A
] Orighn Jver: on TE O UPNH C
Nisu-Tgae Haup b ek—aet" Tech >CHE

(GFSIE - < WS G- @ o npEVIET R ;ITAT
| W |
Vrehna |Austria w

Diploma Thesis
The Effects of Passive Path Spring
Implementation Parallel to Weakened M.
Rectus Femoris during Walking: An OpenSim
Simulation Study

carried out for the purpose of obtaining the degree of Diplom-Ingenieur (DI), submitted at TU
Wien, Faculty of Mechanical and Industrial Engineering, by

Pia Stefanek

Mat.Nr.: 0808550

under the supervision of

Univ. Prof. Dipl.-Ing. Dr. Margit Gfohler

Institute of Engineering Design and Product Development






TECHNISCHE
UNIVERSITAT
WIEN

Vienna | Austria

Reviewed by

Univ. Prof. Dipl.-Ing. Dr. Margit Gfohler
Institute of Engineering Design and Product Development

Getreidemarkt 9
A-1060 Vienna, Austria
Univ. Prof. Dipl.-Ing. Dr. Philipp Thurner

Institute of Lightweight Design and Structural Biomechanics

Getreidemarkt 9
A-1060 Vienna, Austria



Muscle weakness can cause devastating impacts on the gait pattern. Thus, research on
devices and elements, capable to assist walking movement is of high importance. This thesis
intends to investigate the effects of passive path spring implementation parallel to m. recuts
femoris for persons suffering from m. rectus femoris weakness. The study is limited to the
pre-swing, initial and mid-swing phases of gait and focusses on the three muscles m. rectus
femoris, m. vastus intermedius and m. biceps femoris caput longum. Five main muscle
parameters are selected for investigation: force, power, normalized fiber length, normalized
fiber velocity and induced femur acceleration. Results show that the spring exhibits a
positive effect on force and power of m. vastus intermedius but shows a comparable negative
effect in force and power of m. biceps femoris caput longum. Furthermore, the spring affects
the induced femur accelerations of all considered muscles in a negative way. The study is

performed using the simulation software OpenSim



Table of Contents

L 113 (0 Ta LU o130 s H TSR RPP 1
| Y o] 7 771 1o « PSSP OPPTOPRPRN 1
1.2, FOCUS OF TRESIS -.eeuveeutieieeiieniee sttt sttt ettt ettt sttt e b bt e b e beesbeesaeesaeesare e 2

2. LALETALUTE STUAY ..eevirirueeierieeieie sttt ettt st se e bt r e sh e e bt sae e e e s n e smeenenreeneenennes 4
2.1, HUMAN GAIE ..ottt b e s bt e st sb e e st et e sbe e st et e sbeean et e sbesaeennes 4

2.1.1. ThEe GAIt CYCLE vevuveiriiiiiiieiiee sttt et erte ettt et e e sire e s e saaeesateesbeessbeeesabeesateesabaessaseesaneenas 4
2.1.2. The Gait PRASES....ccuiiiieiieiieieeieet ettt ettt ettt st st st 4
2.1.3. Quantitative Gait ANALYSIS ....cocviruiriiriieieeieese ettt sttt e e e e s e e e saee e 9
2.2, MIUSCIES -ttt ettt et e bt b e s bt e s bt e s ht e sat e sat e st e st e e bt et e e be e be e te e beenaaees 14
2.2.1. M. qUAIICEPS TRIMOTIS . .eeuveeieiriieniieriienierterte et ste st steebe e sbeesteesaeesaeesabesaseenseenseeneees 15
2.2.2. M. DICEPS TRIMOTIS ..eevuviiiiiierieeiiie ittt este e st e sttt sireesiteesbee e sbeessateesabeesbeesnsseesssessnseeenanes 15
2.2.3. MUSCLE ROIES ...ttt ettt sttt sttt sbeenee e 16
2.3 OPCIISIIIL. .ttt ettt b st e e be st e sbe e b e s bt ese e st a bt s st e neesbeems e resbeemaereseeennennes 16
2.3.1. Musculoskeletal MOdel.........coveiiiiiiiiiiiieiie e 17
2.3.2. DyNamic SIMUIALION ....vevverieerieenieenieesieseeseeseesieestesaessesssteesseesseesasesasesnsesnsesssessseenses 22
e T T o) 411V P TSP 29

B IMEEROAS ettt ettt et be e bt e bt e s he e eae e e ae e ae e et e et eenneeeneas 31
3.1, MoOdel and Data .......cceeouieieiieeie ettt ettt st st sttt et e nae e 31
3.2, Preliminary determinations .........cecueeeveerueerueesieenieeneeseeseeseressesssessseessessseesssessessesssesssesnses 31

32,1, GAIE CYCLE weveirieiiieiiie ettt ettt et ete e et e e e st e e st e e sate e ssbeesbeeesabeesabeesbee s beeenareens 31
3.2.2. Path SPIINE .cueveeiiiiiiiiieeree ettt sttt e st e st e s bt e e sabe e sateesbae s raeenabeena 32
3.3, Preliminary SImUIAtIONS. .....ccoeiiiiiiirie ettt sttt et sae e st e st et eeeneeas 33
3.3.1. MUSCIE TEPLACETNIENL. .....ceuvirieiieririeeeete sttt et sr e e e sne e 34
3.3.2. FOTCE TaAKEOVET ...ccueitiitieiieriietieie sttt ettt ettt st sttt s b et e st sbe et esbesbeemee b 34
3.3.3. MUSCIE WEAKENING ... ceviviiiiiiiiiiieiiee ittt ettt et e sieesrteeesiee e s siaeesateesbeeesabeesabeessaesnnseesaneesn 35
34, SIMUIATION Lttt b e e e ettt ettt e bt esbe e sbeesheesaeesaeesmeesaeeeateenneeas 37

4. RESUILS ...ttt et b e bbbt bt e she e he e sa e e she e ea et e ae e et e et e e beenbeeeneas 41

4.1, ACTUALION FOTCE ..eiutiiiiiiiieie ettt sttt sttt et et te e be e sbe e sbeesaeenaees 41
4.1.1. M. TECTUS TEIMOTIS. cc.eviiieriiiiieeieete ettt ettt ettt et e sre e s e st s e en e e s 41
4.1.2. M. VaStUus INTETMEAIUS ..eeveerveeriieiieeitieiteerieentee sttt sttt e b st esaee st e st sateeeeenreeeees 43
4.1.3. M. biceps femoris Caput IONGUIM .......cocuiriiriieiieeeeee ettt e 44

v 1V F=Y 10 ) 4 B 0 )4 =) o 45



N Y B (=To) 0D S 0 00 ) L TP 45

4.2.2. M. VaStUuS INTEIMEAIUS. .. eeruverrerrrrrerieesieesieesteesteesseesseesaeesseesasseesseesseessessseesseesseesssesnsesnns 46
4.2.3. M. biceps femoris caput [ONGUIM .........cceevieririeiieniinieeieneeeeie sttt see v 48
4.3. Normalized fiDer 16NGth.........coviiiiiiiiiiiiii e et sbe e s saae e sabeeens 49
4.3.1. M. TECTUS TOIMOTIS  ..eeuvietieiieriieiite ettt ettt e et sttt ettt et e e sbeesbeesbeesaeeeas 49
4.3.2. M. VaStUS INTETMEAIUS. .. cerureruieeteeteeieeieesie et e st e st e site st e st e st e e sbe e bt e sbeesbeesbeesaeesatesabeeane 50
4.3.3. M. biceps femoris caput IONGUIM .....cceirvirieriieriieeiieerieerieeseeseeseeseeseeese e esteesieesanesanesns 50
4.4, Normalized FIDer VEIOCILY ....ccvviireiiiiiiiiiii ettt ettt e site e sabeeste e sbeessaseesabeeens 50
4.4.1. M. TECTUS TEIMOTIS ..eeuveeiieriieriiiiitisite ettt ettt ettt e st sttt et e b et e b e sbeesbeesaeenns 51
4.4.2. M. VaStUuS INTETMEATUS....cceueerurertieteeteeie et e ste et et et eesbeesaee st e esbeesbeesbeesbeesaeesaeesaeesaseeane 51
4.4.3. M. biceps femoris Caput [ONGUIM ......c..cceeveerireerienrinieeeerere e e 52
4.5. Induced Accelerations 0f the FEMUL..........ccceeviiiiieiininieieeeeees e 52
4.5.1. M. TECTUS TEIMOTIS ..eeuveeiieniieriieiiiieite ettt ettt sttt b et e b e b e sbeesaeenns 52
4.5.2. M. VaStUS INTETMEATUS . ...cerureruiertieteeteeie et et et e st e steesieesaee st e e b e e sbeesbeesbeesaeesaeesaeesareeane 56
4.5.3. M. biceps femoris Caput [ONGUIM .........cceevierireerieninieenere e et 60
4.6. Induced Accelerations of the Femur — Illustrations using Resultant Vectors ............c......... 64
o DIESCUSSION ittt ettt et e r e bt e b e s bt e s beesbe e saeesmeeeme e eae e enreeare et e enes 68
5.1 ValIAATION .ttt et s s st sttt et nreenre s 68
S.1.1. CMC Validation ...eeveeveerieenieeniiesee ettt ettt e sbte bt sae e st st e sabesbesbeebeebeeneean 68
S5.1.2. TAA Validation .c...eeueeieeieeniieite ittt ettt st st st st st st sbeebeebeenbeas 74
5.2, USADIIILY 1ouvviiiiiieiieeie ettt sttt sttt et e te e te e be e be e be e be e beesbeesaeesaeesaeesatesaresaneaen 75
5.3. Comparison t0 OthETr STUAIES ....veveerreerieereeiierie st et eieeieeieesieesteesae e saeeenseeteesseesseesseesssesnes 76
5.4 LIMITATIONS ..euviiutietietienteeniteniee sttt ettt ettt sbe e st e st e st e et e e bt e b e e bt e nbeesbeesaeesanesanesanes 76
5.5, SIMUIATION TESUILS ....euteeieetieitie sttt ettt st st st sttt et e b e beeeeas 76
5.5.1. Comparison of activation defiCitS.........cereririererinieiese e e 77
5.5.2. FOTCE AN POWET .....tiiiiiiiiiieieeeeceste sttt ettt 78
5.5.3. Normalized Fiber Length and Normalized Fiber VeloCity......cccccevvveircierinieincieesineennne, 81
5.5.4. Induced ACCEIETALIONS ...c..eerueiruiiriiiiieie ettt et et e e s 81
SUIMIMATY .ottt e a e s b bbb e s b e e sae e sbeesane s e e saaeennees 85
BIbOGIAPNY ..ttt e e e 87
7.1, LiSt Of RETEIENCES ... ecuvieieeiieiieiiieitienitere sttt ettt st st s s st ee s 87
7.2, LISt OF FIGUIES .uvviiiiiiiiee ittt sttt sttt st sttt e e st e e st e e sbteesabeesabaesnbaesnasaesabeesnns 91

R T 5 TS o) B -1 o) (< 92



1. Introduction

1.1. Motivation

The ability to walk upright is the characteristic trait that separated the first hominids from apes. It opened the
opportunity to free the hands for carrying tools and food and made long-distance walks possible (Gray, 2016).
Starting from the point where evolution enabled them to do it, humans instinctively use this form of bipedal
locomotion from primal childhood on (Hazen, 2015). In a lifetime, humans take hundreds of millions of steps.
Although walking appears as an automatic and simple process, it is actually a highly complex motor function.
Every step requires an accurate interaction of the musculoskeletal and the nervous systems (Mansfield and
Neumann, 2014). Only then, balance maintenance and smooth forward progression is possible. In case of a

healthy body, walking is a very energy-efficient process (Hislop et al., 2014).

Muscle weakness, arising from a combination of disease, trauma, lack of use and nerve inhibition (Fritz et al.,
2008), can have devastating impacts on gait (Hislop et al., 2014). It leads to diminution of muscle strength,
resulting in inability to use the whole function of a given muscle (Horak, 2012). In consequence, the ease and
efficiency of walking decreases, leading to a laboured and inefficient gait pattern (Mansfield and Neumann,
2014). Therefore, research on exoskeletons, devices capable to assist, restore or enhance the motor skills of the

wearer are of high importance (Nacy et al., 2016).

Especially in the recent years, the progress in the development of exoskeletons has been increasing. Many
different exoskeleton systems have been designed and tested. Depending on the supported body part, upper
extremity exoskeletons, lower extremity exoskeletons, full body exoskeletons or joint-specific exoskeletons
exist (Chen et al., 2016). Furthermore, one can distinguish between active (powered) and passive (unpowered)
devices. Active exoskeletons are powered through actuators, as for example electric motors or hydraulics.
Passive exoskeletons on the other side do not contain any actuators. Human movement solely produces the
energy that powers the device. Beside the reduction of musculoskeletal disorders, exoskeleton research focuses

on the improvement of human performance (McGowan, 2018).

Regarding the design of the exoskeletons, the high weight of the powered actuators represents a major
challenge (Farris et al.,, 2013). Furthermore, energy efficiency is a big problem. The acceleration and
deceleration of the limbs and the body mass support against gravity require a lot of energy. Power supply for
several hours is hardly possible with current battery technology (Van den Bogert, 2003). To minimize the mass
and improve energy efficiency, research is conducted in the field of passive exoskeletons. They replace
actuators with light springs, which are able to store and return energy similar to tendons. The usage of this

energy storage mechanism helps to power locomotion (Farris et al., 2013).

In the year 2009, Grabowski and Herr developed an exoskeleton consisting of fiberglass springs that were
spanned over all three joints of the leg. The device enabled a reduction of the metabolic cost of two-legged
hopping in place. Farris and Sawicki (2012) tested a spring-loaded ankle exoskeleton during hopping and

reported similar effects. In the year 2015, a passive exoskeleton acting in parallel to the calf muscles was



developed and tested during gait movement. Similar to hopping movement, improvements in walking

efficiency were documented (Collins et al., 2015).

All these studies are concerned with the augmentation of locomotor function in case of healthy persons. In this
thesis, we focus on the assistance of locomotor function in case of impaired persons suffering from muscle

weakness.

1.2. Focus of Thesis

The purpose of this thesis is to investigate the changes in muscle performance resulting from weakness of m.

rectus femoris during walking. Furthermore, this thesis aims at answering the following research question:

What are the effects of a passive path spring implementation parallel to weakened m. rectus femoris on

the main muscle parameters during walking?

As main muscle parameters we consider force, power, normalized fiber length, normalized fiber velocity and
induced femur acceleration. The investigation is limited to three muscles of the thigh, namely m. rectus femoris,
m. vastus intermedius and m. biceps femoris caput longum, whose performance is examined during the pre-

swing, initial swing and mid-swing phases of gait.

Four hypotheses are proposed:

H1: Weakness of m. rectus femoris reduces force, power and induced femur acceleration of m. rectus femoris,
increases these muscle parameters for m. vastus intermedius and does not change m. biceps femoris caput

longum performance.

H2: The passive path spring has no effect on the performance of the muscle parameters of weakened m. rectus

femoris.

H3: The passive path spring has a positive effect on the performance of the muscle parameters of m. vastus

intermedius in case of weakened m. rectus femoris.

H4: The passive path spring has a negative effect on the performance of the muscle parameters of m. biceps

femoris caput longum in case of weakened m. rectus femoris.

The passive path spring has a positive effect on the performance of the muscle parameters, if the muscle
parameter curves representing spring implementation show better approximation to the reference curve

describing the healthy case than the curve describing the weakened m. rectus femoris case.

The passive path spring has a negative effect on the performance of the muscle parameters, if the muscle
parameter curves representing spring implementation show worse approximation to the reference curve

describing the healthy case than the curve describing the weakened m. rectus femoris case.



1.3. Structure of this thesis

This thesis contains six subsequent chapters. Chapter two is a literature report, providing basic knowledge
important for further proceedings. In chapter three the applied methods are described. Chapter four is divided
with respect to the main muscle parameters and illustrates and describes the study results. Chapter five first
validates the applied OpenSim tools and discusses the usability of the OpenSim software. Furthermore, the
results are compared to other studies, study limitations are considered and the simulation results are discussed.
In chapter six the key findings are summarized and future research is considered. The last chapter serves as

bibliography.



2. Literature study

2.1. Human Gait

Human gait is highly individual. It adapts to existing conditions like age, height, body weight, soil properties,
footwear, environment and many more. Due to this high variability, the term normal gait is controversial.
Nevertheless, it makes sense to classify basic parameters of gait as normal or typical for an average human.
Only then, a pathological gait can be discriminated from a healthy one. In this thesis, all declared gait
characteristics follow the examination results of Dr. Jaquelin Perry and her team of the Rancho Los Amigos
National Rehabilitation Centre. They analysed the gait pattern of 420 healthy persons and determined normal

ranges for basic parameters (G6tz-Neumann, 2003).

2.1.1. The Gait Cycle

During walking, repeated, rhythmic and alternating movements of body segments lead to a forward translation
of the centre of gravity of the human body. One leg always has contact to the ground and acts as mobile support.
Meanwhile the other leg swings to a new location in the front. Then the legs swap their roles. When the body
weight is transferred from one leg to the other, both legs have contact to the ground. The legs repeat this process
with a time shift until the walking person has reached its target location. A single sequence of the repeated
process is referred to as gait cycle. Generally the gait cycle is defined to start with initial contact of one foot

(Perry, 2003).

2.1.2. The Gait Phases

The gait cycle can be divided into two phases: the stance phase and the swing phase. The stance phase describes
the period of the gait cycle when the foot is in contact with the ground. In this phase double-leg and single-leg
stance occur. Double-leg stance (double support) is characterized by ground contact of both feet. The body
weight is split up on both legs. In single-leg stance (single support) phases, one leg has to bear the whole body
weight. During swing phase the foot has no contact to the ground and is swinging in the air. Stance phase

constitutes about 60% and swing phase about 40% of gait cycle (Disselhorst-Klug et al., 2015).

Eight gait sub-phases exist, five during stance phase and three during swing phase. The stance phase events
are called: Initial Contact, Loading Response, Mid Stance, Terminal Stance and Pre-Swing. The swing phase

is consists of three events: Initial Swing, Mid-Swing and Terminal Swing (G6tz-Neumann, 2003).

In the following figure 1, the stance and the swing phase, as well as the eight gait sub-phases are illustrated.
Their starting and end times are specified as per cent of the entire gait cycle interval. Additionally, the division

of the stance phase into double-leg and single-leg stance (double support and single support phase) is shown.



Gait Cycle 100%
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Figure 1: Illustration of the gait cycle (Perry, 2003).

There are three fundamental tasks the stance and swing phases have to perform (Perry, 2003):

a)

b)

Weight acceptance:

Three functional patterns have to be realized simultaneously: shock absorption, initial stabilization
and perpetuation of locomotion. The transfer of body weight on the limb that has just finished forward
swing represents a difficult challenge. The procedure of weight acceptance lasts for the two sub-

phases initial contact and loading response.

Single-limb support:

The entire body weight is supported by one limb, which also has to preserve forward movement of
the body. Body transfer beyond the reference foot has to be performed. Single-limb support comprises
the two sub-phases mid- and terminal stance. The beginning of the pre-swing phase is included as

well.

Limb advancement:

The positioning of the leg in stance guarantees optimal progression of forward swing. Afterwards the
leg swings through the three sub-phases performing leg lift, forward swing and preparation for the
following stance phase. Limb advancement extends over the four phases pre-swing, initial swing,

mid-swing and terminal swing.

Table 1 describes the eight gait sub-phases in detail. It lists their starting and terminating events, fundamental

and special tasks, ratio of the gait cycle interval and associated phases.



Table 1: Overview of the gait sub-phases.

Ratio of
. A Fundamental ’ gait cycle
Sub-phase Starting event Terminating Event Special task : . Phase
task interval in
per cent
Initial reference foot v'positioning of the leg to initiate stance phase 0% stance
Contact contacts ground i i p g g P 0
; weight v'shock absorption i
Loading | initial contact of - toe-off of - acceptance - V'stability preservation of the weight bearing 0% - 10% - double-leg
Response | reference foot contralateral foot leg ° ’ _stance
v'perpetuation of locomotion ;
. toe-off of - body weight transfer on the v'body weight transfer on the forefoot N o single-leg
Mid Stance contralateral foot forefoot v'stability preservation of leg and torso (10%-30% stance
- single-limb
. o e / : 1 -
Terminal heel rise of reference foot initial contact of support body weight progress beyond the 30% - 50% single-leg
Stance contralateral foot reference leg stance
initial contact of : ' single-limb double-le
Pre-Swing - toe-off of reference foot support & limb : v'preparation for swing phase 50% - 60% £
contralateral foot stance
: advancement
H p . E : WZt ER -
Initial Swing | toe-off of reference foot maximum knee flexion of lift reference leg from ground 60% - 73% single-leg
reference leg v'forward movement of the reference leg stance
. . . v'forward movement of the reference leg .
Mid-Swing maximum knee flexion of  tibia of r'eference foot limb vassure distance between ground and 73% - 87% single-leg
reference leg perpendicular to ground stance
advancement reference leg
v e
Terminal | tibia of reference foot _ initial contact of reference termination of forward movement o o, . single-leg
R . of the reference leg 87% - 100%
Swing perpendicular to ground foot stance

- v'preparation for initial contact

(Gétz—Neumann, 2003, Disselhorst-Klug et al., 2015 and Bassile and Hayes, 2016)




In the electromyography part of this chapter m. rectus femoris activation during pre-swing and initial swing is
revealed. In mid-swing m. rectus femoris is not activated but its counter muscle, m. biceps femoris caput
longum, starts to activate. To include activation and deactivation phases of m. rectus femoris, further steps of
this thesis are concentrated on the three phases pre-swing, initial swing and mid-swing. Furthermore, the
methods section will show that springs which are implemented parallel to m. rectus femoris exhibit their peak
force during these phases. The three phases are described in detail in the following section. Only the

proceedings in the lower body are explained.
Pre-Swing e

The pre-swing phase represents the last sub-phase that is part of the stance phase. It is \
responsible for generating the major part of knee flexion for the following initial swing ﬁ }‘
phase. Therefore, one can assume that the flexion of the knee is the most critical event \ i
in this phase of the gait cycle (Perry, 2003). Figure 2 illustrates the start and end ) \ \\

positions of the pre-swing phase. \ "1

Range of movement (Gtz-Neumann, 2003):

Figure 2: Start and end
e Ankle joint moves from 10° dorsal extension to 15° plantar flexion positions of pre-swing
) o (Therani and Vermeire,
e The metatarsophalangeal joints (MTP joints) move from 30° dorsal >0pp7).
extension to 60° dorsal extension
e Kbnee joint moves from 5° flexion to 40° flexion

e Hip joint moves from 20° hyperextension to 10° hyperextension

At the beginning of the pre-swing phase, the body weight is transferred from the reference leg to the
contralateral leg. Due to this relief of the reference leg, the necessity for a powerful stabilisation by the
plantarflexors m. soleus and m. gastrocnemius decreases. As a result, they reduce their activation level. This
decreasing activation is enough to perform plantar flexion on the relieved foot and lift the heel from the ground.
Moreover, the centre of pressure has moved forward to the MTP joints already in terminal stance. Thus, the
force that pressed the midfoot to the ground is reduced. The interaction of all these events allows the tibia of
the reference foot to roll forward. The ground reaction force vector moves behind the knee, thereby inducing
a knee flexion torque and encouraging further passive knee flexion. This movement is supported by m.
popliteus, which shows high activation during pre-swing. The knee flexion movement is limited by m. rectus
femoris, which is able to slow down excessive knee flexion and hip hyperextension, thereby supporting hip
flexion. Further, the mechanical processes occurring at the ankle joint lead to a forward movement of the femur
resulting in hip flexion. Hip flexion is also initiated by the adductor muscles, which have to slow down passive
abduction induced by body weight transfer to the contralateral leg. At the end of the pre-swing phase, the dorsal

extensors prevent the foot from performing too much plantar flexion (Perry, 2003).



Initial Swing =

- ]
\ b
PN
During the initial swing phase, knee and hip flexion represent the most critical events. Knee ( "‘l
\ Yo
flexion is important to lift the reference foot from the ground. Hip flexion, resulting from X ﬁ\
fast forward movement of the femur, induces forward propulsion (Perry, 2003). Figure 3 g SOY

shows the start and end positions of the initial swing phase.

Range of movement (G6tz-Neumann, 2003):

e Ankle joint moves from 15° plantar flexion to 5° plantar flexion

Figure 3: Start and
end positions of
initial swing

e Knee joint moves from 40° flexion to 60° flexion (Tehrani and
Vermeire, 2007).

e The MTP joints move from 60° dorsal extension to neutral position

e Hip joint moves from 10° hyperextension to 15° flexion

The toe-off of the reference foot represents the starting event of the initial swing phase. At this time, the ankle
joint shows a plantar flexion of about 15°. Since the tibia is placed in a position behind the body, the
plantarflexed position of the foot does not disturb forward movement of the leg. But in the following mid-
swing phase the dorsal extension of the ankle joint is required to keep the toes above the ground. Therefore,
the dorsal extensors increase their activation level to the maximum. To lift the foot from the ground and perform
forward movement of the leg, sole dorsal extension of the foot is not enough. The compulsory precondition is
knee flexion. Three crucial factors enable the knee to reach a flexion movement up to 60°. First, the pre-swing
phase has to ensure sufficient knee flexion up to 40°. Second, the hip has to produce a fast flexion movement,
resulting in a forward movement of the femur. This movement of the femur generates a moment of inertia at
the tibia, leading to knee flexion. Third, knee flexion is induced by activation of the m. biceps femoris caput
breve. If necessary, m. rectus femoris is activated to prevent excessive knee flexion. Its contraction brings the
tibia more forward and supports hip flexion. As during pre-swing, hip flexion in initial swing is generated due
to knee flexion movement. As a result of all the above described events, the leg is able to swing passively

forward (Perry, 2003).

Mid-Swing

In mid-swing phase, dorsal extension of the ankle joint and hip flexion are the main challenges. Dorsal
extension in the ankle joint ensures that the foot stays in a position above the ground. Continued hip flexion
movement ensures forward movement of the leg (Perry, 2003). The start and end positions are illustrated by

figure 4.



Range of movement (Gotz-Neumann, 2003):

e  Ankle joint moves from 5° plantar flexion to neutral position
e The MTP joints do not change their angle in this phase. s
e Kbnee joint moves from 60° flexion to 25° flexion

e Hip joint moves from 15° flexion to 25° flexion

In mid-swing, the tibia reaches a position perpendicular to the ground. This occurs due to
processes in the previous gait phase. As a reaction to this forward movement of the tibia,
the dorsal extensors of the ankle joint are activated. The reason for these activations is that

the muscles have to work against a plantar flexion torque induced by the weight of the foot.

When the foot reaches a position in front of the hip joint, strong knee flexion as during
Figure 4: Start and
end positions of

terminating the forward swing of the leg and preparing for imminent ground contact. The mid-swing (Tehrani

. . . .. and Vermeire,
extension movement is not initiated by muscle activation. When the knee flexors relax, 2007).

initial swing is not needed anymore. The knee performs an extension movement, thereby

gravitation and hip flexion induce the required knee extension. The occurring hip flexion
is also passively induced and continues from the previous gait phase. At the end of mid-swing the ischiocrural

muscles contract to decelerate the femur (Perry, 2003).

Since further work of this thesis is concentrated on m. rectus femoris, m. vastus intermedius and m. biceps
femoris caput longum, the following table 2 summarizes their performance during pre-swing, mid-swing and
initial swing.

Table 2: Overview of muscle activity and tasks of m. biceps femoris caput longum, m. rectus femoris and m. vastus
intermedius during pre-swing, mid-swing and initial swing.

Muscle Pre-Swing Initial Swing Mid-Swing
Active Task Active Task Active Task
Bl ) & femur deceleration
fem. c. L.
M. rectus fem. ® ip ﬂ‘.exion . . & g ﬂgxion . .
______________ trains excessive knee flexion estrains excessive knee flexion
M. vastus
intermedius

2.1.3. Quantitative Gait Analysis

Quantitative gait analysis is consists of three primary components (Lisa and Shalala, 1998):

1. Kinematics (analysis of motion)
2. Kinetics (analysis of the forces that generate the motion)

3. Electromyography (analysis of muscle activity)
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The presented kinematics are reduced to sagittal plane. The
reason for this restriction is that walking motion is mainly Figure 5: Gait kinematics (Lovegreen et al., 2015).
determined by the proceedings in this plane. Further, hip, knee and ankle are focussed because the proceedings

in the other body parts are not subject in this thesis.

Figure 5 shows the change of joint angle in hip, knee and ankle in degrees during a gait cycle. The y-axis
indicates the joint angle in degrees and the x-axis represents the gait cycle in per cent and divided into the gait

sub-phases.

The hip shows an extension movement from the beginning of the gait cycle until it reaches peak extension at
the end of terminal stance. Peak flexion is then achieved at mid- or terminal swing. During loading response,
the knee first exhibits a flexion movement. At mid stance, the flexion movement is followed by an extension
movement. Then, the knee exhibits a rapid flexion movement, starting at the end of stance phase and continuing
until mid-swing, where a peak flexion of about 60° is reached. After the peak flexion, the knee moves into a
period of knee extension. Just before initial contact, another flexion movement can be considered. The gait
cycle starts with the ankle joint in nearly neutral position. During loading response, plantar flexion is initiated,
followed by a dorsiflexion motion. Just before pre-swing, peak dorsiflexion is reached. During pre-swing the
ankle plantar flexes until initial swing. The ankle then moves back into the neutral position (Lovegreen et al.,

2015).

Kinetics

Kinetics deal with the forces that generate a motion (Winter, 2009). A force applied to a body shows two
effects. External forces, arising for example due to gravity, lead to body acceleration. Internal forces arise due
to muscle contractions and passive anatomical structures. They lead to a deformation or state of mechanical
strain inside the body. Newton’s second law describes the relationship of force and motion (Bach and Hasan,

1999):

F=m-a (1)

10



T=I1-a=F-d (2)

with
F .. force
m . mass
a .. linear acceleration
T . torque, rotational equivalent to force
1 mass moment of inertia
a e angular acceleration
d . moment arm

All segment motion during walking is generated by the moment of force acting at the joints and by the
segment’s inertial effects. The inertial effects are usually small in comparison to the total moment around the

joint and can therefore be omitted (Koca and Verim, 2016).

Important kinetic variables are muscle force, ground reaction force, joint moments, work and power

(Beardsley, n. d.). Just as with kinematics, the following section focuses on kinetics of the hip, knee and ankle.

a) Ground Reaction Force

During walking, when the foot contacts the

i lateral/medial force component F;
ground, it applies force to the ground. In 100 .
0 P e — ===
reaction, an equal and opposite force is exerted -100
. . force component in motion direction Fy
from the ground to the foot. This force is called - R
. . £ o
ground reaction force (Sisto, 1998). 5 mg /\ .
5 . M -
Y -100 \/—' M |
= ,
. B =200
Fi h the progr f the groun g
gure 6 shows the progress of the ground 5 vertical force component Fs
reaction forces in the three different planes E .. 2 )
2  &00 ,-'/\ f’ﬂ\, ot = Body weight
during a gait cycle. “ so0t / \ f o\ N ok
. 400 1 | \/ | . ' X
- / - % "' ]
The y-axis indicates 00| A » '.
. | L |
200 i
the ground reaction 100 Standphase i I'I Schwungphase
. I' | 1
force in Newton. The 0 ' 1 -

0 10 20 30 40 50 &0 7O BO 90 100
x-axis represents the Gait cycle in %

gait cycle in per cent. Figure 6: Ground reaction forces (Disselhorst-Klug et al., 2015).

The continuous line

Figure 7: Coordinate illustrates the ground reaction force of the reference leg, while the dotted line marks
system of the ground
reaction forces (Watkins,

2018). contact, the ground reaction forces are all zero (Disselhorst-Klug et al., 2015). Figure

the ground reaction force of the contralateral leg. When the foot has no ground

6 is based on the coordinate system shown in figure 7.
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It is easy to see that the principal component of the ground reaction force vector is represented by the vertical
force component Fy. During stance phase, two peaks can be identified. The first peak occurs due to weight-
acceptance and corresponds to 110% of body weight. This peak is followed by a force minimum. The minimum
occurs because the centre of mass moves upwards during mid stance. The second peak appears in terminal
stance and is explained by the upwards acceleration of the centre of mass for the following swing phase. The
horizontal forces correspond to shear forces. The negative phase of the shear force in direction of movement
Fx indicates for a slowing down of the body, while the positive is caused by a forward acceleration of the body.
The lateral/medial shear force F7 is produced by weight acceptance from one leg to the other, which shifts the

centre of mass slightly to the side (Disselhorst-Klug et al., 2015).

b) Muscle Force

) ) Muscle force (F,,)
As described above, muscle forces, F, produce internal

Muscle torgue

torques, T, acting at joints: loint axis (T = Fan di)
T=F-d (3)
The moment arm d describes the perpendicular distance Perpendicular distance between

between the rotation axis and the muscle force pt of application and joint axis (d.)

(Disselhorst-Klug et al., 2015).

Figure 8: lllustration of muscle force and moment arm
(Fleming, n. d.).

Figure 8 illustrates muscle force and moment arm.
¢) Muscle Power

Muscle power P is defined as work W per unit of time t.

aw
P = s (4)

Further, work is the product of muscle force F and the distance § covered by the body segment.

W=F-5 (5

Insertion equation 5 in 4 of in results in equation 6, where V corresponds to the muscle lengthening/shortening

velocity (Disselhorst-Klug et al., 2015).

A muscle that is able to produce high power has the capability to exert force quickly (Plowman and Smith,
2014).
Electromyography

Electromyographic recordings reveal information about the final control signal of each muscle. Knowledge
about the input to the muscular system helps for example to identify which muscle is responsible for a specific

muscle moment (Winter, 2009).
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Due to the cyclic form of the gait pattern, the activation of muscles relevant for walking can be assigned to the
gait phases. Since this thesis focuses on m. rectus femoris, m. vastus intermedius and m. biceps femoris caput

longum, the following section deals with the activation of those muscles during gait (Perry, 2003).

Muscle activity was measured using dynamic electromyography. The EMG data were normalized using a
manual muscle test (%MMT) (Perry, 2003). This test measures the EMG values during maximal voluntary
isometric contractions (MVIC) of the muscles of interest. The recorded EMG values are then used as reference

values (Halaki and Gi, 2012).
a) M. rectus femoris

M. rectus femoris is active during late pre-swing and early initial swing. The intensity always stays below 20%

MMT. M. rectus femoris contracts to prevent excessive knee flexion and to support hip flexion (Perry, 2003).

For the sake of completeness, it has to be mentioned that there are studies showing rectus femoris activity
additionally during loading response (Annaswamy et al., 1999). These measurements can be explained by

cross-talk from vastus intermedius (Nene et al., 2003).

Figure 9 illustrates the activation pattern of m. rectus femoris in %MMT for the whole gait cycle. The parameter

N indicates the number of usable recordings.

EMG (%MMT)

40% M. rectus femoris N =7
20%
0%
IC LR MSt T5 PS IS MSw TS

Figure 9: Activation pattern of m. rectus femoris during gait (Perry, 2003).

b) M. vastus intermedius

In contrast to biarticular m. rectus femoris, m. vastus intermedius only spans the knee. Therefore, the activation
patterns of these two muscles are not similar at all. Together with the other Mm. vasti (M. vastus lateralis and
M. vastus medialis), the m. vastus intermedius is activated during the terminal swing phase (Perry, 2003). The
muscle extends the knee and prepares it for initial contact. After initial contact, hip extension and knee flexion
occur (Nene et al., 2003). To control the occurring knee flexion, the activation of the Mm. vastii increases until

a level of 25% MMT is reached in loading response (Perry, 2003).

Figure 10 illustrates the activation pattern of m. rectus femoris in %MMT for the whole gait cycle. The

parameter N indicates the number of usable recordings.
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Figure 10: Activation pattern of m. vastus intermedius during gait (Perry, 2003).

¢) M. biceps femoris caput longum

M. biceps femoris caput longum is activated during mid-swing and reaches its peak activation of about 21%
MMT during terminal swing. The activation continues until loading response (Perry, 2003). During terminal

swing, the muscle acts eccentrically thereby decelerating knee extension. From initial contact on, the muscle

acts concentrically to extend the hip (Cianca and Mimbella, 2018).

Figure 11 illustrates the activation pattern of m. rectus femoris in %MMT for the whole gait cycle. The

parameter N indicates the number of usable recordings.

EMG (%MMT)

SR T — 1 e

40% [ M. biceps femoris, c. longum N =51

20%

.

IC LR M5t TS P5 IS MSw TS

Figure 11: Activation pattern of m. biceps femoris caput longum during gait (Perry, 2003).

2.2. Muscles

The muscles of the human body can be divided into three types: skeletal muscles, smooth muscles and
cardiac muscles. All of these muscle types possess the following characteristics: contractibility, excitability,
extensibility and elasticity. Skeletal muscles are attached to bones and their main function is to move the
skeletal components. Furthermore, they are under voluntary nerve control. Its structural units are elongated,
cylindrical and multinucleated cells known as muscle fibers (Sreekumar, 2010). Different skeletal muscles
exhibit different physiological features, depending on their designated tasks in the body. As a result, muscles

vary in size, force, velocity and endurance (Mason, 2017).

Since further work in this thesis is concentrated on m. rectus femoris, m. vastus intermedius and m. biceps

femoris caput longum, these three muscles are described in detail.
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2.2.1. M. quadriceps femoris

The quadriceps femoris muscle is composed of four part-muscles: m. rectus femoris, m. vastus lateralis, m.
vastus intermedius and m. vastus medialis. M. quadriceps femoris extends over the anterior surface of the thigh.
M. rectus femoris is the only part-muscle that originates above the hip joint. The other three part-muscles
originate from the femur. At the patella, the four part-muscles unite and form the ligamentum patellae. This
string tendon inserts into to the tuberosity of the tibia. The main function of the quadriceps femoris is knee

extension (Palastanga and Soames, 2012).
M. rectus femoris

M. rectus femoris is a spindle-shaped bipennate muscle. Additionally to the knee
extension function, m. rectus femoris works as a hip flexor. During knee extension, m.
rectus femoris particularly acts when the straight leg is raised and when knee extension
and hip flexion occur simultaneously (Palastanga and Soames, 2012). Figure 12 shows
the position of m. rectus femoris in relation to the other quadriceps muscles.

Vastus Intermedius M vag .7 v edin e
wius Intermedes V[, vastus intermedius

M. vastus intermedius is a fusiform muscle. It sits under the rectus
femoris muscle, thereby forming the deepest part of the quadriceps
’ Y & pestp 4 P Figure 12: Red
femoris muscle. M. vastus intermedius only performs knee extension marked m. rectus
. . . emoris (King of the
movement (Hansen, 2014). Figure 13 illustrates the location of m. I;ym 20(1 2 )g f

vastus intermedius in relation to the other quadriceps muscles.

2.2.2. M. biceps femoris

The biceps femoris muscle is a fusiform, double-headed muscle comprises

Biceps Femoris Long Head
a long head (caput longum) and a short head (caput breve) (Strickland et~ %3 Fomorts Short fead
Semitendinosus.

Figure 13: Red
marked m. vastus

intermedius (King  head arises from the ischial tuberosity. The short head originates at the
of the Gym, 2012).

al., 2017). It is situated on the rear of the thigh. The biceps femoris long

linea aspera of the femur (Palastanga and Soames, 2012). The two heads
unite and form a common tendon. This tendon inserts on the lateral side of the fibula’s head,

the fibular collateral ligament, and the lateral tibial condyle (Cramer and Darby, 2014).

M. biceps femoris caput longum “ JJ

Figure 14: Red
Together with m. semimembranosus and m. semitendinosus, the m. biceps femoris caput marked m. biceps
femoris long head
(King of the Gym,
must originate from the ischial tuberosity, operate on the hip and knee joint and be innervated 2012).

longum constitutes the ischiocrural musculature or the hamstrings. A so called true hamstring
by the tibial branch of the sciatic nerve. The short head of the double-headed biceps femoris

muscle does not belong to the hamstrings group. Neither does it arise from the ischial tuberosity nor does the

tibial branch of sciatic nerve innervate it. Further, it only crosses the knee joint and therefore does not act on
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the hip joint (Chaitow and DeLany, 2011). Just as the other hamstring muscles, the biceps femoris’ caput
longum function is concentrated on hip extension, particularly when the torso is bent forwards and should be
raised to the erect position. Further, all three hamstring muscles control the forward bending of the torso. In
this case, they are acting in an eccentric manner. Flexion of the knee joint is another function of the hamstrings
(Palastanga and Soames, 2012). In figure 14, m. biceps femoris caput longum is depicted in relation to the

other hamstring muscles and in relation to m. biceps femoris caput breve.

2.2.3. Muscle Roles

Depending on a given movement, a muscle can play various roles such as agonist, antagonist or synergist.

Agonist — Antagonist relationship

Agonist-antagonist relationships are found between opposing muscles. Agonists cause a particular motion,
while the antagonists induce the opposite motion. The antagonist is usually located at the other side of the joint
that the agonist is acting on. The very fine balanced relationship between agonist and antagonist proceeds in
the following way: When the agonist contracts, the antagonist has to relax to some degree. Only then, the
agonist can carry out the desired motion. Sometimes agonist and antagonist perform so called co-contractions.
In this case, the antagonist contracts eccentrically at the end of the motion. For example, co-contractions are
utilized to decelerate body parts. During the swing phase of walking, the thigh is moved forward by contraction
of the hip flexors, in this case representing the agonists. The hip extensors, representing the antagonists, first
relax, but contract eccentrically at the end of the motion to decelerate the thigh (MacLester and St. Pierre,

2008).
Synergists

Synergists are muscles that contract at the same time as the agonists and support them to achieve their
movement goal. Furthermore, they prohibit undesired secondary motion from the agonists. (Clippinger, 2016)
When the agonist spans two joints, the synergist has to stabilize one joint, while the agonist is acting on the

other one (Bonewit-West et al., 2016).

Concerning hip flexion and extension, m. rectus femoris and m. biceps femoris caput longum represent an
agonist - antagonist relationship. In case of knee flexion and extension, m. biceps femoris caput longum and
m. vastus intermedius are connected in the same manner, while m. rectus femoris and m. vastus intermedius

act as synergists (Chaitow and DeLany, 2011).

2.3. OpenSim

In the years 2004 and 2005, the National Institutes of Health (NIH), the medical research agency of the U.S.,
established seven National Centres for Biomedical Computing (NCBC) to take increased advantage of
computation in biomedical research. They were charged with acting as hubs to improve the computational
infrastructure for biomedical computing in the nation. Therefore, each centre aims at generating innovative

software tools to process and share data on human health and disease. Simbios, the National Centre for Physics-
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Based Simulation of Biological Structures, is one of the NCBC:s. Its head seat is located at Stanford University.
Simbios focuses on the understanding of biological form and function at several scales with the goal of uniting

them in multiscale simulations (National Institutes of Health, n. d.).

Beside research aims, Simbios provides a framework for information and software dissemination by
establishing the platform simtk.org. Simtk.org contains the SimTK simulation toolkit, which includes tools
essential for physics-based simulations. (Schmidt et al., 2008) The tools consist of algorithms performing for
example complex linear algebra, integration and optimization calculations. The SimTK applications, which are

also available on the website simtk.org, are built from these SimTK tools (Delp et al., 2012).

OpenSim, representing one of the SimTK applications, focuses on biomechanical simulations of the human
body. It is an open-source simulation platform, that is freely available at Simtk.org and enables researchers to
model, simulate and analyse the neuromusculoskeletal system (Schmidt et al. 2008). The software is written in
C++, while the graphical user interface is written in Java. Figure 15 shows the graphical user interface of the

OpenSim application. It allows users to view and modify models, perform simulations and plot results.
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Figure 15: Graphical User Interface of OpenSim.

2.3.1. Musculoskeletal model

The OpenSim library contains many different musculoskeletal models with different musculoskeletal
structures. Depending on research needs, one can choose models for the lower and upper extremities, all
differing in the amount of muscle-tendon actuators and degrees of freedom. In this thesis, the so called
Gait2354 model is used. In the following section, information about the model are listed and explained. A
complete description is provided in the OpenSim documentation on https://simtk-confluence.stanford.edu

(National Center for Simulation in Rehabilitation Research, n. d. 1).
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The model Gait2354 represents a three-dimensional lower extremity computer model of the human
musculoskeletal system. It includes 23 degrees of freedom, 54 muscle-tendon actuators and comprises two legs
and a lumped torso segment. Since the model is intended to simulate and analyse human movement that is
focussed on the lower extremities, walking data are included in the model package (National Center for

Simulation in Rehabilitation Research, n. d. 1).

The lower extremity of the Gait2354 model consists of seven body segments: pelvis, femur, patella, tibia/fibula,
talus, foot and toes. Relative motions of these body segments are dependent on the definitions of the hip, knee,
ankle, subtalar, and metatarsophalangeal joints. The hip joint is modelled as ball-and-socket joint, while the
ankle, subtalar, and metatarsophalangeal joints are represented via frictionless revolute joints. Since the
structure of the knee joint is highly complicated, the Gait2354 provides a simplified version, containing one
degree of freedom. The paths of the muscle-tendon actuators are represented by line segments. Origin and
insertion points are determined via anatomical landmarks on the bone surfaces. If required, intermediate via
points are applied to describe the muscle path more accurately, for example when the muscle is wrapping over

the bone (National Center for Simulation in Rehabilitation Research, n. d. 1).

The Gait2354 model contains 54 muscle-tendon actuators. For many muscles, the peak isometric force value
is based on healthy, living subjects derived from the studies of Anderson and Pandy (1999). In some cases, the
muscle strengths are acquired from the lower limb model created by Delp et al. (1990). Then, strength scaling
is added because the data from Delp et al. are obtained from cadavers and not from living subjects. The values
for the optimal fiber length and pennation angle are based on the studies of Wieckiewicz et al. (1983) and
Friedrich et al. (1990). Each muscle is defined by the following five constants: maximum isometric force (F3?),
optimal muscle fiber length (L}), tendon slack length (L%), maximum contraction velocity (V%) and pennation
angle (a}!) at optimal fiber length. The pennation angle a™ defines the angle between the muscle fibers and

the tendon. Tendon slack length L% expresses the length when the tendon begins to resist lengthening and

transmits force (National Center for Simulation in Rehabilitation Research, n. d. 1).

The muscle mechanics used in Gait2354 is derived from Thelen (2003). The Thelen2003Muscle model is based

on the Hill-type muscle model (National Center for Simulation in Rehabilitation Research, n. d. 2).
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The Hill model was developed by the physiologist A.V. Hill
in the late 1930s and illustrates the concept of muscle

contraction. (Abernethy et al., 2013) The model considers

both active and passive components of muscle tension. It
v passtv P 4 - L™ cosa™ ! :LT

consists of three elements, comprising a musculotendon M
|

actuator: a contractile element (CE) representing active

. . . . muscle tendon
muscle tension and two non-linear spring elements, one in

Figure 16: Hill-type muscle model (National
Center for Simulation in Rehabilitation
muscle tension. (Knudson, 2003) The contractile element (CE) is Research, n. d. 2).

series (SE) and one in parallel (PE) with CE, representing passive

fully extensible when inactive but is able to shorten when

activated. It accounts for the force-length and force-velocity properties of the muscle. The serial-elastic element
(SE) represents the tendon and the cross-bridges formed by actomyosin binding, inducing elasticity during
isometric contractions (active stiffness). The parallel-elastic element (PE) represents the intermuscular
connective tissue (fascia, epimysium, perimysium and endomysium) that surrounds the muscle fibers inducing

elasticity in resting state (passive stiffness) (Van den Berg and Cabri, 2003 and Abernethy et al., 2013).

Figure 16 illustrates the musculotendon actuator used in Gait2354. It is based on the hill-type muscle model

and estimates muscle contractile dynamics in the musculoskeletal model. LMT

represents the instantaneous
length of the muscle-tendon actuator. It depends on the instantaneous length of the muscle LM, the
instantaneous length of the tendon LT, and the muscle’s pennation angle a™ (National Center for Simulation

in Rehabilitation Research, n. d. 2).

Mathematical description of muscle mechanics

The dynamic behaviour of the contractile element in a hill-type muscle model is described using two major

types of dynamics: Activation Dynamics and Contraction Dynamics (Romero and Alonso, 2016).

The former explains the transformation relationship between the muscular excitation signal, u, and the
activation signal, a. The latter relates the activation state, a, with muscle force development (Romero and

Alonso, 2016).

Activation Dynamics

Activation dynamics expresses the time lag between the firing of motor units and the formation of actin-myosin
cross-bridges (Romero and Alonso, 2016). The following non-linear first order differential equation shows the
relation of the muscular excitation signal, u, describing the muscle input signal, and the activation signal, a,
describing the muscle fibers recruitment state. Both variables, u and a, are dimensionless quantities between 0

and 1 (Thelen, 2003).

E_ u(t)—a(t)
dt  tgalal®)u)

(7)

The term t,(a, u) expresses the time constant, which Thelen defines in the following way (Thelen, 2003):
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Taet (0,5 + 1,5a(t)); u(t) > a(t)
uOKOJNO)={Q§%§6; ut) <a) ©

The term 7, represents the activation time constant, while Tq4eacr €Xpresses the deactivation time constant.

Analysis of the equation 7 and 8 shows that when activation level increases (u < a - u —a < 0), the

. . . da . . . . . .
activation slows, since 3¢ Is negative. This happens because calcium ions are released and diffused less

. o o da .
efficiently. When the activation level decreases (u > a — u — a > 0), the deactivation slows, because d—E: is

positive. There is only a low amount of calcium ions left for uptake by the sarcoplasmatic reticulum (Thelen,

2003).

Contraction Dynamics

FMT

Contraction dynamics shows the relationship between the activation signal, a, and the force, , produced

by the musculotendon actuator (John, n. d.).

According to the distribution of the elements in the musculotendon actuator, it follows:

FeE@R) = =0 pPEQ) (9)

cos aM(t)
and FT(t) = FMT(t) (10)

with F¢E = FM_FTand FPE describing the force of the contractile element (CE), of the tendon (T) and of the

parallel-elastic element (PE) (John, n. d.).

The pennation angle of the muscle depends on the width of a muscle (w = L¥ * sinall) and on the current

fiber length, LM (t) (Romero and Alonso, 2016).
The force exerted by the muscle is described by the following equation:
FEE@®) = F'-a@®) - (M ®) - fr(TM(®) (12)

The term f; (ZM ) represents the force-length relationship depending on the normalized muscle length IM =
LM(t)/L¥. Similarly, the force-velocity relationship is described by the term fV(VM ) depending on the

normalized contraction velocity V™ = VM (t)/VM.., where VM describes the instantaneous muscle contraction

velocity (Romero and Alonso, 2016).

The force of PE is expressed by:
FPEt) = F' fop(IM(1)) (12)

where fpp describes the normalized passive force-length relationship.
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Tendon force is calculated by:
FI(6) = F' - fr(e"(®) (13)

where fr represents the normalized tendon force-strain relationship also known as tendon stiffness. 7
expresses the tendon strain, which is calculated by &7 (¢) = (LT (t) — LT)/LE (John, n. d. and Romero and
Alonso, 2016).

Insertion of the equations 11, 12 and 13 in 9 results in:
F (@ - (T @) * fo (7 (®) + for (T (©))) - cos (&) = FY! - fr(e7(£)) = 0 (14)

Solving this equation for f;, (17"” (t)) yields:

cos(aM (t))

<—”“T“” —fPE(ZM@)))
£ (7)) =

(15)

CHOBAIG))!

Inversion of the force-velocity curve leads to:

) ((—Cg’f(f,ﬁ?)) - pr(ZMu))) \
M) =VM(t) = fV‘14 ) ¥ (16)

(a™(@®) - £(I" ()

Equation 16 can be written in a simplified version, since it only depends on three states, namely activation
value, muscle fiber length and muscle-tendon actuator length:

ac —1(JM JMT

?: fV (L ,L ,a) (17)
The differential equations 16 and 17 represent how musculotendon contraction dynamics are modelled in the

OpenSim software. (National Center for Simulation in Rehabilitation Research, n. d. 2).

(M Figure 17 illustrates the process of modeling musculotendon
u —»| Activation g | Confraction | _ ..M . . . . . . .
Dynamics Dynamics ™ mechanics in muscle-driven simulations. Muscle activations, a,
are calculated from neural excitations, u, using activation
q Musculoskeletal fMT . ..
G| Model T dynamics. Musculotendon lengths, LM, and velocities, VM7, are

determined from the generalized coordinates, q, and velocities, g,
Figure 17: lllustration of musculotendon  of the musculoskeletal model. These results are then used by
mechanics modeling (Millard et al., 2013). . . . .

contraction dynamics to produce a forward simulation of muscle

length, LM, velocity, V™, and force, FM.
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Thelen Muscle Model

Each element in the hill-type muscle model (CE, PE and SE) can be described using different mathematical
models (Romero and Alonso, 2016). Thelen adjusts the Hill model in a way that it reflects nominal aging
effects on muscle mechanics that arise between the ages 30 and 70. The adaption is achieved by different
parameter settings depending on age. The isometric muscle forces, the deactivation time constant and the
maximum contraction velocity are reduced in older adults. On the other side, maximum normalized force
during lengthening and the relative passive stiffness value (in proportion to total tension) are increased (Thelen,

2003).
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Figure 18: Thelen muscle model — muscle properties (National Center for Simulation
in Rehabilitation Research, n. d. 2).

The curves of figure 18 show the intrinsic muscle properties of the Thelen muscle model. All curves are

- M -
normalized. Normalized Force is expressed by FM = FF—AE,t), normalized length by [M =
0

Mt .
L—M) and normalized
0

_ M
velocity by VM = ‘; M(t) . The muscle force-length relationship is represented by a Gaussian curve. The curve

max

showing the force-velocity relationship is scaled with activation, leading to lower unloaded contraction

velocities during sub-maximal activations. Tendon force is modelled to rise exponentially with strain (Thelen,

2003).

2.3.2. Dynamic simulation

A muscle-driven simulation of movement in OpenSim includes four steps: Scaling, inverse kinematics (IK),
refinement of model kinematics by the residual reduction algorithm (RRA) and generation of a forward
dynamic simulation using the computed muscle control (CMC) algorithm. In the following section, the steps

are described in detail in the context of performing gait simulations (Delp et al., 2007).

Figure 19 illustrates the steps of a dynamic simulation in OpenSim. First, a generic model is scaled based on
experimental marker positions. With the scaled model, inverse kinematics is performed, using experimental
marker trajectories of motion. The calculated joint angles are filled in RRA together with experimental reaction
forces and moments. Thereby, dynamically consistent joint angles are achieved. Together with the

experimental reaction forces and moments, they are used to compute muscle activations and forces with CMC.
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Figure 19: Schematic of a muscle-driven simulation in OpenSim (The Ohio State University, 2018).

Scaling

The Scale Tool adapts the anthropometry of a dynamic musculoskeletal model so that it matches an individual
subject as good as possible. The scaling step includes the adaption of (National Center for Simulation in

Rehabilitation Research, n. d. 3):

e the model’s mass properties (mass and inertia tensor), by proportional distribution to reproduce the
subject’s total mass.

e the body segments’ dimensions, by computation of scale factors. These factors depend on the relative
distances between pairs of experimental marker positions and the corresponding virtual marker
positions.

e the muscle fiber length and tendon slack length of the musculotendon actuator and other length-
dependent components. A scale factor is calculated as the ratio of the length before and after scaling,

and this scale factor is used to scale the length-dependent properties.

Inverse Kinematics (IK)

This step includes the calculation of the model’s generalized coordinate values (joint angles and translations)
for each time frame by positioning the model in a pose that the coordinate values reproduce the experimental
marker data as precisely as possible. The inverse kinematics tool is implemented as a weighted least squares
problem whose solution aims at minimization of the difference between the measured and virtual marker
locations of model and subject, thereby complying with joint constraints (National Center for Simulation in

Rehabilitation Research, n. d. 4).
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For each time frame in the experimental kinematics, the IK tool solves the following least squares problem

(Delp et al., 2007):

mqin [Zﬁﬁrkers w; ”xiexp i xi(Q)Hz + Z;L:frescribed coordinates (Uj ”qj?xp . qj”2 ] (18)

qj = q;" forall prescribed coordinates

with
q ... vector of generalized coordinates, which is aimed to be calculated
;P three-dimensional position of the i-th experimental marker
x;(q) ... three-dimensional position of the i-th model marker, dependent on the coordinate
values
q;"p value of the j-th joint angle of the subject
q; ... value of the j-th joint angle of the model
w; and w; ... factors for different weighting of markers and joint angles

The first term deals with marker errors describing the distance between the experimental marker data and the
corresponding virtual marker data when the model is in the position that the generalized coordinates computed
by the IK solver induce. The second term concentrates on coordinate errors defined by the difference between
an experimental coordinate value and the coordinate value calculated by the IK solver. There is a distinction
between prescribed and unprescribed coordinates. Prescribed coordinates are locked coordinates with a known
trajectory value. They are just set to their experimental values and not computed by the IK solver (National

Center for Simulation in Rehabilitation Research, n. d. 4).

Residual Reduction Algorithm (RRA)

RRA application minimizes nonphysical compensatory forces, called residuals, which occur due to modelling
assumptions (for example having a model without arms) and marker data processing (experimental) errors. In
other words, RRA helps to make the generalized coordinates calculated with IK more dynamically consistent
with the experimental ground reaction force data. This is achieved by small alterations of the model mass

parameters and slight perturbations to motion trajectory (Delp et al., 2007).

RRA is generally intended to be used for movements where the model changes position relative to the ground
as for example walking and running. Six generalized coordinates calculated with IK, specifying the six degrees
of freedom (three translational and three rotational), indicate the local relationship between the model’s pelvis
and the ground. These six degrees of freedom are regarded as joint between pelvis and ground. Exactly one
actuator, called residual actuator, exists for all of the six generalized coordinates in the model. The actuators
of the three translational degrees of freedom are called residual forces (F, Fy, F;), while the actuators of the
three rotational degrees of freedom are called residual torques (M,, M,,, M) (National Center for Simulation in
Rehabilitation Research, n. d. 5). According to Newton’s second law, the following equation 19 relates the
experimental ground reaction force to the model kinematics and the residual force. There is an analogous

equation describing the relationship between the experimental ground reaction moment, model kinematics and
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the residual moment (Delp et al., 2007). Equation 19 describes the same relation as equation 1, thereby using

different variables.

segments = =

Fexternal = Z[:l m;a; — Fresidual (19)

with
é'extemal experimental ground reaction force minus the body weight vector
a; ... translational acceleration of the center of mass of the i-th body segment
m; ... mass of the i-th body segment
Fo. residual force
residual

The residual force is only zero when the model contains no modelling or experimental errors, which is
practically never the case. Non-zero residual force accounts for the dynamic inconsistency of the model. The

application of the RRA tool leads to a minimization of the residual forces and moments (Delp et al., 2007).

RRA starts with the performance of a tracking simulation. First, the model is placed in its starting configuration,
which is based on the generalized coordinates computed by IK. The movement of the model from its current
configuration to the following configuration, indicated by the generalized coordinates of the next time step,
requires force generation from the model’s actuators. For the whole duration of the motion, RRA calculates
the force values for all of the model’s actuators (not only for the residuals) by minimization of an objective
function. After finishing the simulation, the residuals are averaged for the duration of the motion. Depending
on the results, the algorithm adjusts the torso mass center and recommends mass changes to body segments

(National Center for Simulation in Rehabilitation Research, n. d. 5).

Then the tracking simulation is repeated with the adjusted torso mass center. Besides, special restrictions on
the residuals are applied. Higher weights are assigned to the residuals in the objective function, resulting in the
selection of smaller residual values by the optimizer during minimization of the objective function.
Furthermore, minimum and maximum limits are chosen for the residuals. These restrictions help to keep the
residual values at the absolute minimum required to follow the desired kinematics, and if possible generate the
motion solely by internal forces. Due to maximum and minimum limitations of the residuals, the model’s

movement is slightly changed (National Center for Simulation in Rehabilitation Research, n. d. 5).

Computed Muscle Control (CMC)

The CMC tool is used to generate a set of actuator controls (muscle excitations) that drive the generalized
coordinates of the musculoskeletal model to follow the desired kinematics. CMC is performed using
proportional-derivative control, static optimization and forward dynamics (National Center for Simulation in

Rehabilitation Research, n. d. 6).
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Initial Values

Before the CMC algorithm starts, the initial states comprising the generalized coordinates and velocities (joint
angles and angular velocities) and muscle states (muscle activations and fiber lengths) are computed (National

Center for Simulation in Rehabilitation Research, n. d. 6).

Desired Accelerations

The CMC algorithm starts with the calculation of a set of desired accelerations. These accelerations enable the
model coordinates to track the experimental coordinates. The computation is done using a proportional-

derivative control law (National Center for Simulation in Rehabilitation Research, n. d. 6):

Gl + 1) = G +T) + ky (%7(0) = 4(0) + 1k, (357 (0) — G(0) (20)

with
('jdesired ... desired accelerations of the generalized coordinates
aexp, GexP, gexp ... experimental accelerations, velocities and positions corresponding to the generalized
coordinates of the model
5, q ... generalized velocities and coordinates of the model
k,, ];p ... feedback gains for velocity and position errors
T small, user-defined time interval

The desired accelerations are calculated for minor time T in the future, since muscle forces cannot change

instantaneously. Considering musculoskeletal models, T is generally selected to be about 0,01 seconds. After
having achieved the desired accelerations, the velocity errors (?; = g®P(t) — g(t)) and the position errors

(g = q®P(t) — q(t)) are driven to zero. One can rewrite equation 20 as a second-order ordinary equation,

where % are the acceleration errors (%P (t) — q9esi"d(t)) (National Center for Simulation in Rehabilitation
Research, n. d. 6).

e,— ke, —k,e, =0 (21)

For musculoskeletal models it is recommended to select the feedback gains in a way that they slowly drive

errors to zero (National Center for Simulation in Rehabilitation Research, n. d. 6).

Static Optimization

Next to the computation of the desired accelerations, CMC calculates the actuator controls that induce the
desired accelerations under steady-state conditions at time ¢t + T. A static optimization criterion is applied to
distribute forces across synergistic actuators. It is called static optimization because calculations are only
performed at each time step without integration of the equations of motion between the time steps (Thelen et

al., 2003).

It is possible to add reserve actuators to the model. Reserve actuators are able to provide extra actuation to the

model, when the muscles cannot provide enough accelerations to the joint. They can be added to each degree-
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of-freedom including the six residual actuators (National Center for Simulation in Rehabilitation Research, n.

d. 7).

Finally, CMC generates a forward dynamic simulation, thereby using the calculated muscle excitations as
input. The forward dynamic simulation advances forward in time by user-defined time steps T (National Center

for Simulation in Rehabilitation Research, n. d. 6).

A forward dynamic simulation is performed by the integration of first-order equations for activation dynamics,
first-order equations for contraction dynamics and second-order equations of body movement. The states are
advanced to the next step and the generalized coordinates and velocities are fed back to repeat the algorithm

(Thelen et al., 2003).

The equation of body movement relates the accelerations of the generalized coordinates to applied forces

(Thelen et al., 2003).
= M@)I7{G(@) +V(q, )+ [R(Q]-F+E(q,} (22)
with

q ... generalized accelerations of the model
[M(g)]™ ... inverse mass matrix

G vector of generalized forces due to gravity

%4 vector of generalized forces due to coriolis and centrifugal effects

R force transmission matrix (muscle moment arms)

F vector of muscle forces or any other applied forces, transformed to a generalized force
using R

E vector of generalized forces that represent interactions with the environment

The three stages — calculation of desired accelerations, static optimization and forward dynamic simulation —

are repeated every T seconds for the whole motion duration (Thelen et al., 2003).

v

Optimization

Figure 20: Schematic of CMC applied to gait (Thelen and Andersen, 2006).

Figure 20 illustrates the CMC process. The algorithm starts with the calculation of a set of desired accelerations

(édeSired). They drive the generalized coordinates q and velocitiesc? towards the experimental coordinates
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q%*? and velocities c?e"p. Static optimization is applied to calculate a set of actuator controls at time t + T.
Experimental forces, such as ground reaction forces f;:;p, are also incorporated in the static optimization
problem. The neural excitations U are used as input to the forward dynamic simulation. Numerical integration

is used to advance all states to t + T. The generalized coordinates and velocities are then fed back (Thelen et

al., 2003).

Analysis

The Analyze tool is generally used to analyse a simulation, computed with CMC. Depending on the research
interest, the user can choose different analysis types as for example: Muscle Analysis and induced acceleration

analysis (National Center for Simulation in Rehabilitation Research, n. d. 8).

Muscle Analysis

The muscle analysis tool enables to record and compute muscle quantities during a simulation. The analysis
comprises the calculation of many muscle parameters including muscle fiber length, shortening velocity and

power (National Center for Simulation in Rehabilitation Research, n. d. 9).

Induced Acceleration Analysis

Individual forces cause the accelerations of generalized coordinates (e.g. knee angle), body segments (e.g.
femur) or body locations (e.g. model’s center of mass). The induced acceleration analysis tool enables the user

to calculate these induced accelerations (National Center for Simulation in Rehabilitation Research, n. d. 9).

Generalized coordinates, body segments and body locations are generally not directly accelerated by internal
forces but by external reaction forces including gravity, forces due to velocity effects (i.e., Coriolis and
centripedal forces) and muscle forces. To compute system acceleration contribution of individual forces, it is
necessary to decompose the external reaction forces. Only then, the partial contribution of each individual force

to the external reaction force and to the system acceleration can be calculated (Hamner et al., 2013).

To decompose ground reaction forces and moments for examination of muscle force acceleration contribution,
different constraint-based foot-ground contact models can be applied. They model contact between the foot
and the ground. A rolling-on-surface constraint models the contact between a rolling body and a plane defined
on another body (National Center for Simulation in Rehabilitation Research, n. d. 9). It produces a sagittal (F),
vertical (F,) and transverse (F;) reaction force and a vertical reaction moment (M,,) about the center of pressure.

The rolling-on-surface constraint comprises four individual constraints (Hamner et al., 2013).

py(@) =0 (23)
px(QréI) =0 (24)
p2(q,q) =0 (25)

wy(q,q) =0 (26)
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The term p,, expresses the vertical position of the foot, while p, and p, represent the sagittal and transverse
velocities of the foot. The vertical angular velocity of the foot is given by w,,. Equation 23 expresses the
vertical, unilateral, non-penetrating constraint. Penetration of the ground is not possible, but the foot can be
lifted. Equation 24 and 25 represent the sagittal and the transverse no-slip
constraints, which limit foot translations in these directions. The last constraint
restricts vertical rotations and is called vertical no-twist constraint. It is expressed

by equation 26.

Figure 21 illustrates the rolling on surface constraint. It produces a fore-aft (F,),

vertical (F,) and mediolateral (F,) reaction force and a vertical reaction  Figure 21: lllustration of the

Rolling on surface constraint

moment (M,,) about the center of pressure (Hamner et al., 2013). (Hamner et l,, 2013)

2.3.3. Springs

Springs are elastic devices, capable of mechanical energy storage. They consist of wound coils or spirals. When
a pulling force is applied to the spring, it stretches. Thereby the pulling force uses energy. The tighter (higher
stiffness) the spring, the more energy is required. This energy is stored by the spring in form of potential energy.
After removing the force, the spring immediately recoils back to its original shape, thereby releasing the stored

energy (Woodford, 2018).
One can distinguish between linear and variable rate springs. Linear springs satisfy Hooke’s law

F=k-x (27)

where the force F required for spring extension or compression by distance x is
proportional to this distance x. The term k represents the spring rate or spring stiffness,
which stays constant. Variable rate springs show different behaviour. Their spring rate

changes with spring deflection (Wu, 2013).

Due to their mechanical behaviour, springs are commonly
used in passive and quasi-passive exoskeletons. In the year
2015, Collins et al. developed a passive ankle exoskeleton
using a coil spring and examined its effect on walking
performance of healthy subjects. The device was
implemented in parallel to the calf muscles and the Achilles
tendon. Grabowski and Herr (2009) implemented fiberglass
leaf springs in parallel to the leg. They studied the effects on

hopping in place of healthy subjects.

Figure 22: Unpowered
exoskeleton design
from Grabowski and
Herr (2009).

The pictures 22 and 23 show different designs of unpowered

exoskeletons. Figure 23: Unpowered
exoskeleton design from
Collins et al. (2015).
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Springs in OpenSim

OpenSim offers the possibility to include springs to the musculoskeletal model. Since this thesis is focussed

only on path springs, the following section solely deals with this specific passive element.

Path Spring

A path spring refers to a massless force element. During implementation, the user has to determine the spring’s
path along which tension is applied. The tension of the spring is defined in the following way (National Center

for Simulation in Rehabilitation Research, n. d. 10):

T=(K-s)-(1+D-L) (28

. (L =1L L>Lg
with s = {0 L<L,
with
L ... pathlength of the spring
Ly ... resting length of the spring
K ... stiffness value
D ... Dissipation factor

Since the equation does not fulfil Hooke’s law, it is a nonlinear spring. The dissipation factor describes how
tension is affected by the rate of stretch. When the spring’s length equals or falls below the resting length, no

tension is produced (National Center for Simulation in Rehabilitation Research, n. d. 10).
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3. Methods

3.1. Model and Data

Model and data are all taken from the OpenSim library. The three-dimensional model ‘Gait2354’ is
downloaded from the simtk.org page. The ‘Gait2354° package includes experimental data (marker trajectories
and ground reaction forces) for a healthy male walking on a treadmill with self-selected velocity. The data
were collected as part of the study from John et al. in the year 2012. For all simulations, the tool-specific setup
files included in the ‘Gait2354° package are used. In these files, the scale factors and coordinate weights are

chosen according to the study from John et al. (2012).

3.2. Preliminary determinations

3.2.1. Gait cycle

The study is constrained to pre-swing, initial swing and mid-swing. These three phases were chosen to examine
both activation and deactivation phases of m. rectus femoris. Furthermore, this chapter will show that springs
which are implemented parallel to m. rectus femoris exhibit their peak force during these phases. The data of

the ‘Gait2354’ package report gait motion for 2,5 seconds, corresponding to approximately two gait cycles.

To determine the gait cycle to be analysed, the first initial contact (vertical force > 0) with the right leg is taken
as start time, while the time step prior to the subsequent initial contact of the right leg is taken as end time.
According to the ground reaction force file, the start time is selected at time 0,5983s and the end time at 1,8283s.
As anext step, the start and end times of the pre-swing, initial swing and the mid-swing phases are determined.

They are chosen depending on the starting and terminating events described in table 1.
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Table 3: Start and end times of the relevant gait sub-phases.

Gait sub- Start Per cent of End Per cent of gait
Start pose . . End pose .
phase time gait cycle time cycle
Pre-swing 1,225s ~51% 1,43s ~68%
Initial 1,43 ~68% 1,533s ~76%
swing
Mid-swing 1,533s ~76% 1,725s ~92%

Table 3 shows the start and end times in seconds and in per cent of the gait cycle of the three relevant gait

phases pre-swing, initial swing and mid-swing. They depend on the experimental data of the ‘Gait2354’

package. Further, the start and end poses of the ‘Gait2354’ musculoskeletal model are represented.

3.2.2. Path Spring

The path spring is implemented at the path of the rectus femoris muscle on the right leg. The force element is

constructed of three parameters, namely resting length, dissipation factor and stiffness.

Resting length

The resting length parameter marks the spring’s force production. When the path length of the spring exceeds

the spring’s resting length, force is generated.

According to figure 24, illustrating the tendon-force length relationship, the tendon starts producing force at
tendon slack length (LT). Figure 25 shows the normalized active and passive force-length curves of muscles.

The muscle fibers (active curve) start to generate force at 40% of their optimal length (L¥). (Delp and Arnold,

2011)
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Figure 25: Normalized active and

Figure 24: Tendon-force length passive force-length curves (Delp
relationship (Allison, n. d.). and Arnold, 2011).

The spring’s resting length,L, , is determined in the following way:

0,4-IM+ LT =1L, (29)

Table 4 lists the sought values, optimal fiber length and tendon slack length, of m. rectus femoris in the ‘Gait

2354’ musculoskeletal model, to calculate the spring’s resting length.

Table 4: Sought values from the ‘Gait 2354 musculoskeletal model.

M. rectus femoris
Optimal fiber length in m 0,13
Tendon slack length in m 0,355

Insertion of the values in equation 29 gives:

0,4-0,13+ 0,355 = 0,41m

The result is rounded to two decimal figures.

Dissipation factor

The dissipation factor is selected to be 0,01 s/m, identical to the dissipation factor of m. gastrocnemius

described in an OpenSim example. (National Center for Simulation in Rehabilitation Research, n. d. 11)
Stiffness

The stiffness level is selected dependent on the results of the preliminary studies.

3.3. Preliminary simulations

In this section, three preliminary studies are described. They ensure that spring implementation parallel to

weakened m. rectus femoris is justified.
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3.3.1. Muscle replacement

As a first step, m. rectus femoris is replaced by a passive path spring, to test whether the spring is able to
replicate the function of m. rectus femoris. Therefore, m. rectus femoris is removed from the ‘Gait2354’

musculoskeletal model and replaced by a path spring.

The purpose of this preliminary study is to examine the forces produced by the passive spring and compare

them to timing and magnitude of a healthy rectus femoris muscle (Willson, 2017).

To get a better understanding which stiffness level replicates healthy muscle function as good as possible, three

different levels are chosen.

Results

Muscle replacement

400
350
300

250 -
Healthy m. rectus fem.
200
~——— Spring 1.000N/m

150 ! \\/\/ Spring 1.500N/m

J Spring 2.000N/m

//’J—_‘“\—-.

100 - [ — X

45 50 55 60 65 70 75 80 85 90 95
% of gait cycle

ForceinN

Figure 26: Replacement of m. rectus femoris by a path spring.

Figure 26 illustrates the forces of m. rectus femoris and the springs for each condition. At the beginning of pre-
swing, the spring’s curves reach higher values than the m. rectus femoris curve. When rectus femoris’ force
goes up, the springs cannot produce the sharp peak. Thus, the springs are not able to replicate the shape of m.
rectus femoris during the pre-swing phase (51%-68% of gait cycle). During the initial swing phase (68%-76%)

and the mid-swing phase, the springs are able to follow the force curve of m. rectus femoris.

The spring with stiffness value 1.500N/m replicates the force curve of m. rectus femoris best.

3.3.2. Force Takeover

The second preliminary simulation aims at demonstrating the effects of the path spring on the force production
of m. rectus femoris. Therefore, the spring is implemented in the ‘Gait2354° musculoskeletal model including

healthy m. rectus femoris. The spring parameters are chosen identically to the first preliminary simulation.
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The purpose of the second preliminary study is to clarify if the spring is able to take over force from m. rectus
femoris. If the spring is able to take over force, the force curve of m. rectus femoris is reduced. Further, the

magnitude of the force takeover depending on the stiffness value is analysed.

Results
Force Takeover
400
350 Healthy m. rectus fem.
300
250 Healthy m. rectus fem. with Spring
% Support of 1.000N/m
‘@ 200
s
L? 150 Healthy m. rectus fem. with Spring
Support of 1.500N/m
100
50 b _ ,—-/ Healthy m. rectus fem. with Spring
Support of 2.000N/m
0
45 50 55 60 65 70 75 80 85 90 95
% of gait cycle

Figure 27: Effects on force production of m. rectus femoris, when a path spring is implemented in parallel to healthy m.
rectus femoris.

The results show that the spring implementation leads to force reduction of m. rectus femoris at all stiffness
values. The higher the stiffness value, the higher the force takeover. Especially the sharp peak is lowered. The
curves then assimilate again until ~70% of the gait cycle. Afterwards the spring is again able to drop force

production of m. rectus femoris until the end of mid-swing, when the curves assimilate again.

Although the stiffness values are chosen in intervals of S00N/m, the force takeover does not reflect this
regularity. The force curves of rectus femoris with springs of stiffness values 1.000N/m and 1.500N/m are
really close to each other during the pre-swing phase (51%-68% of the gait cycle). During initial swing and
mid-swing the force curves of rectus femoris with springs of stiffness values 1.500N/m and 2.000N/m nearly

show the same course.

3.3.3. Muscle weakening

In this thesis, muscle weakness of m. rectus femoris is supposed to arise from an inability to activate all muscle
fibers. The activation deficit is implemented by modifications of the actuator constraints file included in the
‘Gait2354’ model. The control level is constrained to 50%, 25% and 10% of the maximum healthy control
level regarding the whole gait cycle (Thompson et al., 2013).

The purpose of this study is to clarify if muscle weakness can be generated by reducing the m. rectus femoris

maximum control level.
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Results
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Figure 28: Controls (muscle excitations) of m. rectus femoris with different maximum limitations. A control level of zero
expresses zero excitation, a control level of 1 expresses maximum excitation.
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Figure 29: Force curves of healthy weakened m. rectus femoris. Muscle weakening is performed using control
constraints.

Muscle weakening by decreasing the control level of m. rectus femoris (figure 28) influences the force of m.

rectus femoris (figure 29). All arising force differences are based on the differences in control level.

Figure 29 shows that the reduction of controls to 50% of the maximum level does not have much effect on the
force curve. This fact is explained by figure 28. The control levels of healthy m. rectus femoris and weakened

m. rectus femoris to 50% of maximum controls start to differ at 75% of gait cycle. This behaviour is reflected
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in the force curve. Therefore, the peak force value, which is achieved at ~ 60% of the gait cycle, cannot be

reduced.

When m. rectus femoris controls are constrained to 25% and 10% of maximum level, the decrease in force
production is clearly visible for the entire selected part of the gait cycle. From 45% to ~57% of the gait cycle
the healthy and the weakened curves follow the same course. Then, the force curves differentiate and reach a
peak difference at ~ 60%. The curves assimilate again at ~ 70% of the gait cycle. Afterwards they differ again

and reach another peak difference at approximately 81% of the gait cycle.

Conclusions

In summary, the following findings derived from preliminary simulations can be stated:

Figure 26 shows that the passive spring is not able to exactly reproduce the force of m. rectus femoris.
Nevertheless, neglection of the small time period accounting for ~5% in the gait cycle where the m. rectus
femoris produces its peak force (~60% to ~65% of the gait cycle), enables a good replication of the general

shape of the force curve.

Implementation of a passive spring reduces force production of m. rectus femoris. The stiffer the spring, the
higher the force decrease. Furthermore, the controls of m. rectus femoris (figure 28) influence the spring’s

force takeover (figure 27). High healthy muscle activation leads to a high force takeover by the spring.

Muscle weakening by reduction of m. rectus femoris’ control level represents a possible method to simulate
muscle activation deficit.
3.4. Simulation

Generally, all simulations are performed with the OpenSim software version 3.3. Version 4.1 is only used

because the required OutputReporter function, included in the Analyze tool, is not accessible with version 3.3.

Prior to simulation, degree of muscle weakening and spring stiffness values are selected according to the results

of the preliminary simulations. Further, the muscles to be analysed, are chosen.

Selection of degree of muscle weakening

Following the results of the preliminary studies, the rectus femoris control level for further simulations are

chosen to be 25% and 10% of maximum level.

Selection of stiffness value

Per degree of weakening, three different stiffness values are selected. Preliminary studies show that m. rectus
femoris weakened to 10% maximum controls can produce a force curve similar to healthy m. rectus femoris
supported by a passive spring with stiffness of 2.000N/m. To support the weakened muscle appropriately
without risking insufficient muscle challenge, the additional stiffness values are set to a lower level. The

stiffness value of 2.000N/m is reduced in steps of S00N/m. Weakening of m. rectus femoris to 25% of
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maximum controls leads to a force curve similar to the force curve generated by healthy m. rectus femoris
supported by a passive spring with stiffness of 1.500N/m. Further stiffness values are again selected by
reduction of 1.500N/m in steps of SOON/m.

Selection of muscles

M. rectus femoris is a biarticular muscle of the thigh which extends from knee to hip. Therefore,
implementation of the spring parallel to this muscle influences both hip and knee movement. To measure the
effect of spring implementation, two muscles of the right leg beside m. rectus femoris are chosen for detailed
examination: m. biceps femoris caput longum and m. vastus intermedius. M. biceps femoris caput longum is
one of the counter muscles of m. rectus femoris and is responsible for hip extension and knee flexion. It is
located on the rear of the thigh. M. vastus intermedius acts similar to m. rectus femoris as knee extensor. As

m. rectus femoris, it is located at the front side of the thigh.

Figures 30 and 31 show the locations of the selected muscles in the musculoskeletal model ‘Gait2354°. In

figure 31 the path spring, implemented parallel to m. rectus femoris, is also represented.

M. biceps femoris caput longum

Figure 30: M. biceps femoris caput longum.

M. rectus femoris & Spring

M. vastus intermedius

4 &

Figure 31: M. vastus intermedius, M. rectus femoris & passive path spring.
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Selection of muscle parameters

For all selected muscles, the following parameters are documented:

e Actuation Force

e Actuation Power

e Normalized Fiber Length
e Normalized Fiber Velocity

e Induced Acceleration of the Femur

Simulation process

Using model and motion data from the ‘Gait2354” package, five different OpenSim tools are used to simulate
and analyse gait. The simulation process is illustrated in figure 32 on the next page. The picture shows all the
simulation steps and the applied input and output files. OpenSim files are shown in red, experimental data in
green, settings files in blue and files computed in the workflow are marked in purple. The desired outcomes

are written in black.

The first simulation is based on healthy model conditions and aims at the achievement of reference data. No
additional force elements are included. To compare healthy and weak muscle effects, the second simulation
illustrates the effect of muscle weakening. Just before the performance of the CMC algorithm, the constraints
file is modified and m. rectus femoris is weakened. In the third simulation the path spring is implemented. All
simulations use experimental data of healthy persons to maintain normal gait. Table 5 represents an overview
of all performed simulations. The colours of the cells refer to the colour of the corresponding curves in the
results section. The reference curves are always coloured in blue while the curves showing muscle behaviour
with weakened m. rectus femoris are yellow and red. Green curves represent muscle behaviour with weakened
m. rectus femoris to 10% maximum controls, including spring implementation. Purple curves illustrate

simulation 3 just like the green curves, but m. rectus femoris is weakened to 25% maximum controls.

Table 5: Overview of all performed simulations.

Stiffness value of the

Degree of weakening spring

Simulation 1

Simulation 2

1.000N/m

Simulation 3
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4. Results

This chapter illustrates the results of the OpenSim simulations. Since the part of the gait cycle to be analysed
starts at 51% (start of initial swing) and ends with 92% (end of mid-swing), the diagrams only picture an
expansion of this specific gait cycle period. The included per cent before the start and after the end help to give
an idea of prior and further curve progression. The first four sections deal with actuation force, actuation power,
normalized fiber length and normalized fiber velocity of the selected muscles of the right femur. There are two
diagrams for every muscle. One documents the behaviour of the selected muscle, when m. rectus femoris is
weakened to 10% of maximum controls, while the other one describes the muscle performance when m. rectus
femoris is weakened to 25% of maximum controls. Every diagram contains five curves. The blue curve is the
reference curve. It shows the behaviour of the chosen muscle during healthy conditions. The yellow and the
red curve illustrate muscle characteristics when m. rectus femoris is weakened. The three curves marked in
green or purple colour steps, represent muscle behaviour during path spring support of weakened m. rectus
femoris. The different green and purple colours illustrate the different stiffness values of the spring. The last
section deals with induced femur accelerations. For all selected muscles, contributions to fore-aft and vertical
acceleration of the right femur are measured. Additionally to the curves described above, the diagrams include
a grey dotted curve describing the total fore-aft or total vertical acceleration during healthy conditions. Finally,
the fore-aft and vertical muscle contributions to femur acceleration are integrated in one diagram for each

muscle. A resultant vector describes the contributions to femur acceleration.

For each muscle, the result report starts with a description of the effects of muscle weakening, by comparison
of the reference curve and the curve describing the weakened m. rectus femoris condition. This knowledge is
important, since it shows the discrepancy between the healthy and the weakened case. Then, the effects of the
spring on the weakened m. rectus femoris condition are considered. Further, it is described if the discrepancy

between the healthy and weakened m. rectus femoris case increases or decreases with spring implementation.

In the following sections the unit specifications as for example statements about the per cent of gait cycle or
about the force production in Newton are just estimated from the diagrams and do not refer to exact values.
4.1. Actuation Force

The following section shows actuation forces of the three selected muscles m. rectus femoris, m. vastus
intermedius and m. biceps femoris long head, for different m. rectus femoris conditions during walking in pre-
swing, initial swing and mid-swing.

4.1.1. M. rectus femoris

a) Effects of weakening - Healthy m. rectus fem. (blue) vs. weakened m. rectus fem. (yellow & red)

As already considered in the preliminary simulations, an activation deficit of m. rectus femoris leads to a
decrease in muscle force. The higher the activation deficit, the higher the decrease. The force difference

between healthy and weakened m. rectus femoris increases from 57% of the gait cycle and reaches maximum
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difference at 61%. The difference reduces until 70% of the gait cycle and then increases again until a second

peak is reached at 85%. The curves assimilate again at 95%.

b) Effects of the spring — Weakened m. rectus fem. (vellow & red) vs. weakened m. rectus fem. with

spring (green & purple) & assimilation to reference curve (blue)

The spring implementation has no effect on the force curve, when m. rectus femoris is constrained to 10%
maximum controls. When m. rectus femoris is constrained to 25% maximum controls, the spring
implementation has little effect between 70% and 85% of the gait cycle. The force produced of weakened m.

rectus femoris with spring support is lower than the force generated by weakened m. rectus femoris without

support.
Actuation Force - M. rectus femoris
400 Healthy m.rectus fem.
350
300 [\ M. rectus fem. constrained to 10%
maximum controls without Spring
250 Support
=
£ l \ M. rectus fem. constrained to 10%
o 200 maximum controls with Spring Support
g I \ of 1.000N/m
“ 150 WaNss ——— M. rectus fem. constrained to 10%
\ maximum controls with Spring Support
100 - of 1.500N/m
50 | ——— M. rectus fem. constrained to 10%
maximum controls with Spring Support
of 2.000N/m
O T T T T T T T T T 1

45 50 55 60 65 70 75 80 85 90 95
% of gait cycle

Figure 33: Actuation force of m. rectus femoris 1.The curves of healthy m. rectus femoris, weakened m. rectus femoris
(10% maximum controls) and weakened m. rectus femoris with spring support are compared.

Actuation Force - M. rectus femoris

400
350 /\ Healthy m.rectus fem.
300
/ \ ——— M. rectus fem. constrained to 25%
b= 250 maximum controls without Spring
£ Support
o 200
2 N\ \ ~— M. rectus fem. constrained to 25%
8 150 v/\ S~ maximum controls with Spring Support
o \ of S00N/m
N
100 ———M. rectus fem. constrained to 25%
maximum controls with Spring Support
50 - of 1.000N/m
— M. rectus fem. constrained to 25%
0 U T ¥ I ¥ T v T ! ! maximum controls with Spring Support
45 50 55 60 65 70 75 80 85 90 95 of 1.500N/m

% of gait cycle

Figure 34: Actuation force of m. rectus femoris 2. The curves of healthy m. rectus femoris, weakened m. rectus femoris
(25% maximum controls) and weakened m. rectus femoris with spring support are compared.
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4.1.2. M. vastus intermedius
a) Effects of weakening - Healthy m. rectus fem. (blue) vs. weakened m. rectus fem. (vellow & red)

M. rectus femoris weakness leads to an increase of the m. vastus intermedius force curve during 57% and 91%
of the gait cycle, whereby the maximum m. vastus intermedius force curve difference is reached at 61% of the
gait cycle. At 70% the curves assimilate again before they show another peak difference at 85% of the gait

cycle. The curves assimilate again at 95%.

b) Effects of the spring — Weakened m. rectus fem. (vellow & red) vs. weakened m. rectus fem. with
spring (green & purple) & assimilation to reference curve (blue)

Spring implementation leads to a decrease in force production of m. vastus intermedius.

The higher the stiffness value, the more the force curve assimilates to the reference force curve of m. vastus
intermedius. Most of the curves representing the spring support condition of weakened m. rectus femoris only

show differences to the healthy m. rectus femoris condition from 57% to 70% of the gait cycle.

Actuation Force - M. vastus int.

500 Healthy m. rectus fem.
450
400 — .
M. rectus fem. constrained to 10%
350 - i \ maximum controls without Spring
Support
Z 300 "
£ M. rectus fem. constrained to 10%
o 250 maximum controls with Spring
g Support of 1.000N/m
£ 200
——— M. rectus fem. constrained to 10%
150 maximum controls with Spring
Support of 1.500N/m
100 PP
——— M. rectus fem. constrained to 10%
50 N E maximum controls with Spring
— Support of 2.000N/m
0 T T T T T T T T ——
45 50 55 60 65 70 75 80 85 90 95

% of gait cycle

Figure 35: Actuation force of m. vastus intermedius 1. The curves of m. vastus intermedius in healthy conditions, m.
vastus intermedius with weakened m. rectus femoris (10% maximum controls) and m. vastus intermedius with
weakened m. rectus femoris and spring support are compared.
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Actuation Force - M. vastus int.

450
400 Healthy m. rectus fem.
350 /\
300 ——— M. rectus fem. constrained to 25%
=4 I . \,\ maximum controls without Spring
£ 250 Support
o /
g 200 - — ~ M. rectus fem. constrained to 25%
o N maximum controls with Spring Support
150 -+ of 500N/m
100 - \ . B ) ——— M. rectus fem. constrained to 25%
N\ maximum controls with Spring Support
50 N - of 1.000N/m
0 \\/ = M. rectus fem. constrained to 25%
T T T T T T T ——

! - maximum controls with Spring Support
45 50 55 60 65 70 75 80 85 90 95 of 1.500N/m

% of gait cycle

Figure 36: Actuation force of m. vastus intermedius 2. The curves of m. vastus intermedius in healthy conditions, m.
vastus intermedius with weakened m. rectus femoris (25% maximum controls) and m. vastus intermedius with
weakened m. rectus femoris and spring support are compared.

4.1.3. M. biceps femoris caput longum
a) Effects of weakening - Healthy m. rectus fem. (blue) vs. weakened m. rectus fem. (yellow & red)

The m. biceps femoris caput longum force curve does not show much reaction to m. rectus femoris weakness.
Only between 45% and 57% of the gait cycle, the weakness of m. rectus femoris leads to a small decrease in
force curve of m. biceps femoris caput longum When m. rectus femoris is constrained to 25% maximum
controls the force of m. biceps femoris caput longum increases a little bit between 65% and 75% of the gait

cycle.

b) Effects of the spring — Weakened m. rectus fem. (vellow & red) vs. weakened m. rectus fem. with
spring (green & purple) & assimilation to reference curve (blue)

Spring support of weakened m. rectus femoris increases the force curve of m. biceps femoris caput longum for
the entire period of the considered gait cycle. The force increase reaches three peaks, namely at 50%, at 70%
and at 95% of the considered gait cycle period. The higher the stiffness value of the spring, the higher the force

increase.
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Actuation Force - M. biceps femoris c. longum

600

Healthy m. rectus fem.

M. rectus femoris constrained to 10%
maximum controls without Spring Support

M. rectus fem. constrained to 10%
maximum controls with Spring Support of
1.000N/m

Force inN

M. rectus fem. constrained to 10%
maximum controls with Spring Support of
1.500N/m

M. rectus femoris constrained to 10%
maximum controls with Spring Support of
2.000N/m

45 50 55 60 65 70 75 80 85 90 95
% of gait cycle

Figure 37: Actuation force of m. biceps femoris c. longum 1. The curves of m. biceps femoris c. longum in healthy
conditions, m. biceps femoris c. longum with weakened m. rectus femoris (10% maximum controls) and m. biceps
femoris c. longum with weakened m. rectus femoris and spring support are compared.

Actuation Force - M. biceps femoris c. longum
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Healthy m. rectus fem.
400
350 = M. rectus fem. constrained to 25%
maximum controls without Spring
300 Support
=
£ 250 ~——— M. rectus fem. constrained to 25%
g maximum controls with Spring Support
s 200 of 500N/m
w
150 7\ ——— M. rectus fem. constrained to 25%
\ ,\\\ maximum controls with Spring Support
100 AN\ of 1.000N/m
50 _Q,» = M. rectus fem. constrained to 25%
~ / maximum controls with Spring Support
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Figure 38: Actuation force of m. biceps femoris caput longum 2. The curves of m. biceps femoris c. longum in healthy
conditions, m. biceps femoris c. longum with weakened m. rectus femoris (25% maximum controls) and m. biceps
femoris c. longum with weakened m. rectus femoris and spring support are compared.

4.2. Actuation Power

The next section deals with actuation power of m. rectus femoris, m. vastus intermedius and m. biceps femoris

long head, for different m. rectus femoris conditions during walking in pre-swing, initial swing and mid-swing.

4.2.1. M. rectus femoris
a) Effects of weakening - Healthy m. rectus fem. (blue) vs. weakened m. rectus fem. (yellow & red)

Healthy m. rectus femoris produces much more negative power from 57% to 70% of the gait cycle and much
more positive power from 70% to 95% of the gait cycle. The peak power difference between healthy and
weakened m. rectus femoris is reached at approximately 61% and 87% of the gait cycle. The higher the degree

of weakening, the higher the power reduction.
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b) Effects of the spring —

Weakened m. rectus fem. (vellow & red) vs. weakened m. rectus fem.

with

spring (green & purple) & assimilation to reference curve (blue)

Spring support of weakened m. rectus femoris has no considerable effects on the power curves.

Actuation Power - M. rectus fem.
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M. rectus fem. constrained to 10%
maximum controls without Spring
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M. rectus fem. constrained to 10%
maximum controls with Spring Support
of 1.0000N/m

——— M. rectus fem. constrained to 10%
maximum controls with Spring Support
of 1.500N/m

——— M. rectus fem. constrained to 10%
maximum controls with Spring Support
of 2.000N/m

Figure 39: Actuation power of m. rectus femoris 1. The curves of healthy m. rectus femoris, weakened m. rectus femoris
(10% maximum controls) and weakened m. rectus femoris with spring support are compared.
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Figure 40: Actuation power of m. rectus femoris 2. The curves of healthy m. rectus femoris, weakened m. rectus femoris
(25% maximum controls) and weakened m. rectus femoris with spring support are compared.

4.2.2. M. vastus intermedius

a) Effects of weakening - Healthy m. rectus fem. (blue) vs. weakened m. rectus fem. (yellow & red)

M. rectus femoris weakening leads to an increase of m. vastus intermedius negative power production from

57% to 70% of the gait cycle, whereby the peak difference between the power curves is reached at about 61%.

From 70% to 95% the m. vastus intermedius positive power in case of weakened m. rectus femoris exceeds the

positive power production in case of healthy m. rectus femoris. A peak difference is reached at 87% of the gait

cycle before the curves assimilate again at 95%.
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b) Effects of the spring — Weakened m. rectus fem. (vellow & red) vs. weakened m. rectus fem. with
spring (green & purple) & assimilation to reference curve (blue)

Spring support increases the m. vastus intermedius power curve from 55% to 75% of the gait cycle and

decreases it from 75% to 95% of the gait cycle.

Spring implementation helps the m. vastus intermedius power curve to assimilate to the power curve of healthy

m. rectus femoris. The higher the stiffness value, the better the assimilation.

Actuation Power - M. vastus int.
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0 . . . . T  ——— M. rectus fem. constrained to 10%
45 50 5 60 65 70/75 80 85 90 95 maximum controls without Spring
Support

-20
\ / M. rectus fem. constrained to 10%
-40 maximum controls with Spring Support
M of 1.0000N/m
0 V4

Power in W

M. rectus fem. constrained to 10%
maximum controls with Spring Support
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of 2.0000N/m
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Figure 41: Actuation power of m. vastus intermedius 1. The curves of m. vastus intermedius in healthy conditions, m.
vastus intermedius with weakened m. rectus femoris (10% maximum controls) and m. vastus intermedius with
weakened m. rectus femoris and spring support are compared.
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Figure 42: Actuation power of m. vastus intermedius 2. The curves of m. vastus intermedius in healthy conditions, m.
vastus intermedius with weakened m. rectus femoris (25% maximum controls) and m. vastus intermedius with
weakened m. rectus femoris and spring support are compared.
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4.2.3. M. biceps femoris caput longum

a) Effects of weakening - Healthy m. rectus fem. (blue) vs. weakened m. rectus fem. (vellow & red)

The power curves of m. biceps femoris caput longum in case of healthy and weakened m. rectus femoris do

not show much difference. At the beginning and at the end of the considered gait cycle period small differences

are visible.

b) Effects of the spring — Weakened m. rectus fem. (vellow & red) vs. weakened m. rectus fem. with

spring (green & purple) & assimilation to reference curve (blue)

The m. rectus femoris spring support leads to an increase of positive power from 45% to about 66% of the gait

cycle and to an increase in negative power from 66% to 95% of the gait cycle. The higher the stiffness value,

the higher the power production of m. biceps femoris caput longum. High difference between the power curves

in case of healthy m. rectus femoris and weakened m. rectus is reached at 70% of the gait cycle.

Actuation Power - M. biceps femoris c. longum
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of 1.0000N/m
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Figure 43: Actuation power of m. biceps femoris caput longum 1. The curves of m. biceps femoris c. longum in healthy
conditions, m. biceps femoris c. longum with weakened m. rectus femoris (10% maximum controls) and m. biceps

femoris c. longum with weakened m. rectus femoris and spring support are compared.
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Actuation Power - M. biceps femoris c. longum
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Figure 44: Actuation power of m. biceps femoris caput longum 2. The curves of m. biceps femoris c. longum in healthy
conditions, m. biceps femoris c. longum with weakened m. rectus femoris (25% maximum controls) and m. biceps
femoris c. longum with weakened m. rectus femoris and spring support are compared.

4.3. Normalized fiber length

The following figures represent the normalized fiber length of the three selected muscles rectus femoris, vastus
intermedius and biceps femoris long head, for different m. rectus femoris conditions. Normalization is reached

by scaling with optimal fiber length.

No considerable differences are noticed between the documented curves for all three reported muscles.
Therefore, only one diagram, describing m. rectus femoris weakening to 10% maximum controls, is

represented for each muscle.

4.3.1. M. rectus femoris
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= 1,3
§ Healthy m. rectus fem.
= /\
g 12
a / \ M. rectus fem. constrained to 10%
_g 11 maximum controls without Spring
-‘;’ £ ’ Support
3 = M. rectus fem. constrained to 10%
= g’o 1 = maximum controls with Spring Support
3 e of 1.0000N/m
]
E 0,9 =M. rectus fem. constrained to 10%
= maximum controls with Spring Support
Eo o of 1.500N/m
2 4 h —— M. rectus fem. constrained to 10%
o maximum controls with Spring Support
= o7 e of 2.000N/m

45 50 55 60 65 70 75 80 85 90 95
% of gait cycle

Figure 45: Normalized fiber length of m. rectus femoris. The curves of healthy m. rectus femoris, weakened m. rectus
femoris (10% maximum controls) and weakened m. rectus femoris with spring support are compared.
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4.3.2. M. vastus intermedius

Norm. Fiber Length - M. vastus int.
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Figure 46: Normalized fiber length of m. vastus intermedius. The curves of m. vastus intermedius in healthy conditions,
m. vastus intermedius with weakened m. rectus femoris (10% maximum controls) and m. vastus intermedius with
weakened m. rectus femoris and spring support are compared.

4.3.3. M. biceps femoris caput longum

Norm. Fiber Length - M. biceps femoris c. longum
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Figure 47: Normalized fiber length of m. biceps femoris caput longum. The curves of m. biceps femoris c. longum in
healthy conditions, m. biceps femoris c. longum with weakened m. rectus femoris (10% maximum controls) and m.
biceps femoris c. longum with weakened m. rectus femoris and spring support are compared.

4.4. Normalized Fiber Velocity

The next section illustrates the normalized fiber velocity of the selected muscles for different m. rectus femoris

conditions. Normalization is reached by scaling with maximum fiber velocity.

As with normalized fiber length, no considerable differences are noticed between the documented curves for
all three reported muscles. Therefore, only one diagram, describing m. rectus femoris weakening to 10%

maximum controls, is represented for each muscle.
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4.4.1. M. rectus femoris
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Figure 48: Normalized fiber velocity of m. rectus femoris. The curves of healthy m. rectus femoris, weakened m. rectus
femoris (10% maximum controls) and weakened m. rectus femoris with spring support are compared.

4.4.2. M. vastus intermedius
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Figure 49: Normalized fiber velocity of m. vastus intermedius. The curves of m. vastus intermedius in healthy conditions,
m. vastus intermedius with weakened m. rectus femoris (10% maximum controls) and m. vastus intermedius with
weakened m. rectus femoris and spring support are compared.

51



4.4.3. M. biceps femoris caput longum
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Figure 50: Normalized fiber velocity of m. biceps femoris caput longum. The curves of m. biceps femoris c. longum in
healthy conditions, m. biceps femoris c. longum with weakened m. rectus femoris (10% maximum controls) and m.
biceps femoris c. longum with weakened m. rectus femoris and spring support are compared.

4.5. Induced Accelerations of the Femur

The following section illustrates the contributions to fore-aft and vertical femur
acceleration of the selected muscles. The lateral femur acceleration is not taken into

account since femur movement in this direction is negligible.

All results refer to the global coordinate system shown in figure 51.

Figure 51: IAA —

. coordinate system.
4.5.1. M. rectus femoris y

a) Effects of weakening - Healthy m. rectus fem. (blue) vs. weakened m. rectus
fem. (vellow & red)

Weakened m. rectus femoris shows reduced contribution to acceleration in comparison to healthy muscle. Only
at the beginning of the considered gait cycle period (from 45% to approximately 57%) healthy and weakened
m. rectus femoris acceleration contribution curves follow the same course. The higher the activation deficit,
the lower the acceleration contribution. Highest differences between the weakened and the healthy acceleration
contribution occur at approximately at 59% and 87% of the gait cycle. These points of highest difference occur
in the curve concerning the fore-aft acceleration contribution, as well as in the curve considering the vertical

acceleration contribution.

b) Effects of the spring — Weakened m. rectus fem. (yellow & red) vs. weakened m. rectus fem. with
spring (green & purple) & assimilation to reference curve (blue)

Spring support of weakened m. rectus femoris leads to increased contributions to fore-aft and vertical femur

acceleration. The higher the spring support, the higher the contribution of m. rectus femoris.
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One cannot say that spring implementation definitely leads to an assimilation to reference curve. In each of the
two weakness cases, the lowest stiffness value shows better assimilation to the reference curve than the higher

stiffness values.

M. rectus fem. contribution to fore-aft femur acceleration

60

Fore-aft acceleration in m/s?
=

% of gait cycle

~~~~~~~~ total fore-aft femur acceleration with healthy m. rectus fem.

m. rectus fem. contribution to fore-aft femur acceleration with healthy m. rectus fem.

m. rectus fem. contribution to fore-aft femur acceleration with m. rectus femoris constrained to 10% maximum
controls without Spring Support

m. rectus fem. contribution to fore-aft femur acceleration with m. rectus femoris constrained to 10% maximum
controls with Spring Support of 1.000N/m

m. rectus fem. contribution to fore-aft femur acceleration with m. rectus femoris constrained to 10% maximum
controls with Spring Support of 1.500N/m

m. rectus fem. contribution to fore-aft femur acceleration with m. rectus femoris constrained to 10% maximum
controls with Spring Support of 2.000N/m

Figure 52: M. rectus femoris contribution to fore-aft femur acceleration 1. The curves of healthy m. rectus femoris,
weakened m. rectus femoris (10% maximum controls) and weakened m. rectus femoris with spring support are
compared.
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M. rectus fem. contribution to fore-aft femur acceleration

Fore-aft acceleration in m/s?
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~~~~~~~~~ total fore-aft femur acceleration with healthy m. rectus fem.

m. rectus fem. contribution to fore-aft femur acceleration with healthy m. rectus fem.

m. rectus fem. contribution to fore-aft femur acceleration with m. rectus femoris constrained to 25% maximum
controls without Spring Support

m. rectus fem. contribution to fore-aft femur acceleration with m. rectus femoris constrained to 25% maximum
controls with Spring Support of S00N/m

m. rectus fem. contribution to fore-aft femur acceleration with m. rectus femoris constrained to 25% maximum
controls with Spring Support of 1.000N/m

m. rectus fem. contribution to fore-aft femur acceleration with m. rectus femoris constrained to 25% maximum
controls with Spring Support of 1.500N/m

Figure 53: M. rectus femoris contribution to fore-aft femur acceleration 2. The curves of healthy m. rectus femoris,
weakened m. rectus femoris (25% maximum controls) and weakened m. rectus femoris with spring support are
compared.
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M. rectus fem. contribution to vertical femur acceleration
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m. rectus fem. contribution to vertical femur acceleration with healthy m. rectus fem.

m. rectus fem. contribution to vertical femur acceleration with m. rectus femoris constrained to 10% maximum
controls without Spring Support

m. rectus fem. contribution to vertical femur acceleration with m. rectus femoris constrained to 10% maximum
controls with Spring Support of 1.000N/m

m. rectus fem. contribution to vertical femur acceleration with m. rectus femoris constrained to 10% maximum
controls with Spring Support of 1.500N/m

m. rectus fem. contribution to vertical femur acceleration with m. rectus femoris constrained to 10% maximum
controls with Spring Support of 2.000N/m

Figure 54: M. rectus femoris contribution to vertical femur acceleration 1. The curves of healthy m. rectus femoris,
weakened m. rectus femoris (10% maximum controls) and weakened m. rectus femoris with spring support are
compared.
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M. rectus fem. contribution to vertical femur acceleration
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m. rectus fem. contribution to vertical femur acceleration with healthy m. rectus fem.

m. rectus fem. contribution to vertical femur acceleration with m. rectus femoris constrained to 25% maximum
controls without Spring Support

m. rectus fem. contribution to vertical femur acceleration with m. rectus femoris constrained to 25% maximum
controls with Spring Support of SO0N/m

m. rectus fem. contribution to vertical femur acceleration with m. rectus femoris constrained to 25% maximum
controls with Spring Support of 1.000N/m

m. rectus fem. contribution to vertical femur acceleration with m. rectus femoris constrained to 25% maximum
controls with Spring Support of 1.500N/m

Figure 55: M. rectus femoris contribution to vertical femur acceleration 2. The curves of healthy m. rectus femoris,
weakened m. rectus femoris (25% maximum controls) and weakened m. rectus femoris with spring support are
compared.

4.5.2. M. vastus intermedius
a) Effects of weakening - Healthy m. rectus fem. (blue) vs. weakened m. rectus fem. (vellow & red)

At the beginning of the considered gait cycle period (from 45% to approximately 57%) both curves follow the
same course. Then, weakness of m. rectus femoris increases the m. vastus intermedius contribution to femur
acceleration nearly for the entire period from 57% to 95% of the gait cycle. Generally, it can be stated that a
higher activation deficit leads to a higher difference between the reference curve and the curve describing the
weakened m. rectus femoris case. The highest difference between these curves occurs at about 61% of the gait

cycle. There is another peak visible at 87% for the curves describing fore-aft acceleration contribution.

b) Effects of the spring — Weakened m. rectus fem. (vellow & red) vs. weakened m. rectus fem. with
spring (green & purple) & assimilation to reference curve (blue)

Fore-aft direction

Spring Support increases the contribution to fore-aft acceleration of m. vastus intermedius for the complete

considered part of the gait cycle. The higher the stiffness value, the higher the difference to the reference curve.
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Vertical direction

In vertical direction, it depends on the gait cycle time if the spring support curves increase or decrease the
acceleration contribution of m. vastus intermedius. From 75% until the end of the gait cycle, the spring support
curves contribute to negative vertical acceleration, while the reference curve contributes to positive

acceleration.

One cannot say that spring implementation definitely leads to an assimilation to reference curve. Except the
gait cycle period from 57% to 67%, the lowest stiffness value shows better assimilation to the reference curve

than the higher stiffness values.

M. vastus int. contribution to fore-aft femur acceleration
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Fore-aft acceleration in m/s?
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% of gait cycle

»»»»»»» total fore-aft femur acceleration with healthy m. rectus fem.

m. vastus int. contribution to fore-aft femur acceleration with healthy m. rectus fem.

m. vastus int. contribution to fore-aft femur acceleration with m. rectus femoris constrained to 10% maximum controls
without Spring Support

m. vastus int. contribution to fore-aft femur acceleration with m. rectus femoris constrained to 10% maximum controls
with Spring Support of 1.000N/m

m. vastus int. contribution to fore-aft femur acceleration with m. rectus femoris constrained to 10% maximum controls
with Spring Support of 1.500N/m

m. vastus int. contribution to fore-aft femur acceleration with m. rectus femoris constrained to 10% maximum controls
with Spring Support of 2.000N/m

Figure 56: M. vastus intermedius contribution to fore-aft femur acceleration 1. The curves of m. vastus intermedius in
healthy conditions, m. vastus intermedius with weakened m. rectus femoris (10% maximum controls) and m. vastus
intermedius with weakened m. rectus femoris and spring support are compared.
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M. vastus int. contribution to fore-aft femur acceleration
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m. vastus int. contribution to fore-aft femur acceleration with healthy m. rectus fem.

m. vastus int. contribution to fore-aft femur acceleration with m. rectus femoris constrained to 25% maximum controls
without Spring Support

m. vastus int. contribution to fore-aft femur acceleration with m. rectus femoris constrained to 25% maximum controls
with Spring Support of SOON/m

m. vastus int. contribution to fore-aft femur acceleration with m. rectus femoris constrained to 25% maximum controls
with Spring Support of 1.000N/m
m. vastus int. contribution to fore-aft femur acceleration with m. rectus femoris constrained to 25% maximum controls
with Spring Support of 1.500N/m

Figure 57: M. vastus intermedius contribution to fore-aft femur acceleration 2. The curves of m. vastus intermedius in
healthy conditions, m. vastus intermedius with weakened m. rectus femoris (25% maximum controls) and m. vastus
intermedius with weakened m. rectus femoris and spring support are compared.
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M. vastus int. contribution to vertical femur acceleration

Vertical acceleration in m/s?

% of gait cycle

--------- total vertical femur acceleration with healthy m. rectus fem.

m. vastus int. contribution to vertical femur acceleration with healthy m. rectus fem.

m. vastus int. contribution to vertical femur acceleration with m. rectus femoris constrained to 10% maximum controls
without Spring Support

m. vastus int. contribution to vertical femur acceleration with m. rectus femoris constrained to 10% maximum controls
with Spring Support of 1.000N/m

m. vastus int. contribution to vertical femur acceleration with m. rectus femoris constrained to 10% maximum controls
with Spring Support of 1.500N/m

m. vastus int. contribution to vertical femur acceleration with m. rectus femoris constrained to 10% maximum controls
with Spring Support of 2.000N/m

Figure 58: M. vastus intermedius contribution to vertical femur acceleration 1. The curves of m. vastus intermedius in
healthy conditions, m. vastus intermedius with weakened m. rectus femoris (10% maximum controls) and m. vastus
intermedius with weakened m. rectus femoris and spring support are compared.
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M. vastus int. contribution to vertical femur acceleration
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m. vastus int. contribution to vertical femur acceleration with healthy m. rectus fem.

m. vastus int. contribution to vertical femur acceleration with m. rectus femoris constrained to 25% maximum controls
without Spring Support

m. vastus int. contribution to vertical femur acceleration with m. rectus femoris constrained to 25% maximum controls
with Spring Support of SOON/m

m. vastus int. contribution to vertical femur acceleration with m. rectus femoris constrained to 25% maximum controls
with Spring Support of 1.000N/m

m. vastus int. contribution to vertical femur acceleration with m. rectus femoris constrained to 25% maximum controls
with Spring Support of 1.500N/m

Figure 59: M. vastus intermedius contribution to vertical femur acceleration 2. The curves of m. vastus intermedius in
healthy conditions, m. vastus intermedius with weakened m. rectus femoris (25% maximum controls) and m. vastus
intermedius with weakened m. rectus femoris and spring support are compared.

4.5.3. M. biceps femoris caput longum
a) Effects of weakening - Healthy m. rectus fem. (blue) vs. weakened m. rectus fem. (yellow & red)

The acceleration contribution curves of m. biceps femoris caput longum in case of healthy and weakened m.
rectus femoris do not show much difference. Only at the beginning of the considered gait cycle period

(approximately at 47% of the gait cycle), differences are visible.

b) Effects of the spring — Weakened m. rectus fem. (vellow & red) vs. weakened m. rectus fem. with
spring (green & purple) & assimilation to reference curve (blue)

Fore-aft direction

In fore-aft direction, the spring stiffness curves either exceed or fall below the reference curve for the entire
considered gait cycle period. From 45% to 63% of the gait cycle they show negative contribution, while the
reference curve shows positive contribution. For some stiffness values this incident is observed a second time

during 80% and 87%.
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Spring implementation leads to higher differences between the healthy and weakened m. rectus femoris case
for the entire considered gait cycle period. Comparing the spring support curves, lower stiffness values lead to

less difference to the reference curve.

Vertical direction

In vertical direction, the spring support curves exceed the curve describing the weakened m. rectus femoris

case from 45% to 79% of the gait cycle. Then, they fall below the curve and start exceeding it again at 90%.

As in fore-aft direction, spring implementation leads to higher differences between the healthy and weakened
m. rectus femoris case for the entire considered gait cycle period. Spring support curves with low stiffness

values lead to less difference to reference curve.

M. biceps femoris c. longum contribution to fore-aft femur
acceleration

Fore-aft acceleration in m/s?

% of gait cycle
total fore-aft femur acceleration with healthy m. rectus fem.

m. biceps fem. c. longum contribution to fore-aft femur acceleration with healthy m. rectus fem.

m. biceps fem. c. longum contribution to fore-aft femur acceleration with m. rectus femoris constrained to 10% maximum
controls without Spring Support

m. biceps fem. c. longum contribution to fore-aft femur acceleration with m. rectus femoris constrained to 10% maximum
controls with Spring Support of 1.000N/m

m. biceps fem. c. longum contribution to fore-aft femur acceleration with m. rectus femoris constrained to 10% maximum
controls with Spring Support of 1.500N/m

m. biceps fem. c. longum contribution to fore-aft femur acceleration with m. rectus femoris constrained to 10% maximum
controls with Spring Support of 2.000N/m

Figure 60: M. biceps femoris caput longum contribution to fore-aft femur acceleration 1. The curves of m. biceps femoris
¢. longum in healthy conditions, m. biceps femoris c. longum with weakened m. rectus femoris (10% maximum controls)
and m. biceps femoris c. longum with weakened m. rectus femoris and spring support are compared.
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M. biceps femoris c. longum contribution to fore-aft femur
acceleration

Fore-aft acceleration in m/s?
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--------- total fore-aft femur acceleration with healthy m. rectus fem.

m. biceps fem. c. longum contribution to fore-aft femur acceleration with healthy m. rectus fem.

m. biceps fem. c. longum contribution to fore-aft femur acceleration with m. rectus femoris constrained to 25%
maximum controls without Spring Support

m. biceps fem. c. longum contribution to fore-aft femur acceleration with m. rectus femoris constrained to 25%
maximum controls with Spring Support of SOON/m

m. biceps fem. c. longum contribution to fore-aft femur acceleration with m. rectus femoris constrained to 25%
maximum controls with Spring Support of 1.000N/m

m. biceps fem. c. longum contribution to fore-aft femur acceleration with m. rectus femoris constrained to 25%
maximum controls with Spring Support of 1.500N/m

Figure 61: M. biceps femoris caput longum contribution to fore-aft femur acceleration 2. The curves of m. biceps femoris
c¢. longum in healthy conditions, m. biceps femoris c. longum with weakened m. rectus femoris (25% maximum controls)
and m. biceps femoris c. longum with weakened m. rectus femoris and spring support are compared.
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M. biceps femoris c. longum contribution to vertical femur
acceleration
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m. biceps fem. c. longum contribution to vertical femur acceleration with healthy m. rectus fem.

m. biceps fem. c. longum contribution to vertical femur acceleration with m. rectus femoris constrained to 10%
maximum controls without Spring Support

m. biceps fem. c. longum contribution to vertical femur acceleration with m. rectus femoris constrained to 10%
maximum controls with Spring Support of 1.000N/m

m. biceps fem. c. longum contribution to vertical femur acceleration with m. rectus femoris constrained to 10%
maximum controls with Spring Support of 1.500N/m
m. biceps fem. c. longum contribution to vertical femur acceleration with m. rectus femoris constrained to 10%
maximum controls with Spring Support of 2.000N/m

Figure 62: M. biceps femoris caput longum contribution to vertical femur acceleration 1. The curves of m. biceps femoris
c¢. longum in healthy conditions, m. biceps femoris c. longum with weakened m. rectus femoris (10% maximum controls)
and m. biceps femoris c. longum with weakened m. rectus femoris and spring support are compared.
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M. biceps femoris c. longum contribution to vertical femur
acceleration
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——— m. biceps fem. c. longum contribution to vertical femur acceleration with healthy m. rectus fem.

——— m. biceps fem. c. longum contribution to vertical femur acceleration with m. rectus femoris constrained to 25%
maximum controls without Spring Support

m. biceps fem. c. longum contribution to vertical femur acceleration with m. rectus femoris constrained to 25%
maximum controls with Spring Support of S00N/m

= m. biceps fem. c. longum contribution to vertical femur acceleration with m. rectus femoris constrained to 25%
maximum controls with Spring Support of 1.000N/m

e m. biceps fem. c. longum contribution to vertical femur acceleration with m. rectus femoris constrained to 25%
maximum controls with Spring Support of 1.500N/m

Figure 63: M. biceps femoris caput longum contribution to vertical femur acceleration 2. The curves of m. biceps femoris
¢. longum in healthy conditions, m. biceps femoris c. longum with weakened m. rectus femoris (25% maximum controls)
and m. biceps femoris c. longum with weakened m. rectus femoris and spring support are compared.

4.6. Induced Accelerations of the Femur — Illustrations using Resultant Vectors

The following three pictures show the acceleration contribution of the selected muscles in a very demonstrative
and comprehensible fashion. They are used for illustration reasons of the fore-aft and vertical acceleration
contribution curves. Eighteen time points of the considered gait cycle are chosen and the resultant vector of the
fore-aft and vertical acceleration contribution is calculated and pictured. Only the weakness degree to 10%

maximum controls and the spring support curve with the stiffness value of 1.000N/m are taken into account.
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M. rectus femoris contribution to fore-aft and vertical femur acceleration
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resultant vector of fore-aft and vertical acceleration of the femur with healthy m. rectus fem.

resultant vector of healthy m. rectus fem. contribution to fore-aft and vertical acceleration of the femur

resultant vector of m. rectus fem. contribution to fore-aft and vertical acceleration of the femur with m. rectus fem. constrained to 10% maximum controls without Spring
Support

resultant vector of m. rectus fem. contribution to fore-aft and vertical acceleration of the femur with m. rectus fem. constrained to 10% maximum controls with Spring Support of
1.000N/m

Figure 64: Resultant vectors describing m. rectus femoris contribution to fore-aft and vertical femur acceleration. Each ray expresses the vector of the fore-aft and vertical accelerations. The y-axis
expresses the vertical acceleration and the x-axis shows the fore-aft acceleration. The length of the vector illustrates the total femur acceleration contribution. The vectors are plotted versus per
cent gait cycle. The vectors of healthy m. rectus femoris, weakened m. rectus femoris (10% maximum controls) and weakened m. rectus femoris with spring support are compared.
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M. vastus intermedius contribution to fore-aft and vertical femur acceleration

\\\\\\ \%\ B

w

N

[y

—7, b " |do”" 95

45

Vertical Acceleration in m/s?
o

% of gait cycle

resultant vector of fore-af and vertical acceleration of the femur with healthy m. rectus fem.

resultant vector of m.vastus int. contribution to fore-aft and vertical acceleration of the femur with healthy m. rectus fem.

resultant vector of m. vastus int. contribution to fore-aft and vertical acceleration of the femur with m. rectus fem. constrained to 10% maximum controls without Spring
Support

resultant vector of m. vastus int. contribution to fore-aft and vertical acceleration of the femur with m. rectus fem. constrained to 10% maximum controls with Spring Support of
1.000N/m

Figure 65: Resultant vectors describing m. vastus intermedius contribution to fore-aft and vertical femur acceleration. Each ray expresses the vector of the fore-aft and vertical accelerations. The y-
axis expresses the vertical acceleration and the x-axis shows the fore-aft acceleration. The length of the vector illustrates the total femur acceleration contribution. The vectors are plotted versus per
cent gait cycle. The vectors of m. vastus intermedius in healthy conditions, m. vastus intermedius with weakened m. rectus femoris (25% maximum controls) and m. vastus intermedius with weakened
m. rectus femoris and spring support are compared.
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M. biceps femoris caput longum contribution to fore-aft and vertical femur acceleration
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resultant vector of m. biceps fem. c. longum contribution to fore-aft and vertical acceleration of the femur with healthy m. rectus fem.

resultant vector of m. biceps fem c. longum contribution to fore-aft and vertical acceleration of the femur with m. rectus fem. constrained to 10% maximum controls without
Spring Support

resultant vector of m. biceps fem c. longum contribution to fore-aft and vertical acceleration of the femur with m. rectus fem. constrained to 10% maximum controls with Spring
Support of 1.000N/m

Figure 66: Resultant vectors describing m. biceps femoris caput longum contribution to fore-aft and vertical femur acceleration. Each ray expresses the vector of the fore-aft and vertical accelerations.
The y-axis expresses the vertical acceleration and the x-axis shows the fore-aft acceleration. The length of the vector illustrates the total femur acceleration contribution. The vectors are plotted
versus per cent gait cycle. The vectors of m. biceps femoris c. longum in healthy conditions, m. biceps femoris c. longum with weakened m. rectus femoris (10% maximum controls) and m. biceps
femoris c. longum with weakened m. rectus femoris and spring support are compared.
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5. Discussion

This chapter starts with the validation of the OpenSim tools CMC and IAA. Then, the OpenSim software is
generally discussed and evaluated. As a next step, the simulation results are compared to other studies and

study limitations are considered. The chapter ends with the discussion of the simulation results.

5.1. Validation

To prove accuracy and credibility, the simulation results are validated. The chapter is divided into two parts.

First, the CMC results are evaluated. Then, the validation of the IAA results is performed.

5.1.1. CMC Validation

The OpenSim user documentation provides a checklist to evaluate CMC results (National Center for

Simulation in Rehabilitation Research, n. d. 12).

1. Peak reserve actuator torque < 10% of peak joint torque
2. Peak residual forces < 25N

Peak residual moments < 75Nm
3. Matching of RRA and CMC kinematics

4. Comparison of simulated activations to experimental EMG data — similar timing and magnitude

The first four points of the validation procedure are performed with one of the musculoskeletal models used
for simulation 3, with m. rectus femoris constrained to 10% maximum controls and spring implementation of
1.500N/m. For the activation comparison, the musculoskeletal model of simulation 1 is chosen, because its
data are compared to a healthy subject. For all validations, the whole gait cycle and not only the considered

gait cycle period from 45% to 95% is taken into account.

Since the other musculoskeletal models used for simulations all perform the same movement and exhibit
comparable composition, they are supposed to be valid too. Furthermore, the results from scaling, IK and RRA

are all used as CMC inputs and therefore are all supposed to be valid.
Ad 1)

Table 6 compares the peak reserve actuator torque with 10% of the peak joint torque. The values are rounded

to two decimal places.
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Table 6: CMC Validation - Peak reserve actuator torques vs. 10% of peak joint torque.

Coordinate Peak reserve actuator 10% of peak joint torque
torque

Hip flexion 0,02 Nm < 8,74 Nm

Hip adduction 0,02 Nm < 5,92 Nm

Hip rotation 0,26 Nm < 1,69 Nm

Knee angle 0,04 Nm < 6,3 Nm

Ankle angle 5,28 Nm < 12,84 Nm

Subtalar angle

MTP angle

The validation criterion is not fulfilled for the subtalar joint and for the MTP joint. To recheck this criterion
failure, the musculoskeletal model from simulation 1 was used, providing CMC values calculated by the
OpenSim community. The values from the OpenSim community had comparable dimensions as the results
above. The criterion was not fulfilled either. Therefore, this criterion failure is accepted and not discussed

further.
Ad 2)

The following diagram shows the residual forces and moments that occur during walking for the duration of
one gait cycle. All forces stay below 25N. The moments reach peak values of about 20Nm, which is far below

the accepted 75Nm.

Residual Forces and Moments
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% of gait cycle

Figure 67: CMC Validation 1 - Residual forces and moments.

Ad 3)

The following diagrams illustrate the CMC and RRA kinematics for the flexion movement of hip and knee for
one gait cycle. The first picture concerns joint angles, the second deals with angular velocity and the third

shows angular acceleration. The compared kinematics show good matching.

69



CMC vs. RRA -Joint angles
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Figure 68: CMC Validation 2 - Joint angles of hip and knee.
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Figure 69: CMC Validation 3 - Angular velocity of hip and knee.
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CMC vs. RRA - Angular acceleration
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Figure 70: CMC Validation 4 - Angular Acceleration of hip and knee.

Ad 4)

The diagrams below show the activations of m. rectus femoris, m. vastus intermedius and m. biceps femoris

caput longum computed with OpenSim and derived from literature.

The EMG of m. rectus femoris derived from literature (figure 71) shows activation of about 20% during the
middle of pre-swing and the middle of initial swing corresponding to about 60% and 73% of the gait cycle.

The OpenSim model shows a slightly higher activation occurring a little bit later in the gait cycle (figure 72).
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Figure 71: CMC Validation 5 - Activation of m. rectus femoris derived from literature (Perry, 2003).
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Figure 72: CMC Validation - Activation of m. rectus femoris derived from OpenSim.

The literature derived EMG of m. vastus intermedius (figure 73) shows activation from terminal stance to mid

stance. Activation values of about 20% are reached. As with m. rectus femoris, the OpenSim model, whose

activation is described by figure 74, reaches slightly higher activation values. Further, the activation occurs

later in the gait cycle.

EMG (%MMT)

M. vastus intermedius N=6

4

MSt 5 PS IS MSw

TS

Figure 73: CMC Validation 7 - Activation of m. vastus intermedius derived from literature (Perry, 2003).
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Figure 74: CMC Validation 8 - Activation of m. vastus intermedius derived from OpenSim.

M. biceps femoris caput longum shows much higher activation in the OpenSim model (figure 76), where values

of about 60% are reached. The EMG taken from literature sources (figure 75) only achieves 20% as maximum

activation level. Further, the activation documented in the OpenSim model from 40% to 70% of the gait cycle

is not shown in the EMG from literature.
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Figure 75: CMC Validation 9 - Activation of m. biceps femoris caput longum derived from literature (Perry, 2003).
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Figure 76: CMC Validation 10 - Activation of m. biceps femoris caput longum derived from OpenSim.

In the study of Alexander and Schwameder (2016) calculated and measured muscle activity data were
compared during walking. The calculated data were obtained using a musculoskeletal model. They observed
differences between calculated and measured data of about the same order as described in this thesis. Therefore

it can be concluded that these differences are in an acceptable range.

5.1.2. IAA Validation

First, it is checked if the obtained results are in the same order of magnitude as the results from the study of

Hamner and Delp (Hamner and Delp, 2013). This is proven to be the case.

Furthermore, accuracy of the applied rolling-on-surface constraint is tested. Therefore, the OpenSim user
documentation advises to report the constraint reaction forces and compare them to the experimental reaction
forces (National Center for Simulation in Rehabilitation Research, n. d. 9). The following diagrams (figures 77
and 78) show the experimental reaction forces derived from the OpenSim ‘Gait2354’ package and the reaction

forces obtained with IAA from the musculoskeletal model of simulation 1.

The reaction forces and the reaction moment in y-direction show high coincidence. The reaction moments in
x- and z- direction are almost zero in the experimental data and reach values of about 10Nm in the [AA

computation. Nevertheless, moments of 10Nm are rather small and can therefore be neglected.
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5.2. Usability

Generally, the usage of the OpenSim software to perform simulations of motions is recommendable due to the
high usability. The base functions e.g. IK and CMC are easy to apply and the user documentation is

comprehensive. It contains tutorials that facilitate software introduction and show possible simulations and
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. IAA Validation 1 — Comparison of the experimental and the constraint reaction forces.

a— MX_IAA
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-MY_EXP
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: IAA Validation 2 - Comparison of the experimental and the constraint reaction moments.

results. Furthermore, the software and all software packages are freely accessible.

Nevertheless, working with the software confronts the user with several problems. The user documentation is

very helpful for unexperienced users, but for experienced users the information is not sufficient. To get further
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information, the only possibility is to ask questions in the forum. The administrators are nice and try to reply
to every post, but in most cases, their answers are short and not comprehensive enough. Searching in the web
for further information is very difficult, since the majority of articles only describes simulation results and
omits the simulation process. It is difficult to perform selection of decisive simulation parameters and create
individual setup files with rare comparison possibilities. Due to these reasons, a deep understanding of the

software application requires a lot of time.

5.3. Comparison to other studies

There was no other study found that examines the effects on muscle performance of a passive spring parallel
to a weakened muscle. Most studies that investigated passive spring implementation were concerned with

improving healthy muscle conditions as reducing the energy cost of walking.

Several studies as for example the one from Farris et al. (2013) documented the effects of a passive ankle
exoskeleton on the soleus muscle force during hopping. They implemented a passive spring parallel to the
plantar flexor muscles and reported lower soleus force production during exoskeleton assistance. In this thesis,
the same effect is considered with m. rectus femoris muscle force, which decreases with spring implementation
(compare with preliminary simulations). Farris et al. further reported in a follow-up study that the force of m.
tibialis anterior, a counter muscle of the plantar flexors, increased slightly with the implementation of a passive
ankle exoskeleton. This result is comparable to the increased force production of biceps femoris caput longum

with spring implementation parallel to m. rectus femoris (Farris et al., 2014).

An OpenSim webinar examined the fore-aft and vertical accelerations of the centre of mass. Muscles that
compensated for a m. quadriceps femoris activation deficit were tested. They showed increased contribution
to COM acceleration during quadriceps weakness (Thompson et al., 2013). This result reinforces the findings
of this thesis although not the COM acceleration contribution but the femur acceleration contribution is
measured for m. vastus intermedius, representing a compensator muscle for the activation deficit of m. rectus

femoris.

5.4. Limitations

The biggest limitation is represented by missing practicability. Nobody would ever insert a spring into a living
person. The study just intends to theoretically examine how passive springs act on different muscles. The

findings possibly help to construct passive assistive devices including springs.

There was no study found concerning sole m. rectus femoris weakness. Therefore, it can be concluded that in

most cases patients exhibit activation deficits not only at one single muscle.
5.5. Simulation results

In the following section the simulation results are discussed. First, the two different activation deficits (10%

and 25% maximum controls) are compared. Then, the results of the muscle parameters force and power are
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discussed. The next part of this chapter deals with the muscle parameter results of normalized fiber length and

normalized fiber velocity. Finally, the induced acceleration results are discussed.

5.5.1. Comparison of activation deficits

To compare the behaviour of the spring support curves in dependence of the two different activation deficits,
one has to consider the spring support curves with the stiffness value of 1.000N/m and 1.500N/m. These two
spring stiffness values are used for the support of weakened m. rectus femoris to 10% maximum controls, as

well as for the m. rectus femoris weakening to 25% maximum controls.

The same stiffness value has the same effect in the force and power curves of m. vastus intermedius. This
means for example that a stiffness value of 1.000N/m reduces the m. vastus intermedius curve with weakened
m. rectus femoris for about 100N for both modelled activation deficits. Figures 79 and 80 illustrate this effect

of force reduction for m. vastus intermedius for both activation deficits.
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Figure 79: Discussion 1 - Actuation force of m. vastus intermedius with m. rectus femoris weakend to 10% maximum
controls. A force reduction of approximately 100N can be considered with implementation of a spring with stiffness of
1.000N/m.
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Figure 80: Discussion 2 - Actuation force of m. vastus intermedius with m. rectus femoris weakened to 25% maximum
controls. A force reduction of approximately 1000N can be considered with implementation of a spring with stiffness of
1.000N/m.

Consideration of m. biceps femoris shows that the same stiffness value leads to a higher increase of the force

and power curves when the activation is constrained to 10% maximum controls. It follows that m. biceps

femoris, as counter muscle of m. rectus femoris and m. vastus intermedius, has to work more with higher
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activation deficit of m. rectus femoris. The IAA results show similar behaviour. A high activation deficit
generally leads to a high reaction of the spring support curves in comparison to a low activation deficit. This
observation can be explained by the fact that when the activation deficit is low, the performance of all muscles
is closer to the healthy m. rectus femoris case. The higher the activation deficit, the more the muscles differ

from their normal behaviour, leading to higher impacts on the parameter curves.

5.5.2. Force and Power

The following section discusses the simulation results of the muscle parameters force and power. First, the
effects of m. rectus femoris weakening are discussed. Later, the effect of spring implementation to weakened

m. rectus femoris is considered.

a) Effects of weakening
M. rectus femoris

Muscle weakening by constraining the maximum control level, leads to reductions in muscle activation. In

consequence, force and power reduction of m. rectus femoris occur.

M. vastus intermedius

In the phases of high force loss of weakened m. rectus femoris, m. vastus intermedius shows a force and power
increase. Even the peak differences are replicated. These findings lead to the conclusion that m. vastus
intermedius compensates for m. rectus femoris weakness. This compensatory behaviour of can be explained
by the synergistic relationship of m. vastus intermedius and m. rectus femoris during knee extension movement.
Furthermore, both muscles act as knee extensors, which facilitates force and power compensation. Figures 81
and 82 illustrate the phases of difference increase and decrease between the healthy and the weakened m. rectus

femoris case for the force curves of m. rectus femoris and m. vastus intermedius.
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Figure 81: Discussion 3 - Actuation force of m. rectus femoris. Phases of difference increase and decrease between the
healthy and the weakened m. rectus femoris force curve are illustrated.
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Figure 82: Discussion 4 - Actuation force of m. vastus intermedius. Phases of difference increase and decrease between
the m. vastus intermedius force curve in healthy conditions and in case of weakened m. rectus femoris are illustrated.

M. biceps femoris caput longum

The m. biceps femoris caput longum force and power curves do not show much effect on m. rectus femoris
weakness. An explanation for this fact provides the agonist — antagonist relationship of m. biceps femoris caput
longum and m. rectus femoris during knee extension movement. This relationship results in alternate activation
times of the muscles. M. biceps femoris caput longum is only active, when m. rectus femoris is not. Therefore,

the weakness of m. rectus femoris does not affect the performance of m. biceps femoris caput longum.

The explanations in the section above prove the parts in hypothesis 1 concerning force and power to be

confirmed.

b) Effects of the spring

M. rectus femoris

As supposed in hypothesis 2, spring implementation has no effect on the force and power curves of weakened
m. rectus femoris. The modelled activation deficit prohibits higher force and power generation. Since stiffness
values are set at a lower level not to risk insufficient muscle challenge, no further reduction of the force and

power curves of weakened m. rectus femoris occurs with spring implementation.

M. vastus intermedius

In the gait cycle period from 57% to 75%, spring support approaches but not assimilates the force and power
curves to the reference curves. The higher the stiffness value, the better the approach. If the stiffness value is
set to a level that is too low, the spring is not able to produce enough force to take over the force loss of m.
rectus femoris and so m. vastus intermedius still has to compensate. When the stiffness value is high enough,
the spring is capable to take over m. rectus femoris force loss and m. vastus intermedius only shows low
compensation. From 75% until the end of the gait cycle, the force and power curves of m. vastus intermedius
with spring support follow the same course as the reference curves. The force loss of m. rectus femoris in this
period is not so high and therefore the spring is able to take over complete force loss. Figure 83 illustrates the

m. vastus intermedius force curve approach to reference curve with spring implementation.
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Figure 83: Discussion 5 - Actuation force of m. vastus intermedius. Spring implementation causes a decrease in the force
curve.

Considering the force and power curves, spring implementation has a positive effect on the curves describing
the weakened m. rectus femoris case. An approximation to reference curve is considered, as expected in

hypothesis 3.

M. biceps femoris caput longum

The spring support curves of m. biceps femoris caput longum produce higher forces and higher power than in
case of healthy m. rectus femoris. Comparison of the force curves of m. rectus femoris and m. biceps femoris
caput longum shows that m. biceps femoris caput longum produces higher force precisely when m. rectus
femoris does not need support of the spring. This is the case when the reference and weakened m. rectus femoris
force curves are close to each other. M. biceps femoris caput longum, a counter muscle of m. rectus femoris,
has to work against this spring force, which is not needed by m. rectus femoris. Figure 84 shows the phases of
high and low force support need of m. rectus femoris. Figure 85 illustrates the phases of high and low difference

between the m. biceps c. longum force curve of the healthy and the weakened m. rectus femoris case.
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Figure 84: Discussion 6 - Actuation force of m. rectus femoris. The figure illustrates points of high and low force support
needs of m. rectus femoris.
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Figure 85: Discussion 7 - Actuation force of m. biceps femoris caput longum. Phases of high and low difference between
the m. biceps c. longum force curve in the weakened m. rectus femoris case and the reference curve.
As supposed in hypothesis 4, spring implementation has a negative effect on the m. biceps femoris caput

longum force and power curves with weakened m. rectus femoris.

The section above confirms the parts in hypothesis 2, 3 and 4 concerning force and power.

5.5.3. Normalized Fiber Length and Normalized Fiber Velocity

The curves documenting normalized fiber length and the normalized fiber velocity do not show considerable
differences because the kinematics of the musculoskeletal model referring to a healthy human subject are

maintained and used as inputs for all simulations.

The muscle parameters normalized fiber length and normalized fiber velocity are therefore excluded from

hypotheses verification.

5.5.4. Induced Accelerations

The following section discusses the simulation results of IAA. As in the force and power chapter, the effects
of m. rectus femoris weakening are discussed first. Then, the effect of spring implementation to weakened m.

rectus femoris is considered.

a) Effects of weakening

Muscle force generates joint torques and thereby induces body segment acceleration. Consideration of the
femur acceleration contribution curves of m. rectus femoris and m. vastus intermedius shows, that the
behaviour of the force and power curves is reflected. Weakness of m. rectus femoris reduces its acceleration
contribution and m. vastus intermedius compensates the acceleration loss with higher contribution. The points
of highest difference between the healthy and weakened m. rectus femoris case are located almost at the same
places as they did in the force and power curves. The only curve, which pattern slightly differs from those of
the other contribution curves, represents the vertical acceleration contribution of m. vastus intermedius. Only
the peak difference at 61% is visible. Figures 86 — 89 illustrate the phases of high and low difference between
the femur acceleration curves between the healthy and weakened m. rectus femoris case for m. rectus femoris

and m. vastus intermedius.
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Equally to the force and power curves, the m. biceps femoris caput longum acceleration contribution curve

does not show much effect on m. rectus femoris weakness.
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Figure 86: Discussion 8 - M. rectus femoris contribution to fore-aft femur acceleration. Phases of difference increase and
decrease between the m. rectus femoris femur acceleration curve in healthy conditions and in case of weakened m.
rectus femoris are illustrated.
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Figure 87: Discussion 9 - M. rectus femoris contribution to vertical femur acceleration. Phases of difference increase and
decrease between the m. rectus femoris femur acceleration curve in healthy conditions and in case of weakened m.
rectus femoris are illustrated.
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Figure 88: Discussion 10 - M. vastus intermedius contribution to fore-aft femur acceleration. Phases of difference
increase and decrease between the m. vastus intermedius femur acceleration curve in healthy conditions and in case of
weakened m. rectus femoris are illustrated.
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Figure 89: Discussion 11 - M. vastus intermedius contribution to vertical femur acceleration. Phases of difference
increase and decrease between the m. vastus intermedius femur acceleration curve in healthy conditions and in case of
weakened m. rectus femoris are illustrated.

Consideration of the effect of weakening in the induced acceleration results confirms hypothesis 1.
a) Effects of the spring

Although the force and power curves of weakened m. rectus femoris do not react to spring support, the
acceleration contribution curves of m. rectus femoris show an effect. For most of the considered gait cycle
period and for most of the stiffness values, they contribute more than in the healthy m. rectus femoris case and
do not show better approximation to reference curve than the curves of weakened m. rectus femoris without
support. The same phenomenon is considered with m. vastus intermedius and m. biceps femoris caput longum.
In most cases, the curves describing the weakened m. rectus femoris case without spring support are even closer
to the reference curve than the spring support curves. Only for m. biceps femoris caput longum, this behaviour

of the spring support curves is already observed with the force and power curves.

For all selected muscles, the spring support curves generally show higher acceleration contributions. For
example, if the reference curve is positive, the spring support curves show an even higher positive value. Since
the kinematic and kinetic inputs are the same in all simulated cases, the total femur acceleration in both
considered directions must be equal and cannot be the reason for the performance of the spring support curves.
Equal total femur acceleration with increasing muscle contribution is only possible when all muscles contribute
more. When the contribution increases within all muscles, negative and positive contribution increases and the
overall acceleration stays the same. One explanation for this phenomenon of increased acceleration
contribution of all considered muscles is based on the OpenSim software implementation. One has to expect
that the software does not take the spring into account for IAA calculations, since there are no spring results
computed. When the spring is able to produce force but does not contribute to femur acceleration, maybe some
other muscles have to take over the contribution of the implemented spring and therefore increase their
contribution. Then all the other muscles also have to increase their contribution to keep the total acceleration

constant.
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Only hypothesis 4, which supposes negative effects with spring implementation to m. biceps femoris caput
longum can be confirmed considering the effects of the spring in the induced acceleration results. Hypothesis

2 and 3 have to be rejected.
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6. Summary

Since muscle weakness possibly leads to devastating impact on the gait pattern, research on devices, capable
to assist walking movement, is of major importance (Hislop et al., 2014 and Nacy et al., 2016). Due to energy
efficiency and mass minimization reasons, research focusses on passive devices, which replace actuators with

light springs (Farris et al., 2013).

The purpose of this thesis is to examine the effects of m. rectus femoris weakening on muscle performance
during walking. Furthermore, the main goal is the answer the following research question: What are the effects
of a passive path spring implementation parallel to weakened m. rectus femoris on the main muscle parameters
during walking? Force, power, normalized fiber length, normalized fiber velocity and induced femur
acceleration are selected as main muscle parameters and the walking movement is analysed during the pre-
swing, initial swing and mid-swing phases of gait. The investigation is limited to the three muscles m. rectus

femoris, m. vastus intermedius and m. biceps femoris caput longum.

This thesis is a simulation study, which uses the software OpenSim. All model and motion data are included
in the ‘Gait2354 package derived from the OpenSim library. Three different types of simulations are
performed. The first one is based on healthy model conditions and aims at the achievement of reference data.
For the second simulation, an activation deficit of m. rectus femoris is implemented in the model to illustrate
weakening of m. rectus femoris. Additionally to m. rectus femoris weakening, the third simulation contains a
passive path spring parallel to m. rectus femoris. Two different degrees of weakening and three different spring

stiffness values are implemented.

Concerning the muscle parameters force, power and induced femur acceleration, m. rectus femoris weakening
leads to reduced performance of m. rectus femoris, increased performance of m. vastus intermedius and has no
effect on the performance of m. biceps femoris caput longum. M. vastus intermedius, which acts as knee
extender just like m. rectus femoris, compensates for m. rectus femoris weakness. On the other hand, m. biceps

femoris caput longum, a counter muscle to m. rectus femoris, is not affected by m. rectus femoris weakness.

With regard to answering the research question, the effects of the spring are considered. Since m. rectus femoris
is weakened by implementation of an activation deficit, it cannot produce higher force or power. Therefore,
spring implementation has no effect on the force and power curves of m. rectus femoris. For the m. vastus
intermedius force and power curves, spring implementation has a positive effect, since the curves are
approached to the reference curve. M. vastus intermedius can reduce its compensatory behaviour. In contrast,
spring implementation has a negative effect on the force and power curves of m. biceps femoris caput longum.
The force and power curves increase because m. biceps femoris has to work against the spring force.
Concerning induced femur acceleration, spring implementation has a negative effect and increases the
contribution for all muscles. The curves show more difference to the reference curves than the curve describing

weakened m. rectus femoris case without spring implementation.

It can be stated that the spring’s impact on force and power depends on the function that the specific muscle

exhibits in relation to m. rectus femoris. Consideration of force and power performance of all three muscles
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shows that the positive effect of the spring on m. vastus intermedius is destroyed by the negative effect that the
spring has on m. biceps femoris caput longum. Concerning induced femur acceleration, spring implementation
always shows a negative effect. In summary, the overall muscle performance cannot be improved by spring

implementation parallel to weakened m. rectus femoris.

Since all induced femur acceleration results yield negative effects of spring implementation, further studies
have to examine if the reasons of this bad performance can possibly be explained by limitations of IAA. Maybe
the IAA implementation is not designed for musculoskeletal models including springs. Furthermore, this study
has to be expanded and include more muscles. Only then it is possible gain insight into the overall muscle
performance. It is also important to implement further springs on different locations and check their effects.
For example, path spring implementation parallel to m. biceps femoris caput longum possibly can counteract
the negative effect of the spring parallel to m. rectus femoris. Furthermore, future studies should take into
account the maximum stresses and strains of the considered muscles, since the springs should assist and help

the people’s muscles and not harm them.
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