to the theoretical pre-
diction. The response is non-linear, and loading and unloading curves are separate. The
results are visualised as a force response curve, and it is shown in Figure 4.17

(a) 30◦ wedge (b) 45◦ wedge

(c) 60◦ wedge (d) 75◦ wedge

Figure 4.17: Reaction force vs penetration depth observed in the static test experiment for different wedges. The
arrows indicate the direction in which the wedge is moved. When the arrow points to the right, it indicates the
wedge penetrating the brush, and the one pointing to the left-hand side indicates the wedge being retracted from
the brush.
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4.2.4. COMPARING EXPERIMENT AND SIMULATIONS RESULTS

The uncertainty in the physical parameters implies that we cannot directly compare the
simulations with the experiment. Moreover, the sensitivity study only considered vary-
ing one parameter. The Monte Carlo simulations, described in section 4.2.2, was a way
to handle this. The result from this simulation will be compared with the experiment
results in this section.

(a) 30◦ wedge (b) 45◦ wedge

(c) 60◦ wedge (d) 75◦ wedge

Figure 4.18: Results from the Monte Carlo simulations for four wedge angles. Four parameters were randomly
varied for each simulation, and the results show the mean and standard deviation from all the simulations. The
experiment results are shown in solid lines. The mean value from the Monte Carlo simulations are shown as
circles, and the error bars represent the standard deviation.
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Figure 4.18 shows that for a wedge angle of 30◦ experiment results have a consid-
erable deviation from the simulation, whereas, for 60◦ and 75◦ wedges, the experiment
results falls within one standard deviation of the Monte Carlo simulation result. Studying
the differences between these cases could reveal why we observe this deviation.

The difference in the wedge angle affects two phenomena: the amount of deforma-
tion and the magnitude of the friction component. At lower wedge angles, The brush
experiences lower deformation, and the vertical force is more substantially influenced
by friction and vice versa. To test whether the model fails at lower deformation, we ob-
served brush’s response at small penetration values for 60◦ and 75◦ wedges. We find that
even at the initial stages of penetration, the experiment results fall within one standard
deviation of the Monte Carlo simulations (See Figure 4.19). Thus we can rule out the
model failing at small deformation. So, friction must have a different influence than ex-
pected.

(a) 60◦ wedge (b) 75◦ wedge

Figure 4.19: The static test experiment and Monte Carlo simulations at small deformations. Note that even at
this range of small deformation, the experiment follows the DEM model’s prediction.

This unexpected effect of friction may be explained as follows. The wedge was man-
ufactured using a 3D printing technique called Fused Deposition Modeling (FDM). This
method has the benefit of making complicated parts cost-effective. However, it produces
a very directional and rough surface finish. Consequently, the friction behaviour would
be directional and could not be captured in the DEM model. Modelling this directional
friction and measuring the friction coefficient is beyond this project’s scope.

4.2.5. DISCUSSION
The static experiment showed that the DEM model could capture the response of a brush
to deformation. There are some disparities between the results produced by the simula-
tions and the experiment. It is speculated that this is caused by the quirk of the method
used to manufacture the wedge. So it can be concluded that within the error expected
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Figure 4.20: The surface of a part manufactured using 3D printing. Notice the lines visible on the surface. These
are artefacts of the FDM manufacturing process and greatly influences the behaviour of friction.

from the experiments, the DEM model can recreate the brush’s behaviour.
Moreover, this test also highlights the unique properties of a brush. Firstly this test

shows the brush’s ability conform to the shape of deforming object and react accordingly.
This is made clear in Figure 4.21. The wedge makes contact at one point on the soft body,
whereas the wedge contacts the brush along a larger region. Changing the wedge angle
will not change the contact point on the soft body, while the angle will change how the
brush conforms to the wedge. This change results in a different response, implying that
the brush adapts to the body deforming it. This test also shows granularity. The wedge
separated the bristles into two groups; they returned to their original single group after
the wedge was removed. The wedge could not permanently separate the bristles into two
groups. The wedge would cut other non-granular soft material into two pieces. In the
model, having the wedge penetrate the brush multiple times yielded the same results.
This test highlights the unique properties of the brush, and it also shows that the DEM
model right captures these properties.

The previous brush models would not perform as good as the DEM model for this
test. Most of the models coming under the Top-down approach (see 1.3.1) would nei-
ther show conformity nor granularity. The single element models have no provisions to
simulate how the bristles could part into two to accommodate the wedge and conform
to its shape. The continuous field model can simulate these two properties, but it was
designed only to simulate the appearance of hair, so it is not physically accurate. The
models coming under the Bottom-up approach has a better chance at simulating these
properties. However, they were highly specialised to simulate contact with a flat or cir-
cular object. Additionally, these models considered only bristle-object interaction and
omitted bristle-bristle interaction, which is one component of the nonlinearity.

4.3. BRUSH DYNAMIC TEST
The static test studied how a brush responds to a static deformation and the extent to
which the DEM model was able to capture this phenomenon. In space, however, noth-
ing is ever stationary. For detumbling and capturing space debris, we must predict how
a brush and a moving object interact with each other. A brush interacting with a moving
body forms a dynamic system. The test detailed in this section aims to study one such
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(a) Wedge deforming a brush (b) Wedge deforming a body made of soft material

Figure 4.21: Comparison between the response of a brush and soft body to a wedge penetrating them. Notice that
the soft body contacts the wedge at a single point. Whereas the brush contacts wedge along a region, conforming
to its shape.

dynamic system and verify the predictions made by the DEM model using an experi-
ment.

Although the brush is intended to be used in space, it is impossible to experiment in
an environment similar to space with limited available resources. So, we must keep the
differences between the experiment and space environments in mind while performing
the experiment and simulating. The significant differences include air resistance and
the lack of weightlessness. The influence of gravity may be eliminated by restricting the
degree of freedom influenced by gravity, i.e. vertical motion. In contrast, air resistance is
more difficult to eliminate, so its effect must be considered.

The first part of this section explains the design of this test. It explores the different
options, the basic assumptions and the quantities that would be observed. The second
part presents preliminary simulations. These simulations would be used to make a qual-
itative prediction of the experiment results. Following this, in the third part, we discuss
the details of the experiment. This part includes the design of the apparatuses, the exper-
iment procedure and the result post-processing. The fourth part presents the secondary
simulations in which we use parts of the experiment data to initialise the simulation.
The following section compares these results from the experiment and the simulations
quantitatively. It highlights the similarities and the differences and provides reasons for
the differences.

4.3.1. DESIGN

The brush alone by itself is a complicated dynamic system. It consists of multiple bris-
tles deforming and colliding with each other. Tracking its motion is very difficult without
reducing its complexity. We may use imaging techniques to track the motion of the bris-
tles, but this process cannot track the bristle deep within the brush. We may reduce the
number of bristles and limit it to a single row, but there may not be enough "brush" to
conform to a body that defeats the brush’s purpose.
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It may not be possible to observe the dynamics of a brush directly, but it is possible
to study its dynamics indirectly. By observing the dynamics of a body moving under the
influence of the brush, we can analyse the dynamics of the brush. This process is similar
to studying a black hole. We cannot directly observe a black hole, but we can infer its
properties by observing the orbital motion of heavenly bodies moving around it.

Studying the interaction between a brush and an unconstrained body can be diffi-
cult. Gravity dominates the dynamics on the Earth’s surface, so its influence must be
reduced to be close to a space environment. It is possible to limit the influence of gravity
by constraining the vertical motion. This constraint leaves the body with five remain-
ing degrees of motion: three axes of rotation and two axes of translation. It is also not
helpful to leave the remaining translation axes unconstrained. Two reasons support this
idea. Firstly, when a body interacts with a brush, reaction forces produced by the brush
will push the object away from it. Although this is how this system will behave in space,
it does not allow us to continue observing the brush’s influence on the body. Initially,
the brush would be stationary, and the interaction with the body sets the bristles into
motion. If the body moves away from the brush, it will not be possible to study the in-
fluence of the bristle in motion. So the body must remain fixed at a position to study the
influence of the moving bristles.

Secondly, it is difficult to construct an experimental setup that constrains the vertical
motion while freeing the other axes. One possible option would be to use an air table that
supports a body above an air cushion. This lets the body move freely in the horizontal
plane. However, the body would, now, be influenced by the dynamics of this air cushion
and the brush. These dynamics introduces additional sources of errors. So, fixing all
the translational motion of the body is more straightforward and allows us to observe
the influence of moving bristles. Finally, the system is further simplified by fixing two
of the three remaining rotational degrees of freedom. Again, this is due to the technical
difficulty of designing and building a machine capable of supporting a body able to spin
along three axes.

The system consists of a fixed brush and a body capable of spinning along one axis.
The body is chosen to have a cuboid shape as this is one the most common form-factors
of satellites in space. It is also a simple shape, lending itself to easy manufacture. The
body would be given an initial angular velocity, after which it would contact the brush.
The interaction with the brush would cause the target to slow down, which indicates the
dynamics of the brush. So, the main quantities observed in this test are the body’s angu-
lar velocity and time. A simple illustration of this test is shown in Figure 4.22. Changing
the brush’s position relative to the body allows for more variation in the experiment. This
gives additional data to verify the brush model.

4.3.2. PRELIMINARY SIMULATIONS
The simulations are split into two due to some drawbacks of the experiment. It was not
possible to devise a method to consistently set the initial velocity of the body in the ex-
periment, and the body had to be moved manually. This limitation makes it impossible
to know the body’s initial velocity before doing the experiments. Due to this limitation,
we cannot make a complete theoretical prediction before the experiment. So, the simu-



4.3. BRUSH DYNAMIC TEST

4

51

Figure 4.22: A Diagram showing how the brush and the rotating body are arranged. The dashed line and the
arrow shows the rotation of the body.

lations were split into two. The preliminary simulations set a fixed velocity and make a
qualitative prediction. The secondary simulations use experimental data to set the ini-
tial velocity, and its result is compared with the simulations qualitatively. This section
presents a discussion on the simulation setup and the results of the preliminary simula-
tions.

Due to constraints in the experiment design, it was not possible to recreate the exper-
iment exactly in a DEM simulation. Nevertheless, that does not mean it is not possible
to perform simulations to predict the general characteristics of the experiment results.
This section presents a brief discussion of these simulations.

SIMULATION SETUP

The brush model remains the same since the same brush is used in both experiments.
The body, however, uses a different geometry, and its rigidity plays a more significant
role. A flexible body would vibrate violently and alter the dynamics of the system. As
before, it is constructed using pfacets. A body composed of pfacets is highly flexible so
the system would suffer from vibrations. These vibrations are eliminated by adding this
set of pfacets into a clump (see section 3.1.1), essentially turning the whole set into a
single object. Figure 4.23 shows the objects making up the system.

There were six configurations considered for the brush in the simulation. Each con-
figuration is defined by the position and orientation of the brush relative to the moving
body. There were two positions along the horizontal line and two positions along the
vertical, which amounts to four positions when combined. To understand the positions
set along the horizontal, consider Figure 4.24. The first position along the horizontal is
shown in Figure 4.24a. The second position is halfway between the positions shown in
Figure 4.24. Along the vertical, the brush was placed at the same level as the rotation
axis and placed at the top face level. The brush was oriented horizontally in all of these
positions; specifically, the rows with 17 bristles were oriented horizontally. Additionally,
the experiment was performed orienting the brush vertically and changing its position
along the horizontal. All of the configurations described here are shown in Figure 4.25
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Figure 4.23: The various objects used to model the system

(a) Brush touching one face (b) Brush touching one edge

Figure 4.24: The two extreme position of the brush touching the body.

The simulation started by giving the body an initial velocity. The angular velocity
was tracked throughout the simulation. The main output of these simulations would
be qualitative features seen in the result and not the actual value of the velocity. With
the limited resources, it would not be easy to accurately and consistently set an initial
velocity for the body in the experiments. Later in section 4.3.4, we describe a method to
initialise the simulations using the initial velocity observed in the experiment.

RESULTS AND DISCUSSION

As seen in Figure 4.26, the most obvious observation is that body comes to a halt and
stays there. The brush managed to soak up the angular momentum from the body. There
was minimal angular momentum transferred back into the brush. This suggests that the
kinetic energy is dissipated in the brush.

The sharp decrease in angular velocity marks the period when the body makes con-
tact with the brush. Since no other moments are acting on the body, its deceleration
must be brought forth by the brush. Comparing the graph with the YADE Graphical User
Interface (GUI) cements this as it shows the body contacting the brush during this pe-
riod.

Upon closed inspection of the graph, it is evident that the change in angular velocity
is different for all collisions. Not only is the change in velocity during the collision is
different for different collisions, but the profile of this change is also different. Perhaps,
it is a function of velocity.

A simulation was set up with the same brush configuration but with a different angu-
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(a) Configuration 1 (b) Configuration 2

(c) Configuration 3 (d) Configuration 4

(e) Configuration 5 (f) Configuration 6

Figure 4.25: The different positions and orientations of the brush relative to the rotating body. The axis of rotation
of the body is perpendicular to the page

Figure 4.26: The angular velocity of the body reducing with time from one of the preliminary simulaitons.

lar velocity to test whether the change in angular velocity is a function of angular velocity.
This value equalled the angular velocity after the first collision with the brush. The re-
sult from the simulation is shown in Figure 4.27, and it falsifies this hypothesis. Visual
inspection of the brush and the body through the YADE GUI reveals that the bristles un-
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dergo a complex motion. The state of the bristles is different each time the body collides
with the brush and with a different initial velocity. This idea is evidenced by Figure 4.28.
So the deceleration of the body depends on the whole of the system.

Inspection of the YADE GUI during the simulation showed the momentum transfer
property of the brush. The phenomenon discussed in section 2.1.5 was clearly visible.
The body contacted one part of the bristle, and this momentum was transported to the
other ends of the brush.

Figure 4.27: The angular velocity of the body reducing with time from one of the preliminary simulaitons.

(a) Before the first collision (b) Before the second collision (c) Before the third collision

Figure 4.28: The position of the different bristles in the brush before three successive collision. Notice that the
bristles have a different arrangement/state before each collision. Picture taken from the YADE GUI

With regards to the position of the brush, we observed the following. The brush
stopped faster when the brush was closer to the body when compared to a position
farther away from the body. The body has a higher overlap with the brush when it is
closer, suggesting it spends more time interacting with it. An increased interaction pe-
riod would lead to more momentum transfer and the faster it comes to rest. On the other
hand, there was no clear distinction between which one of the two orientations brought
the body to rest faster. So we cannot make a concrete prediction on the differences in
the response due to different orientations.
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To summarise, the primary outcome of the preliminary simulations are a set of pre-
dictions. These predictions are given below. The body comes to a halt after multiple
interactions with the brush. A sharp change in velocity marks each interaction. This
change in angular velocity need not be the same for all interactions with the brush. The
brush position with the higher overlap with the target brings it to rest faster.

4.3.3. EXPERIMENT

The test design describes what is to be done in the experiment; this section describes
implementing the ideas discussed in the previous section into an experiment.

This experiment uses the same brush as before. One of the significant challenges
was recording the angular velocity of the body. Two options were considered: a rotary
encoder and a high-speed camera. The rotary encoder would be attached to the axle
supporting the body’s rotation, and it directly measures the angular velocity of the tar-
get. In contrast, the high-speed camera records video footage of the rotating body. Mark-
ers placed on the body allow us to use an image processing program to track the body’s
orientation, which, in turn, allows us to calculate the body’s angular velocity. It was de-
cided to use the camera because the rotary encoder would have introduced friction to
the body—this friction, in addition to air resistance and friction from the axle supports,
could dominate the dynamics instead of the brush. Moreover, the body’s angular posi-
tion is significant in this test as it determines the deformation of the brush. An encoder
measures the angular velocity, and an error in its measurement would cause the calcu-
lated angular position to drift.

The experiment would also require hardware to support the body’s motion and a
mechanism to fix the brush at different positions relative to the body. The next part of
this section presents the details of this hardware, which includes its design and man-
ufacture. It also provides details for the setup used to record the video footage of the
experiment.

APPARATUS

There are four main apparatuses in the experiment: the brush, the body, the high-speed
camera and the supporting assembly. A drawing of this assembly is shown in Figure 4.29.
Three bodies were made with different dimensions, but all had cuboidal shapes. The
different dimensions allow studying how the brush responds to different sized objects.
The body was made of a rigid foam material called NECURON. It is lightweight and hard
enough to not deform under the loads exerted by the brush. It was made into cubes of
the size 20mm, 40mm, and 60mm. It was manufactured at the CAMLAB in the Faculty of
Architecture.

The supporting rig supports both brush and the body. It allows the brush to be fixed
at different positions and supports the body while it rotates. The supporting rig can be
further split into two sub-assemblies: the brush support assembly and the body support
assembly.

The body support assembly consists of the following parts: an axle running through
the body, ball bearings supporting the axle and bearing housings supporting the bear-
ings. The axle was an 8mm threaded stainless steel rod. This part was chosen because it
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Figure 4.29: A drawing of the brush, the body and the supporting rig assembled.

is stiff enough not to bend under the body’s weight. Moreover, the bearing used to sup-
port it, model name 608, is ubiquitous and is frequently used in applications that require
minimal friction.

The brush support assembly comprises the linear slider assembly, the right-angled
frame, and the brush vice. The brush is fixed to the assembly through the brush vice. The
right-angled frame supports the brush vice. The brush vice can be moved into different
vertical positions on the right-angled frame. Additionally, the brush can be fixed in two
orientations, vertical or horizontal, on the right-angled frame. The right-angled frame is
connected to the linear slide, and it allows the right-angled-frame-brush-vice assembly
to move along a horizontal line. The horizontal and vertical motion allows the user to
fix the brush at any point along a plane perpendicular to the rotation axis. Additional
information and diagrams of this setup are presented Appendix ??

The main requirement for the high-speed camera was its frame rate. This value must
be high enough to keep up with the dynamics of the brush. When isolated, the brush’s
dynamics is mainly seen as oscillations of the bristles. A simulation in YADE estimated
this oscillation to have a frequency close to 5Hz. For a detailed analysis, it was chosen to
sample data at a rate of 100 entries for each oscillation, and this gives a frame rate of 500
frames per second (FPS).

A high-speed camera with this minimum frame rate was available at the high-speed
laboratory of the aerospace engineering faculty. Prof Ferdinand Schrijer is in charge of
this camera and kindly allowed us to use this camera for our experiment. The camera
was a Photron FASTCAM SA1.1, and it was had capable of shooting video at 5400FPS at
a resolution of 1024px x 1024px.

Along with the high-speed camera, the markers on the body forms the hardware el-
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Figure 4.30: An exploded view of the brush, the body and the supporting rig. The subassemblies of the supporting
rig are shown in the figure.

ements of the angular velocity measurement system. The markers should supply suffi-
cient contrast for the image processing algorithm to track them. Angular position can be
tracked in two dimensions with two points. So there must be at least a minimum of two
markers. Thirteen black circular markers were placed on a white background to min-
imise error and maximise the probability of detecting the orientation. The markers are
shown in Figure 4.31.

Figure 4.31: The markers used for tracking the orientation of the body. This would be printed on paper and the
square outline is used to align the cutout onto the body
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As mentioned above, the main reason to use so many markers is to minimise the risk
of not tracking the body’s motion. The markers cannot be tracked when there is insuffi-
cient contrast between them and the background. This happens when the markers are
out of focus, their neighbourhood does not have sufficient light, or they appear smeared
in the image due to motion blur. Since the tracked object is a rigid body, all parts must
rotate with the same angular velocity. So, it is not necessary to track the same pair of
points to calculate the body’s angular position. Having trackers placed uniformly on the
body ensures that a few would be in a region with good lighting and focus.

Moreover, having them at different radial positions ensures the markers move at dif-
ferent speeds. The markers place further away from the centre moves faster and can
reveal the slightest movement. However, they are susceptible to motion blur. Hence, it
is necessary to have markers placed closer to the centre.

PROCEDURE

With the apparatus ready, the next step is performing the experiment. This section
presents the details of the experiment, including the setup of the apparatus and the pro-
cedure for experimenting.

Figure 4.32: brush dynamic test: Experiment setup

The apparatuses were placed as shown in Figure 4.32. The camera points directly
at the body face pasted with the markers. Care was taken so that the whole body was
placed such that it took up the majority of the camera’s field of vision. Such a position
ensures better resolution of the markers. Consequently, the camera’s position had to be
moved for the different bodies as they had different dimensions. The camera has limited
internal memory, so it stops automatically when the memory is full.

Before performing the experiment with the brush, it was necessary to record the ef-
fect of the air resistance and bearing friction. This data would later be processed to
model the influence of these damping sources. The body was manually made to ro-
tate and allowed to slow down while being recorded by the camera. This process was
repeated with different initial velocities.

The experiments involving the brush has a similar procedure. First, the brush was
moved to the desired location. Second, the camera recording was started. Then, the
body was rotated manually and released to start moving freely right before its initial col-
lision with the brush. The body was allowed to slow down under the influence of the
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brush and friction. The experiment was repeated for the different sized bodies and dif-
ferent brush positions. The brush positions are described in section 4.3.2

POST PROCESSING

Manually analysing the video footage from the high-speed camera is time-consuming
and cumbersome. Image processing makes this process more efficient and repeatable.
The image processing library OpenCV [35] and the C++ language provided the frame-
work for processing the footage. The image processing results in the raw orientation
data. This data contains noise, and it is fed into a low pass filter to remove the high-
frequency noise.

(a) Step 0: Get the frame from the video (b) Step 1: Image thresholding

(c) Step 2: Edge detection (d) Step 3: Template matching

Figure 4.33: The steps taken to detect the trackers’ position in the video footage. First, the image is converted into
a binary image depending on a threshold value. Second, the edges in the binary image are detected. Finally, the
circles in the edges image are matched to a template, determining its location and these are marked using an
ROI. This ROI serves as the search region to find the new location of the marker in the next frame.

The three main steps in image processing are image thresholding, edge detection and
template matching. Image thresholding outputs a binary image, an image consisting of
only ones and zeroes for its pixels, based on a threshold value. If the pixel value is greater
than the threshold, it is assigned zero, and otherwise, it is assigned one. This is illustrated
in Figure 4.33b. Since the markers are black disks on a white background, this process
greatly enhances the contrast between the markers and the background. It makes the
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next process, edge detection, easier by making the image very sharp, eliminating image
artefacts and unwanted structures.

Edge detection, as the name suggests, is used to detect edges. It detects the out-
lines of objects by detecting sudden discontinuities in the image. So it is necessary to
have a sharp image because image blurring can smoothen out the discontinuity of the
colours, thus rendering this process ineffective. Image thresholding is a way to increase
the sharpness of an image. Edge detection returns a binary image where the edges are
marked with a pixel value of 1, and everything else is 0. The result of this process is
shown in figure 4.33c. These two processes are carried out on both the template and
source images.

Template matching is a technique used to find occurrences of a given image of an
object, or its template, in the source image. Simply put, it works by sliding the template
image across the source image and assigning a score at each location based on matching
between the template and that location. The locations with the highest scores are said to
be matched. The previous two steps improve the chances of matching the template with
the markers and reduce the chance of matching it with any other objects. In Figure 4.33d,
the location of the detected markers is shown by the white squares with the markers at
their centres. These squares are essential for the next step.

The squares defined in the previous step form region around each marker called the
region of interest (ROI). In the following video frame, these regions are used to detect the
position of the markers. This detection is based on the assumption that the markers do
not move substantially between consecutive frames. Each marker does not leave its ROI,
and only one marker would be found in each ROI. So as the marker moves with the body,
its ROI moves with it. Moreover, the assumption can be strengthened by adjusting the
squares’ size so that it remains valid. This approach to tracking the markers has a couple
of benefits. It eliminates the need to search the whole image to find each marker. It also
serves to identify each marker as it is associated with its ROI.

This sequence of processes culminates with the extraction of the position of the
markers in the video footage. The results from each step is shown in Figure 4.33

The marker at the centre moves only slightly, so the chances of not detecting it are
minimal. It is chosen to act as the origin of a coordinate system used to calculate the
body’s orientation. The body’s initial orientation is defined by letting the user select a
reference marker. Its angular position with respect to the origin defines the body’s ori-
entation, and all other markers use it as the reference to initialise their position. Once
initialised, the position of any marker can be used to calculate the orientation of the
body. Since there are twelve markers, the chances of not detecting all of them are mini-
mal. When multiple markers are detected, then the orientation of the body is the average
of the orientations calculated from each marker. Figure 4.34 provides the algorithm used
to extract data from the video footage.

The raw data obtained from the image processing contains noise. This noise is not
noticeable in the orientation data but becomes evident in the angular velocity data. This
is high-frequency noise, so feeding the orientation data into a low pass filter removes
this noise. Figure 4.35 shows the raw angular velocity data and the filtered data.
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Figure 4.34: Image processing algorithm. Note that the loops are indicated on the margins of the loop boxes.

Figure 4.35: Comparing the raw angular velocity data and its result after removing its high-frequency compo-
nent. Also, note the sudden change in angular velocity and how it is not the same at different parts of the curve.

RESULTS

The angular velocity vs time graph reveals much information regarding the system’s dy-
namics. The sudden decrease in velocity marks the part when the brush contacts the
body. Moreover, the change in velocity during each contact is different, which is visi-
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ble in 4.35. This is a significant observation; it results from the dynamic variation of the
brush’s state.

Consider this system in the static sense, i.e. the body is moving at a snail’s pace. The
brush’s deformation dictates the force it exerts on the body, and in this case, the defor-
mation is a function of the body’s angular position. Now, when the brush starts moving,
its force depends on its deformation and the change in the brush’s momentum. This dif-
ference is similar to the fact that the force exerted by a stationary pillow’s deformation is
much less than the contact force exerted by the impact of a moving pillow.

Figure 4.36: The anomalous behaviour of the body when it increases in velocity

The rotation axis is slightly offset from the body’s centre of mass due to manufac-
turing errors. This error explains why the velocity increases at some points for some of
the bodies. The body’s angular velocity should not increase if all forces in the system
work towards dampening the motion. The following argument explains why the angular
velocity increases.

When the rotation axis is offset from the body’s centre of mass, the body behaves
like a pendulum. The pendulum gains velocity when it moves from its highest position.
This effect, however, is apparent only when the velocity is small. The following equations
illustrate this phenomenon. The equation shows that when vav g is very large, the change
is velocity (v1 − v2), due to this phenomenon, is small. It also shows that the change in
velocity is proportional to the axis offset.

Apart from the main observation discussed above, the experiment showcased mo-
mentum transport within a brush in action. Figure 2.3 shows this phenomenon. The
body collides with one part of the brush. It absorbs the momentum and sets the con-
tacting bristles in motion. Later this motion is transferred to other parts of the brush,
setting those bristles in motion.
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Total Energy = Kinematic energy +Potential energy
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4.3.4. SECONDARY SIMULATION
In these simulations, the initial velocity captured from the experiments will be used to
initialise the body. The core simulation setup is the same as the preliminary simulations
with minor modifications. These, along with the results, will be discussed in this section.

SETUP

The logic for the DEM simulation is relatively straightforward. The experiment started
with manually moving the body, and the also simulation started so. The body is forced
to move using the angular position and velocity data, just as in the experiment. A user-
defined engine forced the body to move so (see 3.1.2). Once it acquires the same initial
angular velocity, the body is released from the influence of the engine. It then contacts
the brush and is free is slow down to it under its influence. Figure 4.37 shows the two
stages of the motion of the body. Friction and air resistance also play a role in the system’s
dynamics.

There are two components to friction in this system: air drag and bearing friction.
However, the friction model implemented in the simulation model combines both. The
underlying assumption in this model is that the force is a function of velocity alone.
Since most dissipative effects are modelled using a first-order differential equation, we
aim to do the same. It is a differential equation relating angular acceleration with velocity
in this case. This model is shown in the following equation.

α= dω

d t
=−k1ω−k2si g n(ω) (4.6)

The first term, −k1ω, captures the dissipative effect of air resistance and the second
term, −k2si g n(ω), models the kinetic friction in the bearing. In this model, friction acts
against the motion, so the coefficients k1 and k2 are positive real numbers.

Recall, before performing the experiment between the brush and the rotating body,
we performed an experiment in which the body was allowed to come to rest under the in-
fluence of friction. The data from this experiment would be used to construct the model.
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Figure 4.37: The velocity of the body as a function of time. Notice the two parts of the motion. The first part,
labelled forced, shows the motion forced to follow the part of the experiment where the body is set into motion
manually. The second part, labelled free motion, shows the velocity of the body changing under the influence of
the brush and friction

The model is constructed by calculating the values of velocity and acceleration at each
time instant and fitting the coefficients k1 and k2 from eq 4.6 to this data. As before, the
raw data is highly noisy, so a low pass filter removes most of the high-frequency noise
in the raw data. Figure 4.38a shows this function fitting. This model is then verified by
comparing it to the experimental observation. The evolution of its velocity is calculated
using the body’s initial state and the damping model. This is shown in Figure 4.38b. Ad-
ditional results can be seen in appendix F

ERROR HANDLING

As with the static simulations, the uncertainty in the physical properties must be incor-
porated into the simulations. This uncertainty has a profound influence on the simu-
lation outcomes. Although a complicated task, small strides were taken to tackle this
uncertainty. Like the static simulations, a sensitivity analysis shows how each property
affects the simulation outcome and how the simulations agree with the experimental
observations.

This section will present the simulation of one of the experiments and its sensitivity.
The results for all other experiments can be found in appendix F. The static test showed
that the reaction force was insensitive to changes in the friction angle compared to other
properties. In addition to the two remaining properties studied in the static text, the
dynamic test introduced additional property, bristle material density.

The results for sensitivity analysis are shown in Figure 4.39. This study used the
60mm body, and the brush was oriented vertically and touching the body’s face. The
results show that the dynamics are susceptible to changes in the diameter of the bristles.
Its reason is similar to the results from section 4.2.2. The bristle stiffness depends on the
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(a) Angular acceleration vs velocity (b) Velocity vs time

Figure 4.38: The friction model. The first figure shows the acceleration as a function of velocity. The experimental
data is used to construct a model. The second figure shows how the experiment observation compares with the re-
sults predicted by the model. These figures show the response of the body with dimensions 40mmx40mmx40mm.

fourth power of diameter while it linearly depends on Young’s modulus.
The following observations are made from the first collision with the brush. The re-

sult suggests that the brush stiffness can vary more effectively by varying the bristle di-
ameter instead of changing the material. The sensitivity analysis also suggests that a
heavier brush tends to be less effective at reducing the body’s angular velocity in this
neighbourhood of values. Meanwhile, a stiffer brush, one with higher Young’s modulus
or diameter, is more effective in reducing the body’s angular velocity.

On the other hand, consider a very stiff brush, perhaps one that is infinitely stiff. This
brush might as well be considered as a rigid body. If the body collided with this brush, it
would rebound, and its angular velocity would be reversed.

So, in short, the angular velocity, after the collision, decreases for increasing stiffness
in one neighbourhood of values, while it changes to its negative value in another neigh-
bourhood. Assuming the relationship between change in angular velocity with stiffness
is continuous, there must be an optimum stiffness where the angular velocity becomes
very small, even zero, after the first collision.

Just with just three parameters, there is a potential for optimising the effectiveness of
a brush at reducing the angular velocity or detumbling a rotating body. However, other
properties such as the inertia of the tumbling body could potentially affect these dynam-
ics too. So, rather than optimising for one body, it would be wise to optimise for a range
of bodies.

4.3.5. COMPARING EXPERIMENT AND SIMULATION RESULTS

The results from the experiment and simulations can now be compared. This compar-
ison will be made in two parts. The first part will compare the preliminary simulations
with the experiments qualitatively. As mentioned previously, difficulty in setting the ini-
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(a) Density (b) Young’s modulus

(c) Diameter

Figure 4.39: The results from the sensitivity analysis of three physical properties. Each subfigure shows the sensi-
tivity to one property. The bristle diameter has highest influence on the outcome of the simulation. The experi-
ment results are also shown in these figures

tial angular velocity in the experiment stops us from comparing it quantitatively. The
second part compares the experiment with the secondary simulations. These simula-
tions used the initial velocity data from the experiment to initialise the simulations so
that we could compare them quantitatively.

PRELIMINARY SIMULATIONS AND EXPERIMENT

The first prediction made in the preliminary simulations was that the angular velocity
would reduce to zero after multiple collisions with minimal angular momentum trans-
ferred back into the body. This was found to be mostly true. However, for a few experi-
ments, the brush remained in contact with the body long enough for it to halt and rotate
backwards. The velocity gained through this quickly dissipated in the following brush
collision.

The second prediction was that the change in angular velocity is not the same for
all interactions with the brush. The experiments also showed different angular velocity
changes with no discernible trend. This is an important observation because Cheng et al.
[9] predicted a linear increase with increasing contact duration. Neither the experiment
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nor the preliminary simulations showed this trend. What was seen is shown in Figure
4.40

Figure 4.40: Plotting angular velocity change during a collision with the brush vs the contact duration. Notice
that this is not a linear graph as opposed to a linear trend predicted by Cheng et al [9]

The final prediction was also observed in the experiments. The body comes to rest
much more quickly when had a higher overlap with the brush during rotation. This over-
lap is higher when the brush is closer to the body centre. Configure 1 (Figure 4.25a)
slowed down faster compared to configuration 4 (Figure 4.25d).

SECONDARY SIMULATIONS AND EXPERIMENT

The results are shown in the Figure 4.39. Although the experiment results do not follow
the simulation result exactly, it lies within the range of results predicted by sensitivity
analysis. The case with the 20mm body showed maximum deviation between the simu-
lation and experiment.

This difference between the experiment and the simulations may be attributed to
the uncertain physical properties of the brush. Moreover, the exact initial configuration
of the brush is also unknown because the bristles are not perfectly aligned and have a
small amount of randomness to their orientation because of manufacturing defects. The
brush construction in the model was altered to study the effect of randomness in bristle
orientation.

A bristle is constructed by specifying the position of its tip and root. The bristle tips
and bristle root collection would be an evenly ordered array in a perfect brush. The bris-
tle tips would have a random perturbation in a real brush, changing the bristle orienta-
tion. In the simulation, each bristle tip was randomly perturbed within a given variance;
in this case, it was 4×10−10m2. Figure 4.41 shows the influence of this randomness on
the dynamics of the system.

The sensitivity analysis only considered the variation of one parameter from its mean.
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Figure 4.41: Effect of randomness in bristle orientation on the dynamics of the system. The different curves show
the dynamics of a brush given a random pertubation on the bristle orientation

It could be the case that multiple parameters were off their mean in the experiment. Such
deviation could lead to drastic variations. Some of the experiment results were entirely
out of the range predicted by the sensitivity analysis. It is speculated that a combination
of variations in all parameters could have caused this. Additional tests are recommended
to verify this.

There is one other reason why some of the experiment results do not match the sim-
ulation results. It could be inaccuracies in the YADE simulation software. Although the
core DEM framework of YADE is thoroughly tested and verified, some new features are
not. For example, pFacets were introduced to model complicated geometry. It was found
that there were bugs in the code for handling an aggregate of pfacets. This is illustrated
with the following example.

In this simulation, two brushes face each other, and the cube is placed between them.
The roots of each brush are added to a clump; this acts as the brush fixture. The cube
was given the initial angular velocity, and now the angular momentum of this system
was recorded. Now the per cent change in angular momentum of this system was com-
pared against the size of the cube. This is shown in Figure H.4. The results clearly show
considerable change in the system’s angular momentum with the 20mm cube after the
collision. Appendix H has more information regarding this. In the YADE simulation with
the brush and the body, there are many such collisions with the brush. The error could
accumulate and lead to the seen discrepancy. This could explain why there is a large
deviation for the case with the 20mm body.

4.3.6. DISCUSSION

This test shows that DEM can capture the dynamics of the interaction between a brush
and a rotating body. There were some discrepancies; these could be attributed to the
uncertainty in the physical properties and error in the angular momentum integrator
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Figure 4.42: textitGraph showing error in angular momentum conservation for the case with the brush. Notice
that the error is small for bigger bodies

of the YADE software. To verify the former, it is recommended to perform additional
tests with more accurate measurements of those properties. As for the latter, this error
was reported to the YADE community. They are a very active community, and they have
fixed source code errors reported by this project in the past. So we are optimistic that
they will fix the error.

4.4. CHAPTER SUMMARY AND DISCUSSION
The three tests have revealed that the DEM model is fully capable of modelling the be-
haviour of a brush. The single bristle dynamic test showed that the model could simu-
late its dynamic behaviour. The static test verified that model could predict the correct
reaction force to deformed brush. It also highlighted unique features of the brush, par-
ticularly conformity and granularity. The dynamic test studied the behaviour of a system
consisting of a rooted brush and a rotating body. Again, the model was capable of pre-
dicting the behaviour of the brush. It also showed momentum transfer in action in the
brush.

Although these experiments have not verified the DEM model to a high degree of
accuracy, they have verified that it could capture the general behaviour. The initial de-
sign stage would benefit immensely from this model as it would do away with the need
to prototype every brush design at that stage. Its role in a more detailed study, in our
recommendation, requires additional study.

One of the significant downsides of the tests were the uncertainties in the physical
properties of the brush. These uncertainties resulted in significant variations in the re-
sults calculated by the model. Even though the experiment results were very close to
the values within these variations, it would be reasonable to expect more precise exper-
iments to quantify the capabilities of the DEM model. These could include the cases
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when this model is accurate and when they are not. So, better experiments are recom-
mended to learn more about the DEM model.



5
CONCLUSION AND

RECOMENDATIONS

T HIS project was started to study the interaction between a brush and space debris.
This chapter presents the answers to the research questions posed at the beginning

of this text and discusses this project’s conclusions. Following this, a few recommenda-
tions on improving the results from the project are also presented.

5.1. ANSWERING THE RESEARCH QUESTIONS
The research question and the sub research question guided the progress of this project.
The previous chapters contain the information which forms the answers to these ques-
tions. This information will be condensed and consolidated into answers to questions
in this section. First, each sub research question will be discussed, followed by the main
research question.

How does a brush behave? Answering this question took us on a path to study the
various properties of a brush. In the general sense, it resulted in a set of properties. These
properties are stiffness, dissipation, conformity, granularity, porosity, and momentum
transport. This set may not be exhaustive, but these properties work together to cap-
ture the brush’s behaviour. Additionally, the DEM model of the brush developed in this
project can predict how a specific brush design would behave in a given scenario. The
properties of a brush are discussed in detail in section 2.1.

What makes the brush useful in ADR? Previous researches such as Cheng et al. [9]
and Nishida et al. [12] have suggested using a brush for ADR, those have not suggested
why. The set of properties of a brush helped answer this question. Stiffness allows the
brush to apply a reactive force opposing the target’s motion while conformity distributes
this force evenly across a large contact area. This opposition transfers the momentum
into the brush. Dissipation and momentum transfer work together to keep most of this
momentum from going back to the target. Granularity allows the brush to take the pun-
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ishment that would damage other materials. It allows the brush to "tear" without sus-
taining any permanent damage. Section 2.2.1 answers this question in more detail.

How to implement brush behaviour into a model? The brush model was developed
using the Discrete Element Method. The key here is that DEM captures the interactions
among the brush’s bristles, which was absent in other models we found in the literature.
Together with the flexible nature of the bristles, these interactions managed to capture
all the properties we found earlier. Moreover, the dynamics of any arbitrarily shaped
rigid or flexible objects can be modelled using DEM, thus making this framework very
useful for ADR studies. Chapter 3 presents the details of this model.

How to test this brush model? The three test cases used to verify the brush model
forms the answer to this question. The first step involved verifying the dynamics of the
bristle, the building block in this bottom-up brush model. Following this, the static be-
haviour of the brush was verified and finally, the dynamic behaviour. The steps and the
result are discussed in chapter 4.

The answers to these research questions help us answer the main research question,
which is How does a given brush interact with tumbling debris?. A very general answer
to this question would be that the brush absorbs part of the momentum and dissipates
the kinetic energy within itself. When supplied with details regarding the brush and the
debris, a more specific answer can be found using the brush model developed in this
project.

5.2. CONCLUSION

The main concluding point from the project can be summarized in three points. These
are presented below.

Firstly, The brush is versatile, resilient, and effective for detumbling tumbling debris.
Its properties let it effectively absorb and dissipate motion from a body contacting it.
Its behaviour can easily be influenced by changing its design parameters such as bristle
dimensions, bristle orientation and arrangement.

Secondly, DEM can be used to construct a model of any brush design. The DEM
builds a brush model bristle by bristle. This method lets us copy the exact structure of
any brush design we can think of into the digital realm and simulate its behaviour. Such
flexibility makes it an invaluable tool during a space mission’s design and prototyping
stage. On the other hand, the models used in previous studies [7, 8, 10] had minimal
scope.

Finally, the test cases studies in this project support the validity of the DEM brush.
The first test supported the validity of the dynamics of the building block of the model.
The second supported the accuracy of the force response of a brush. The final test sup-
ported the dynamics of a system with a brush calculated by the model. Additionally, we
found parts of this test that can be improved.
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5.3. RECOMENDATIONS
There is always room for improvements and refinements. This project is no different. It
is also possible to extend the outcomes of this research into other use cases. This section
presents a few ways to improve the brush model and some additional use cases for a
brush in space engineering.

5.3.1. MORE INTO BRUSH FOR ADR
This project is among the first steps in using DEM for simulating a brush. It has its short-
comings and failures. Nevertheless, we have identified ways future projects could extend
our research and refine the brush model. These are mentioned below.

IMPROVED EXPERIMENTS

There were significant uncertainties in the brush’s physical properties we used to verify
the brush model. This translated into uncertainties in the theoretical predictions. Addi-
tionally, the dynamic test case also had some shortcomings. We recommend additional
experiments with better accuracy and design.

BETTER SOFTWARE

The YADE software used in this project had many useful features and some shortcom-
ings. There was a bug in integrating the angular momentum when using a pfacet clump.
This could be fixed through careful examination of its C++ source code. Moreover, the
software was slow when simulating the brushed used in this project. Using a brush with
more bristles was, at times, infeasible. So we recommend improving its performance for
simulating a brush or maybe fork the source code and modifying it specifically for sim-
ulating a brush. This project showed that DEM is beneficial for simulating a brush, and
the next step would be improving its performance.

TEST BRUSH IN MISSION SIMULATIONS

Cheng et al. [10] and Nishida et al. [7, 8] presented studies on controlling a spacecraft
with a brush to detumble debris. However, they used a very simple brush model. It
is recommended to perform these studies with the DEM model, so we move closer to
understanding the dynamics of this system and perhaps design ADR missions that use a
brush.

5.3.2. ADDITIONAL USE CASES OF A BRUSH
This project began on the premise of developing a brush model for studying its potential
role in detumbling space debris. Nevertheless, other use cases have been identified, and
some of them are presented in this section.

SPACE FUR

Depending on its stiffness, a brush has the property of being able to apply soft contact
on bodies deforming it. It means that it takes a large deformation to apply a large force.
In contrast, hard materials like solid plastics and metals apply a large reaction force for
small surface deformation. Large deformations and stresses could lead to permanent
shape changes in these materials and even damage. In space, this could spell disaster
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(a) Contact force generated by a solid surface (b) Contact force generated by space fur

Figure 5.1: Contact force plotted against time for two cases: solid surface and space fur. In these simulations, a
spherical projectile incident on the surface at an angle of 45deg to its normal at 50

p
2 m/s. The contact force

transmitted through the surface for the solid surface is orders of magnitudes larger than the force transmitted by
the space fur.

for spacecraft skin if debris impacts damage them. A brush could help reduce damage
to spacecraft skin.

Imagine a spacecraft’s outer skin covered with numerous bristles, like fur on an ani-
mal’s skin. When fast-moving debris collides with such a spacecraft, it must go through
this fur. As the debris penetrates the fur, its reaction force increases, and the debris loses
momentum as it penetrates the fur. This slow-down happens over the bristles’ length
and considerable time instead of a shallow and quick contact for hard surfaces. The
maximum force experienced in this system reduces, limiting any damage done to the
spacecraft.

This effect could also be achieved using other soft materials. We propose that this
fur is a better alternative. Why? When soft materials are subjected to large deformations
or stress, they could crack or tear. Such a tear could propagate, rendering the whole
soft surface damaged and susceptible to further damage. Repairing such damage would
potentially require replacing the whole surface.

On the other hand, the fur owes its softness to the small radius of the bristles. The
bristles could be made of tough material, resistant to tearing and damage, while the fur,
as a whole, remains soft because of the small bristle radius. Moreover, fur material can-
not "tear" because of its semi-granular nature. Neither can tears or cracks propagate
across the fur. If the bristles are ever damaged, that part of the fur could be replaced
without affecting the whole’s integrity. Additionally, the softness of the fur can be con-
trolled by varying the radii of the bristles, changing the space between the bristles or
even experimenting with multiple coats of fur, making space fur more versatile.

Figure 5.1 compares the surface force experienced by a hard surface and a surface
covered by fur when a spherical object impacts them. It is clear that the fur significantly
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Figure 5.2: A gripper brush. Notice the bristles covering the surfaces that would contact its intended target.

reduces the force applied by the spherical object.

GRIPPER BRUSH

The Gripper brush is an extension of using a brush to detumble. It involves using two
brushes to detumble and capture the debris. The concept is quite simple. Two or more
brushes grab the tumbling debris. This concept’s main advantage is that it combines
detumbling and capturing into a single tool rather than relying on two different tools,
which simplifies the system. Figure 5.2 shows a simple design of such a tool.

The soft contact provided by the brush makes sure the target does not get away by
bouncing off a hard surface. Imagine how a ball reacts when it collides with a hard sur-
face and loose sand. The ball tends to bounce off the former while it halts when it falls
on the latter. These are two extreme behaviour, and the brush falls somewhere between
them. The brush design can be tweaked to tend to either end of this spectrum.

BRUSH ASSISTED DOCKING

Docking is one of the most complicated and risky operations in space. It mainly involves
hard surfaces mechanically mating. Minor deviation or misalignment could lead to fail-
ure. A soft contact could help handle these uncertainties. A hard contact would lead to
a large and almost instant transfer of momentum between the two docking space assets
causing them to drift apart. We recommend using a brush to interface between the two
bodies. This concept is illustrated in Figure 5.3. Soft contact would soften the collision
and slow down this momentum transfer, allowing more time for additional manoeuvres
to correct the operation.

The brush surface would benefit from the advantages discussed for space fur. Al-
though soft, the brush interface could be made of tough material and reduces any dam-
age during docking. The softness can be controlled by the brush’s design. Additionally,
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Figure 5.3: The two mating parts used during the docking operation. The bristles interface between the two
mating parts, providing the soft contact

the friction developed in the bristles could also dampen any relative velocity between
two mating bodies.

MICRO OBJECT BRUSH TRAP

Space contains many millimetre and sub-millimetre sized objects travelling at speeds.
These objects may need to be sampled for scientific purposes or for capturing micro
debris. However, their small size and considerable speed make catching them difficult.
We propose using a surface covered in sticky bristles to solve this problem.

This concept builds on the space fur concept. The bristles would slow down these
objects and perhaps trap them. The porous nature of the brush allows these particles to
be trapped in its voids. Adding adhesives or an electrostatic charge could ensure that the
objects stick to the bristles. This concept is similar to flypaper. Instead of a sticky surface,
we propose using a sticky brush. A similar mechanism is seen in nature, employed by
carnivorous plants to trap prey.

5.4. SUMMARY
This project aimed to develop and verify a numerical model of a brush. This model is
meant to aid the study and design of brushes in Active Space Debris Capture. The model
is based on the Discrete Element Method and uses the YADE software package to con-
struct the brush model. This model simulates the dynamics of a bristle, their collisions
among themselves and other bodies. The brush’s behaviour predicted by the DEM model
was compared to observations recorded from three different experiments. The first test
compared the dynamic behaviour of bristle, the second focused on the brush’s static be-
haviour, and the final test studied its dynamic behaviour. The experiment observations
fall within the behaviour predicted by the model, within the limits of the experiment.
This report then concludes by presenting the relevance of this project, some improve-
ments and providing some recommendations for future research.
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A
EXPERIMENT: WEIGHING SCALE

ERROR

A High Precision Digital Scale was used to measure the force exerted by the brush on the
wedge in the static test. It is shown in Figure A.1. This section provides a brief discussion
of measuring its precision. The manufacturer claims a precision of 0.01g; this claim must
be verified.

Figure A.1: Weigh scale

The precision would be measured using calibration weights. These are weights man-
ufactured in such a way to have a highly precise mass. The following masses were used
for this experiment: 50g, 100g, 200g. Information about the calibrated weights was not
available, so it was assumed to have the worst accuracy and belongs to class M3 [36, 37].
This class has an accuracy of 25mg.
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The calibration weights were placed on the weighing surface, and the measurement
was recorded. The weights were changed in steps of 50g from 50g to 500g. This process
was repeated for different positions on the weighing surface. Recording the values when
the weights were placed at different locations gave an additional error source.

Figure A.2: The error in measured weight

The results obtained are shown Figure A.2. The error increases with increasing weights,
and the minimum error is observed weight is measured at the centre of the weighing sur-
face. The standard deviation of all errors is 0.13g. In conclusion, it is recommended to
measure weight or force while having contact at the centre of the weighing surface.



B
EXPERIMENT: BRUSH YOUNG’S

MODULUS

This experiment aims to obtain Young’s modulus of the silicone material in the brush. It
was found using a simple extension test. A bristle constituting the brush was extended,
the extension and the reaction force was measured. Young’s modulus was calculated
from the results. However, the bristle in the chosen brush had a conical shape, so addi-
tional theory formulation was required.

Consider a slender cone with radii r1 and r2 with length L. The stress σ is equation
Eε where E is Young’s modulus, and ε is the strain. Strain, for axial deformation, equals
∆L/L where L is the length of the body and ∆L is the axial deformation. When a body is
under tension, stress equals F /A where F is the tensile force, and A is the cross-section
area. The deformation can now be expressed as a function of all other parameters as
follows:

σ= Eε= E
∆L

L
= F

A
⇒∆L = F

AE
(B.1)

A slender conical rod under tension will have non-uniform stress because its cross-
section area varies while the tension remains constant. So the equation above holds only
for an infinitesimal section dl , and the total deformation∆L can be found by integrating
Eq. B.1. The following equation captures this:

∆L =
∫

dδ= F

E

∫ L

0

dl

A
(B.2)

The radius of a slender conical rod is a linear function of axial position l . Now the
area can be expressed as a function of l

A =πr 2

r =
( r2 − r1

L

)
l + r1

(B.3)
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Substituting Eq. B.3 in Eq. B.2 gives the following

∆L =
∫ L

0

F

πE

dl[( r2−r1
L

)
l + r1

]2 (B.4)

The integral in Eq. B.4 evaluates to the following:

∆L = F L

πEr1r2
(B.5)

Now, by measuring the tension F in the bristle and the extension ∆L it is possible to
calculate Young’s modulus. Let k be the slope of the F −∆L graph, then Young’s modulus
can be expressed as:

E = F L

π∆Lr1r2

E = kL

πr1r2

(B.6)

The error in Young’s modulus can be found by passing the equation through a log
function, removing the negative and differentiating the results leading to the following.

logE = log

(
F L

π∆Lr1r2

)
logE = logF + logL+ logπ+ log∆L+ logr1 + logr2

d logE = d logF +d logL+d logπ+d log∆L+d logr1 +d logr2

dE

E
= dF

F
+ dL

L
+ d∆L

∆L
+ dr1

r1
+ dr2

r2

(B.7)

In Eq. B.7, dE is the error of Young’s modulus, dF is the error in the measure tensile
force and so on.

The weighing scale described in appendix A was used to measure the force. This
scale, however, was designed to measure compressive loads. So a pair of clamps had to
be made to hold the bristle when it is extended. The clamps extend the bristle when they
are brought together or compressed. One clamp was placed on the weighing scale, and
the vertical motion guide supported the other (See appendix ??). These clamps were 3D
printed and were made out of PLA (Poly Lactic acid).

Moving the upper clamp down extends the bristle. This motion was carried out in
steps of 1mm till a maximum extension and back. The force was recorded at each step.
Once the extension was removed, the force was re-recorded. This value is the weight of
the clamps and the bristle. It will be subtracted from the previous measurements to get
the tensile force. The tensile force was plotted against the corresponding extension, and
this graph is shown in Figure B.2.

The the parameters in equations B.7 and B.6 were measured and are given below:
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(a) The two clamps holding the bristle (b) The vertical motion assembly along with the clamp

Figure B.1: Hardware setup to measure bristle’s Young’s modulus.

Figure B.2: Tensile force in brislte vs axial extension of bristle. The experiment result and the linear fit is shown
in this figure. It shows the loading and unloading curve. The slope can be calculated from the linear fit

r1 = 1mm

r1 = 0.5mm

L = 30mm

dF = 2g 1

dL = 1mm

dr1 = 0.1mm

dr2 = 0.1mm

d∆L = 1mm

(B.8)
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Using equations B.6 and B.7 along with the experiment data, Young’s modulus was
calculated. Its value is 2.7×106 ±1.1×106N /m2. All components, excluding the bristle,
were assumed to be rigid and did not reform. However, in reality, this is not true. There
will always be a small deformation.



C
EXPERIMENT: FRICTION

COEFFICIENTS

This experiment aims to find the coefficient of friction between the surfaces that contact
in the YADE models. Silicone-silicone, silicone-3D printed PLA, and silicone-hard foam
are the surface pairs whose friction coefficient would be calculated in this experiment.

In the YADE model, we use Coulomb friction to model friction. Here, the angle of
friction would be used to calculate the coefficient of friction. Consider one of the two
contact surfaces, body A with surface A, fixed but able to incline, and the other, body
B with surface B, is resting on the first, free to move. Inclining body A would, at first,
have body B remain at rest because of static friction. Then there comes a critical angle
beyond which gravity overcomes friction and body B starts moving. This critical angle is
the angle of friction. Figure C.1b shows the different forces acting on body B and also the
surfaces in contact.

(a) Surfaces and bodies (b) Free body diagram

Figure C.1: The free body diagram showing the different forces acting on body B. Weight mg is split into tangen-
tial and normal components. N is the normal reaction force and f is the frictional force. Taken from [38]
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At the critical angle the following conditions are satisfied:

f = mg sin(θ)

f =µs N
(C.1)

To measure the angle of friction, one of the surfaces of interest was fixed to a sheet of
MDF (Medium Density Fibreboard). Inclining the MDF board inclines the surface. The
angle was measured using the “Level" application in an iPhone SE. It uses the internal
accelerometer to measure the orientation of the iPhone against the gravity vector. The
iPhone was also fixed to the MDF sheet so that the smartphone monitors its inclination.
This app has a precision of 1°. A silicone sample was placed on the fixed surface, and the
MDF sheet was inclined until the bristle started moving. Repeating this step 30 times
yields a better estimation. The coefficient of friction in terms of angle of friction was
calculated, and the results are given below.

• Silicone-silicone: 44°±2°

• Silicone-3D printed PLA: 24°±2°

• Silicone-hardfoam: 36°±2°



D
BRUSH STATIC TEST: SENSITIVITY

STUDY

The values of the physical parameters of the brush and its material were not certain.
This uncertainty could potentially affect the results produced by the simulations in the
static test. The uncertain properties relevant to the static test were the bristle diameter,
the bristle-bristle friction coefficient, bristle-wedge friction coefficient and the bristle
Young’s modulus. A sensitivity study was performed to test how each of these parameters
affects the outcome of the static test simulation for different wedge angles. The results
from this study and the hardware experiment are shown below.

The sensitivity study shows that the static test is most sensitive to error in bristle
radius, and it is least sensitive to bristle-bristle friction coefficient. The first can be ex-
plained by the fact that the reaction force generated by the brush is a function of its
stiffness, also known as flexure rigidity. Consider the bristle to be a slender rod with a
circular cross-section. Then the stiffness is a product of Young’s modulus, E , and the
area moment of inertia (I ) of its cross-section. The following equation gives this prop-
erty.

Ix,circle =
π

2
r 4 (D.1)

The Young’s modulus had a close error of 40.74%, whereas the radius had an average
error of 13.3%. However, Young’s modulus is linearly proportional to stiffness, while the
stiffness is related to the fourth power of the radius. This difference explains why the
static test was more sensitive to the radius. The bristle-wedge friction angle has a lower
impact because of a lower error, around 9%. Finally, we see two reasons why the bristle-
bristle friction angle had virtually zero influence on the static test. Firstly, there was no
tangential deformation between the bristle; in simpler terms, the bristles were pushing
each other and not sliding against each other. Friction, as a result, is not experienced be-
tween the bristles. So the angle of friction has no influence. Secondly, the static friction
between the bristles could be below the maximum allowable friction, also known as lim-
iting static friction. The static friction angle gives this maximum value of static friction.
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If the friction developed between two surfaces is below the maximum value, changes in
the static friction angle will not affect the friction value. Additional experiments are re-
quired to test which one of these hypotheses is correct. Testing this hypothesis, however,
is beyond the scope of this project.

(a) Sensitivity to bristle-bristle friction (b) Sensitivity to bristle-wedge friction

(c) Sensitivity to error in bristle diameter
(d) Sensitivity to bristle Young’s modulus

Figure D.1: The sensitivity of the static test to different parameters. These are the results from the sensitivity study
with a 30◦ wedge
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(a) Sensitivity to bristle-bristle friction (b) Sensitivity to bristle-wedge friction

(c) Sensitivity to error in bristle diameter
(d) Sensitivity to bristle Young’s modulus

Figure D.2: The sensitivity of the static test to different parameters. These are the results from the sensitivity study
with a 45◦ wedge
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(a) Sensitivity to bristle-bristle friction (b) Sensitivity to bristle-wedge friction

(c) Sensitivity to error in bristle diameter (d) Sensitivity to bristle Young’s modulus

Figure D.3: The sensitivity of the static test to different parameters. These are the results from the sensitivity study
with a 60◦ wedge
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(a) Sensitivity to bristle-bristle friction (b) Sensitivity to bristle-wedge friction

(c) Sensitivity to error in bristle diameter
(d) Sensitivity to bristle Young’s modulus

Figure D.4: The sensitivity of the static test to different parameters. These are the results from the sensitivity study
with a 75◦ wedge





E
DEM BRUSH MODEL: EFFECT OF

BRISTLE REFINEMENT

The results from the simulations are also affected by one other parameter, the number
of nodes in a bristle. Generally, as the number of nodes increases, the accuracy of the
simulation increases. This result is shown in Figure E.2. However, we cannot arbitrarily
increase the number of nodes as we see fit. There is an upper limit to this number. The
grid-nodes in the bristles also behave like spheres. The grid-node-body class inherits the
sphere-body class, so it has all properties of a sphere in addition to its own properties.
Because of this, YADE detects a collision when two grid-nodes overlap and will cause the
bristle to fall apart. So the maximum number of grid nodes a bristle can accommodate is
the number that comes right before the grid-nodes overlap. This is shown in Figure E.1

(a) Maximum number of grid nodes (b) Minimum number of grid nodes

Figure E.1: The limits to the number of grid-nodes a bristle can accomodate. This number is maximum right
before the grid-nodes overlap. The lower limit is the trivial case of two end nodes.

Figure E.2 also suggests another result. We need not use the maximum number of
nodes to get a fairly accurate result. For example, in this case, any number greater than
ten gives a satisfactory prediction of the brush behaviour. However, this number will not
be the same for all brushes and must be found for each case. Once this number is found,
it can save a substantial computing resource.
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Figure E.2: The force at maximum penetration vs the number of nodes. The results are for the wedge with a 75◦
angle. This figure shows at the YADE model approaches the experiment result as the number of nodes increases.



F
BRUSH DYNAMIC TEST: EXTERNAL

DISSIPATION MODEL

In the experiment for the brush dynamics test case, it was observed that the body slowed
down, over a period of time, on its own. We speculate that friction in the bearings that
support the body’s rotation and air drag caused this. It becomes necessary to include
this effect in the simulations model to compare the simulations with the experiment.
This section explains how this model was constructed.

We do not aim to construct a very high fidelity model, but one that is simple and
reasonably captures the dissipation caused by external factors. This dissipative force was
assumed to be a linear function of angular velocity. This model is shown in the following
equation.

α= dω

d t
=−k1ω−k2si g n(ω) (F.1)

The first term, −k1ω, captures the dissipative effect of air resistance and the second
term, −k2si g n(ω), models the kinetic friction in the bearing. In this model, friction acts
against the motion, so the coefficients k1 and k2 are positive real numbers.

The values for k1 and k2 were found using a hardware experiment. The body, sup-
ported by the setup used for the brush dynamics experiment, was spun and allowed to
come to rest. The brush was kept away from the body, slowing down due to dissipative
forces alone. The model is constructed by calculating the values of velocity and acceler-
ation at each time instant and fitting the coefficients k1 and k2 from eq F.1 to this data.
The raw data is highly noisy, so a low pass filter removes most of the high-frequency noise
in the raw data. The three different bodies had different dissipation characteristics, so
the construction was carried out for the three bodies. Comparing the body’s motion in a
simulation with the damping model and the experimental observation showed that this
model could capture the damping to a reasonable extent. The function fitting and the
comparison of the simulated motion and the experimental observations are shown in
the following graphs.
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(a) Angular acceleration vs velocity (b) Velocity vs time

Figure F.1: The friction model. The first figure shows the acceleration as a function of velocity. The experimental
data is used to construct a model. The second figure shows how the experiment observation compares with the
results predicted by the model. These figures show the response of the body with dimension 20mmx20mmx20mm

(a) Angular acceleration vs velocity (b) Velocity vs time

Figure F.2: The friction model. The first figure shows the acceleration as a function of velocity. The experimental
data is used to construct a model. The second figure shows how the experiment observation compares with the
results predicted by the model. These figures show the response of the body with dimension 40mmx40mmx40mm
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(a) Angular acceleration vs velocity (b) Velocity vs time

Figure F.3: The friction model. The first figure shows the acceleration as a function of velocity. The experimental
data is used to construct a model. The second figure shows how the experiment observation compares with the
results predicted by the model. These figures show the response of the body with dimension 60mmx60mmx60mm





G
BRUSH DYNAMIC TEST:

SENSITIVITY STUDY

There were uncertainties in the values of the physical parameters of the brush. These
uncertainties translated into the variation in the data resulting from the brush dynamic
test simulations. The uncertain properties relevant to the brush dynamic test were the
bristle diameter, the bristle density and the bristle Young’s modulus. A sensitivity study
helped us understand how the variation of each of these parameters affected the simula-
tion outcome and resulted in a range of behaviour that could be compared to the results
from the hardware experiments. The results from the sensitivity studies are shown be-
low. It was found that the bristle diameter had the most substantial influence on the sim-
ulations. The results from the sensitivity study and the hardware experiment are shown
below.
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(a) Density (b) Young’s modulus

(c) Diameter

Figure G.1: The results from the sensitivity analysis of three physical properties. Each subfigure shows the sensi-
tivity to one property. The bristle diameter has highest influence on the outcome of the simulation. The experi-
ment results are also shown in these figures
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(a) Density (b) Young’s modulus

(c) Diameter

Figure G.2: The results from the sensitivity analysis of three physical properties. Each subfigure shows the sensi-
tivity to one property. The bristle diameter has highest influence on the outcome of the simulation. The experi-
ment results are also shown in these figures
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(a) Density (b) Young’s modulus

(c) Diameter

Figure G.3: The results from the sensitivity analysis of three physical properties. Each subfigure shows the sensi-
tivity to one property. The bristle diameter has highest influence on the outcome of the simulation. The experi-
ment results are also shown in these figures
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(a) Density (b) Young’s modulus

(c) Diameter

Figure G.4: The results from the sensitivity analysis of three physical properties. Each subfigure shows the sensi-
tivity to one property. The bristle diameter has highest influence on the outcome of the simulation. The experi-
ment results are also shown in these figures
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(a) Density (b) Young’s modulus

(c) Diameter

Figure G.5: The results from the sensitivity analysis of three physical properties. Each subfigure shows the sensi-
tivity to one property. The bristle diameter has highest influence on the outcome of the simulation. The experi-
ment results are also shown in these figures
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(a) Density (b) Young’s modulus

(c) Diameter

Figure G.6: The results from the sensitivity analysis of three physical properties. Each subfigure shows the sensi-
tivity to one property. The bristle diameter has highest influence on the outcome of the simulation. The experi-
ment results are also shown in these figures
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(a) Density (b) Young’s modulus

(c) Diameter

Figure G.7: The results from the sensitivity analysis of three physical properties. Each subfigure shows the sensi-
tivity to one property. The bristle diameter has highest influence on the outcome of the simulation. The experi-
ment results are also shown in these figures
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(a) Density (b) Young’s modulus

(c) Diameter

Figure G.8: The results from the sensitivity analysis of three physical properties. Each subfigure shows the sensi-
tivity to one property. The bristle diameter has highest influence on the outcome of the simulation. The experi-
ment results are also shown in these figures
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(a) Density (b) Young’s modulus

(c) Diameter

Figure G.9: The results from the sensitivity analysis of three physical properties. Each subfigure shows the sensi-
tivity to one property. The bristle diameter has highest influence on the outcome of the simulation. The experi-
ment results are also shown in these figures
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(a) Density (b) Young’s modulus

(c) Diameter

Figure G.10: The results from the sensitivity analysis of three physical properties. Each subfigure shows the sen-
sitivity to one property. The bristle diameter has highest influence on the outcome of the simulation. The experi-
ment results are also shown in these figures
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(a) Density (b) Young’s modulus

(c) Diameter

Figure G.11: The results from the sensitivity analysis of three physical properties. Each subfigure shows the sen-
sitivity to one property. The bristle diameter has highest influence on the outcome of the simulation. The experi-
ment results are also shown in these figures



H
YADE: ANGULAR MOMENTUM NOT

CONSERVED FOR CLUMPS

Figure H.1: Scenario to test whether angular momentum is conserved

Consider a scenario in which two spheres move antiparallel to each other but in off-
set paths. The two spheres collides with a stationary cube (see Figure H.1). Since there is
no torque acting on this system about the centre of the cube, the angular momentum of
this system must be conserved. However, a YADE simulation shows that the angular mo-
mentum before and after the collision is different. An error like this would suggest that
the angular velocity integrator has an error. To further study this phenomenon, the mass
of the spheres was kept constant while the cube’s mass was changed. Plotting the per
cent change in angular momentum after a collision resulted in Figure H.2. The results
suggest that the error is maximum when the masses of the cube and the colliding body
are the same. Since the brush has a lower mass than the bodies and the 20mm body is
closer to the brush in mass, this could explain the discrepancy in the results. This was
further tested with the following example (see appendix 4.39).

In this simulation, two brushes face each other, and the cube is placed between them.
The roots of each brush are added to a clump; this acts as the brush fixture. The cube
was given the initial angular velocity, and now the angular momentum of this system
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Figure H.2: Comparing the change in angular velocity after collision of the spheres with the cube with the relative
mass of the cube

Figure H.3: Scenario to test whether angular momentum is conserved with a brush

was recorded. Now the per cent change in angular momentum was compared against
the size of the cube. This is shown in Figure H.4. The results clearly show considerable
change in the system’s angular momentum with the 20mm cube after the collision. In
the YADE simulation with the brush and the body, there are many such collisions with
the brush. The error could accumulate and lead to the seen discrepancy.



H

117

Figure H.4: textitGraph showing error in angular momentum conservation for the case with the brush. Notice
that the error is small for bigger bodies
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