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Introduction

The roots of gait analysis can be found in the antiquity, where Aristotle observed the
locomotion of animals and summarized it in his work called De Motu Animalium (On
the Movement of Animals) [2]. The first book about the human movement was De motu
musculorum by Galen, who discusses the the difference between motor and sensory nerves,
discussed the concept of muscle tone, and explained the difference between agonists and
antagonists.

The beginning of the motion analysis can be considered as the work of Eadweard
Muybridge and Étienne-Jules Marey, who investigated the human and animal locomotion
via photography and cinematography. Figure 1.1 shows one of their works, where they
observed the galloping of a horse with rider.

Figure 1.1: Photography by Muybridge and Marey [44]
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2 Introduction

The widespreading of the video-based gait analysis began in the 1970s, when this
method became well-developed enough to have fair costs and availability for single patients
as well. The fusion with computer-based systems and infra-cameras began in the 1980s.

Nowadays, there are several different methods available for such investigations, which
include marker-based methods, kinematic- and kinetic analysis, foot pressure measure-
ment or dynamic eletromyography. With these tools, several properties of the human
locomotion can be described and measured, including ground reaction forces, work of the
muscles, or kinematics of the joints. Currently, there is no available method to measure
the moments, forces and power directly in the joints in a non-invasive way. However,
using a proper mechanical model and kinematic data from measurements, those measures
mentioned above can be approximated via numerical simulations.

The results of a gait analysis can be used in several fields. As running is one of the
most popular form of sport and recreation, a proper analysis and understanding can help
to maximize efficiency and avoid injuries. For medical purposes, knowledge about the
movement of healthy subjects can improve the recovery of injured, paraplegic patients,
or reduce the harmful effects of abnormalities. Figure 1.2 shows the example of ankle
pronation and supination, which can lead to pain.

Figure 1.2: Unhealthy ankle-posture [19]

Special insoles can be developed to achieve healthy posture and better load-distribution
between the joints. Nowadays, film-making frequently uses CGI (computer-generated
imagery), especially in the fantasy and science-fiction genre. CGI is often based on data
from motion-capturing systems to make the scenes look more realistic.
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During everyday life, animals and humans rarely run with constant velocity, because
they need to change their speed or the direction of the movement. However, those changes
are rarely observed during a gait analysis, where subjects are usually walking or running
on a treadmill at constant speed. Those phenomena can alter the properties of running,
which affects the kinematics and kinetics of the ligaments and the loads in the joints.

The purpose of this thesis is to examine the mechanical parameters of running, and
investigate the changes and differences caused by acceleration and deceleration.



Literature research

The aim of the literature research was to observe measurements which were already
evaluated. The data collected this way gave a general understanding about the human
running and its accompanying phenomena. Those results can be used as a base for the
own executed measurements.

Modelling concepts were also investigated, to see the evolution and important attributes
of the already existing models.

2.1 Measurements

Several measurements were taken in order to investigate the process of the human
running. In this section, we will have a look at the phenomena, the most important
measures and the measurements processes which were used during them.

2.1.1 Description of the phenomena

The article of Novacheck [38] was among the first works, which gave a comprehensive
description about the human gait, including walking, running and sprinting, presenting
measurement data from motion capturing and electromyography as well. Moments and
powers in the ankle, knee and hip were calculated using a mechanical model. During the
description of running, we followed his article.

The basic measure for gait analysis is the gait cycle, which begins when one foot hits
the ground and ends when the same foot contacts the ground again. We can refer to this
event as initial contact (IC). After IC, the stance phase begins, which means that the
corresponding foot is constantly in contact with the ground. The stance phase ends when

4



Measurements 5

the foot is lifted, and this event is called toe off (TO). It also means the beginning of the
swing phase, which ends at the next IC. Those phases can also be divided into smaller
phases. We can talk about loading response (LR), midstance (MS), terminal stance (TS)
and preswing (PS) for the stance phase and initial swing (IS), midswing; TS (MS) and
terminal swing (TS) for the swing phase. For the visualisation, see Figure 2.1.

Figure 2.1: Gait cycle phases during walking [23]

The duration of the stance phase is different for each kind of locomotion: during
walking, it is above 50% of the gate cycle, and for running, it comes below 50% (its value
is usually 40%). For elite sprinters, it can be nearly 20%.

We can also observe the motion of both legs. During walking, double support phase
can be described, which means that at some time during the gate cycle, both legs are
in contact with the ground. This phase is missing during running, and an airborne (or
double float) phase appears, when both legs are in the air. Those are the major differences
between walking and running. For the visualisation of the running cycle, see Figure 2.2.

Figure 2.2: Gait cycle phases during running [40]
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There is also a difference between the relationship of the kinematic and potential en-
ergy during walking and running. While walking, they are out of phase, because when
the kinetic energy has its maximum, then the potential energy has its minimum, and vica
versa. However, for running, both are in phase. We can also talk about energy gener-
ation and absorption depending on whether the centre of mass (CoM) is accelerated or
decelerated. Those phenomena are not synchronised with the stance and the swing phase.
Example given, the absorption begins in the airborne phase and has a part during the
stance phase, after the IC. During absorption, the CoM decelerates and moves downwards,
therefore the kinetic and potential energy both decreases. During energy generation the
opposite happens, and both the kinetic and potential energy increase.

One of the most important tools to analyze is motion capturing, because it allows
to describe the kinematics of the movement. (For detailed description about motion
capturing, see section 2.1.3.) Via placing markers to the proper positions, the motion of
the joints can be monitored and their angles can be calculated. Many studies observe the
changes in the angles as a function of time to get better understanding about the motion.

Using a force plate, the foot pressure distribution and total force can be measured, and
the position of the centre of pressure (CoP) can be evaluated.

The third most common tool used during gait analysis is electromyography, which
records the electric impulses of the muscles, therefore it is able to determine the muscle
contractions. Studies including electromyography can provide information about neuro-
logical control and work of the brain. However, the exact control strategy used by the
brain is still unknown.

The article of Qiao [31] analyses the role of each joint during movement, for constant,
average walking and unsteady walking. The subjects were sixteen healthy males. The
movement was captured with a 3D motion capture system, recorded using 39 markers. The
stance phase (between touchdown and toe off) was analysed briefly. The data analysis was
done through inverse kinematics. As conclusion, the article stated that the hip behaved
like a motor, the knee as a motor, strut and damper, and the ankle was spring-like,
potential for energy storage and return.

Our goal is to determine the changes in kinematic parameters of running during accel-
eration and deceleration. In her article, Caekenberghe [20] compared accelerated running
on a treadmill and on overground. According to previous researches, those two types differ
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from eachother mechanically and the goal of this study was to investigate this phenom-
ena. The article first compared running on overground (steady-state and accelerating),
10 subjects participated in the measurement. The data were evaluated via MATLAB, us-
ing inverse dynamics-approach. The same method was repeated for running on treadmill
with the same conditions. A detailed analysis shows the differences, and while for running
overground slightly differs in both cases, for the treadmill the results for steady-state and
accelerated running are almost similar. For the results on underground, see Figure 2.3.
As conclusion, the differences described in the literature research are confirmed, and the
authors suggest further studies regarding this field. Using the results of this article, we
investigated acceleration and deceleration on running overground, and during the data
evaluation we compared our results to the phenomena described in this article.

Figure 2.3: Comparison of constant-speed and accelerated running by Caekenberghe.
The orange color shows acceleration during running, and the black curve shows running

with constant speed.

We also observed the article of Cavagna [6], since the mechanics of sprint running is
discussed, especially the acceleration and the required work of the muscles. Three subjects
participated in the measurements, which were trained sprinters and the location was an
indoor track. Their speed was measured using photocell sights and a strain-gauge platform
recorded the vertical component of the ground force during sprinting. The work required
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to move the centre of gravity was evaluated with a basic formula after simplifications. The
work against air resistance was also calculated. The results show that with increasing
velocity the efficiency lowers and the cause for this is the deceleration caused at each
steps, the increasing air resistance and the reduction of the push duration. However, the
power developed at each push increases with acceleration. During our measurements, (for
details, see Chapter 4) we allowed our subjects to run at their preferred speed, therefore
during "fast" running they may were sprinting.

2.1.2 Differences between individuals

To be able to recognize the changes caused by acceleration and deceleration in the
running speed, first other factors should be analyzed, to be able to take their effect into
account and differentiate them. In this section, we investigated studies focusing on several
effects which can alter the chosen running type.

Several articles focus on the investigation of factors, which can provide differences
between individuals, or changes in the personal preferences. The most common difference
appears in the placement of the foot during touchdown. Forefoot strike means that the
runner lands and balances on their toes and rearfoot strike occurs, if the heel touches the
running surface first. There are also known cases with midfoot strike, when runners touch
the ground with flat foot, but it is relatively rare compared to the other two types. During
modelling, these differences are described with the strike index quantity (described more
precisely in the next subsection).

One of the most obvious factors for differences is injury or illness. Injuries of the
musculoskeletal system, including fractures of bones and bursae, contusions, ligament
ruptures and disorders in the neural control can cause harmful changes in the human
gait. Fracture of the spine and spinal cord can even lead to paralysis. In case of elders,
the muscles are getting weaker, which can cause difficulties by running and even at gait
initiation. The latter causes instability, because lifting a foot decreases the base of support.
Without proper muscle strength, the centre of mass cannot be moved to a new stable
position or its speed cannot be properly braked, and fall will occur. Osteoporosis is a
common disorder among elderly people, and a combination of it and falling often leads to
a break at the head of the femur and causes death.
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However, there are also differences among healthy people. Because of anatomic differ-
ences, sex and age influences the gait, and differences can be observed between men and
women, or between children, adults and elders.

There are several articles about the differences between men’s and women’s running
mechanics, focusing on the possible main injuries. The major differences can be seen in
the structure of the hips and knees, which result in greater anterior pelvic tilt, femoral
anteversion, tibiofemoral angle and genu recurvatum for females [9, 46]. Those can lead
to greater chance of knee injures [30]. The article of [12] also observes greater peak hip
adduction, hip internal rotation, knee abduction and decreased knee internal rotation
compared to their male counterparts. Due to the differences, several studies estimate that
females have a two-fold risk of sustaining running-related injuries [42]

The article of Shultz [46] investigates the differences between males and females in
maturation groups The authors observed the mentioned differences during their measure-
ments: females had a more inwardly rotated hip and valgus knee position than males,
and this differences were present for each age. Changes in gait style based upon age were
also present: the youngest group had the biggest knee valgus, knee recurvatum and foot
pronation, and those characteristics become lesser for the next maturation group.

During aging, the muscle structure undergoes changes: the volume and anatomic cross-
sectional area become smaller [37]. Those decreases are about 19.1% and -25.3 %, which
lead to 25% mass decrease in the muscles from 20 to 70+ years in the lower limbs. The
muscles weaken, therefore the gait pattern also changes.

The surface roughness and shoe type play a big role, because they can force runners
to change the most preferred running style to another, if the new one is considered more
favourable during the different conditions. There are several articles investigating the
preferred style running barefoot, minimally shod or wearing running shoes. Therefore,
several shoe manufacturers observe the gait to improve their products.

In the article of Jungers and Lieberman [22,28], the effect of barefoot-running is inves-
tigated. Figure 2.4 shows measurements regarding this topics.
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Figure 2.4: Force acting on the leg during running, depending on strike type and
footwear

The diagrams show the ground force in case of:

(a) RFS barefoot,

(b) RFS wearing shoes and

(c) FFS barefoot.
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We can observe a damping effect comparing (a) and (b) which is caused by the shoes. The
study proves, that barefoot-running favours forefoot-strike, because this type of movement
does not cause a transient effect in the load and forces in the joints.

In his research, Wit [49] investigated the ground reaction forces and kinematics during
the stance phase of nine trained male subjects barefoot and shod as well. For barefoot
running, the eternal protection and shock reduction is minimal. The forces were measured
with a Kistler force plate, the experiment was held in an indoor facility. The motion was
captured by high-speed video-cameras, the velocity was computed with help of infrared
photocells. The conditions were "ideal" (warm-up, become familiar with the chosen ve-
locity and condition). Markers were placed to calculate the corresponding angles. The
results show larger loads for the barefoot case, and sometimes there were more peaks.
The study suggests, that the runners will choose and impact-reducing strategy for bare-
foot case - therefore the foot’s placement is more horizontal, the ankle’s plantar flexion is
larger. It is caused by larger knee flexion. Therefore the more horizontal the foot is, the
smaller is the maximal pressure acting on the heel. During the stance, the support leg
is more flexed in shod running. The external forces are non-different. For the barefoot
running, the stride length is smaller and the frequency gets higher.

In another study, the [41] different running types (forefoot strike, midfoot strike, rear-
foot strike) were investigated in dependence of footwear. Minimal shoes were compared
to cushion elevated heels and arch supports to see the favoured gait type. 15 runners
participated, all experienced barefoot or minimally shod runners. Both gait types were
asked during the measurements. The oxygen consumption was measured and the move-
ment was captured using an Oqus camera system and markers. From the angles of the
joints the power was numerically calculated. The results show that running with minimal
shoes is less costly (on average 2.41%-3.32%) compared to the "normal" shoes, and one
factor for that is the weight-difference for the shoes (the standard weighs about 200 g
more). Other factor is the recoil increased by minimal shoes, which allow a more spring-
like behaviour. For the same shoe-types, the FFS and RFS gaits did not have significant
difference regarding costs.

Training also influences the gait. Short-term sprinters need a strategy and technique
different from long-term runners, and it affects their movement. Mann [33] investigated the
human running with the help of 13 runners. The motion was captured via photometric
way and electromyography recorded the forces in specific muscle groups. The results
show that the stance phase decreases while the speed is increasing, and the absorption
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mechanism for the ground contact increases. The subjects tend to lower their center of
gravity to decrease the degrees of the hip- and knee flexion and angle dorsiflexion. There
were also differences originating from the training of the runners: the sprinter used a
different mechanics to maintain his height off the ground and absorb a little amount of
the ground contact force.

According to the articles, we determined the most important measures describing the
phenomena. As we have seen from the literature, the most common ways to measure
and calculate them was motion capturing to obtain the kinematics and foot pressure
measurement to obtain the ground reaction forces. In the next sub-subsections, we will
have an overlook about those methods and the available devices, which were used by our
own measurements.

2.1.3 Motion capturing

The OptiTrack [39] camera system can be applied for digital motion capture, or mocap
as short. The method has the following working principle: markers are applied on the
object, animal or human, whose movement has to be monitored, and the camera system
records the path of those markers using a pre-defined coordinate system. The markers
have two types, they can be active (eg. LEDs) or passive (reflective markers).

The mocap has its roots in the 1980’s, and it was developed for military services. The
first application of this method was to observe the movement of pilot’s heads, because it
did not require contact and therefore it did not influence the motion [35]. Nowadays, it
has a wide application area including military, medicine [51], robotics [50], entertainment-
industry and various other fields. The article of Hadjakos [16] is a good example for
unique usage, because he used Kinect camera-system to track the finger movement of
piano players. Therefore, he gained information which can be important regarding music
theory or the mechanics of the fingers.

Developing mocap makes the graphics of video-games and CGI more lifelike, because
the animation of characters often uses data recorded by the motion of actors. Figure 2.5
shows an example for this case: we can see there Benedict Cumberbatch, who not only
gave his voice to Smaug, but his motion was also recorded to help the animation of the
dragon.
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Figure 2.5: Mocap application in the movie industry [13]

The benefit of the mocap is, that its usage makes possible the record complex move-
ments in real time, using a high resolution. The time required for data processing de-
pends minimally on the amount of recorded data, and it is easier to use than making
3D-animations. However, a complex setup is required for the recordings, which is often
bond to a laboratory and it also can be quite expensive.

The application of the OptiTrack camera system used by us is also widely used. It
was applied for gait analysis [25], in robotics [5], but it is also a good example for making
videogame trailers, because the data recording for the new trailer of Call of Duty: Modern
Warfare (2019) was also done by OptiTrack.

2.1.4 Foot pressure measurement

It is crucial to record the foot pressure distribution and the ground reaction forces
during several types of gait analysis. Signs of orthopedic disorders [32] or other stabilo-
metric [36] parameters about the postural equilibrium can be determined via foot pressure
measurement while the subjects are standing still. During locomotion, the ground reac-
tion force is also an important measure which can provide information about the personal
properties [47].

There are two types of devices: platform or insoles. The advantages and disadvantages,
according to Zulkifli [56] are the following:
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• Platform advantages: rigid platform, flat surface, high resolution, pressure sensors
are positioned parallel to the supporting surface.

• Platform disadvantages: limited size, large number of foot steps required for data
collection, normal gait patterns not guaranteed.

• Insole advantages: flexible, applicable on various shoes and heel height, no need to
land on a specific area, data collection within the shoe.

• Insole disadvantages: sensitivity of the sensor affected while insert into the shoes,
heat trapped, limited sensor space area; restricted to insole size, normal gait patterns
not guaranteed.

The Moticon device used by our own measurements is an in-shoes system, which pro-
vided large area for the motion. The device was used by others during recovery and
rehabilitation of patients [8], [24], but the motion of young soccer-players was also mon-
itored to avoid injuries in the future [26]. The positioning and numbering of the sensors
can be seen on the Figure 2.6. Each insole had 16 cells for pressure measurement and a
gyroscope measuring acceleration and angular velocity with a Cartesian coordinate sys-
tem. The numbering of the cells and the coordinate-systems were symmetric for a pair of
insoles (which means that the coordinate-system for the left insole is a left-hand system).
The parameters of the sensors are included in the following table:

Name Measurement range Resolution
Pressure cells In the z-direction; 0-50 N

cm2 0.25 N
cm2

Sensors for acceleration All axis; ±16g 0.488 mg/LSB
Sensors for angular velocity All axis; ±2000 deg/s 70 mdeg/s/LSB

where LSB means the least significant bit and g=9.81 m/s2.
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Figure 2.6: Sensor positioning and coordinate-systems for the Moticon devices

The insoles were communicating by Bluetooth, using a mobile application developed
for smartphones with Android system. Via this application, the following command were
available:

• setting the sampling frequency: 10 Hz, 25 Hz, 50 Hz or 100 Hz

• activating or deactivating the insoles

• starting and stopping the measurements

• transferring the data from the insoles to a computer

2.2 Modelling

There are different approaches regarding the modelling of the biped locomotion. While
biomechanics has quite strict requirements, robotic modelling has more ways to achieve
walking or running. One example for an alternative way is the article of Abdallah [1], who
modeled the steady-state, biped running used a seven-degree-of-freedom planar model
with telescopic, massless legs. Furthermore, he considered symmetric steps during the
contact and flight phase as well. The control was used for the global centre of mass, and its
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heuristic strategy was realized using four different conditions, analyzing the external forces
and the centre of mass’ motion. The foot-ground contact was modeled as a rigid, inelastic
contact with motion constraints. The model achieved stable running gait after a slight
transient reaction. The leg extension was 1 cm, which was relatively small related the leg
length of 80 centimeters, and the system slowed down without it. For the acceleration
this extension was 2 cm. The control strategy was implemented to more complex models
as well, and the results show that it is robust and flexible. However, during modelling
human-like motion, this method is not applicable, because the length of the leg cannot
change during motion. (The telescopic approach is also challenging if someone would like
to build a robot according to this model.) The model also neglects the joints at the ankle
and at the knee. Therefore, we investigated other models, who give more human-like
description.

The human body can be seen as a complex mechanism, where the bones are rigid bodies,
muscles and tendons are elastic elements, and the brain provides neurological control.
Observing the movement of all the muscles and bones would make this task extremely
complex and it would require many computation resources. Therefore, simplification is
needed to make this problem solvable; however, the abstraction must not make the model
too simple, because important properties may be lost in this case. Most of the models are
2D-models, describing the motion happening in the sagittal plane. For the planes of the
human body, see Figure 2.7.

In the followings, we overview the most common pedal locomotion models form the
literature and we also explain the model which is used in the present thesis.
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Figure 2.7: Human planes and axes

2.2.1 Rimless wheel

According to McGeer [34], the simplest model for human walking is provided by a
rimless wheel rolling along a downhill grade. The downhill grade is required, because on
a level surface it loses speed and kinetic energy every time a new leg hits the ground. The
collisions are modeled as inelastic and impulsive. However, on a downhill grade, it has a
constant average velocity, since the potential energy can recoup the losses in the kinetic
energy. The movement is considered cyclic. The model can be seen on Figure 2.8.
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Figure 2.8: Model of the rimless wheel, taken from [34]

Immediately, before the collision the angular momentum can be calculated as:

H− = (cos2α0 + r2
gyr)ml

2ω− (2.1)

where the radius of gyration os normalized by the leg length l. Immediately, after the
collision, the angular momentum is:

H+ = (1 : r2
gyr)ml

2ω+ (2.2)

therefore:
ω+

ω− =
cos2α0 + r2

gyr

1 + r2
gyr

= η (2.3)

During the analysis, dimensionless quantities were used for the mass (m), leg length (l)
and time (

√
l
g
). The dimensionless pendulum frequency was defined as

σ2 ≡ 1

1 + r2
gyr

(2.4)

and then
η = 1− σ2(1− cos2α0). (2.5)
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Via linearization, applying a small γ angle as the slope, the equation of motion is

ϑ̈− σ2 ≈ σ2γ. (2.6)

ϑ is measured from the surface normal, therefore the wheel has an unstable equilibrium
at ϑ = −γ.

The steps begin with ϑ = −α, and rolling is cyclic, if the initial speed (ω0) repeats
from one step to the next. It means that every step must end with rotational speed ω0

η
.

Therefore, the initial and final states (boundary conditions) must be the following:

ϑ (0) = −α0 (2.7)

ϑ (τ0) = α0 (2.8)

ω (0) = ω0 (2.9)

ω (τ0) =
ω0

η
(2.10)

Knowing those values, ω0 and τ0 can be evaluated. The results are:

ω0 =

√
4γα0σ2η2

1− η2
(2.11)

eστ0 =
γ + α0 + ω0

ση

γ − α0 + ω0

σ

(2.12)

For small α0, the dimensionless forward speed is

v ≈ 2α0

τ0

(2.13)

2.2.2 Compass gait

The compass-gait model ( [21], [15]) simulates the motion of two identical, stick-like
legs walking on a downhill slope. The legs possess mass, and they are connected through
rigid links on a frictionless hip. The masses of the legs and the hip are reduced. Similarly
to the previous model, it can move "forever", since the effect of the gravity restores the
lost energy. The gait has two phases: the swing and impact phase. The model can be
seen on Figure 2.9.
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Figure 2.9: Model of the compass gait, taken from [15]

The description consists of a continuous dynamics modelling during the swing phase,
and an algebraic equation describing the transition caused by the impact phase.

The parameters for the description are the following:

• a: lower leg segment length

• b: upper leg segment length

• m: mass of the leg

• mH : mass of the hip

• g: gravitational constant

The vector of the generalized coordinates is the following:

q = ϑ =

[
ϑns

ϑs

]
(2.14)

where ϑns is the angle between the swing leg and the vertical axis, and ϑns describes
the angle between the impact leg and the vertical axis. Then, the swing motion can be
described by the Lagrangian description:

M (ϑ) ϑ̈ + H
(
ϑ̇,ϑ

)
+ G (ϑ) = Bu (2.15)
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where M is the mass matrix, H includes the Coriolis and centrifugal terms, G describes
the gravity forces and B gives the input matrix. Those are:

M (ϑ) =

[
mb2 −mlbcos (ϑs − ϑns)

−mlbcos (ϑs − ϑns) mH l
2 +m(l2 + a2)

]
(2.16)

H
(
ϑ̇,ϑ

)
=

[
mlbϑ̇2

ssin (ϑs − ϑns)
−mlbϑ̇2

ssin (ϑs − ϑns)

]
(2.17)

G (ϑ) = g

[
mbsin (ϑns)

− (mH l +m (a+ l)) sin (ϑs)

]
(2.18)

and

B =

[
−1

1

]
(2.19)

While moving down the downhill slope (γ), the model has the following unilateral con-
straint:

Ω = {ϑ ∈ R2 : Φ1 (ϑ) = l (cos (ϑs + γ)− cos (ϑns + γ)) > 0} (2.20)

The expression Φ1 (ϑ) corresponds to the distance between the tip of the swing leg and
the walking surface - it represents the situation, where the swing leg is above the ground.

The impact occurs, if the following conditions are satisfied:

• the swing leg reaches the walking surface,

• the swing leg is moving downward,

• the swing leg is in front of the stance leg.

These three impact conditions are formulated as follows:

Γ =


Φ1 (ϑ) = l(cos(ϑs + γ)− cos(ϑns + γ)) = 0

Φ2 =
∂Φ1(ϑ̇,ϑ)

∂ϑ
ϑ̇ < 0

Φ3 = l (sin (ϑns)− sin (ϑs)) > 0

 (2.21)

At the impact phase, the angular position ϑ and the angular velocities ϑ̇ of the compass-
gait experience an instantaneous transition according to the following algebraic expres-
sions:

ϑ+ = Reϑ
− (2.22)
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ϑ̇
+

= Seϑ̇
−

(2.23)

where + and - denote the post-impact and pre-impact phases, respectively. The two
matrices have the following form:

Re =

[
0 1

1 0

]
(2.24)

Se = Q−1
p (α) Qm (α) (2.25)

where

Qm (α) =

[
−mab −mab+ (mH l

2 + 2mal) cos (2α))

0 −mab

]
(2.26)

Qp (α) =

[
mb (b− lcos (2α)) ml (l − bcos (2α)) +ma2 +mH l

2

mb2 −mblcos (2α)

]
(2.27)

l = a+ b and α = 1
2

(ϑs + ϑns).

2.2.3 Kneed walker

The kneed walker model can be considered as the improvement of the compass gait
model, which modeles the joint in the knee as well [7]. It can be seen on Figure 2.10

Figure 2.10: Model of the kneed walker, taken from [7]
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The parameters for the description are the following:

• a1: shank: lower leg segment length

• b1: shank: upper leg segment length

• ms: mass of the shank

• a2: thigh: lower leg segment length

• b2: thigh: upper leg segment length

• mt: mass of the thigh

• mH : mass of the hip

• g: gravitational constant

The vector of the generalized coordinates is the following:

q = ϑ =


ϑ1

ϑ2

ϑ3

 (2.28)

where ϑ1 is the angle of the stance leg’s shank, ϑ2 is the angle of the swing leg’s thigh and
ϑ3 is the angle of the swing leg’s shank; all angles are measured from the vertical axis.

The segment lengths are the following: L = lt + ls, ls = a1 + b1 and lt = a2 + b2.

At the beginning of the step, the stance leg is modelled as a single link (with length
L), while the swing leg has two links connected by a frictionless joint. When this leg
straightens, kneestrike occurs, the velocities change due to the collision, and the system
continues the movement in a locked knee-state. This phase remains until the swing foot
hits the ground. After this heelstrike, the system returns to the initial, unlocked phase.
This event must occur after kneestrike in the same step, unless the system loses its stability.

The mechanical description is possible through the Lagrange equation:

M (ϑ) ϑ̈ + H
(
ϑ̇,ϑ

)
+ G (ϑ) = 0 (2.29)

where M is the mass matrix, H includes the Coriolis and centrifugal terms, and G describes
the gravity forces.
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For the unlocked knee, those are:

M (ϑ) =


M11 M12 M13

M12 M22 M23

M13 M23 M33

 (2.30)

H
(
ϑ̇,ϑ

)
=


0 H122ϑ̇2 H133ϑ̇3

−H122ϑ̇1 0 H233ϑ̇3

−H133ϑ̇1 −H233ϑ̇2 0

 (2.31)

G (ϑ) =


−(msa1 +mt(ls + a2) + (mh +ms +mt)L)gsin(ϑ1)

(mtb2mslt)gsin(ϑ2)

msb1gsin(ϑ3)

 (2.32)

The constants are:

M11 = msa
2
1 +mt(ls + a2)2 + (mh +ms +mt)L

2 (2.33)

M12 = −(mtb2mslt)Lcos(ϑ2 − ϑ1) (2.34)

M13 = −msb1Lcos (ϑ3 − ϑ1) (2.35)

M22 = mtb
2
2 +msl

2
t (2.36)

M23 = msltb1cos (ϑ3 − ϑ2) (2.37)

M33 = msb
2
1 (2.38)

H122 = −(mtb2 +mslt)Lsin(ϑ1 − ϑ2) (2.39)

H133 = −msb1Lsin(ϑ1 − ϑ3) (2.40)

H233 = msttb1sin(ϑ3 − ϑ2) (2.41)

G (ϑ) =

[
−(msa1 +mt(ls + a2) + (mh +ms +mt)L)gsin(ϑ1)

(mtb2ms(lt + b1))gsin(ϑ2)

]
(2.42)

For the locked knee, we have only two coordinates. The matrices have the following forms:

M (ϑ) =

[
M11 M12

M12 M22

]
(2.43)
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H
(
ϑ̇,ϑ

)
=

[
0 Hϑ̇2

−Hϑ̇2 0

]
(2.44)

The constants are:

M11 = msa12 +mt(ls + a2)2 + (mh +ms +mt)L
2 (2.45)

M12 = −(mtb2 +ms(lt + b1))Lcos(ϑ2 − ϑ1) (2.46)

M22 = mtb
2
2 +ms(lt + b1)2 (2.47)

H = −(mtb2 +ms(lt + b1))Lsin(ϑ1 − ϑ2) (2.48)

At kneestrike, the third joint angle will be locked. Therefore, the post-collision velocity
will be same as the velocity of the second link. The only external force is acting on the
stance foot, therefore the angular momentum is preserved for the entire system about the
stance foot and for the swing leg about the hip. For the lower link of the swing leg, the
kneestrike acts as an external impact, therefore the angular momentum is not conserved
around the knee.

The change in velocities is expressed by the following equation:

Q+

[
ϑ̇1

ϑ̇2

]+

= Q−


ϑ̇1

ϑ̇2

ϑ̇3


−

(2.49)

ϑ̇2 = ϑ̇3 (2.50)

The elements of the matrices are the following:

Q−
11 = −(mslt+mtb2)Lcosα−msb1Lcosβ+(mt+ms+mh)L

2 +msa
2
1 +mt(ls+a2)2 (2.51)

Q−
12 = −(mslt +mtb2)Lcosα +msb1ltcosδ +mtb

2
2 +msl

2
t (2.52)

Q−
13 = −msb1Lcosβ +msb1ltcosδ +msb

2
1 (2.53)

Q−
22 = msb1ltcosδ +msl

2
t +mtb

2
2 (2.54)

Q−
23 = msb1ltcosδ +msb

2
1 (2.55)

Q+
11 = Q+

21mt(ls + a2)2 + (mh +mt +ms)L
2 +msa

2
1 (2.56)
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Q+
12 = Q+

21ms(lt + b1)2 +mtb
2
2 (2.57)

Q+
21 = −(ms(b1 + lt) +mtb2)Lcosα (2.58)

Q+
22 = ms(lt + b1)2 +mtb

2
2 (2.59)

where the angles are:
α = (ϑ1 − ϑ2) (2.60)

β = (ϑ1 − ϑ3) (2.61)

δ = (ϑ2 − ϑ3) (2.62)

The heelstrike means an inelastic collision about the colliding leg, and it is identical to
the heelstrike for the compass gait. The angular momentum is conserved for the entire
system about the colliding leg and for the swing leg after impact about the hip.

Right after the event, the impact leg becomes the new stance leg, and the old stance leg
will be the new swing leg. The model also switches back to the to the unlocked three-link
state. The third joint angle starts with the same angular position and velocity as the
second one.

This phenomena is described by the following equations:

ϑ+ =


0 1

1 0

1 0

ϑ− (2.63)

Q+ϑ̇+ = Q−ϑ̇− (2.64)

ϑ̇2
2 = ϑ̇2

3 (2.65)

The elements of the matrices are shown below:

Q−
11 = Q−

12 + (mhL+ 2mt(a2 + ls)) (2.66)

Q−
12 = Q−

21 = −msa1(lt + b1) +mtb2(ls + a2) (2.67)

Q−
22 = 0 (2.68)

Q+
11 = Q+

21 + (ms +mt +mh)L
2 +msa

2
1 +mt(a2 + ls)

2 (2.69)

Q2
12 = Q+

21 +ms(b1 + lt)
2 +mtb

2
2 (2.70)
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Q+
21 = −(ms(b1 + lt) +mtb2)Lcosα (2.71)

Q+
22 = ms(lt + b1)2 +mtb

2
2 (2.72)

α = ϑ1 − ϑ2 (2.73)

2.2.4 Segmented hopping leg

The model of the segmented hopping leg was described by Seyfarth [4]. The movement
of one leg during running can be estimated with hopping. Thus, this 2D-model describes
the motion of one hopping leg. The model consists of three massless leg segments (foot,
shank, thigh), which are linked by frictionless joints, and one point mass attached to the
hip, which represents the mass of the whole body. The leg is hopping on an even surface,
therefore the energy loss is compensated via torque control instead of the effect of the
gravity. The model can be seen on Figure 2.11.

Figure 2.11: Model of segmented hopping leg, taken from [4]
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The equation of motion for the point mass is the following:

mr̈ = Fleg +mg (2.74)

where r is the position of the point mass, Fleg is the force due to the operation of the
leg segments, and g is the gravitational acceleration vector. Since the leg segments are
massless, the ground reaction force is equal to force acting on the mass point.

The torques acting on the toe, on the ankle and on the knee are denoted by M01,M12

and M23 respectively. If the static torque equilibrium is fulfilled, then:

(l1 × Fleg)|z = M01 −M12 (2.75)

(l2 × Fleg)|z = M12 −M23 (2.76)

(l3 × Fleg)|z = M23 (2.77)

where
l1 + l2 + l3 = r (2.78)

These provide five algebraic equations to estimate five unknowns: Fleg (two components),
and the segment angles ϕ1, ϕ2 and ϕ3.

The segment angles can be substituted by the leg angle ϕleg and two variables describing
the internal leg configuration (eg. ϕ12 and ϕ23 or h1 and h3). As the leg length r = |r|
merely depends on the internal leg configuration, r = r(ϕ12, ϕ23) · er(ϕleg), where er

represents the unit vector uniquely determined by the leg orientation ϕlegr and the value
of r is:

r(ϕ12, ϕ23) =
√
l21 + l22 + l23 − 2l2l3cosϕ23 + 2l1l3cos(ϕ12 − ϕ23) (2.79)

After replacing equation 2.79. with equation 2.78., there are four equations with four
variables (two components of the reaction force and two variables describing the internal
configuration.

2.2.5 Model by Kovács and Kövecses

In their article, Kovács and Kövecses [27] described a mechanical model to analyse the
touchdown characteristics of the human running. The L-shaped model has two parts, the
foot and a shank and the joint between them was modeled with a pin or a rigid connection
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depending on the desired stiffness. They also defined the strike index (s), which describes
the strike pattern (fore-foot, mid-foot or rear-foot strike). The visualisation of the model
can be seen on Figure 2.12.

Figure 2.12: Model of the kneed walker, taken from [27]

The finite-time dynamics of the system was described by:

Mv̇ + c(v,q) = f (2.80)

where M describes the mass matrix of the system, c contains the centrifugal and Coriolis
effects, and f is the array of the generalized forces (forces and moments).

Two cases were distinguished: a very compliant ankle (4 DoF model) and a very stiff
ankle (3 DoF model). Therefore, M has two forms regarding the chosen model.



30 Literature research

For the compliant ankle it has the form:

M=



m+M 0 −LCMMcβ − (lCMm+ lM)sα LCMMCβ

0 m+M (lCMm+ lM)cα −LCMMsβ

−LCMMcβ−
−(lCMm+ lM)sα

(lCMm+ lM)cα+

+LCMMsβ

Il + IL + l2CMm+

+(l2 + L2
CM)M + 2lLCMMsαβ

−IL − L2
CMM−

lLCMMsαβ

LCMMcβ LCMMsβ
−LCMMsβ − IL−

−L2
CMM − lLCMMsαβ

IL + L2
CMM


(2.81)

and for the stiff ankle:

M =


m+M 0 −LCMMcα − (lCMm+ lM)sα

0 m+M (lCMm+ lM)cα − LCMMsα

−LCMMcα−
−(lCMm+ lM)sα

(lCMm+ lM)cα−
−LCMMsα

Il + IL + l2CMm+

+l2M + L2
CMM

 (2.82)

where sin(α) = sα, cos(α) = cα and sin(α, β) = sα,β. The impact event can be described
by:

M(v+ − v−) = f̄ (2.83)

In this case, v+ and v− mean the velocities before and after the impulsive event, and f̄ is
the impulse of f .

They described that the CMSKE - constrained motion space kinetics energy - is propor-
tional to the impulse of the contact reaction force and it can be used for characterization
and comparison. For the mapping, matrix A was defined. For the compliant case, it is:

A =

[
1 0 −(1− s)lsin(α) 0

0 1 (1− s)lcos(α) 0

]
(2.84)

and for the very stiff case:

A =

[
1 0 −(1− s)lsin(α)

0 1 (1− s)lcos(α)

]
(2.85)

Via those matrices, the pre-impact CMSKE was defined as:

T−
c =

1

2
v−TPT

c MPcv
− (2.86)

where
Pc = M−1AT (AM−1AT )A (2.87)
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The CMSKE was simplified and written in a complex, but closed form and it is the
function of the strike index and ankle angle.

For the very compliant ankle:

T−
c =

1

2
[

m(m+ 4M)

4(m− 3ms+ 3(m+M)s2)
(ẏA)2 (2.88)

and the very stiff ankle:

T−
c =

1

2
[

4L2M(m+M + l2m(m+ 4M))

4(L2M + l2(m− 3ms+ 3(m+M)s2))
(ẏA)2 (2.89)

2.2.6 The used model

The model explained in the present Section is used later in Section 6 for parameter
tuning. The sagittal plane model of human hopping locomotion consists of the equations of
motion of the multibody system shown in Fig. 2.13. Besides, a controller is an inseparable
part of the mathematical model. The model published in [11] was further developed
in [53–55]:

• The strike index (see s in Fig. 2.13) can be varied.

• The locomotion can be analysed on uphill or downhill terrain too (see ψ in Fig. 2.13).

• It is checked, whether the ground-foot friction force exceed the limiting value.

• A multi-level (partial) feedback controller guarantees that the desired locomotion
speed and the desired hopping elevation is accurately maintained regardless the
possible perturbations coming from the environment.

The main characteristics of the model are:

• It contains similar geometric nonlinearities as the human body, i.e., the geometry is
not oversimplified such as in case of the SLIP model.

• The impulsive forces at the initial ground-foot contact are considered in the model
and therefore the impact induced kinetic energy loss (constrained motion space
kinetic energy CMSKE [22,27,28]) is taken into account.
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• An active controller maintains the energy level and the stable periodic motion.

• The model and the calculations are formulated in such way that they can be easily
applied for more complex multibody models of locomotion.

2.2.6.1 Mechanical part of the model

As Fig. 2.13 shows, the mechanical model consist of the foot, the shank and the thigh
(masses mi and lengths li; i = 1 . . . 3 respectively). Rotational springs with stiffness kB

and kC maintain the joint angles. Furthermore, a reaction wheel (with mass mr and mass
moment of inertia Jr), which is connected in the hip, prevents fall-over. The model can
be seen on Figure 2.13.

Figure 2.13: A simplified segmental multibody model of the human body in the sagittal
plane.

One period of locomotion consists of the flight (airborne) phase and the ground (stance)
phase. These continuous phases are separated by the events respectively, when the point
A reaches the ground, and when the ground-foot contanct force becomes zero. For more
details and model assumptions (frictionless joints, no rebound or slip of the foot, smooth
terrain), see [11,53,55].
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2.2.6.2 Control part of the model

Separate control law is defined for the ground phase and the flight phase (see (2.90)
and (2.91) respectively):

MF
B

MF
C

MF
D

 =


−DBθ̇12

−DCθ̇23

P (xA − (xG + x∆)) +D(ẋA − ẋG)

 (2.90)


MG

B

MG
C

MG
D

 =


PE(E − E0) sgn(θ̇12)

PE(E − E0) sgn(−θ̇23)

−Prθr −Drθ̇r

 (2.91)

Flight phase: The vibrations are supressed by torques MF
B and MF

C . The tiptoe
position xA is stabilized about the nominal horizontal position xG+x∆ by the proportional-
derivative (PD) controller realized by MF

D. Parameters DB, DC, P and D in (2.90) are
control gains. In the foot landing preparation, zero moment pole (ZMP) control [18, 48],
is achieved by x∆ = PΠ ΠA−Kv, where ΠA is the angular momentum about the point A,
PΠ is a control gain and Kv is a control parameter that affects the locomotion speed.

Ground phase: The overall mechanical energy is stabilized around the target energy
level E0 by means of the control torques MG

B and MG
C . To prevent the continuous growth

of the angular velocity θ̇r, the torque MG
D stabilizes the position of the reaction wheel.

Variables PE, Pr and Dr are control gains.
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3.1 Evaluating the data

For this purpose, measurement data from articles by Ahn et al [3], Caekenberghe
et al [20], Goss [14], Liu [29], Mann [33], and Novacheck [38] were used. The original
datasets were not available, therefore they had to been extracted from the presented
graphs in articles. A MATLAB code was written for this purpose. The graphs were saved
as .png files, and they were opened. After setting the origo and the desired scales of
the axis, the points of the graphs could be chosen and their coordinates were read. 20
points were read from each dataset, and the positions were chosen manually according to
the characteristics of the graph, the sampling was finer when there was a change (local
minimum or maximum, inflexion) and coarse for nearly linear segments. Figure 3.1 shows
the user interface.

34
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Figure 3.1: User interface for data reading from the graphs

Due to lack of measurement about the full running cycle, only the stance phase was
observed. Therefore, the initial contact was considered to t = t0 = 0%, and the end, the
"toe off" was set to t = tend = 100%. The proportion of the stance phase during running
varies strongly depending on personal attributes. According to [38], it is generally below
50%, and its minimal length can be 22% of the running cycle for the best sprinters. In
our case, its length was set to 40%, estimating an average value.

The coordinates were read and saved to individual .mat files. The second code opened
and read them, used a spline-interpolation in 100 points, and the average and variance
were calculated for each set. The results can be seen on pictures 3.2, 3.3, 3.4, 3.5, 3.6, 3.7,
3.8, 3.9 and 3.10. The grey area shows the variance, and the black, thicker line without
markers represents the average.
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Figure 3.2: Ankle angle data taken from the literature

Figure 3.3: Ankle moment data taken from the literature
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Figure 3.4: Ankle power data taken from the literature

Figure 3.5: Knee angle data taken from the literature
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Figure 3.6: Knee moment data taken from the literature

Figure 3.7: Knee power data taken from the literature
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Figure 3.8: Hip angle data taken from the literature

Figure 3.9: Hip moment data taken from the literature
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Figure 3.10: Hip power data taken from the literature

It is important to be noted, that the obtained datasets have errors compared to the
original measurement data, because the points were chosen manually, and the resolution of
the screen and the accuracy of the human eye and the mouse have limitations. The spline
fitting is a fine interpolation, but it still has some inaccuracy regarding to the original
data.

3.2 Results

The differences of the obtained data can be caused by several elements, including
individual factors, e.g. age [37], sex [46], and ethnicity-race [45] can cause differences in
the anatomy, which affect the gait [9, 12, 42]. Some of the runners were professional and
trained, specialized in long-term running or short-term sprinting, while other subjects were
not necessarily experienced athletes (however, the participants were healthy, without any
injury related to the musculoskeletal or nervous system). The used devices and conditions
were also different. The participants were running at different speed for each measurement
which causes changes in the kinematics, and the stiffness of the surface may also influence
running strategy [17]. Some measurements were taken via treadmill. For more detailed
description about the possible differences, see Chapter 2.
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After observing the results, we can state:

• Ankle angle: For this quantity, relatively large difference was expected among the
different resources, because the different running strategies (forefoot and rearfoot
strike) highly influence the ankle angle. As it can be seen, the average of the ankle
angle values is not the best way to approximate a real movement, because it stays
between -10 and 0 degrees. The datasets from each measurement have fair difference,
the variance is high compared to other datasets’ variances.

• Ankle moment: The obtained graphs have similar characteristics and relatively small
variance, therefore using the average as estimation of the human running is fair. The
graphs show that the maximum magnitude ankle torque is exerted in the middle of
the stance phase.

• Ankle power: The obtained graphs have similar characteristics and relatively small
variance compared to other datasets, therefore using the average as estimation of
the human running is fair. The graphs show that negative power (absorption of
mechanical energy) is realized in the first half of the stance phase. Positive power
(acceleration of the segments) is observable in the second half of the stance phase.
Note that the positive peak is three times higher than the negative peak. It refers
to the fact that the ankle torque contributes in the propulsion of the body rather
than in the damping of the ground-foot collision.

• Knee angle: For this quantity, a quite large amount of data was available. They
all have similar characteristics, therefore the average can be considered as a good
estimation.

• Knee moment: The obtained graphs have similar characteristics and relatively small
variance, therefore using the average as estimation of the human running is fair. The
shape of the knee torque is in correlation with the ankle torque: the maximum is in
the middle.

• Knee power: The variance of the data is fair. The negative peak in the first part
of the stance phase is much larger than the positive peak in the second half of the
stance phase. We can drive the conclusion that knee contributes more in the energy
absorption at the ground-foot collision than in the propulsion of the body. This is
the opposite compared to the ankle behaviour.
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• Hip angle: The obtained graphs have similar characteristics and relatively small
variance, therefore using the average as estimation of the human running is fair.

• Hip moment: Only three datasets were available, and two of them are from the
same paper. All have similar, ascending characteristics. For future investigations,
acquiring more data could improve the quality.

• Hip power: According to the literature, running on a treadmill does not cause
any difference in the kinetic parameters. However, the power of the hip definitely
changes. The cause of this phenomena should be investigated in the future.

For future investigations, there are several ways to improve the accuracy of the data
collection. Using more input data can lead to a more accurate result, which is much closer
to the "average" human running. During the sampling of the graphs, more than 20 points
can be read from each, to improve the quality of the spline interpolation. Developing a
"point-reading" algorithm could decrease the errors caused by the manual selection of the
points on the graphs. Using own measurement data, the same conditions and methods can
surely be applied for each individual e.g. the movement of all participants is recorded with
the same equipment, the data is evaluated with the same method, and the participants are
running with the same speed. The sampling is finer, therefore the data are more suitable
for the spline fitting. The method of the interpolation can also be changed; during this
investigation, the built-in "interp1" function was used, which is based on a cubic spline
interpolation with not-a-knot end conditions.

Despite of the several possibilities to improve the data quality, the current method and
acquired data can be considered suitable for tuning the mechanical model and it can be
a base for the comparison to our measurements.



Measurements

4.1 Protocol, evaluation

The laboratory on our department could not provide enough space, therefore the mea-
surements were taken on the running track of the Ikarus BSE. The participants were
running on an even, boarded track, which can be considered as average. We assumed
that the runners are used to similar hardness, thus it did not influence the gait pattern.
The Figure 4.1 shows the sketch of our measurement setup on the site. According to the
original plan, we wanted to use 4 wide angle and 8 normal cameras. However, because of
malfunction, we could only use 11 cameras for the recording, 4 wide angle and 7 normal.
The sector observed by the cameras was approximately 10 meter long and 2 meter wide.
Having a distance of 1.15 m between the cameras ensured that the participant is seen by
3 cameras all the time, and therefore the system can generate appropriate 3D-data. The
cameras were mounted on photo-stands and placed having equal distance between them.

Figure 4.1: Measurement setup
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After determining the places of the cameras, they had to be calibrated. It was done
by the so-called wanding process: a T-shaped rigid body, with known geometry, equipped
with three markers with calibrated and known positions was moved around the cameras.
After capturing at least 3000 frames per camera, the software of the OptiTrack system
was able to determine the position of the cameras related to eachother.

The next step was to define the coordinate-system. A right-angled triangle-shaped
rigid body was used for this purpose: its sorter leg defined the x-axis, and the longer leg
defined the z-axis. The y-axis was automatically generated, it was perpendicular to both
axes and at the end a right-hand-system was provided.

We evaluated the measurements via the help of 8 participants (3 males and 5 females).
All of them were healthy, without any injury related to the musculoskeletal or nervous
system, and they were recreational runners training at least twice a week. They all gave
their informed consent after receiving proper information about the aim and process of
the measurement. They participated after a proper warm-up. The following table (4.1)
contains some data about the participants.

Number of participants (Male/Female) Age [years] Height [m] Weight [kg]

8 (3/5) 17,9 ± 3,9 1,679 ± 0,69 57,4 ± 11,7

Table 4.1: Data about the participants

4.1.1 Measurement protocol

We only observed the movement of the right side. Therefore, 5 markers were applied
on the participants, they were placed on the shoulder, hip, knee, ankle and at the toes.
The participants must not wear loose clothes, because their movement may cause inaccu-
racy during the measurement. Clothes with light-reflecting stripes could also disturb the
OptiTrack-system, therefore it was also prohibited. The model has generalization of the
upper body, therefore the movement of the arms and the head was neglected.

During the measurements, each participant performed 5 tasks:

• constant speed running - slow,

• constant speed running - average,
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• constant speed running - fast,

• accelerating running - slow to fast (accelerating) and

• decelerating running - fast to slow (decelerating).

This series of tasks was performed twice by each participant. During their performance,
their movement was recorded via OptiTrack, Moticon and a regular camera. The videos
were taken to make easier the synchronization of the data from the OptiTrack and Moti-
con, because their recordings could not be started simultaneously.

The planned process of the measurement per participant can be seen in table 4.2.

Process part Time required [minutes]

Administrative tasks 3

Placing and calibrating the insoles 3

Placing the markers 4

Preparation, instructions 1

Performing the tasks (2 x 5) 6

Replacing the markers, taking off the insoles 3

Table 4.2

We checked after every task, whether the data recording was correct, and all the
markers were seen at least by three cameras at least for two or more footsteps. It the
recording was not suitable, we asked our participant to repeat the task. The whole process
took about 20 minutes for every participant (including the preparations).



Data analysis

5.1 OptiTrack data selection

The data measured with OptiTrack was not ideal for further evaluations, and they
had to be cleaned first. We used the Motive software for this purpose, which had a user-
friendly graphic interface to visualise the recorded movement and easily manipulate the
measured data.

During the first meters, the cameras were often not able to track all the markers.
Therefore, those data had to be deleted, because they were not suitable for evaluation.
This problem may was caused by improper camera placement. However, during the test-
measurement after setup, every marker seemed to be seen at least by 3 cameras at all the
time. This problem can also be caused by the changes in the lighting since we made the
recordings outdoors.

During the measurement, the OptiTrack system may lost the position of the markers.
After finding them again, they were given a new number and they were treated as new
markers. Thus, we had to find all the markers belonging to each body-segment and we
had to merge their datasets.

Sometimes, data were also missing. The most common reason for this was that the
runners accidentally covered the marker at their hip with their arms because that posture
was comfortable for them during running. If the data were missing only for a short period,
it could be successfully interpolated based on the recorded values. For this purpose, we
used the built-in cubic interpolation of the Motive. However, the filled section had to be
checked manually after every application, because for longer periods the function could
not interpolate accurately enough. Therefore, those periods were considered missing, and
data could not be taken.
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Figure 5.1 shows a raw dataset before cleaning. As it can be seen, the system observed
more than five markers, but not for the whole time of the recording. At the beginning,
there were less than five markers seen by the cameras, therefore that period had to be
deleted since we could not extrapolate the data. Figure 5.2 shows the same dataset after
cleaning and merging the markers, which belonged to the same body segment.

Figure 5.1: Raw measurement data

Figure 5.2: Cleaned measurement data
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After cleaning every dataset from each participant manually, they were exported into
.csv files for further evaluation via MATLAB.

5.2 MATLAB analysis

The second part of the data analysis was done via MATLAB.

We decided to investigate one step from each participant for every running type (slow,
average, fast, accelerating, decelerating). Thus, the biggest challenge for us was to deter-
mine the beginning of a step and identify it.

The measurement devices had different sampling frequency, the OptiTrack recorded 120
fps while the Moticon only 100 fps. Therefore the data from the foot pressure measurement
had to be interpolated over the timesteps of the of the OptiTrack.

After giving the global variables and constants like the used insole size, the script
reads the matching datasets from the Moticon and the OptiTrack. The matching pairs
are chosen manually. A structure is created for both files, and coordinate-transformations
are done to the OptiTrack data to get a matching coordinate-system. The y- and z-axes
were switched, and the new y-axis is pointing to the other direction than the old z-axis,
to have a right-handed system after the transformation as well.

We only observed the data measured by the right pressure measurement insole, since
the markers were placed only on the right side of the participants,

The insols had 16 pressure measuring cells, which were divided into 3 groups depending
on their positions (see Figure 5.3). The measured values of the sensors in the same group
were added, and the 3 graphs were plotted. According to the results, we could determine
the strike type of each participant.
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Figure 5.3: Groups of the pressure cells. Rearfoot pressure: cells 1-4, Midfoot pressure:
cells 5-8, Forefoot pressure: cells 9-16

We also calculated the total force acting on the right leg, and we normed it with mg,
where m denotes the mass of the participant. This value should be 1, if the subject is
standing. Using this value, we could determine the effect of the running on the force
acting on the leg, compared to standing still.

During calibration, we asked the participants to lift their legs, to set the 0-level of the
force. However, during data evaluation, we distracted the minimum force value from all
data, to make sure that the result is really zero, when the leg is lifted. The reason for
that is that we wanted to avoid errors caused by the device.

The pressure insoles recorded the position of the centre of pressure. It was given as a
percentage of the length and width of the insole, related to the left side and the end at
the ankle. We also transformed the coordinate-system of the insoles so, that this point
became the origo, x-axis showed the direction of the running, and y-axis was pointing
into right. Since we know the geometry and the sizes in both direction, we could get the
exact position of the CoP.

Via the data got from the Optitrack system, we could determine the angle of the ankle,
knee and hip. Those calculations were evaluated using simple trigonometry. We used the
markers on the toes, on the ankle, and on the knee, to get the angle of the ankle, which is
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actually the angle between the foot and the shank. The method was similar for the knee
angle, we used the markers on the ankle, on the knee and on the hip. For the hip angle,
the calculations were executed with the data from the markers on the knee, on the hip,
and on the shoulder. For the visualisation, see Figure 5.4.

Figure 5.4: Defining the angles of the joints, denoted with αa, αk and αh. Mi denote
the markers.

To get the position of the centre of mass, we determined the CoM of each body segment
determined by 2-2 markers. After that, we calculated the weighted average to get the
global centre of mass. The mass of the participants was known, and the masses of the
body segments were calculated based on literature [10], [43]. Since we had markers and
therefore measurement data only on the right side, we had to make some corrections. We
multiplied the mass of the leg segments by 2, and the mass of the head and arms were
added to the upper body’s mass. The segments were modeled as inhomogenous rods, and
the center off mass in the sagittal plane was calculated by the following formula:
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COMi =

[
(1−Di)xi +Dixi+1

(1−Di)zi +Dizi+1

]
, i = 1...4 (5.1)

where:

• (xi, zi): marker coordinates:

– (x1, z1) : marker at the toes,

– (x2, z2) : marker on the ankle,

– (x3, z3) : marker on the knee,

– (x4, z4) : marker on the hip,

– (x5, z5) : marker on the shoulder,

• Di: relative distance of the CoM from the i+1th marker:

– D1 : relative distance of the CoM of the foot from the ankle,

– D2 : relative distance of the CoM of the shank from the knee,

– D3 : relative distance of the CoM of the thigh from the hip,

– D4 : relative distance of the CoM of the upper body from the shoulder.

The relative distances were taken from the literature [10], [43]. Knowing all the positions
of the body segments’ center of masses, the global CoM was calculated:

COM =
COM1 ·m1 + COM2 ·m2 + COM3 ·m3 + COM4 ·m4

m
(5.2)

,where:

• m1 : mass of the foot

• m2 : mass of the shank

• m3 : mass of the thigh

• m4 : mass of the upper body

• m : total mass.
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Using the code, we could plot or animate the paths of the markers and the calculated
CoM.

We also had a look at the distance performed during one gate cycle, and we normed
this value using the length of the leg. The length of the leg was calculated by adding the
length of the shank and the thigh, which were given by the markers. To get the beginning
of the gait cycle, we calculated the time derivative of the displacement of the marker 1
(placed on the toes) in the x-direction. During stance, its velocity is nearly zero. We chose
a time for its beginning, where the velocity was lower than the 20% of its maximum, and
the time point before had a higher value. It means, that the leg is decelerating. If we
switched the conditions, we received acceleration, and the end of the stance phase. This
can be seen on Figure 5.5.

Figure 5.5: Determining IC and TO. The velocity in the x-direction of the toe was
plotted as a function of time.

The period between two initial points were one gate cycle. Our goal was to get one
gait cycle from every participant for every running type (85 datasets). After choosing the
gate cycle, we imported the data into .xlsx files for further evaluation.

We used the same method for the Moticon data, but we observed the total force acting
on the leg. It was nearly zero during the swing phase, therefore the initial contact could
be chosen, when the force started going up. We used the same 20% limit to determine
the IC and the TO, and we also imported the data into .xlsx files.

After saving those datasets, we had data suitable for comparison between the partici-
pants, but we could also compare the running types of the same test subject and determine
the differences caused by acceleration and deceleration.
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Our goal is to tune the parameters of the model from paper [55] in order to achieve
human-like and feasible motion. Then the model will be used for analysing the effect of
parameters on human motion (such as the effect of foot positioning on impact intensity
and energetic costs).

The control law defined in (2.90) and (2.91) guarantees hopping-like periodic motion
in a certain range of the parameters [55]. The goal of the present study is to tune the
parameters in such way that the hopping motion is not only stable, but the achieved
motion characteristics are human-like. The variable control parameters are: DB, DC, P ,
D, PΠ, Kv, PE, Pr, Dr, E0. Some physical parameters can be also tuned: the spring
stiffnesses kB and kC and the ankle and knee joint angles α12 and α23 which belongs to
the unstretched springs. The goal is to find the point in this p = 14 dimensional param-
eter space p = [DB, DC, P,D, PΠ, Kv, PE, Pr, Dr, E0, kB, kC, α12, α23], where the motion
characteristics are the closest to the curves which are presented in Chapter 4.

Our goal is to tune the parameters p ∈ R14 in such way that the scalar cost function
F (p), which is composed by the experimental data shown in chapter 3 and the simulated
data, is minimal. The cost function is partially formulated by using the experimental data
collected in the vector V(t) ∈ R9:

V(t) = [αa(t), τa(t), Pa(t), αk(t), τk(t), Pk(t), αh(t), τh(t), Ph(t)]T. (6.1)

At the same time, we have the time histories coming from the simulated motion with
parameter set p are collected in the vector Ṽ(p, t) ∈ R9:

Ṽ(p, t) = [α̃a(p, t), τ̃a(p, t), P̃a(p, t), α̃k(p, t), τ̃k(p, t), P̃k(p, t), α̃h(p, t), τ̃h(p, t), P̃h(p, t)]T(6.2)
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The square of the deviation ∆V(t) = V(t) − Ṽ(p, t) is integrated in the whole ground
phase time range. Only the ground phase is considered, since we don’t have enough data
for the airborne phase, i.e. the joint torques and consequently the joint power are usually
not calculated in the literature articles. The error integral is

I =

∫ tG2F

tF2G

(
V(t)− Ṽ(p, t)

)2

dt. (6.3)

The calculation of the above theoretical formula is carried out numerically. In order
to achieve this, we have to note that the numerical simulation results in Ṽ ∈ R9×N

are obtained with the MatLab ode45 routine, therefore the stepsize is not uniform. We
introduce the vector t ∈ RN of time instances, where the numerical solution points are
provided. The vector ∆t ∈ RN−1 of timestep lengths can be easily generated. The integral
I ∈ R9 in (6.3) is calculated using the trapesoidal approximation:

I ≈
N−1∑
i=1

∆V2
i + ∆V2

i+1

2
∆ti =

1

2

(
∆V1:N−1 ◦ ∆tT + ∆V2:N ◦ ∆tT

)
, (6.4)

where ∆Vi = V(ti) − Ṽ(p, ti) is the deviation between the measured and the simulated
time history and ◦ denotes the matrix multiplication. Note that the elements in I are
different in dimensions, since it contains the integral of the square of angles, torques and
powers. Therefore we introduce the weight vector W ∈ R9. In order to have well balanced
values for the different physical variables in I, the weight vector is chosen as

W = [1, 1, 1, 0.2, 0.2, 0.2, 0.005, 0.005, 0.005]. (6.5)

The cost function is obtained as:

F (p) = (W ◦ I)/tG, (6.6)

where tG is the range of the ground phase.

6.1 The cost function values over the parameter range

There are two parameters in the parameter vector p, which we varied: the parameter
Kv, which is in relation with the locomotion speed and the parameter E0 which is in
relation with the apex height of the hopping motion.
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Figure 6.1: Trapezoid integration method and functions for optimization

The periodic motion was already calculated in a certain range of the parameters Kv

and E0 by using numerical continuation [55] (see Figure 6.2). In the present work, we
evaluated the cost function on this discovered area.

The cost function above the Kv and E0 plane is shown in Figure 6.3. The minimum
value is at the point E0 = 600 [SI], Kv = 0 [SI].

Figure 6.5 shows the time histories for the parameter set, which was used in the DSTA
conference paper [52]. The same curves for the minimum cost function case are shown
in Figure 6.6. Finally we generated the same set of graphs for a general case, when the
cost function is not minimal and the parameters E0 = 3000 [SI], Kv = 0.7 [SI] are picked
randomly, see Figure 6.7.
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Figure 6.2: Cost function and the minimum value denoted by black dot, red square
denotes a randomly picked plot

Figure 6.3: Cost function and the minimum value denoted by black dot, red square
denotes a randomly picked plot
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Figure 6.4: Stable area depending on E0 and Kv

Figure 6.5: Time histories V(t) and Ṽ(t) corresponding to the illustrative example
picked in the DSTA conference paper. Black curve: literature data based on experiments;

blue curve: simulation result.
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Figure 6.6: Time histories V(t) and Ṽ(t) corresponding to the minimum cost function.
Black curve: literature data based on experiments; blue curve: simulation result.

Figure 6.7: Time histories V(t) and Ṽ(t) corresponding to a randomly picked param-
eter set, when the cost function is not minimal. Black curve: literature data based on

experiments; blue curve: simulation result.



Data comparison, results

We wrote a second MATLAB script to read and analyze our experimentally collected
gate cycle data. It has two fundamental purposes:

• comparing a certain running type for all the participants

• comparing all running types for a certain participant.

Therefore, we get many opportunities to compare and analyze the recorded data. Here,
we chose the most important and interesting results to present.

First, we visualized the movement of the markers and the estimated centre of mass as
functions of time (see Figure 7.1).

Figure 7.1: Trajectories of the markers and the CoM in the sagittal plane
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The blue color shows the path of the centre of mass, and the red curves belong to the
markers (from below to higher: toes, ankle, knee, hip, shoulder). After that we split the
evaluation into two parts: we investigated the differences between individuals, and the
differences caused by acceleration and deceleration in general.

7.1 Differences between individuals

The most important measures related to the human running include the angles of the
joints. We plotted those functions for all participants to able to compare and find a
general tendency. The joint angles for task 2 can be seen on Figure 7.2, 7.3 and 7.4.

Figure 7.2: Ankle angle, constant speed (task 2)
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Figure 7.3: Knee angle, constant speed (task 2)

Figure 7.4: Hip angle, constant speed (task 2)

According to the Figure, we can see that the subject 5 (magenta color) had a definitely
bigger ankle angle (+10◦) at the initial contact compared to the other runners. Therefore,
we assumed that this participant runs with forefoot strike, without the heels touching the
ground. After that, we compared the functions of the ankle angle for all running types in
case of subject 5 (Figure 7.5).
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Figure 7.5: Ankle angles of 5

The numbering of the running types is the same as their order described in the mea-
surement protocol. We can observe, that the angle of the ankle at the IC is smaller in
case of deceleration. The results from the Moticon already showed, that during that type
of locomotion, every runner ran with rearfoot strike. To make sure that our hypothesis is
true, we compared all the available data for participant 5 for all running types).

Figure 7.6: Normed force acting on the right leg, subject 5
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Figure 7.7: Normed force acting on the right leg, subject 2

In case of the expected forefoot runner, the transient force can be observed only in case
of the decelerating running, and the normed force was also the lowest (see Figure 7.6).
While, for participant 2 the transient appears even in case of running at constant speed
(task 1. and task 2., see Figure 7.7).

Figure 7.8: Displacement of COP in the x-direction, subject 5
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Figure 7.9: Displacement of COP in the x-direction, subject 2

The centre of pressure’s X component moves into the direction of the toes, except in
case of the deceleration (see Figures 7.8, 7.9).

Figure 7.10: Rearfoot pressure, subject 5
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Figure 7.11: Rearfoot pressure, subject 2

Figure 7.12: Forefoot pressure, subject 5
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Figure 7.13: Forefoot pressure, subject 2

According to the diagrams, we can state, that subject 5 is a forefoot runner. We saw,
that the sensor group three registered some pressure only in case of deceleration. The
pressure in the forefoot sensor group starts to increase earlier than in case of runner 2,
who is a rearfoot runner (see Figures 7.10, 7.11, 7.12 and 7.13).

We also investigated the knee angle, using the data of participant 2 (shown by Figure
7.14).

Figure 7.14: Knee angle, subject 2
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According to the plot, we can see, that the knee bends more in the first half of the
swing phase, if the runner’s speed is higher.

7.2 Differences caused by acceleration and deceleration

As in chapter 5 was already mentioned, we split the pressure sensors into three groups
to determine the type of the strike.

Figure 7.15: Pressure changes visualized via the grouped sensors

The Figure 7.15 above shows an initially accelerating (from 2.5 seconds until 5 seconds),
and then decelerating (from 5 seconds until 7 seconds) running. We can observe, that dur-
ing accelerating, there is almost only forefoot pressure. Meanwhile, during deceleration,
we can see that the participant performed rearfoot strike.

The angles of the body segments are also different during performing those different
tasks. The next figures (7.16 and 7.17) compare the postures at IC and TO from a
constant-speed, an accelerating and decelerating task.
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Figure 7.16: Posture at the initial contact
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Figure 7.17: Posture at toe off

As we van observe, the body leans forwards during accelerating, and backwards during
deceleration compared to the task where the participant was running at constant speed.
While accelerating, the leg is more extended at TO. We also investigated the normed force
acting on the leg, the next figure show diagrams related to this measure (Figure 7.18 and
7.19).
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Figure 7.18: Normed force acting on the right leg during a gait cycle; acceleration

Figure 7.19: Normed force acting on the right leg during a gait cycle; deceleration

It is often mentioned in the literature, that runners with rearfoot strike have often a
transient force after impact, while this phenomena disappears during forefoot strike. The
measurement results were similar to those expectations: during acceleration we did not
observe any transient force, since forefoot strike happened at the initial contact.
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We also saw differences in the displacement of the centre of pressure depending on the
type of the initial contact. The following figures show a case for acceleration and one for
deceleration.

Figure 7.20: Displacement of the centre of pressure in the x-direction, during acceler-
ation

Figure 7.21: Displacement of the centre of pressure in the x-direction, during deceler-
ation
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Figure 7.20. shows, that while the participants are accelerating, the centre of pressure
did not move into the direction of the ankle (except two subjects). On the other hand,
the centre of pressure moved backwards during deceleration every time (see Figure 7.21).

We had a closer look at the rearfoot pressure. Figures 7.22 shows the plots, which
state that during acceleration, the heel barely touches the ground. On the other hand,
for deceleration, it has significant value for all test subjects 7.23.

Figure 7.22: Rearfoot pressure for an accelerating test subject

Figure 7.23: Rearfoot pressure for a decelerating test subject
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We calculated the lengths of the swing and stance phase in the gate cycle, for tasks
including constant-speed running. We took the average of the participants and rounded
them. The results can be seen on Figure 7.24.

Figure 7.24: Durations of stance and swing (%)

We could observe an increasing duration of the swing phase, when the running speed
was also higher. Novacheck [38] also encountered this phenomena.

We also investigated the segment angles in case of three running types. Above, the av-
erages are plotted together for comparison (see Figures 7.25, 7.26 and 7.27); the data with
the deviation fields can be seen in the Appendix (see Figures 10.1,10.2,10.3,10.4,10.5,10.6).
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Figure 7.25: Comparison of ankle angles

Figure 7.26: Comparison of knee angles
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Figure 7.27: Comparison of hip angles

Our original goal was to compare those data to the measurements of Caekenberge [20].
We had a different definition about the joint angles: we calculated the angles between two
leg or body segments. This way, the results can be used easier for the model tuning. How-
ever, similar characteristics can still be observed. During the stance phase, Caekenberghe
described a smaller local minimum regarding the ankle angle, during acceleration, which
is also true in our case. The knee angle is defined reversed, since the literature observed
an ascending characteristics during stance, and we got a descending characteristics. Still,
the local minimum or maximum for acceleration is smaller or bigger than for a steady
speed.



Conclusion, future plans

8.1 Conclusions

The assigned tasks of the thesis were completed. We could draw similar conclusions as
the literature and the model tuning was also successful.

The stance phase was every time below 50% of the gait cycle, and this proportion
became smaller, when the running speed was increased. In case of acceleration, the
body leans forwards, and the centre of mass is in front of the centre of pressure. For
deceleration, we observed the opposite phenomena. We observed the transient force after
the initial contact, in case of rearfoot running. However, for forefoot running, the transient
disappeared. Forefoot strike was also associated with bigger ankle angle at IC and smaller
force normed by the own body weight. The movement of the hip followed a sinus-like path,
as it was described in the literature. It extends in the second half of the swing and in the
first half of the stance phase. The leg (and thus the knee angle) becomes more extended in
the second half of the stance, and its flexion is bigger, if the runner runs at higher speed.
Thus, we can state, that our measurement protocol and data analysis was suitable, and
we could observe the phenomena described in the literature.

In case of the model, we demonstrated how to evaluate our cost function. Only the
already discovered periodic orbits were evaluated. This is because, the periodic orbits can
be found by means of continuation methods, i.e. too large change in the parameters is
not allowed. Therefore neither genetic algorithm nor particle swarm method cannot be
applied, because in those cases the the physical parameters are far from each-other and
large change of the unknown parameters can occur.
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8.2 Future plans

Our goal for the future is to evaluate more measurements to be able to make more
comprehensive statistics. We only had 8 participants, and this number can be a limitation
for the current measurement. The angle data can be recalculated to match the definition
of the data from literature.

Regarding the model, simplex method could be applied for the optimization of the
model. The simplex will move in the parameter space. Here, the size of the simplex can
be set, therefore the change of the parameters can be always small. The other possible
development direction is to involve more parameters from vector p during the optimiza-
tion.

We can also develop the model to be able to describe acceleration and deceleration,
and our measurement data can be used to make it more human-like.



Summary

9.1 Summary in English

The aim of our project was to observe the human running, its parameters, and the
changes of the parameters in case of acceleration and deceleration. We wanted to deter-
mine those differences by evaluating measurements and using a numerical simulation.

As first step, examples from the literature were examined to get an overall understand-
ing about the human running and the measures, which provide quantitative description.
The properties of constant speed running were understood and the causes for differences
were examined. The datasets were extracted from the papers for comparison. After that,
already existing examples for acceleration and deceleration were also observed. The two
major methods for measurements, motion capturing and foot pressure measurement was
also investigated, including the properties of our own devices.

The literature of the modelling process was also investigated and a detailed description
about the used model was given. It was also tuned with help of the already gotten data
from the literature. The curves showed similar characteristics even after tuning only two
parameters.

After understanding the process of the human running, and the importance of the
measures, our own measurement protocol was designed. Measurements were evaluated
with 8 participants, performing 5 different tasks. The files were read and processed with
a MATLAB code. We successfully reproduced the results observed in the literature, and
acquired data about the changes caused by acceleration and deceleration.
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9.2 Magyar nyelvű összefoglaló

A dolgozat célja az emberi futás és azt azt leíró paraméterek megismerése, valamint a
paraméterek változásainak felderítése gyorsítás, illetve lassítás esetén. Ezeket a folyama-
tokat mérések elvégzésével és numerikus szimulációkkal egyaránt vizsgáltuk.

Első lépésként az irodalmat tanulmányoztuk, hogy átfogó képet kapjunk a futásról,
és az azt kvalitatívan is leíró mérőszámokról. Felderítettük az állandó sebességű futás
tulajdonságait, és megvizsgáltuk a különbségeket okozó hatásokat. Ezt követően a gy-
orsuló és lassuló futást vizsgáltuk, és összehasonlítottuk az állandó sebességűvel. A dig-
itális mozgásrögzítés és a talpnyomásmérés módszereit is felderítettük, beleértve a ren-
delkezésünkre álló eszközök specifikációit, mivel mi is ezeket használtuk fel saját mérésekhez.

A különböző mechanikai modelleket is felderítettük a rendelkezésünkre álló irodalom
alapján, különös alapossággal a tanszéken kifejlesztett és az összehasonlításra felhasznált
modellt. A tanulmányokból kinyert paraméterek segítségével a hangolását is elvégeztük.
A kapott értékek jellegükben hasonlítottak az irodalomból kinyert adatokkal, annak el-
lenére, hogy mindössze két paramétert hangoltunk.

A futás folyamatának és a fontosabb mérőszámok meghatározása után saját mérési
protokollt állítottunk össze. Ez alapján nyolc alany részvételével, 5 különböző feladat
elvégzésével méréseket hajtottunk végre. Az adatsorokat MATLAB környezetben írt kód-
dal dolgoztuk fel. AZ adatok alapján megfigyelhettük a szakirodalomban leírt jelenségeket,
illetve a gyorsítás és lassítás okozta hatásokat is feltérképeztük.



Appendix

Th appendix contains the data used for the calculation of the centre of mass, and
additional figures based on the measurement data.

Weights of the body segments in % of the total mass [10]:

Body segment Male Female Average
Head and neck 6.940 6.680 6.810
Upper body 43.460 42.580 43.020
Upper arm 2.710 2.550 2.630
Lower arm 1.620 1.380 1.500
Hand 0.610 0.560 0.585
Thigh 14.160 14.780 14.470
Shank 4.330 4.810 4.570
Foot 1.370 1.290 1.330

Position of the centre of mass from the distal end, relative distance % [43]:

Body segment Male Female Average
Head and neck 50.020 48.410 49.220
Upper body 43.100 37.820 40.460
Upper arm 57.720 57.540 57.630
Lower arm 45.740 45.590 45.670
Hand 79.000 74.740 76.870
Thigh 40.950 36.120 38.540
Shank 43.950 43.520 43.740
Foot 44.150 40.140 42.150
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Figure 10.1: Ankle angle during acceleration

Figure 10.2: Knee angle during acceleration
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Figure 10.3: Hip angle during acceleration

Figure 10.4: Ankle angle during deceleration
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Figure 10.5: Knee angle during deceleration

Figure 10.6: Hip angle during deceleration
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