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This thesis focuses on modelling intermuscular interactions in the context of mus-
cle deformation using the Position Based Dynamics (PBD) method. The deforma-
tion method was extended to improve its consistency during simulation. Passive
intermuscular interaction was introduced and implemented through a general de-
formable collision handling system. Additionally, a system for active muscle interac-
tion was developed for the model, enabling physiologically accurate, motion-based,
and synchronous muscle contractions during arbitrary movements. The results
were rigorously verified against a similar method and evaluated for physiological
accuracy, preservation of shape and volume, and muscle collision avoidance. The
physiologically advanced model seems to hold a real-world application potential.

Prace je zaméfena na modelovani interakce mezi svaly v kontextu deformace svalt
metodou Position Based Dynamics (PBD). Metoda deformace byla rozsifena za
ucelem zlepseni konzistence béhem simulace. Koncept pasivni mezisvalové inter-
akce byl predstaven a implementovan pomoci obecného reseni deformovatelnych
kolizi. Kromé toho byl pro model vyvinut systém pro aktivni interakci svalt, ktery
umoznuje fyziologicky presné, na pohybu zalozené a synchronni kontrakce svala
béhem libovolnych pohybti. Vysledky byly dikladné ovéreny proti podobné metodé
a hodnoceny z hlediska fyziologické presnosti, zachovani tvaru a objemu a vyhybani
se kolizim svalt. Zda se, Ze tento fyziologicky pokroc¢ily model skyté potencial pro
aplikaci v realném prostredi.

Extended Position-Based Dynamics « Musculoskeletal system « Deformation « Sim-
ulation « Deformable bodies « Muscle contraction modelling « Deformable collision
detection « Collision detection and resolution « Muscular synergy « C++
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Introduction

“In my dreams I have my leg, I'm running... I never dream of myself without my
leg”, explains one post-amputation idiographic analysis [Ros+21] participant. One of
the most prevalent skeletal diseases is osteoporosis in 34.3% US and Japanese women
above 50 years of age [Wad+14] causing the brittleness of the bones, possibly leading
to fracture and a cascade of serious health consequences, including amputation.

Helping medical professionals decide whether to perform invasive surgery on
the musculoskeletal system and prevent such consequences can be achieved through
a computerised musculoskeletal model. These models come in varying complexities,
using straight segments to represent muscles [Hei+23], and bone-wrapped segments
may be used for hip area [De +18] muscle modelling. Arguably, non-realistic mus-
cle approximation (e.g. not taking volume preservation into account) may lead to
misleading clinical decision assistance [KC21]. Hence, the search for a more realistic
computer musculoskeletal model continues.

One such musculoskeletal system based on a Position Based Dynamics method
(PBD) ([KCz1]) exhibits unnatural bending of musculus iliacus being passively dragged
in a rag-doll manner during hip flexion. This visual representation is often the
indirect measurement of the model quality due to the lack of systematic modelling
evaluation methods [DT18]. The unrealistic iliacus bending motivates a model better
reflective of the underlying muscle physiology, taking muscle contraction, relaxation
and collaborative interplay into account.

Therefore, the main focus of this thesis is to extend the current PBD-based
simulator to support muscular interactions during various movements, where the
different muscles usually act in different roles, including contraction, relaxation,
fixation and so on. All this while keeping up with the model requirement to exe-
cute simulations in real-time, it seems sensible to implement the muscle interplay
through various PBD particle parameters of the current model. During these muscle
interaction simulations, the muscles should also not intersect each other.






The physiology of the
skeletal muscle

To develop appropriate muscular cooperative movement strategies, it is first crucial
to understand muscle structure and physiology (their function). To know how the
muscles should interact, how they act individually should first be explained. The
muscles being modelled are skeletal muscles mostly made of striated muscle fibres.
These fibres are, as opposed to the smooth muscle fibres, voluntarily controllable
[Gas+24] by the Central Nervous System (CNS) [BC13], specifically through the cra-
nial and spinal nerves under the control of the cerebral cortex [RMT16].

2.1 Striated muscle structure and function

The muscle (illustrated in Figure 2.1), protected from friction by the epimysium,
comprises fascicles grouping muscle fibres that run in parallel. The fascicles, covered
by another protective layer of connective tissue called perimysium, are made up of
several tens of muscle fibres. The muscle fibre is a cell containing many nuclei (also
called syncytium), anatomically and functionally separated from other muscle fibres
by the sarcolemma membrane. Among other organelles like mitochondria, the fibres
contain thousands of rod-like myofibrils running in parallel. In turn, the myofibrils
are composed of actin (thin) and myosin (thick) myofilaments. These filaments are
interlaced into basic functional units called sarcomeres, describing the myofibril
segment between two surfacing Z-shaped patterns (Z-lines) that emerge from actin
filaments layout while in between on the surface, there emerges an M-shaped pattern
out of the myosin filaments connectivity (M-line). Myofibril is also covered by the
sarcoplasmic reticulum which regulates the levels of calcium, a crucial element for
contraction. The sarcoplasmic reticulum contains encircling invaginations called
T-tubules propagating contraction signal further the myofibril usually situated at
the place of the Z-line which is also called the Z disc.

The thick filaments contain the myosin proteins that give rise to pairs of heads,
where actin-binding and ATP-binding sites exist. The thin filaments then contain the
actin, tropomyosin and troponin proteins [Gas+24]. The actin proteins have myosin-



2 The physiology of the skeletal muscle
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Figure 2.1: The structure of skeletal muscle, source: [Ola17] (vectorised and modified)

binding sites, which are, in a relaxed state, blocked by the regulatory tropomyosin
proteins. Troponin serves as a kind of transmitter regulatory protein to facilitate
the contraction.

These filaments, according to the sliding filament theory described by Hugh
Huxley and Jean Hanson in 1954, produce electrochemically governed contraction
by trying to slide against each other through myosin pulling onto actin via so-called
cross-bridges [Gas+24], causing the sarcomeres as well as the myofibrils and there-
fore the whole muscles to shorten while maintaining the same muscular tension
(isotonic contraction). Thanks to the elasticity of the muscle due to the titin protein
presence, the contraction is also possible without the length change, where instead,
the muscle tension grows (isometric contraction), which is also the basis for the
isotonic contraction [RMT16]. Further explanation follows in Section 2.1.4.

According to [Gas+24), the contraction is the muscle’s primary function. For this
important locomotion process to begin, though, a signal from the CNS must first
arrive.

2.1.1 Neural signalling

The signal (also called the action potential or cell membrane depolarisation) to con-
tract a muscle, originating either somewhere in the cerebral cortex or just as a part
of some spinal cord reflex, is carried through myelinated efferent (motor) nerve cells
(motoneurons).

The motoneurons can be classified into central (descendent) motoneurons, which
carry the action potential from the cerebral cortex to the spinal cord, and the pe-
ripheral motoneurons, finally joining at the skeletal muscle through the neuromus-



2.1.2 Neuromuscular junction

cular junction (Figure 2.1). This one neuron, as shown in the figure, usually innerves
a group of striated muscle fibres called the motor unit. The number of fibres in
the unit influences the speed and precision of the movement activity [RMT16]. For
example, among extraocular muscles, one motoneuron governs only 6 muscle fi-
bres, while on the other hand, musculus biceps brachii contains one motoneuron
governing approximately 750 fibres [RMT16].

When the action potential reaches the interface between the motoneuron and the
muscle, depicted in Figure 2.2, the neuromuscular junction at the unmyelinated,
widened neuron terminal part called the terminal bouton, is now described as the
presynaptic action potential. It depolarises the axon terminal, causing voltage-gated
[OMB24] calcium Ca?* channels on the presynaptic motoneuron membrane to open,
letting it inside the cell via concentration gradient, increasing Ca** ion concentra-
tion inside the bouton which begins the process of exocytosis of the acetylcholine
(ACh) mediator inside the synaptic vesicles [OMB24].

During the exocytosis, so-called SNARE (Soluble N-Ethylmaleimid-sensitive
fusion protein Attachment protein REcepetor) proteins make the ACh vesicles fuse
with the membrane [OMB24], realising ACh into the synaptic cleft, where it travels
via diffusion towards the cholinergic nicotinic ACh ligand-gated ion channel recep-
tors on the myofibril sarcolemma (postsynaptic membrane) binding sites called the
junctional folds.

Binding two ACh onto the ligand-gated receptor opens the channel and allows
sodium (Na™) ions into the myofibril depolarising the whole membrane. Depolarisa-
tion of the postsynaptic membrane past a certain threshold (also called the end-plate
potential) creates an action potential (*AP) anywhere on the sarcolemma except for

Motoneuron

\LAP

®Ach

Sarcolemma

Synaptic cleft
Junctional o °®
folds b

ACh receptors

Figure 2.2: Simplified illustration of sarcolemma excitation



2 The physiology of the skeletal muscle

this postsynaptic membrane area which starts to spread in every direction.

2.1.3 Excitation-Contraction coupling

Once the action potential reaches the so-called T-tubule, an invagination in the
sarcoplasmic reticulum on the sarcolemma, it travels down to the so-called triad,
the green union depicted in Figure 2.3. There, a process called excitation-contraction
coupling begins. The first receptor to meet the action potential is the Dihydropyridine
voltage-gaited calcium channel, where it causes a conformational change [Gas+24].
This change in the RHP receptor proteins mechanically causes nearby Ryanondine
receptors to release large amounts of calcium from the calcium storage (dark-blue
area in Figure 2.3) within the sarcoplasmic reticulum. Some of the released calcium
ions make it to the Troponin C protein on the thin filaments, which causes a con-
formal change in the Tropomyosin proteins, uncovering the binding sites on Actin
proteins for Myosin heads. Once the sites are uncovered, the myosin heads use the
ATP and phosphates to form the so-called cross-bridges. To form this connection,
the myosin heads actively extend forward and outwards from the thick filament.
Upon forming the cross-bridge, the myosin head pulls back in a swim-like motion,

.08
< l‘\
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O o<n D

!.‘ “‘

. Sarcolemma

DHP
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7

—

%@@2

Tropomyosin
. .'J ‘“.l
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@)

Figure 2.3: T-tubule Excitation-Contraction coupling scheme (www.wikipedia.
org/wiki/Myofilament graphic used)
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2.1.4 Types of contraction

which is then repeated as long as the calcium is present [Gas+24), causing the mus-
cular tension to rise and finally the contraction to occur.

The relaxation begins when the calcium levels drop, blocking the actin-myosin
binding sites, and making the filaments slide back to the original position, also
thanks to other present elastic proteins. Although relaxation might be an active
process from the point of view of cortical activation in that one can decide to relax
a muscle, in the muscle itself, it probably just is an act of starving the contraction of
calcium. The tension inside the muscle fibres generates different types of contrac-
tion.

The type of contraction is discriminated by the states of the muscle tension and the
corresponding fibre length, generally into four types.

Rising tension inside of the muscle while it maintains constant overall length is
called the isometric contraction. During this type of contraction, there is no motion
of the limbs or joints, while the volume of the muscle most probably does not change,
hence the tension is mostly expressed as the raising of the internal pressure, pulling
on the tendons, making the muscle thicker in shape around its belly and thinner in
shape near the tendons. When the tension is constant and the fibre lengths change,
then isotonic contraction emerges (where the muscle volume does not change).
Isotonic concentric contraction occurs when the muscle tension becomes greater
than the external force, shortening the muscle fibres, and causing tension at the
tendons to heighten which in turn moves the bones on the muscle insertion and
stabilises the muscle at its origin. Isotonic eccentric contraction serves to prevent
joint damage by acting as a brake to the concentric contraction [Gas+24].

The direction of the contraction is dictated by the direction of individual mus-
cle fibres. Indeed, inside a fascicle (as illustrated in Figure 2.1) the fibres are always
running in parallel. But the fascicles themselves do not always have to be arranged
in a parallel manner. The fascicles may be arranged in a parallel, convergent, pen-
nate, fusiform, spiral or circular structure. On top of that, the tendons intertwin-
ing the fascicles also emerge in numerous arrangements, further discriminating the
structures and function of the muscles.

But to perform a complex movement, e.g. hip flexion, a spectacular synchronous
orchestra of such different contractions and relaxations usually occurs.

A main muscle is always responsible for any movement, the so-called prime mover
[Bet+13], or the agonist muscle. Each movement caused by an agonist has a so-

11
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deltoid
fixator

biceps brachii
agonist
triceps brachii
antagonist

brachialis
synergist

rachioradialis
synergist

Figure 2.4: Roles of muscles during elbow flexion

called antagonist muscle, usually located on the opposite side of the bone. For
example, if the muscle biceps brachii contracts as a prime mover, its antagonist,
triceps brachii must relax. On the other hand, if one extends the elbow, triceps brachii
now acts as a prime mover to which biceps brachii opposes by relaxation (from
the former contraction during elbow flexion). Not only does the antagonist relax,
but can also help moderate body and limb positions in space and during rapid
movements [Bet+13].

The rest of the muscles involved in the movement are called the synergists. The
synergist muscles may act in various ways to assist the prime mover. They contribute
to the contraction and also help prevent unwanted movements [Bet+13]. A type of
synergist muscle is a fixator, stabilising the agonist’s origin (a non-moving bone
area the agonist holds onto). A brachialis muscle together with the brachioradialis
muscle are usually the synergist to the prime mover during elbow flexion (note that
the second muscle is positioned distally from the biceps brachii insertion, across the
elbow joint). The deltoid would play the role of a fixator in this situation. The muscles
and their roles during elbow flexion can be seen in the illustration 2.4.

2.2.1 Muscular synergies

Not only do the motoneurons affect many motor units simultaneously, but it is
probable that also these motoneurons are likely not controlled individually, but

12



2.3 Orchestrating complex movement

rather in groups called the muscle synergies [BCi3]. This does not oppose the
existence of other movement sources such as various reflexes. The estimated number
of synergies acting during for example the running or walking movement is between
four and five. At the same time, these synergies are mostly subject-specific and can be
trained, and changed throughout life [BC13]. This may be one of the explanations of
how the CNS can orchestrate such complex movements as e.g. throwing the discus
in such an efficient manner or even how exactly the agonist and antagonist function
simultaneously.

Consider the hip area. Even just keeping the hip joint stable (that is to say, keeping
the femoral head in contact with the hip joint cavity called the acetabulum [KOA19)),
periarticular muscles (around the joint) such as the piriformis, obturator externus,
gluteus maximus, medius, minimus, and more, are co-activated in a group called
the muscular fasteners of the hip joint [KOA19]. Meanwhile, longitudinal muscles
(lengthwise along the body) usually push the femoral head upwards. Many other
muscles try to keep the femoral head well oriented to the acetabulum as this is an
important factor of stabilisation [KOA19].

From this standing position, six basic movements of the femoral bone within the
hip joint are usually described in the joint with three degrees of freedom (movement
in each axis split into two). Respective axes are the transverse axis (up and down),
the sagital axis (left and right), and the vertical axis (roll by the right or left hand).
The movements are described in the 2.1 table with respective ranges of motion
(ROM) in an upright position with an extended knee for an average person [KOA19].

Table 2.1: Movements of the femur within the Hip Joint

Movement Direction ROM [degrees] Axis
Flexion up 0-90 transverse
Extension back 0-20 transverse
Abduction to the side 0-30 sagital
Adduction to the centre 0-30 sagital
Internal (medial) Rotation inwards 0-60% vertical
External (lateral) Rotation away from the body o-30* vertical

* when lying on the stomach with a flexed knee

These ranges of motion are otherwise highly dependent on other factors, such
as knee flexion, pelvis rotation, the subject’s level of athleticism, injuries, or activity/-
passivity of the movement (passive movement occurs when the rest of the body puts
the joint in that position). For example, hip flexion with the knee bent can usually

13



2 The physiology of the skeletal muscle

reach up to 120° thanks to the relaxation of the hamstrings, even more, if the flexion
is passive, and up to 145° if the arms are used to press the knee towards the thorax.
Both hips can also be completely flexed in a slouching sitting position on the ground
with the knees tucked to the chest [KOA19].

With hip abduction, some trained ballerinas can reach active abduction of up to
130° [KOA19]. Thanks to forward pelvic tilting, trained individuals can also reach
the extension of the hip up to 9o° (while doing the splits). These movements are
achieved with various muscles acting at various times, often changing the roles they
play in the movement as it progresses.

The most powerful actors during the hip flexion are the iliacus, the psoas major and
the psoas minor, which together are called the iliopsoas. This muscle also produces
lateral rotation to a degree. The sartorius muscle is also a hip flexor, while the rec-
tus femoris contributes to the flexion dependent on the knee flexion, to which its
contribution to the hip flexion is proportional [KOA19]. Other hip flexion synergist
muscles are the tensor fasciae latae, the pectineus, the adductor longus and the anterior
(the front) fibres of the glutei minimus and medius.
These muscles are further functionally classified into two groups:

1. Flexion - abduction - medial rotation group
« anterior fibres of the glutei minimus and medius
2. Flexion - adduction - lateral rotation group

« the iliopsoas, the pectineus and the adductor longus

which together, in a coordinated fashion, through muscle synergies, have the capa-
bility of producing so-called pure flexion (e.g. during walking) provided they work
as a “balanced set of synergists and antagonists” [KOA19].

The muscles producing hip extensions are classified into two groups depending on
their insertion areas:

1. Muscles inserted into the upper extremity of the femur
« the glutei maximus, minimus and medius

2. Muscles inserted into the vicinity of the knee

14



2.3.3 Hip abduction

« the hamstrings, the biceps femoris, the semitendinosus and the semimebra-
nosus

The extension of the knee accelerates the efficiency of the second group’s function
during the hip extension, uncovering the opposing interaction of the hamstrings and
the rectus femoris [KOA19)].

Out of all of these muscles, two groups of secondary functions can be defined.
Those which also produce abduction and those which also produce adduction. These
groups roughly correspond to the discrimination by insertions except for the semi-
tendinosus, the semimembranosus and the biceps femoris, where with additional adduc-
tor muscles, the two groups are capable of producing the so-called pure extension,
where, again, the groups must contract in well-balanced synergist-antagonist fash-
ion [KOA19].

An important note is that during the gait on a flat surface, the gluteus maximus
does not actively perform the extension. Instead, the hamstrings take over. On
the other hand, the most powerful muscle extends the hip while walking up a slope,
and also during running or jumping [KOA19]. Other roles of the extensor muscles
include the stabilisation of the pelvis during tilting.

To abduct the hip, the gluteus medius is the primary mover since it is almost per-
pendicular to the lever arm of the femur head. The synergists here are the gluteus
minimus, the tensor fasciae latae and the highest fibres of the gluteus maximus, along
with the piriformis [KOA19].

Once again, classified into two groups based on their secondary function, these
muscles, given well-synergized interaction, produce pure abduction. The classifi-
cation is as follows [KOA19]:

1. Muscles anterior to the coronal plane (plane slicing the body in half while
looking at it from the side at the centre of the joint), also producing flexion

« the tensor fasciae latae, anterior fibres of the glutei minimus and medius
2. Muscles behind the coronal plane, also producing extension

« posterior (further back) fibres of the glutei minimus and medius, the semi-
tendinosus and the semimebranosus

The pure abduction can also be facilitated by a synergized contraction of the
so-called deltoid of the hip made of two muscle bellies, which are the tensor fasciae
latae and the superficial fibres of the gluteus maximus. These both insert into the
border of the iliotibial tract in the thigh [KOA19)].
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2 The physiology of the skeletal muscle

The gluteus medius firstly initializes the movement while mostly staying in the
role of stabilizing the joint, progressively acting more and more as an abductor and
less as a stabilizer with a higher degree of abduction, while being the strongest at
approximately 35° abduction [KOA19]. Similar situations are quite normal to occur
even to the most effective prime movers of various movements.

Once again, the muscles of adduction are mostly governed by kinematic advantages.
The prime example is the adductor magnus, which spans along the majority of the
femur body, along with adductor minimus, adductor longus and adductor brevis, be-
ing able to pull on it across a wide spectre under beneficial angle [KOA19]. Other
muscles contributing to the adduction are the gracilis, the semimembranosus, the
semitendinosus and the biceps femoris (although these muscles are mainly used for
hip and knee flexion), lower fibres of the gluteus maximus, the quadratus femoris and
pectineus (which also take part in lateral rotation), and lastly, the obturator internus
and externus also contribute to the movement as synergists [KOA19]. Of course, to
achieve adduction, all these muscles must function in a coordinated fashion together
with other muscles, which e.g. stabilize the joint.

Muscles whose primary function is to externally (laterally) rotate the hip are the
piriformis, the obturator internus, and also the obturator externus, which in contrast
to the others, truthfully wraps around the femoral neck. These muscles are called
the pelvitrochanteric (around the hip) muscles. Adding to the collection are the mus-
cles with external rotation as their secondary function, which include the quadratus
femoris, the pectineus (which has already been described to also contribute to ad-
duction and flexion), the posterior fibres of the adductor magnus, and partly also all
glutei [KOA19)].

Moreover, when the knee is extended and the femur rotates in a standing posi-
tion, muscles like the biceps femoris, the semitendinosus, the semimembranosus, and
partly the adductors also provide to the lateral rotation but also contribute to the
internal (medial) rotation when the leg rotates inwards. The action of these muscles
depends on their spatial relationship to the femoral vertical axis. When the muscles
are anterior to it, they rotate medially, and while they are posterior to it, they rotate
externally [KOA19].
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2.3.6 Hip internal rotation

Muscles causing the internal (medial) rotation are running anterior to the femoral
vertical axis usually producing about one-third of the force of the external rotators
[KOA19]. The primary muscles are the gluteus medius, the gluteus minimus and the
tensor fasciae latae.

The muscles pectineus and obturator externus lose their function as external ro-
tators at the point of approximately 30-40°, because of their new position directly
under the joint centre, no longer being posterior to the femur. Instead, after full
medial rotation (approximately 60°), these muscles start to act as medial rotators,
while the primary hip internal rotators now become external ones [KOA19].

As described in the previous section, muscle roles in the movements and times of
contraction may vary greatly due to various conditions. A muscle causing movement
in one direction, usually as its secondary function, can change its role to cause
a movement in the opposite direction (e.g. A flexor becomes an extensor).

This is called the inversion of muscular action [KOA19] due to the muscle fibres’
direction and position relative to the joint axes and the surrounding joint orienta-
tions. For example, the iliopsoas can no longer flex the hip at the ballerina’s maximum
120°, since its tendon changes the directions of the fibres. The muscles are usually
recruited successively during whole movements and may stop contributing to the
movement at its fullest [KOA19].

It becomes obvious that the actions of the hip muscles can not be studied in detail
without the knowledge of the surrounding conditions such as pelvic tilt, knee flexion
level, the centre of gravity of the body, or the individual’s training level.

On top of that, many muscles act differently under different movements. To
generally capture how exactly the hip muscles should contract during an arbitrary
position is a challenging task. That is why the functions of the muscles are often
better explained through the detection of electrical responses (potentials) to stimuli
using electromyography (EMG). On the surface, the measurement is non-invasive,
but identifying the precise source of the electrical potentials can be problematic,
where approaches like blind source separation can be utilised, similar to identifying
sources of electrical potential on the surface of the brain captured through electroen-
cephalography. To measure the muscle activity directly means to invasively insert
the measuring electrodes into the muscle tissue, which is usually not a standard
procedure for healthy humans.
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2 The physiology of the skeletal muscle

Luckily, many biomechanical simulation methods exist to estimate muscular
activity during movements, some of which are provided by e.g. the OpenSim
(simtk.org/projects/opensim) software. These methods are usually well-documented
in their limitations and validated against the EMG ground results.

Now that the muscular function should be at least partly explained together with
some specific primary and secondary muscle groups during various movements of
the hip joint, it is necessary to note the level of complexity the muscles embody.
Be it the physiological mechanism of how the muscle’s primary function, contrac-
tion, comes to exist, possible structures the muscle may be arranged in, types
of contractions, and finally the muscular interplay and the agonist-antagonist-
synergist-fixator relationships.

The musculoskeletal system can be modelled in different levels of detail depend-
ing on the aim of the research. To model the system, where the muscles are elastic,
maintain their volumes, do not intersect, and can interact (synergistically contract)
is the main challenge of this thesis.
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Modelling deformable
bodies

Advances in mechanical modelling, computer graphics, and many other related
fields, have brought a broad array of methods to represent the muscular structure,
which further more or less dictates its possible function. One of the main attributes
of the muscles is that they are elastic and their geometries deform during move-
ments.

But to model a deformable body (object) means to decide on the structure and
the method to deform that structure over time under external (e.g. gravity) or inter-
nal (e.g. tension) forces appropriately. To intuitively imagine the bodies, this chapter
will illustrate the objects and deformations in two or three-dimensional space, al-
though usually, no such dogmatic constraint applies to the structures or methods
themselves.

3.1 Object representation

When a real-world object is computerised (perhaps by a designer, an artist, or an
imaging modality), it can be represented by a set of mathematical functions approx-
imating the real object shape continuously or by a set of discrete samples (often
in the form of a mesh or a point cloud). This representation is usually dependent
on the method of model acquisition and the need for detail. Even though there are
always discrepancies between the model and the real-world objects, the approxima-
tion usually suffices the goal (e.g. to visualise the object, interact with it, or perform
an analysis of the object’s behaviour, etc.).

In case the object is represented by discrete samples, one sample is called the
vertex being associated with a position that can be expressed relative to a global
Cartesian coordinate system origin along with the other vertices.

3.11 Mesh-less

If no other information is provided, the representation can be described as a mesh-
less one. It can be useful in e.g. fluid modelling, and other models, where the con-
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3 Modelling deformable bodies

Figure 3.1: Mesh-less representation of the Stanford teapot

nectivity of samples is not important or can not be directly determined. An example
can be seen in Figure 3.1.

One drawback may be that the information about the neighbourhood of one
point is not so straightforward, and usually space partitioning methods, like K-
means have to be used to obtain K-nearest neighbours and even then it is not
obvious if these neighbours all lie on the same side of the underlying surface as the
query point if that is a desirable piece of information.

A popular approach to acquire a mesh-less 3D representation is the LIDAR
method (oceanservice.noaa.gov/facts/lidar.html) which measures sample depth by
shooting a ray towards the surface and elapsing the time it takes for the ray to return
to a receiver. From the set of vertices, generally non-uniform, an approximation of
the surface can be reconstructed. The approximation error is, of course, dependent
on the density of the samples.

The additional connectivity (also topological or shape) information can be either ex-
plicitly modelled but also acquired through surface reconstruction, where a pipeline
usually involves some type of segmentation of the mesh-less samples and subsequent
surface extraction. It is often represented by a set of polygons (e.g. triangles or quads)
approximating the original real-world surface shape. A surface triangular mesh is
depicted in Figure 3.2.

The main advantage compared to the mesh-less representation is that the soft-
ware structure defining the surface mesh usually provides a query to obtain the
neighbourhood of a query vertex or polygon in a constant time and this relation
between vertices is well-defined through the edges (sides of the polygons).
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3.1.3 Volume mesh

Figure 3.2: Surface mesh representation of the Stanford teapot

3.1.3 Volume mesh

If information about the internal contents of the object is also provided, then the
mesh is volumetric. Imagine the object sliced into small cubes without changes in
positions, then it could be called a voxel volume mesh, one of which is illustrated in
the picture 3.3. Other standardly used primitives are the tetrahedra (as an extension
of the triangular mesh). The tetrahedra can be obtained by slicing the cube through
four of its corners, where one extra tetrahedra forms in the middle of it, producing
five tetrahedra in total, or through slicing of the cube such that the resulting tetra-
hedra share the diagonal of the cube, while the other three points are formed on
three of the cube faces (sharing one mutual vertex) split by respective face diagonals,

Figure 3.3: Volume mesh representation of bones, source: [KC21]
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3 Modelling deformable bodies

producing six tetrahedra in total.

These structures can be obtained starting with the surface mesh, which can be,
within its borders, filled with the primitives using e.g. the flood-fill algorithm.

On the one hand, these representations are instrumental in inferring various
mechanical properties during their deformations, as even the density of the volume
primitives (which can be heterogeneous) of the object can be expressed. On the
other hand, they may require a lot more memory to be stored, and the visualisation
methods are more complex.

Regardless of the body representation, its behaviour during simulation can be viewed
on the spectrum from rigidity to elasticity. Rigid bodies undergo only affine trans-
formations and the relative distances between the vertices do not change. Elastic
bodies, on top of that, can be deformed. Deformation occurs when the relative dis-
tances between the vertices change due to acting forces. In the simulated scene,
bodies can exhibit varying degrees of elasticity and rigidity, reflecting different po-
sitions along this spectrum.

The acting forces can be classified into external forces that are incoming from
the external environment (e.g. gravity or attachment to a rigid body) and the ones
that are generated or propagated on the inside (or across the surface). Propagation
of a force, in this context, means that the force spreads consequently through the
volume or surface, while usually losing magnitude (depending on the underlying
physics of the force and the attributes of the object) due 