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Chapter 1

Introduction

The use of two legs to move about is a quality of humans. After an extensive period
of evolution, walking and running are the most natural forms of human locomotion.
Other forms of human locomotion do exist: some are developmental in nature such as
crawling in case of very young children, others are situational such as stair climbing
and hurdling. In this thesis, we focus primarily on gait, that is walking, with an
occasional side step to running.

Though natural, these two forms of locomotion are by no means infallible. Defi-
ciencies to the locomotion system make up an important part of the injuries sustained
in our present day society. Besides injuries, the locomotion system is susceptive to
deceases. Both injuries and deceases change our gait pattern from its natural, ”normal
state”, to a sometimes painful, or ineffective gait.

Since the problems accompanying gait disorders have a great impact on both the
individual (for example restraint mobility) and society (for example loss of working
hours), the professional community involved in gait analysis is numerous. This area
of study draws the attention of both the medical and the scientific world. These com-
munities are constantly trying to better understand the underlying processes of gait.
The knowledge acquired is used to medically treat gait disorders, and to scientifically
indicate intrinsic factors that may lead to the development of future individual gait
problems.

To analyse gait, a variety of measurement devices are used. An important mea-
suring device is the video-based or cinematographical-based motion analysis system.
Such a system analyses the kinematic part of locomotion, i.e., the determination of
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positions of human body segments during gait. Classically, a force plate system is used
together with a motion analysis system in order to assess the dynamical characteristics
of locomotion. More specifically, the force plate measures the resultant forces of the
foot during foot unroll.

A more recently used measuring device in gait analysis is the pressure plate sys-
tem. This system measures the distribution of pressure perpendicular to the plate in a
two-dimensional grid underneath the foot during foot unroll. It allows insight into the
local loading of the foot during the foot-to-ground contact phase. In the remainder of
this thesis, we will refer to this phase as the stance phase.

The topic of this thesis is the analysis of foot mechanics. In gait analysis, histori-
cally the foot has taken up an import role, see Section 1.1. However, only in the last
decennia thorough analyses of the foot as a three-dimensional segment have been pos-
sible because of the improvement of measurement devices such as the pressure plate.
In this thesis, we will combine measurements from all three previously described mea-
surement devices. A four-segment foot model will be measured using a motion analysis
system. These measurements will be synchronised with the measurements from the
force platform and the plantar pressure plate, see Figure 1.1 for an overview of the
measurement set-up. With all these measurements, we will introduce a description of
new characteristics of foot mechanics. Furthermore, we will present a model of foot
motion based on the introduced characteristics. The main feature of this foot model
is that it uses pressure plate data only to simulate foot kinematics. Therefore, the
functionality of the pressure plate system is extended to the simulation of foot kine-
matics. At present, foot kinematics are analysed with motion analysis systems only.
This thesis gives impulse to using a pressure plate accompanied with the proposed
model as an alternative to analyse foot kinematics.

This chapter consists of four sections. In Section 1.1, we describe an overview of
developments reported in foot mechanics literature. However, the research specifically
related to plantar pressure measurement systems is summarised in Section 1.2 and
a more extensive overview is presented in Appendix A. In Section 1.3, the main
objectives and the chosen strategies are described. The conclusions of our research in
relationship to these main objectives are described in Chapter 6. This introductory
chapter ends with Section 1.4, in which we present the thesis organisation.
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Figure 1.1 An overview of the measurement set-up.

1.1 Overview of Foot Mechanics

Anatomy
Anatomy has probably been the first science that looked at the foot and started the
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discussion about its structure and function. The building blocks of the human body
are the bones. All other structures that are involved in the mechanics of locomotion
are linked to bones. For all humans, it goes without saying that arms and legs are
different, but numerically the upper leg has one bone and so does the upper arm,
the lower arm has two bones and so does the lower leg. Even foot and hands do
not differ that much, 26 bones in a foot against 27 bones in a hand. Taking a closer
look, we are able to see that both hand and foot have five digits and that the thumb
and big toe both have digits containing two bones while all other digits have three
bones, see Figure 1.2. In every day live, it is evident that we use our feet and hands
differently. Evolution might have transformed our feet from a more hand-shaped and
hand-functional segment to what it is today. From a simple wiggling of the feet and
hands, we are able to observe that feet are much less flexible than hands are. Still, 26
bones are standard in a foot with even a lot more articulations. Although feet do not
wiggle like hands do, something must be holding them together. The first structure
that limits the amount of movement in a foot and takes care of its stability are the
ligaments. In Figure 1.3, we depicted some of the ligaments between foot bones. The
size and structure of these ligaments are very different from one place to the next. This
ligamentous tissue can not be actively used for movement generation since it does not
have the contractile elements as in muscles. The muscles of the foot, see Figure 1.4,
are active connections between foot bones, so-called intrinsic foot muscles, or between
a bone in the foot and a bone in the upper or lower leg, called eccentric foot muscles.
The muscles together with bone geometry and ligaments define the range of motion
of two adjacent bones with respect to one another.

Besides bones, ligaments, and muscles (and there tendons), the fat pads on the
plantar side of the foot, which are situated between the skin and the above structures,
play an important role in the function of the foot. Mostly, the fat pads help in
dissipating impact energy over the plantar side of the foot. Thus, they have been
proven to be effective in damping the impact force during initial heel-ground contact.

The impact energy dissipation role of the fat pads could only be validated in the
last century because adequate measurement devices were not yet available. In earlier
days, scientist based there conclusions purely on anatomy and a sharp mind. A lot of
conclusions from these early days were proven to be valid by experimental research.
A number of observations about foot structure and function were, however, disproved.
One of these observations concerns the three different arches of the foot. In anatomy
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Figure 1.2 The bones of the foot. In the upper left part of the image the dorsal

side of the foot is depicted, in the upper right part the plantar side of the foot is

depicted, and in the lower part the lateral side is depicted. Illustrations taken from

the Sobotta Atlas of Human Anatomy.
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Figure 1.3 Some ligaments in the foot. In the upper image the foot is depicted

proximally in the frontal plane, in the middle image a dorsal view of the foot is

depicted, and in the lower image the foot is depicted laterally. Illustrations taken

from the Sobotta Atlas of Human Anatomy.

books, for example Kapandji [104, 1986], it is stated that the foot basically makes
contact with the ground through three bony contact sites: the calcaneus, the head
of the first metatarsal, and the head of the fifth metatarsal. The latter two were
supposed to form the medial-lateral foot arch. It might be that the observation of
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Figure 1.4 Four muscle layers on the plantar side of the foot. From the upper

left corner to the lower right corner, layers of musculair tissue are presented from

the outer layers to the inner layers. Illustrations taken from the Sobotta Atlas of

Human Anatomy.
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a medial-lateral arch was made while the feet were non weight-bearing. With the
introduction of plantar pressure measurement systems, it was possible to check this
observation. Researchers ([87], [77] and [48]) showed that during walking and running
there was no such thing as a medial-lateral foot arch because of significant high pres-
sures underneath the central forefoot. De Cock et al. [48, 2005] showed that in most
individuals not the first and fifth metatarsal head but the second and third metatarsal
head beard the larger amount of pressure. So, the introduction of pressure plate sys-
tems and force plate systems were instrumental in studying the interaction between
foot (with or without shoe) and ground. Both devices were introduced in the last
century (Elftmann 1939, in Nigg and Herzog [154, 1994]) and they arose at the same
time as the use of photogrammetry to study motion. However, the limited capabilities
of the electronics used at that time did not allow for detailed studies of the movement
of feet and its segments.

Foot Motion
In the last decennia, motion analysis systems based on video methods have increas-
ingly improved their performance. In the beginning of this period, motion analysis
was two-dimensional and focussed on whole-body motion. The motion of the foot that
could be described in this whole-body motion was the dorsal/plantar flexion of the foot
around the ankle joint (Winter [213, 1991]). Therefore, the foot was assumed to be one
rigid body defined by a line through the length axis of the foot. Some authors shifted
attention away from the whole body and to the lower leg. A lot of two-dimensional
studies (in [152] and [202]) focussed on so-called rearfoot motion, which is the mo-
tion of the rear part of the foot (calcaneus and talus) and the lower leg (tibia and
fibula)in the frontal plane, see Figure 1.5. In this sense, the pronation/supination and
calcaneal inversion/eversion motions were quantified, see Figure 1.6. This motion
was observed in a variety of conditions, for example barefoot, shod, overground, on
a treadmill, and during different velocities. Also, from epidemiology studies (in Mc-
Clay [131, 2000]), this motion pattern could be related to certain sustained injuries,
hence its importance. A final remark about the two-dimensional foot motion mod-
elling comes from the studies performed by Stacoff ([190], [191]), who was probably
the first to introduce a multi-segment foot model. His model consisted of a rearfoot
(calcaneus), and a forefoot (head of metatarsal one and five). In the frontal plane, he
studied the torsion between the two segments. From his findings, one is able to extract
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Figure 1.5 A sagittal and frontal marker set up to register motion. Illustration

from Biomechanics of running shoes by B.M Nigg with permission

torsion curves that have a steep increase at the end of the stance phase, see Figure 1.7.
This is probably not real torsion motion. One of the problems with two-dimensional
motion analysis are the parallax errors. Using only one camera, the plane of the cam-
era should be parallel to the plane of motion that one wants to study. In case of foot
motion, this is not feasible since a foot unroll is not constrained to one camera plane.
The frontal plane of the foot undergoes a motion of about 90◦ with respect to the
transverse ground plane. This problem is inherent to the two-dimensional approach,
which was the standard at that time. With the further development of motion analysis
systems, it became possible to measure motion in its true three-dimensional nature.
One of the first to describe rearfoot motion in three dimensions were Soutas-Little et
al., [188, 1986] using a Euler or Cardan representation of motion. They compared the
supination/pronation, or, inversion/eversion motion of the foot with respect to the
two-dimensional and three-dimensional approach. New research appeared exploring
foot motion in different conditions, such as barefoot, shod, standing , walking, run-
ning, but also on methodology of measurements, such as the relationship between the
measurements of external kinematics to the motion of the underlying bone ([153], [8],
[169], [54], [13], [132], [170], [171], [192], [124], [127], [126]). Although methodology
issues still remain, we think that there is now a beter understanding of their influence
on outcome measures. The performance of motion analysis systems kept increasing



10 1. Introduction

Figure 1.6 Quantification of rearfoot motion. Illustration from Biomechanics of

running shoes by B.M Nigg with permission

such that better resolution and higher measurement frequencies were obtained with
relatively less expensive systems. These performance enhancements led to the in-
troduction of multiple-segment foot-models being measured three dimensionally ([5],
[26],[98], [97], [42], [115], [38], [150], [166], and [79]). Also, in the present study, we will
employ the use of three-dimensional foot models. Since no standardisation in multiple
foot models is yet available, we introduce a multiple foot motion model based on re-
search performed by Carson et al. [26, 2001] and Hunt et al. [98, 2001] and [97, 2004].
To conclude this part on foot motion, we formulate some ideas about the the future.
We start with research presently undertaken by Nester et al. [149, 2003], using cadaver
feet and a simulation device. This device simulates the stance phase of locomotion by
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Figure 1.7 Stacoffs rearfoot motion model. Illustration from Stacoff [191] with

permission.

applying force to the bone structure of the cadaver feet, representing the influence of
the body on the foot, and by activating a selected number of muscles. To almost all
bones in the cadaver feet, four markers are attached rigidly and directly. With this
set-up, the researchers were able to describe motion between most foot bones during
simulated gait. Naturally, healthy individuals can not be subjected to measurements
where bone pins are used. Therefore, we believe that in the near future motion anal-
ysis on healthy individuals will be directed towards both a standarisation of multiple
foot models and incorporation of these motion models into a multiple-segment model
for the whole body.

Foot Models
Besides foot motion, there exist models of the foot, or parts of it, that are not related
to measurement of motion directly. The interaction of the plantar surface of the foot,
the fat pad, with the ground has been studied ([72], [75], [137], [118]). For this kind of
modelling, the researchers use previous and present research regarding the mechanical
properties of these fat pads. The heel fat pad is a topic that has been thoroughly
looked at from a material point of view ([200], [2], [36], [108], [141]). Both the stress-
strain relationship and the deformation during different activities have been reported
in literature. Another type of modelling started from anthropometrical measurements
together with motion and force data in order to construct a geometrical model of the
foot ([183], [143], [144], [38], [6], [7], [101], [182] ). These models were used to calculate
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internal loading of bones, and moments around joints . The use of a geometrical model
to simulate motion is found in the work of Anderson and Pandy [4, 2001]. Their model
consists of a two-segment geometrical foot model, but with the plantar interaction with
the ground described by a separate viscoelastic model. We were unable to find other
multiple-segment geometrical models of the foot, or parts of it. In the present study,
we will introduce geometrical models of parts of the foot that simulate motion.

After the description of foot kinematics (foot motion models) was introduced, re-
search was oriented into a few directions. First, the description of foot kinematics in
a variety of conditions was described. Second, the impact of structural and functional
foot characteristics on motion and loading of the foot was described. From the de-
scription of kinematics of the foot, we come to the description of pressure underneath
the foot. The plantar pressure loading characteristics were measured with plantar
pressure measurement devices and they are the topic of the next section. We have
described the research in the area of plantar pressure measurement in a different sec-
tion since the use of a pressure plate system is crucial for the simulation of motion
from our models. Specifically, our models use the pressure distribution as only input
to simulate foot motion.

1.2 Pressure Plate Related Research

Historical Pressure Research
All papers on plantar pressure research we were able to find, were written within a
period of 33 years. The first publication was by Hutton and Drabble on ”an apparatus
to give the distribution of vertical load under the foot” in 1972. Consulting the
literature list of this publication and other publications, the first paper on pressure
plates is credited to Elftman in a publication dating back to 1934

However, measuring pressure with a pressure plate was not the first quantitative
measurement of pressure on the plantar side of the foot. The French scientist Eti-
enne Jules Marey (1838-1904) was responsible for the first measurement of pressure
underneath the foot. He invented shoes with air chamber combined with a pneumatic
recording device, see Figure 1.8. This being only one of his many inventions and re-
search projects, he is recognised as the person who brought biomechanics out of the
observational era and into an era of quantification ([28] and [154]). Besides studies
using the plantar pressure plate, we will discuss studies using an insole pressure mea-
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surement system also.

Figure 1.8 Marey’s pressure measurement device. Illustration from Biomechanics

of the musculoskeletal system from B.M Nigg and W. Herzog with permission.

The remainder of this section is divided in two parts. The first part describes the
trends in research from the literature from the first article of Hutton and Drabble
to the research in present days. The second part describes plantar pressure research
closely related to our research project.

General Trends in Plantar Foot Pressure Research
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The early publications about pressure measurement research is characterised by
many papers reporting on new devices ([99], [85],[1], [50], [29], [18], and [102], [69], [9],
[162], [86], [30], [207]. [96]). In general, the articles describe the technical evolution
of pressure distribution measurement from visual techniques to systems that are able
to determine pressure distribution numerically. Lord [119, 1981] describes in a review
article most of these early pressure measurement devices, covering the developments
from Elftmann in 1934 until 1981. Lords publication differentiaties three measurement
technologies, namely direct print, visualisation techniques, and force plate or load cell
systems.

The direct print technique is based on an imprint of the foot on a certain material
(for example inkt on paper, or indentations on aluminum foil). The imprint is not
dynamical and illustrates the pressure distribution during the complete stance phase
as one distribution. Most of the imprint techniques are used to asses foot structure
and peak pressure, where the peak pressure is only known qualitatively. One develop-
ment by Grieve (cf. Lord, [119]) made it possible to quantify the compound pressure
distribution.

The visualisation techniques are different from the direct print technique in the
sense that they are able to visualise the dynamic pressure distribution. Most of the
visualisation techniques use photography or video systems to record instantaneous
pressure distribution. Some of these techniques were quantified such that numerical
values of the pressure distribution could be recorded. The visualisation of the pressure
distribution was instant, but the data processing time to obtain numerical pressure
distributions was rather long. Cavanagh et al. [29, 1980] called the work involved
unacceptably laborious.

The force plate or load cell systems are different from the other two techniques
primarily because the technique is not visual or optical in nature. These techniques
all use load cells to register pressure. Some systems combine a force plate with a
switch box such that the instantaneous contact area is known (Draganich et al. [50,
1980]), other systems use smaller loading cells combined in a rectangular grid struc-
ture such that the contact surface is discretised. Although visualisation of the foot is
not possible or, because of the size of sensors, not very accurate, numerical data are
almost immediately available for analysis.

Many more reviews describing plantar pressure measurement technology followed:
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Hughes et al. [95, 1987], Roy [180, 1988], Alexander et al. [3, 1990], Schaff, [185, 1993],
and Cobb and Claremont [37, 1995]. The review of Alexander et al. [3, 1990] addresses
the evolution of plantar pressure measurement techniques and clinical findings. They
discuss more than six techniques to measure pressure. The pressure plates based
on measured pressure within a transducer matrix are discussed starting from a plate
no larger than 25cm by 17cm to the development of a commercial pressure plate
(EMED SF system, Novel company) of size 27.4cm by 48.8cm with 2 sensors per
cm2, measuring at 70Hz. In the section on clinical applications a number of topics
are discussed. Besides the diabetic foot and the rheumatoid foot other foot disorders
and their effect on plantar pressure are described. The section on foot disorders is
similar to Lord’s review (Lord [119, 1981]) with the benefit of discussing nine extra
years of research. Besides the above mentioned topics, the authors describe normal
walking, running, and the effects of shoe wear and immoblisation devices. The section
on normal walking mentions the ”normal” path of the CoP including the moments
of acceleration and deceleration. It also mentions the time points of peak pressures
and impulses (=pressure-time integrals) underneath different areas as a percentage of
contact time. Some implications are mentioned with respect to aging: collapse of the
longitudinal arch. In the section on pressure measurement in shoes, the use of shear
transducers by Pollard et al. (in Alexander, [3, 1990]) was discussed. Both shear
components are maximally underneath the metatarsal heads and are less present in
the hallux. The heel pad is subjected to a small amount of medial shear force.

In these reviews, we notice a shift from methodology of pressure measurement
technology to its use in clinical and research environments, see the review of clinical
findings by Lord et al. [122, 1986]. This was largely credited to the introduction of
micro computers and commercial available systems ([122], [215], [3]).

Shifting the focus from methodology to application, it is necessary to obtain phys-
ical quantities from pressure data. A logical first step is to divide the plantar pressure
distribution into areas of interest for the purpose of research. Usual areas of interest
are

1. Rearfoot

2. Midfoot

3. Forefoot.
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4. Medial and lateral rearfoot

5. Medial and lateral midfoot

6. Medial, central and lateral forefoot.

7. Five metatarsals (or their heads)

8. Hallux

9. Lesser toes as one area

10. Lesser toes as four separate areas

Examples of division of the complete area in subareas, also called masks, are given in
Figure 1.9 and Figure 1.10. In the first figure, we illustrate masks of plantar pressure
distribution data using a pressure plate. The second and third picture depict two masks
of the complete pressure distribution with different complexity. In most studies were
pressure plate measurements were involved these types of masks were used. Mostly,
automated software was used to place the mask. In most cases, it is possible to correct
the automatic placement manually. The third picture of Figure 1.9 shows a different
kind of masking. In contrast to the complete masking in the other two cases, this
mask is local. Such a local mask is useful for local loading characteristics of structures
of interest. In comparison, a complete mask will also contain these foot structures of
interest, but since larger areas are taken into account the pressure underneath these
structures is mostly underestimated. In Figure 1.10, the two top pictures illustrate
examples of insole masks. These masks are easer to construct since the outline of the
foot is predetermined by the insole. The last picture in Figure 1.10 illustrates again a
pressure plate mask. Although, this picture depicts a toddlers plantar pressure ([78]),
we will use this picture in the discussion of related physical quantities.

We did not find studies that researched the effects of pressure variables quantities
with respect to subarea definitions. Most papers did not reveal the determination
criteria on which the proposed mask was based.

Having defined a mask for the plantar pressure distribution, the next step is to
introduce pressure related quantities using data from the subareas defined by the
mask. Given a mask, the most obvious quantity is pressure in time underneath each
part of foot determined by the mask, see Figure 1.11. In the literature, we found the
following extensive list of variables:
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Figure 1.9 Masks used with pressure plates. Illustrations from Kernozek and

LaMott [109], Hayafune et al. [84], and De Cock et al [48], all with permission.

1. For the trivial mask (complete foot) the following quantities:

(a) CoP path and its location.

The Centre of Pressure (CoP) path and a foot axis are illustrated in the
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Figure 1.10 Masks used with pressure insoles and masks used for toddlers. Illus-

trations from Burnfield et al. [23] and Hallemans et al. [78], all with permission

last picture of Figure 1.10. Location of the CoP path is mostly expressed
with respect to this axis and the one perpendicular to it. Distance to the
foot-axis, maximum distance to a foot-axis, range of distance around the
foot-axis, anterior-posterior distance changes at certain time instances or
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in certain time interval are used as variables.

(b) CoP velocity.

The same variables as for the CoP path and its location are used.

(c) Integrated CoP with respect to a foot axis.

2. For any mask, the following quantities:

(a) Duration of the stance phase and contact times of the areas of interest.

(b) Size of the contact area at a certain time point and maximum size.

(c) Local peak and mean pressures underneath areas of interest.

(d) Local peak and mean forces underneath areas of interest.

(e) Time until local peak pressures are attained.

(f) Time until local peak forces are attained.

(g) Maximum loading rate of areas of interest.

(h) Time to maximum loading rate of areas of interest.

(i) Pressure-time integrals in areas of interest.

(j) Force-time integrals in areas of interest.

(k) Ratios.

One local pressure divided by another (or the sum of some local pressures
divided by the some of others), or relative pressure-time integrals by di-
viding a pressure-time integral by the sum of all pressure-time integrals,
etc.

(l) Differences.

In this more recently used quantity, pressure values from certain locations
are subtracted from other pressure values at other locations.

One further distinction can be made between variables that use absolute values and
variables that are normalised.

In Appendix A, we describe some studies using pressure distribution. The topics
are very diverse and therefore, we classified the articles described in this appendix
using the following topics: high heels, methodology, insoles, running, diabetic feet,
infants and young children, therapeutic shoes, miscellany, databases, structure and
function, hemiparetic patients, and the foot as a sensory organ. Besides the diversity
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Figure 1.11 Example of pressure-time curves in subareas of the plantar pressure

distribution from Hallemans et al. [77] with permission.

of the topics, miscellany is in itself even more diverse. The studies ranging from leg
length discrepancies (D’Amico et al. [45, 1985]) via patients after rotationplasty (Hill-
mann et al. [88, 2000]) to the comparison between two different military boots (Arndt
et al. [11, 2003]) show the diversity of research using pressure measurements.
In contrast to the abundance of studies that employed plantar pressure distribution
data as a research tool, very few are relevant to our particular research project. The
ones that were relevant, are discussed in the next section.

Plantar Pressure Research related to our Research
The literature on plantar pressure research does not contain many reference to dynam-
ical mechanical models that use plantar pressure plate measurements as only input.
The closest to mathematical modelling using data from a pressure plate system was
the publication of Hansen et al. [81, 2004]. Instead of a pressure plate, they used a
force plate and used resultants CoP paths as input data to their model. The CoP path
can be obtained from a pressure plate system also. The CoP data was simultaneously
recorded together with Motion Analysis System (MAS) data of the foot, the lower leg,
and the upper leg in the sagittal plane. The authors refer to the work of Perry [163,
1992], who described the function of the ankle-foot complex as a three-rocker system.
First, the heel rocker is active during the stance phase until the forefoot fully contacts
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the ground. Second, the ankle rocker is active from forefoot contact until heel lift and
third, the forefoot rocker is activated from heel lift until foot-ground contact is lost,
see Figure 1.12. The authors in this study describe the CoP path in the sagittal plane
of the foot, which is called the roll-over pattern. These patterns are given for the time
period starting at heel impact and ending at contra-lateral heel impact. Within the
foot reference frame, circular fits were calculated for these CoP paths normalised to
individuals length. The authors propose to use these roll-over patterns in the design
of prosthetic foot and lower limbs. Regarding our research, the roll-over pattern could
be of interest in modelling the heel, see Figure 1.13. The pattern itself indicates the
geometrical structure needed in the model. This study is two-dimensional and there-
fore the geometrical structure relates mainly to the dorsal flexion/plantar flexion of
the heel and not to the other two planes of motion including the frontal plane with
the important calcaneal inversion/eversion motion. Hansen et al. used the CoP path
of the complete pressure distribution underneath the foot. In case of the heel, it is
more appropriate to use a local CoP path for the heel rocker, calculated on an area
containing only the heel, or to limit the time interval from heel impact till forefoot
contact.

In a study by Jacobs [101, 2001], a static model of the first and second ray was
combined with pressure plate measurements and anthropometrical data to determine
forefoot forces involved in obtaining sagittal plane equilibrium. The time point in the
push off phase is the moment at which the second force peak in the vertical ground
reaction data appeared. Pressure data from a previous study by Jacobs and co-workers
(Hayafune N., Hayafune Y., and Jacobs [84]) was used as external force input to the
model. The internal musculair and bony forces were calculated with these external
forces and with the anthropometrical measurements obtained from eight fresh, cadaver,
unpaired feet of unknown origin. Although this study is important and continues on
the ground breaking research of Stokes et al. [194, 1979], we will not be able to use
its result since we are interested in a dynamical model.

As Jacobs, Gefen et al. [67] studied internal muscular and bony forces and stresses
using pressure plate data. In contrast to Jacobs, they recorded simultaneously plantar
pressure data and motion data using digital radiographic fluoroscopy. Both data sets
were used in calculating the previously mentioned forces and stresses in the foot with
a finite element solver. Gefen’s model is three-dimensional in nature with material
properties of both skeletal and soft tissue components. This study is of interest for our
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Figure 1.12 The three rockers of the foot. The first row depicts the heel rocker,

the second row depicts the ankle rocker, and the third row depicts the forefoot

rocker.

research because both motion and pressure were measured simultaneously. However,
the paper of Gefen et al. does not reveal any details on how measurement devices were
integrated. The authors did not indicate the precision of determining the position of
the pressure measurement system with respect to the motion analysis system. Also,
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Figure 1.13 Ideas of roll-over shapes. The first row depicts the idea of the roll-

over shapes and the connection with the CoP path in the global reference frame

and the CoP path with respect to a local moving reference frame. The second row

depicts the local reference frames of foot, ankle-foot, and knee-ankle-foot. The third

row depicts an example of the lateral knee and ankle marker in the sagittal plane

together with the CoP path in the global reference frame. Also in the third row,

the CoP path is depicted in the local reference frame of the knee-ankle-foot system.

Illustrations from Hansen et al. [81, 2004] with permission.

timing effects such as synchronisation of both devices are not discussed. The use of
Gefen’s foot model in our research is not possible due to the geometrical complexity
they put into the model and the use of digital fluoroscopy as input.

In the methodological orientated paper of Giacomozzi et al. [70, 2000], plantar
pressure, force and body-segment kinematics were measured in an integrated mea-
surement set-up. They used a five-segment model containing the shank and four foot
segments. All data was measured with a measurement frequency of 100Hz. The pres-
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sure plate, 0.4m by 0.6m; sensor size 5mm by 5mm, was rigidly connected to a Kistler
force platform of the same dimensions, which was used also to dynamically calibrate
the pressure plate. According to the abstract of this article, the authors validated
both spacial alignment and time synchronisation. Spacial alignment effects between
the three measurement devices were studied using a point loading test. This test
involved a volunteer performing an inverse pendular movement with a 1.5m metallic
rod that had a sharp tip acting on the centre of a circular steel plate with a diam-
eter of 34.5mm. A cluster of four markers was fixed about half way on the metal
rod. Five trials were performed for each of the five selected locations on the combined
platforms. The displacements of all three measurement devices for a given location
were studied as a measure of accuracy. We think that this did not prove the accuracy
of the devices, but rather their repeatability. Another spatial alignment test was the
X-ray superimposition in which the pressure plate was superimposed on an X-ray film
cassette. The authors concluded that from a qualitative point of view, there is good
agreement between pressure distribution and anatomy, meaning highest pressures cor-
respond quite well to relevant foot joints. Besides validation of spacial alignment, the
authors also proposed a subdivision of the plantar surface on the basis of the motion
trajectories of the markers with a criterion based on the z-components of these mark-
ers. This is the first article we came across that describes simultaneous registration of
force, plantar pressure, and motion with different measurement devices and different
registration devices. The registration devices are the computers that are integrated to
form one functional integrated unit for the sake of measurement. Hence, the internal
clocks of these devices should be synchronised such that the on-set of measurement
is the same for all devices. Moreover, all internal clocks should have equal accuracy.
Although mentioned in their abstract, we were not able to trace results of any type of
synchronisation validation in their paper. Finally, Giacomozzi et al. briefly addressed
the correctness of the force signal when a pressure plate functions as medium between
force platform and foot. They only reported a decrease in frequency response of 5.5%
.

However, the question remains if the force signal being measured in such a set-up
is accurate enough. This particular problem was addressed in more detail by Cornwall
et al. [40, 1995]. Overall, the authors concluded that both the vertical ground reaction
force and the plantar pressures can be reliably measured with a combined plate system.
Besides this topic, Cornwall et al. simulated anterior-posterior shear at the time point
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of maximum plantar pressure using the combination of peak vertical force, time to
peak pressure, and stance duration (R = 0.77). Therefore, both studies, Giacomozzi
et al. and Cornwall et al., addressed a number of methodological issues regarding the
integration of force, pressure, and motion in one measurement. An extra in the latter
study was the simulation of foot characteristics, namely anterior-posterior shear force,
from pressure plate measurements.

In a follow up study by Stebbins et al. [193, in press], the integrated measurement
set-up of Giacomozzi et al. was used to introduce an automated division of the plantar
pressure distribution into five sub-areas. The division method was found to be reliable
for feet of healthy children. Following up the study by Cornwall et al. Cordero et
al. [59, in press], addressed the temporal simulation of ground reaction forces using
pressure distributions from insole measurements. Thus Cordero et al. were able to
simulate ground reaction forces and its application points. Their method is applicable
to inverse dynamics analysis without any constraints on foot placement.

The studies by Giacomozzi et al. and Stebbins at al. are the only ones we found
in which force, pressure, and motion were measured simultaneously. MacWilliams et
al. [128, 2003] did measure all this three quantities but not in an integrated fashion.
Pressure and motion were measured simultaneously, and force and motion were mea-
sured simultaneously. A force signal was matched to the trials containing pressure
and motion such that the stance phase in the force signal was closest to the average
stance phase of the five pressure plate trials. Using interpolation, the force signal was
adapted such that it could be used in combination with all pressure plate trails. The
pressure distribution data was measured with an Emed system running at 50Hz and
was subdivided into six areas. The medial and lateral shear forces and free moments
from the force plate trial were distributed over these six areas in proportion to the
normal force in each area at each time frame. A lower-leg model with nine foot seg-
ments was developed in the BodyBuilder software of Vicon where local forces and free
moments were combined with kinematic data. The goal of MacWilliams study was
to provide normative data for foot joint angles, moments, and powers during gait of
adolescents (age between 7 and 16 years). The overall conclusion of this study was
that single link models of the foot significantly overestimate ankle joint power during
gait. The results of this study should be interpreted with some caution. It is a serious
shortcoming that not all measurements were integrated. Moreover the distribution
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of the shear forces and free moments over the six areas was directly based on the
proportion of percent normal force in these areas. In a study by Perry et al. [164,
2002], sensors measuring both plantar pressure and shear forces of diabetic individuals
were used. These sensors were part of a plate measuring with a frequency of 37Hz.
One of Perry’s conclusions was that peak shear and peak pressure did not occur at
the same time point. We conclude that the coupling between shear force components
and vertical force components is not as suggested by MacWilliams et. al, therewith
influencing all kinetic results of their study.

In 2004, Imhauser et al. [100] combined pressure and motion measurement in
an in-vitro study. They studied the effect of posterior tendon dysfunction on the
plantar pressure characteristics and on the kinematics of arch and rearfoot. From
the methodological section of this paper, it remains unclear how the measurement de-
vices interacted in measuring both pressure underneath the foot and three-dimensional
motion of parts of the foot. The established link between the magnitude of muscu-
lar/tendon loading and the position of the CoP is noteworthy. Imhauser et al. found
a highly dependent relationship between these two parameter. They concluded that
the posterior tibialus tendon is a strong invertor of the subtalar joint when ligaments
preventing a flat foot deformity are intact.

In a study by Chang et al. [32, 2004], motion and force were measured simul-
taneously. They also measured pressure, but the paper does not reveal if this was
measured in an integrated manner. With motion and pressure measured in this study,
a relationship between a foot axis determined on the basis of motion data and one
determined on the basis of pressure data was found. Although the specific procedure
of determining the foot axis using motion data was not disclosed and determination
of the foot axis in the pressure data was performed manually, a significant correlation
of r = .92, P < 0.001 was found.

In a study by Cornwall et al. [43, 2003], the CoP path was quantified in two
ways by the lateral-medial area index and by the lateral-medial force index, with
adequate between-trial-reliability. For this quantification study, an experiment was
set up including 105 individuals that underwent the measurements. From these 105
individuals, 30 individuals returned for a second experiment where rearfoot kinematics
(foot with respect to shank) were measured. The quantities related to the second
experiment were the eversion angle at heel impact, the range of eversion, and the
maximum value of eversion angle. In this experiment, pressure and motion were not
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measured simultaneously, but the data-sets per individual were combined to see if
relationships between the CoP quantities and the rearfoot kinematic quantities exist.
Cornwall et. al. concluded that such a relationship did not exist, stating ”... the idea
that the CoP pattern is representative of rearfoot motion is too simplistic. ...” . The
latter is in contradiction with a direct relationship between CoP and rearfoot motion
presented in this thesis.

Although Rosenbaum et al. [179, 1994] measured motion and pressure simultane-
ously while the individuals walked at three velocities, they did not look into possible
relationships between both sets of data. Only an indirect relationship was found be-
tween medialisation of the loading pattern underneath the foot, and a more pronounced
pronation motion indicated by increased eversion of the rearfoot. Rosenbaum et al.
emphasised the need for controlling and monitoring walking speed when comparing
foot loading characteristics of different groups of subjects.

The specific and general literature suggests a lot of work was done in the field
of foot modelling and pressure measurement. The combination of the two fields has
not yet been investigated to its full potential. Yet, the combination of measurement
devices in an integrated set-up to measure human locomotion has till now not drawn
the attention of a large number of researchers. To be able to study foot modelling based
only on pressure measurements an integrated measurement set-up of force, pressure
and motion is a first necessity. The way we dealt with the problems accompanying
research in this field, and what the specific objectives were of our project are formulated
in the next section.

1.3 Objectives and Strategies

The main objective of the our research project is the design of a mechanical model
to simulate and characterise foot motion based solely on input of plantar pressure
distribution measurements.

Especially in clinical settings, acquisition of information on foot motion by using a
pressure plate measurement system is extremely useful. Advantages are both in cost
and use. The direct method of measuring motion is using a Motion Analysis Systems
(MAS). Such MAS system is much more expensive than a pressure plate system, and
its use demands more technical abilities and is more time consuming than a pressure
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plate system. Apart from the highly educated technical operators, time is required
in setting-up the system, measurement registration, and data processing. All this
could be avoided if a pressure plate system would yield the same information as MAS.
However, pressure plate systems do not measure motion directly. Thus, extending the
possibilities of a pressure plate system such that characteristics of foot motion can be
determined would be a great step forward in clinical gait analysis. It would enforce
the use of pressure plated in clinical settings.

In our research, we choose the following strategy : We designed a large scale exper-
iment involving 126 individuals. The experiments resulted in a database containing
integrated force, pressure and motion data.

The experiment was designed to meet the following objectives:

1. Description of heel motion from pressure plate measurements validated by MAS

measurements.

2. Description of forefoot motion from pressure plate measurements validated by

MAS measurements.

3. Description of the motion of the first metatarsophalangeal joint from pressure

plate measurements validated by MAS measurements.

4. Description of the connection between rearfoot and forefoot.

Objective one and two have been accomplished and objective three has been ac-
complished partly. Objective four could not be achieved within this project.

In accomplishing the first objective, we determined the motion of a general rigid
body rolling over a rigid plate by making use of the differentially geometry concept
of curvature tensors linked to the contact path between body and ground. For the
contact path, we used an adapted CoP path. The CoP path was calculated from the
plantar pressure distribution for any given trial by determining that area within the
distribution that only contained the heel. Subsequently, we determine the CoP of the
pressure distribution of the heel at every instance of time. An adaptation of CoP
paths should be calculated because soft tissue structures around the calcaneus are
not of uniform thickness. We discovered that this adaptation was not an individual
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characteristic. As a rigid body, we used a sphere. From the data, we determined the
optimal radius of the sphere to by 7cm for the whole population. Hence, the radius
of the sphere was also not an individual characteristic. For validation, we compared
motion of the sphere using pressure data with the exact motion of the heel as found
from measurements with a motion analysis system. For the description of the motion,
we choose an angular representation decomposing the motion into plantar flexion/dorsi
flexion, calcaneal inverion/eversion, and abduction/abbduction. The rearfoot model
describes up to 75% of the motion patterns, accurately, for the period starting at heel
contact and ending at forefoot contact. We conclude that the rolling motion of a rigid
sphere with a 7cm radius over a rigid plate is an acceptabel model for the motion of
the heel.

For reaching the second objective, we determined the motion of the metatarsal
heads. Using MAS, we measured motion of metatarsal heads while they were in contact
with the ground. This motion was so small that it was not significant for the pressure
measurements, it was in the order of the dimension of a pressure sensor. In 97.7%
of the trials, the position of the metatarsal heads during motion was contained in a
90% covering circle with a diameter less than two times the length of a pressure sensor
diagonal. We conclude that metatarsal motion can not be observed by a pressure plate
with the presently used resolution.

We determined the metatarsal curve from the position of the metatarsal heads in
the pressure data. The position of this curve was validated by MAS using markers at-
tached to metatarsal heads one and five, and one marker attached between metatarsal
heads two and three. This metatarsal curve determined a contact curve. Thus, we
proposed a mechanical model for the forefoot that consists of a bend cylinder with an
contact curve equal to the metatarsal curve. The size of the radius of this cylinder
was determined by the rolling motion of this cylinder describes the rotation of the
foot about the metatarsal heads and the rolling motion was contained within the two
lengths of a pressure sensor diameter.

As for the third objective, the research is in a preliminary stage. We know already
that there is a strong correlation between certain pressure variables and certain motion
variables, all related to timing aspects.
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1.4 Thesis Organisation

As any thesis in the field of biomechanics, also this thesis starts with a description
of methodology, which can be found in Chapter 2. Our measurement methodology is
not an integrated one in the sense that in the laboratory set-up pressure, and force
and motion were measured simultaneously. One of the sections of Chapter 2 describes
general data processing, and in particular considers the following topics: coupling of
devices, data accuracy, and construction of local reference frames.

In the Chapters 3, 4, and 5, for convenience of the reader, we summarise aspects
of measurement set-up and conclusions from Chapter 2. Thus, these chapters become
self-sustained.

Chapter 3 contains a mechanical model of heel motion. The model is based on the
fundamental law of kinematics; pressure distribution underneath the heel area is the
only input to simulate heel motion. The model is validated with motion analysis data.

In Chapter 4, we introduce the metatarsal curve, which connects the metatarsal
heads. The position of this curve is determined from pressure distribution data. Val-
idation is performed with motion analysis data. The concept of a metatarsal curve
suggests a mechanical model, an inverse arch, for the forefoot. We describe this model
and its motion characteristics at the end of this chapter.

Chapter 5 contains a statistical analysis. We investigate the relationships between
motion related variables of the first metatarsophalangeal joint and pressure related
variables. These pressure variables are related to a division of the foot into elven
subareas.

The focus of our study is on the existence of relationships between pressure data
and motion data. Overall conclusions of our study are presented in Chapter 6. With
this we conclude the main body of the thesis.

The thesis is accompanied by four appendices, which contain lots of side informa-
tion. In the first appendix, we present details about plantar pressure literature. The
other three appendices contain additional information of Chapter 2, 3, and 4, respec-
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tively. Besides results, these appendices contain detailed descriptions of the database
structure enabling any researcher in the field to access this database. Thus, we include
a detailed explanation how the measurements were registered and processed, and we
discuss the database structure, the data structure of database entries, and the Matlab
applications that were designed for processing the data.

Computational Details
All computations were performed in the Matlab 6.5 environment on a Dell Inspiron
4150, Intel Pentium 4 processor 1.8GHz with 512Mb of RAM, running the Windows
2000 professional operating system.
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Chapter 2

Methodology

In the first section of this chapter on methodology, we describe in detail the experi-
ments. In the second section, general data processing is described. In the section on
experiments, the topics are experimental design, measurement statistics, measurement
devices, measurement protocol, and measurement data description. In the section on
general data processing, we reveal how the data were integrated into one database.
For this, we needed to establish a coupling between the two main sources of data,
namely, the pressure distribution data and the kinematic data. To characterise the
data limitations, we discuss the quality of the measured data. Subsequently, this qual-
ity was enhanced by filtering and interpolation. The section also contains the division
of the stance duration in foot phases, and selections of local reference frames and
orientations.

The overall goal of this chapter is two-fold: (1) discussion of all necessary steps to
be taken before the data can be analysed, and (2) construction of a data set that is
publicly accessible.

2.1 Experiments

2.1.1 Experimental design and statistics

Finding foot motion characteristics and constructing models based on these character-
istics require a variety of locomotion conditions (here: normal walking, fast walking
and running) to be measured. This variety makes it possible to formulate motion char-
acteristics that are specific for a certain condition, and enables showing limitations of
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a certain characteristic with respect to different locomotion conditions. Furthermore,
generalisation of foot motion characteristics across conditions can be validated with
this approach.

We employed three distinct session types to measure a variety of locomotion condi-
tions. The first type consisted of a walking condition in which the individual performed
20 trials; ten with the left foot in contact with the ground, and ten with the right foot.
The velocity of walking was self-chosen and was assumed to be an individual’s ”nor-
mal” walking pattern. Normal walking is simply called walking in the remainder of
this chapter.

The second type consisted of a walking and running condition in which the indi-
vidual performed 20 trials in total: ten walking trials at a self-chosen velocity, and ten
running trials set at a velocity of 12km/h (an average of 12.0km/h with a standard
deviation of 0.5km/h). In both conditions, the ten trials were split up into five trials
for the left foot and five trials for right. The order of conditions was always first
walking and then running.

The third type consisted of a walking condition, a fast walking condition, and a
running condition. During this session, fifteen trials were measured, left foot only.
The trials were split into three times five trials representing, walking, fast walking,
and running, performed in this order. Again, walking velocity was self chosen and
running was set at a velocity of 12km/h (an average of 12.1km/h with a standard
deviation of 0.4km/h). The fast walking velocity was calculated from the walking
condition. It was taken to be 25 percent faster than the mean velocity during walking
within a average bandwidth of 0.4km/h. We measured the left foot only in order to
limit the duration of the measurement sessions to be about equal to the duration of
the other two. Consequently, in planning the measurements a priori knowledge of the
measurement session was not necessary since all sessions had equal time slots.

Equal measurement time duration enabled at random assignment of individuals
to different types of measurement sessions. In our experiments, we measured 126
individuals in total, according to a fixed measurement protocol, see Section 1.2.4. They
were equally divided over the three measurement sessions: 44 individuals performed
the first session type (walking), 40 individuals performed the second (walking and
running), and 42 performed the third (walking, fast walking and running). In total,
data of 2310 trials were registered. From these trials, only 47 failed to meet the criteria
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Figure 2.1 An overview of the age distribution within the measured population

of acceptance due to a number of errors (see Appendix B.3 for a detailed list of the
errors). This led to a trial drop out of about 2.0%.

Out of the 126 individuals 78 were male and 48 were female, which led to a division
of 61.9% male and 38.1% female. The age distribution is presented in Figure 2.1.

Students from the Vrije Universiteit Brussel, in the age groups (15,20] and (20,25],
constituted the larger part of the population.

The performed measurements were non-invasive in nature and therefore complied
with university guidelines. All individuals gave their consent prior to the start of their
measurement session.

2.1.2 Measurement Devices

The devices used in this research project were a motion analysis system, a plantar
pressure plate system, a force plate, and a velocity measurement system. In this
subsection, the details of these devices are given.

The Motion Analysis System (MAS) was a 612 system from Vicon. This system
consisted of the following parts: a central computer/processing unit, M1 cameras, a
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sixteen bit 64 channel analogue box, an L-frame, a calibration wand, and software
applications. The central processing unit connected the computer of the experimenter
to the Vicon system. The connection was made through Ethernet cards and a cross
link cable. From the central processing unit all cameras were attached in groups of
three with a maximum of four groups and therefore of twelve cameras. The unit
contained also different types of connecters to interact with measurement devices that
are not connected to the analogue box. The interaction was primarily used to share
time points such as start and end points of measurement.

In the present set-up, six cameras were used. The measurement frequency of these
cameras can be set to 60Hz, 120Hz, and 250Hz. In this study, we used the maximum
frequency of 250Hz for the following reasons: First, feet undergo a rapid change in mo-
tion pattern from full swing to zero velocity for those parts in contact with the ground.
To measure this interaction accurately, a high measurement frequency is helpful. Sec-
ondly, the measurement frequency of the cameras is half of the maximum frequency of
the pressure plate running at a frequency of 500Hz. Foot motion characteristics will be
based on relationships between plantar pressures data and kinematic data. Therefore,
the higher the frequency, the more data are available for stance duration. The decision
to take a high measurement frequency costed a drop in camera resolution, from 1024
by 986 at 60Hz to 663 by 547 at 250Hz. To counter this problem, the cameras were
placed as close as possible to the measurement object, see Figure 2.2

The analogue box, in the present set-up, was used to register the data from the
force plate (eight channels). With the Vicon software application Workstation, thee-
dimensional data were measured, processed, and exported to an ASCII format.

The plantar pressure plate system was a 1m by 0.4m pressure plate from RSscan,
see Figure 2.3. It contained 8192 pressure sensors of size 3.5mm by 3.5mm that were
arranged in a rectangular grid. Except for the sensors at the edges, all centres of the
sensors were spaced equally in the length and width direction of the plate. The spacing
in the length direction was 7.62mm and in the width direction 5.08mm. The maximum
measurement frequency of 500Hz with a maximum measurement time of two seconds
was set. The sensors measured the pressure perpendicular to the plate by differences
in current resistance. This relationship is nonlinear and the loading and unloading
curves are not the same and change with sensor material aging. The non-linearity
of this relationship resulted in slightly lower precision in determining lower pressures
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Figure 2.2 The camera set-up around the coupled plate system

values.

The pressure plate was attached to a data box called the 3D-box. During a mea-
surement, this box registered and, subsequently, sent the data to the connected com-
puter. Besides a data buffer, the 3D-box was used to register force plate data using
its eight bit analogue to digital converter running at the same frequency as the plate.
Finally, the 3D-box contains three connectors and one FM antenna to interact with
other measurement devices. This interaction was focussed on synchronisation of the
starting time point of measurement with the Vicon systeem.

Footscan software version 6.42 was used to register the data and to export the
data to an ASCII format. Another important usage of the application was continuous
calibration of the total vertical force registered by the pressure plate at every mea-
surement time point by using the total vertical force of the force plate at that time
point.

The force plate system is a 0.9m by 0.6m three-dimensional force measurement
system from Kistler containing four piezo crystals, see Figure 2.3. The crystals were
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Figure 2.3 The coupled plate system. A one meter pressure plate is attached to a

90cm force plate. The L-frame in the left lower hand side is used to unify the local

reference frames of the force plate and the motion analysis system.
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arranged symmetrically around the centre of the plate at the four corner points. The
measurement data of the force plate were divided into eight analogue force channels:
four for the z-direction, two for the y-direction, and two for the x-direction. All eight
analogue channels were individually connected to a charge amplifier. The signal from
the eight charge amplifiers was split into two identical signals. One set ran through
summing amplifiers preserving three analogue channels as output: the total force in the
x-, y-, and z-direction. These channels were connected to the 3D-box of the Footscan
systeem that registers the data using an eight bit A/D converter at a frequency of
500Hz. The other set of eight channels was connected to the analogue box of the Vi-
con system that registered the data using a sixteen bit A/D converter at a frequency
of 1250Hz.

The average velocity measurement system contains two pairs of infrared photo
cells. The two pairs were placed as two gates perpendicular to the runway, connected
to an electronic timing box. The box registered the time that a subject spent between
the two gates. Since the distance between the gates was set to 3m46, we were able to
calculate the average locomotion velocity of the subject in this interval. The height of
the cells was adjusted to the individual’s height such that the shoulder or the head of
the individual intersected with the infrared rays. We choose for head or neck because
no other body segments intersect the rays during locomotion.

2.1.3 Integrated Measurement Set-up

The runway was the central part of our measurement set-up. All other devices were
either integrated, such as the force plate and pressure plate, or strategically placed
around it. All measurement activities, in this case, walking, fast walking and running,
were performed on the runway. It is 19m00 in length, 1m10 in width, and 0m11
elevated from the laboratory floor. It is made out of a wooden body with a top-layer
of sport tapestry taped to it.

The runway itself was divided into three areas: the preparation area (10m90), the
recording area (1m36) and the deceleration area (6m74). The preparation area was
used to accelerate to a stable motion pattern. Subsequently, this stable pattern was
measured in the recording area that contains all measurement devices. After the mea-
surement was registered the individuals decelerate in the third area such that they
were able to change direction and return to the preparation area.
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Integration of force plate and pressure plate was established by removing part of
the runway such that the force plate fitted in this part without being in contact with
the runway. The borders between runway and force plate were in the order of a few
millimetres. Subsequently, the pressure plate was attached to the force plate such that
it fitted on one side and hing 0.1 metre over on the other side. However, it was not
in contact with the floor, being at a distance of about 2mm above the wooden part of
the runway. The top layer of both pressure plate and runway were at the same level
constituting an integrated system on which individuals perform their trials.

The cameras were positioned around the combined plate system such that their
angular spacing was almost homogeneous, see Figure 2.2. All cameras were focussed
on a measurement volume with the combined plate system in the middle. In practice,
the volume contained the combined plate system and a height of about 40cm above
the plates. The chosen measurement volume was about 90cm by 60cm by 40cm.

The average velocity measurement system was placed in the recording area such
that one gate was positioned before the pressure and force plate, and the other was
placed behind the plates.

The motion analysis system and the pressure plate system were synchronised
through a coax cable between the J2-connector of the Vicon processing unit and the
trigger-in-connector of the Footscan 3D-box. At the moment the Vicon system started
measuring, it connected both wires in the coax-cable such that the voltage dropped to
zero instantaneously. The 3D box used this time point of instant voltage drop to start
the pressure plate measurements. Only, the average velocity measurement device was
not connected in any way to one of the other devices.

2.1.4 Measurement Protocol and Measurement Data Descrip-

tion

Before measurement started, each individual was given an explanation of the study,
first on the objective, thereafter, more detailed on the measurement set-up and mea-
surement protocol. The latter was envisaged in order to give an individual a clear
understanding about the nature of the measurements in which they were involved.
During these explanations, the individual was informed about the number of trials
and about the specific session type that would be undertaken, see Section 2.1.1.
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The explanation was given during marker placement. Preceding this step, the
individuals were asked to remove socks and shoes and free the lower limb of any cloth.
In some cases, this meant changing into shorts (in case running was involved) in others
it meant pulling the trousers up to around the knee (in case only walking was involved).
To be able to attach the markers to the feet in a precise and repeatable manner, the
individual was asked to stand on top of a table. In this case, we could attach the
markers in a controlled environment at eye level.

To one foot, twelve markers were attached. Selection of the marker positions was
related to the following anatomical structures:

1. four markers on the calcaneus,

2. three markers on the hallux,

3. one marker on the base of metatarsal one,

4. one marker on the base of metatarsal five

5. one marker on the head of metatarsal one,

6. one marker on the head of metatarsal five,

7. one marker between the heads of metatarsal two and three.

The three markers that were used to track the motion of the hallux were attached to
a rigid marker plate. In turn, this marker plate was fixed to the skin of the hallux.
The same is true for the four markers on the calcaneus. Two sizes of marker plates
were available for both the calcaneus and the hallux. They were derived from the feet
of a man with size 44 and a woman with size 38, both European size.

Figure 2.4 illustrates markers and marker plates attached to an individual foot.
The marker plates for the hallux could be used for all individuals measured. This
in contrast to the heel marker plates, which did not fit all individuals because of the
smaller size of their heels, predominantly in younger and female individuals. In this
case, four markers were attached to the heel in the following configuration: two mark-
ers were placed on the most bony part of the heel (medial and lateral), one was placed
on the intersection of the Achilles tendon and the calcaneus, and one was placed a
few (more than four) centimetres above the intersection but still on the Achilles ten-
don. The previous set-up resembled the marker set-up of a heel marker plate and its
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Figure 2.4 An overview from four sides of marker placement.
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attachment to the heel. The hallux marker plates were attached such that the length
direction (proximal-distal direction) of the hallux coincided with the medial proximal
and medial distal marker of this plate.

After the markers had been attached, the individual was taken for a static mea-
surement trial. During this static trial only the position of the markers were registered
in order to be able to establish the local segment reference frames with respect to this
static position. A static trial was taken with the individual in a relax stance with the
knees extended and feet slightly in exo-rotation.

A familiarisation process was the next, and final, task before measurement regis-
tration started. In this process, the individuals were trained to place one foot on the
coupled plate system with their eyes fixated at a selected point on the wall at the end
of the runway.

Placement of the foot on the coupled plate system was important since all mea-
surement devices were set-up such that this specific area was optimally covered. Foot
placement in the middle of a plate does not sound like a natural thing to do during
walking down a runway at a self-chosen velocity. The natural walking pattern of an
individual is altered into a kind of targeting pattern when the foot must be placed on
a pre-determined position. To avoid this targeting kind of behaviour, four numbered
lines were used as starting positions for the walking and fast walking condition, and
four other lines for the running condition. All lines consisted of white sticky tape and
were placed perpendicular to the direction of progression. The distance from line one,
the one closest to the plate systems, to the middle of the force plate was 4m45 in case
of the (fast) walking condition, and 8m69 in case of the running condition, see Figure
2.5. Mutual distance between the lines was 0m25.

While the individuals performed their practice trials, we checked the position of
their feet with respect to the ideal position in the middle of the force plate. The
numbered lines were used to adjust the position of the individual’s foot on the plate.
After several practice trials, the individuals felt adjusted to the testing environment
and testing condition. This process was repeated for all different conditions within
one measurement session. Figure 2.6 illustrates a walking trial.
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Figure 2.5 The runway: on the left hand side the first half and on the right hand

side the second half.

After this familiarisation process, the measurements of the dynamic trials started.
During the dynamic trials, we operated two computers connected to the motion anal-
ysis system and the pressure plate system such that both registered the trial. After a
trial, the force plate was reset and the time duration between the two gates of infra
red photo cells was written down on the personal information sheet of the individual.

Besides the time durations, the personal information sheet contained the individ-
ual’s name, measurement date, weight (measured in the biomechanics laboratory),
shoe size (European), age, and gender. Also, it contained two anthropological mea-
sures: maximum flexion in the first metatarsophalangeal joint and the width of the
calcaneus. Maximum flexion was measured in accordance with the directions given by
Root et al. [177, 1971]. Calcaneus width was measured with a sliding calliper at the
smallest width in the saggital plane and midway in the posterior-anterior direction of
the calcaneus.

A more extensive and visual description of the preliminary and dynamic measure-
ment steps can be found in Appendix B.

After the measurement session ended, data of the session was stored at the work-
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Figure 2.6 An example of a walking trial
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station of the Vicon system and at the workstation of the Footscan system. Before
actual data processing could take place, pre-processing steps were undertaken. In the
Vicon system, the markers were labelled such that the relationship between marker and
anatomical position was established. In the next step, marker paths and force plate
data were exported to an ASCII file for analyses. From the way the vicon database
was set up, all trials exported from the Vicon system had a basic file structure with
the extension ’csv’.

For the Footscan system, pre-processing entailed exporting plantar pressure data
and force plate data, into files with an ASCII file format. The data were exported into
four files per trial containing the total pressure distribution during the stance phase,
the pressure distribution aggregated over the stance phase, the force plate data during
the stance phase, and the force plate data during the complete measurement time of
a trial. The extensions of these trials are ’dyn’, ’max’, ’Fs’, and ’Fv, respectively. The
extensions are presided by a basic file structure expanded with the symbol ’L’ or ’R’
just prior to the trial number in case of a left or right trial.

We present an example of a complete exported data set for individual Joe Black,
trial 10, left foot:

Vicon system Footscan system
’Joe Black 10.csv’ ’Joe Black L10.dyn’

’Joe Black L10.max’
’Joe Black L10.Fs’
’Joe Black L10.Fv’

For the detailed structure of these files, we refer to Appendix B

The measurement data of an individual that was used for further analysis contained
all export files of all trials in a single directory named after the individual. The personal
information sheet of an individual was converted to useable digital form in Matlab.
For every individual, there are fifteen fields:
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LastName: ’Black’
FirstName: ’Joe’
Age: 30 in years
ShoeSize: 44.5 in European size
Weight: 103 in kg
MTPH: [76 84] in degrees
Calc: [51 49] in mm
Aver Times: [1x20 double] in ms
Org ReTest: 1
HeelCup: 1
Failed: [ ]
Remarks: [ ]
M Data [25 3 2004]
Session: ’wandelen lopen’
Gender ’M’

The Matlab environment is used to further integrate all trials of one measurement
session into one matlab m file. The structure of such an m file is identical for all indi-
viduals. Coupling the measurement database with the personal information database
helps in accessing all information of one individual. The exact details of this database
such as the definition of the entries of the fifteen fields (MTPH means first metatar-
sophalangeal joint) are found in Appendix B.5. A copy of the database is freely
available for every researcher working in the field of foot mechanics.

2.2 General Data Processing

2.2.1 Kinematic and Pressure Measurement Data Coupling

Synchronisation

In the present set-up, three measurement devices were connected. The force plate was
connected to both the Footscan system and the Vicon system. In turn, both systems
were connected through a so-called synchronisation cable; from Vicons’ J2 connector
to the trigger in/synch in coax port of the Footscan system.

The time synchronisation of pressure data with force data, and motion data with
force data was performed in the respective systems. Both systems register this com-
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bination of data (either force and pressure, or force and kinematics) with their own
internal clock as time reference. To be able to synchronise the two systems at the start
of measurement, a signal (TTL) was send from the Vicon system to the Footscan sys-
tem. However, we were not sure about the delay on this channel, and about the
accuracy and stability of both internal clocks.

To asses synchronisation of the systems through the J2-coax cable, we used the
vertical force registered in both systems. The force plate supplied analogue signals to
both systems, continuously. In turn, the systems used their individual A/D converters
to store the information in digital form. In case of the Vicon system, the force data
was converted at a measurement frequency of 1250Hz with a sixteen bit converter.
The force data was obtained from eight channels, two channels for the x-component of
the force, two channels for the y-component, and four channels for the z-component.
The channels of the z-component of the force have an accuracy of about 0.15N per
bit (16bit over a range of 10.000N is 10.000N/16bit≈ 0.15N per bit). This means that
the bit noise of the vertical component of the force was about 0.60N. The Footscan
system converted the force data at a measurement frequency of 500Hz with an 8-bit
converter. In contrast with the Vicon system, the force data in the Footscan system
was obtained from one channel per force component. The footscan system was set to a
maximum vertical force component of 3000N, which resulted in an accuracy of 11.70N
per bit. In Figure 2.7, we have depicted vertical force curves from an arbitrary trial
as registered by both systems.

To compare two force signals from one arbitrary trial, we introduce a measure for
signal correlation (SC). Let x and y represent two signals with x and y in IRn and
signal length n. We take the natural measure for signal correlation:

SC(x,y) :=
(x,y)
‖x‖ ‖y‖ = cos 6 (x,y). (2.1)

The meaningfulness of this measure follows from the following orthogonal decomposi-
tion:

y
‖y‖ =

(x,y)
‖x‖ ‖y‖

x
‖x‖ +

(
y
‖y‖ −

(x,y)
‖x‖ ‖y‖

x
‖x‖

)
(2.2)

According to the Cauchy-Schwartz inequality

∀x,y∈IRn − 1 ≤ SC ≤ 1. (2.3)
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Figure 2.7 An example of vertical ground reaction force of an arbitrary trial

registered by (a) the pressure plate system, and (b) the motion analysis system

The closer SC is to 1, the better the signals x and y are correlated. It is not hard to
see that SC is one only if ∃λ>0 y = λx, which means a perfect correlation.

The above measure is integrated in a Matlab application, see Appendix B.4.2, to
calculate signal correlations between the force signals for all trials in our population.
We studied the effects of a delay in starting time and accuracy of the internal clocks.
We down sized the force plate signal from 1250Hz to 250Hz in case of the Vicon system,
and from 500Hz to 250Hz in case of the Footscan system. We performed time shifts
on the MAS force signal and adjusted for length. The time shifts were performed in
an interval from 80ms before to 80ms after the starting time point of measurement as
determined by MAS. The size of this interval, 160ms, was chosen such that it is about
one fourth of an average stance phase. Therefore, we believed the size of this interval
to be large enough to detect any trends in signal correlation. A typical SC time shift
curve is depicted in Figure 2.8.

The results of this synchronisation test were: (1) in all trials the highest SC value
was encountered at the zero time shift level, and (2) the average SC was .9992 with
a standard deviation of .0029. Before we draw conclusions from these results, we con-
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Figure 2.8 An example of a typical SC curve is depicted for two vectors where

one vector undergoes time shifts in the interval [-80ms,80ms]. The signal correlation

is highest in the case of no time shifts with a value of .997.

sider an another test that analysed differences of begin and end time points of the
stance phase between the two force signals .

The beginning and end of the stance phase in terms of a vertical ground reaction
signal are traditionally calculated by applying a threshold scheme. The logical as-
sumption is that there is an occurrence of contact between foot and force plate if the
force plate registers a value beyond a certain force level. The vertical ground reaction
force has a steep ascent, see Figure 2.7, such that the true signal changes more rapidly
and with a higher amplitude than the noise does. This determination of the beginning
of the stance phase can be achieved by applying a threshold scheme. Also, the end of
the stance phase was determined with a threshold scheme. Although, the descent of
the vertical force signal is usually less steep than the ascent. Therefore, the noise level
does play a role here. We designed a threshold scheme using thresholds from 30N up
to 200N with 1 N increments.

Begin and end time points were calculated for these 171 thresholds, for both ver-
tical force signals, and for all 2263 trials. Subsequently, we calculated the differences
between the begin points and the differences between the end points for all thresh-
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olds. In Figure 2.9, we have depicted the results of these calculations. We see that
the results are different, indeed, for the begin time point and the end time point.
The mean curve of the begin time points has a lowest value of -1.02ms and a highest
value of 0.66ms (see Figure 2.9 (b)). For almost all thresholds, the difference in begin
time point is within a bandwidth of 4ms. In the present measurement set-up, the
measurement frequencies were 250Hz, 500Hz and 1250Hz. This means a measurement
every 4ms, 2ms and 0.8ms, respectively. We compared the signals with a frequency of
500Hz (PPPS) and 1250Hz (MAS force signal). We conclude that the 4ms difference
in begin time point is within the accuracy of the slowest measurement device. For
the differences in end points, the order is about double the order of the begin points;
about 2 frames in the slowest measurement device. There is also a difference in trend;
the curve of the begin points stays always close to zero, while the end points curve
tends to zero.

From the two synchronisation tests, we conclude:

1. Both force signals have the same begin time point,

2. The end time point of both force signals is the same up to 2 frames in the slowest
measurement device,

3. The signals have a high correlation; average .9992 with a standard deviation of
.0029,

4. Signal correlation is at its maximum at zero timing shift between the signals,
and this holds for all trials.

From conclusion three, it follows that the registered force signals are the same. By a
combination of conclusions one, two, and four, we observe that no delays and no inac-
curacies in internal clocks of both systems are found. Therefore, the overall conclusion
is that the synchronisation procedure between MAS and PPPS is well performed. A
counter remark to this conclusion is the sensitivity of these tests. Using techniques
within matlab, we removed data at the beginning of force signals for PPPS data such
that a delay effect was introduced. Also, we used a cubic spline to lengthen and
shorten the stance phase. With these constructed signals, we found that the signal
correlation test detects delay effects of 2ms (one frame at 500Hz) and detects frequency
changes from 500Hz to 498Hz and from 500Hz to 502HZ. The signal correlation test is,
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Figure 2.9 The differences in start time point of all trials (2263) between MAS

force signals and PPPS force signals is depicted in (a) and (b). In (a) all trials

are depicted and in (b) the average difference and one standard deviation curve are

depicted. The difference in end time point are depicted in (c) and (d). In (c) all

trials are depicted and in (d) the average and one standaard deviation are depicted
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therefore, a sensitive test, which strengthens the above conclusions. A more extensive
description of this sensitivity analysis is found in Appendix B.6.

Spacial Alignment

Besides synchronisation, we have to align measurement devices in space to be able to
relate spacial information from one device to the other. In practice, this means that
we have to know the relationships between the different local reference frames of three
measurement devices, MAS, PPPS, and the force plate.

The relationship between the Local Reference Frame (LRF) of MAS and the LRF
of the force plate are generally known by using a frame with markers. Also in our set-
up such a frame, the L-frame, was used. Every measurement day began with placing
the frame on top of the force plate in a prescribed manner (prescribed in the MAS
manual), see Figure 2.3. A static calibration trial was performed within MAS that,
in turn, led to the determination of the local reference frame of the force plate with
respect to the LRF of MAS.

Since the pressure plate was taped to the force plate, the relationship between
the LRF of the pressure plate and the LRF of the force plate remained the same
during all measurement sessions. If the placement of the L-frame was performed in a
repeatable and accurate way over all measurement days, then we needed to establish
the relationship between the LRF’s of MAS and PPPs only once. To check, if the
placement of the L-frame was repeatable and accurate, we measured the coordinates
of the four markers in 20 trials. We repeatedly placed the L-frame, registered the
marker coordinates and removed the L-frame. Because of the construction of the
L-frame, differences in placement could only arise from translation in the x- and y-
direction and rotation about the z-axis of the global reference frame. For all trials,
we calculated the translations and rotations and subsequently compared these values
between trials.

The worst difference between trials in rotation was 0.70 degrees. This seems to be
negligible, but recalling that the pressure plate is 90cm by 40cm, placed in the centre
of the force plate, the error becomes worse when a foot is placed further away from
the origin of the LRF. For example when a foot is placed in the middle of the force
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plate, the rotation error (RE) for the sensor in the middle of the foot is

RE =

[
350mm

450mm

]
−

[
cos(0.70◦) − sin(0.70◦)
sin(0.70◦) cos(0.70◦)

] [
350mm

450mm

]

=

[
5.5mm

−4.2mm

]
. (2.4)

The first component of RE is the distance change in x-direction, the second element
is the distance change in y-direction of this sensor.

The sensor in the top right corner of the pressure plate is susceptive to the largest
rotation error. If the foot is placed in an area containing this sensor, the RE equals:

RE =

[
550mm

900mm

]
−

[
cos(0.70◦) − sin(0.70◦)
sin(0.70◦) cos(0.70◦)

][
550mm

900mm

]

=

[
11.0mm

−6.7mm

]
. (2.5)

Next, the translation error of the origin of the L-frame was determined by the
closest marker point to the origin. The worst case behaviour within 20 trials was

∆x = 2.9mm

∆y = 2.0mm
(2.6)

Combining (2.4), (2.5), and (2.6), we find for the overal spatial errors:

middle top right corner
∆x = 8.4mm 13.9mm

∆y = 6.2mm 8.7mm

(2.7)

The spacial error of the middle of the plate for the y-direction is within the measure-
ment accuracy of the sensor length of the pressure plate (7.62mm). The error in the
y-direction for the top right corner is almost within measurement accuracy. Regret-
table, the errors in x-direction for both middle and the top right corner are significantly
greater than the existing measurement accuracy (5.08mm). The top right corner has
a spatial error in the x-direction of almost three times measurement accuracy.

We conclude that the errors are too great that one measurement does not suffices
to determine the relationship between the LRFs of MAS and PPPS.

This problem had to be solved. An alignment measurement session before measure-
ment started was introduced. The alignment session was performed on fourteen of the
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Figure 2.10 On the left hand side, a top view of the wooden block with the eight

markers attached to it. On the right hand side, an example of an alignment trial

sixteen days of measurement. On March 23, 2004, we did not perform the alignment
session, and on March 19, 2004, we decided to use the alignment information from the
day before. An alignment session consisted of a minimum of five measurements trials
with a wooden block placed at different positions on the plate, see Figure 2.10. This
wooden block had two markers at every corner point on both connecting sides. The
surface of the wooden block in contact with the pressure plate is 150.6mm in length
and 79.0mm in width. During the measurements trials both the pressure imprint and
the coordinates of the markers attached to the block are registered. A staff member
balanced on top of the block during measurement registration to have a clear pressure
imprint. With the use of the markers, the middle of the block was calculated during
every trial within the LRF of MAS. The pressure measurement of every trial was also
used to determine the middle of the block within the LRF of PPPS. The block placed
completely in the second half of the pressure plate, had a different origin to express the
data, than the block placed in the first half. Since the block was placed by hand, small
rotations were introduced. To diminish the effect of these rotations on determining
the relationship between the two LRFs, we chose the middle of the block as the point
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used for comparison.
Using the middle points of the wooden block in the two LRFs in the different

trials solved the problem of finding a relationship between the different LRFs. The
relationship between the LRF of PPPS and MAS was expressed by a rotation about
the z-axis and a translation in the x- and y-direction of the LRF of MAS. First, we
looked at the rotation part. From the L-frame replacing test, we knew that the angle
of rotation is in the order of one degree. Therefore, we chose a grid of minus three to
plus three degrees with a step size of .1 degrees. For every grid point, we recalculated
the centres of the wooden block from MAS data. Subsequently, the differences in
x-direction and y-direction for every trial between MAS and PPPS were calculated.
Ideally, the differences in the two directions would be the same for all trials. In practice,
this was not the case. Therefore, we singled out the worst differences in x-direction,
∆xworst and y-direction, ∆yworst. For the y-direction we split up the data in a first
half and second half part. The following measure was used to determine the variance
of the difference:

Alignment V ariance =
√

∆x2
worst + ∆y2

worst. (2.8)

Calculating of (2.8) over the complete grid gave us an impression of the rotation
that resulted in the smallest alignment error, called Alginment V ariance, for a given
measurement day. The assumption was that the grid is fine enough to visualise the
minimum error. This assumption was verified by taking different step sizes. We found
no differences in the measure for step sizes up to 0.01 degrees.

An example of the measure Alignment V ariance for the chosen grid, March 30,
2004, is depicted in Figure 2.11. The depicted curve shows a global minimum at .8
degrees. The presence of a global minimum in the Alignment V ariance curve is a
feature we have encountered every measurement day. Table 2.1 contains the translation
and rotation information for all measurement days. Also, the worst difference in x- and
y-direction is given in this table. From Table 2.1, we conclude that most measurement
days have worst case errors closely to, or below, pressure plate measurement accuracy.
Greater errors are found on the 20th of March, on the 3th of April, and on the 5th

of May. Measurements of these days were not used for that type of research where
alignment between PPPS and MAS is needed. Also, the 23th of March is not taken
into account because there was lack of alignment information. In total, 36 individuals
are excluded from alignment studies, retaining 90 individuals. The table is included in
the database such that an automated Matlab application is able to relate the spacial
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Table 2.1 Accuracy of alignment. Column one contains the measurement data.

Columns two, three and four contain the translation in x-direction, the translation

in y-direction of the first half of the plate, and the translation in the y-direction of

the second half of the plate. Column five contains the rotation about the z-axis.

Columns six and seven contain the worst case difference in x- and y-direction from

the wooden block alignement test

Date ∆x ∆y1st ∆y2th rotation ∆xworst ∆yworst

March 18 151.0mm 36.8mm 524.5mm -0.4◦ 3.4mm 5.1mm
March 20 141.4mm 45.3mm 538.2mm 1.5◦ 7.3mm 4.6mm
March 24 148.7mm 39.1mm 527.9mm 0.1◦ 3.3mm 5.2mm
March 25 151.4mm 36.8mm 526.8mm 0.1◦ 4.9mm 1.5mm
March 26 146.6mm 40.0mm 531.9mm 0.4◦ 3.6mm 5.9mm
March 30 145.4mm 41.2mm 534.7mm 0.8◦ 3.1mm 2.6mm
April 1 147.4mm 39.8mm 530.9mm 0.4◦ 1.7mm 3.5mm
April 3 139.6mm 42.0mm 535.2mm 1.4◦ 9.4mm 5.5mm
May 1 145.4mm 40.9mm 531.3mm 0.5◦ 4.3mm 3.2mm
May 5 145.3mm 39.5mm 530.7mm 0.6◦ 6.8mm 2.8mm
May 6 146.4mm 41.0mm 532.0mm 0.6◦ 3.5mm 6.5mm
May 7 158.0mm 33.7mm 521.3mm -0.9◦ 3.8mm 4.2mm
May 8 142.9mm 39.9mm 529.5mm 0.7◦ 5.3mm 3.3mm
May 13 146.0mm 38.6mm 529.9mm 0.4◦ 5.4mm 5.5mm
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Figure 2.11 Determination of alignment. The blue curve represents the worst

case difference in x-direction, the green curve represents the worst case difference

in y-direction, and the red curve represents the measure Alignement V ariance. A

minimum for Alignement V ariance is present at an angle of 0.8 degrees and has a

value of 4.1mm

information of the two measurement devices to each other.

2.2.2 Data Accuracy

In the present set-up, we collected data from four devices and performed two types
of anthropological measurement. Studying data from these sources, we found that it
was important to know their accuracy. The accuracy of these data should be taken
into account in sections on results, conclusions and discussions.

In this subsection, we discuss the limitations to the data-set. The emphasis is
mainly on the kinematic data.

The first part of the data-set contains the anthropological measures. All anthropo-
logical measures were performed by one researcher such that there was no inter-tester
variability. From Van Gheluwe et al. [201, 2002], it followed that inter-tester variability
yields a higher error than intra-tester variability. So, one tester measures repeatedly
and accurately, but measurements of different testers are not easily comparable.
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The second part of the data-set contains the average locomotion velocity registered
by the infrared gates and the electronic timing device. The electronic timing device
measured time accurate up to a millisecond. The distance between the infrared gates
was measured as 3m46.

A time measurement in ms, t, is converted into its mean velocity, v, by the following
calculation

v =
3.46

t
1000 m/s. (2.9)

This equation reveals that measurement errors in the distance between the gates are
time dependent and decrease if the measurement time increases. Furthermore, it
follows that measurement errors in timing are also time dependent and decrease with
measurement time.

We assumed that we determined the length between the gates within a measure-
ment accuracy of 2cm and the measured time with an accuracy of 2ms. The maximum
velocity difference due to measurement inaccuracy is

V MA = ±0.01m/s, (2.10)

where V MA means Velocity Measurement Accuracy and where for t all values stored
in the database were used. Therefore, V MA is the average measurement accuracy of
all trials with a standard deviation of 0.007 m/s.

The third part of the data-set contains the force plate data. In the previous subsec-
tion, we described the consequence of an A/D convertor on the accuracy of the force
signal. According to Kistler (from their manufactures manual), the error made during
force plate measurement and amplifying the force signals is within three percent of
the signal value at every measurement time point.

The fourth part of the data-set contains the pressure distribution data. Timing
issues such as internal clock consistency and accuracy were already checked in com-
parison to MAS. A few issues remained: (1) accuracy and consistency of the pressure
sensors, (2) accurate determination of the stance phase.

The pressure sensors themselves were continually calibrated during a measurement
trial, see Section 2.1.2. However, this calibration is not done on an individual sensor,
but on the sensors as a whole. We had no information about the sensor to sensor
accuracy. The main question was wether all sensors measure pressure in the same
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way, or wether sensors behave differently according to location. The manufacturer
performs tests to establish a uniform measuring sensor array. However, in the tests
we performed with the wooden block (see the previous subsection), we registered a
diversity of non-uniform pressure distributions. Manufacturer tests would predict a
uniform pressure distribution. Some explanations why we did not measure uniform
pressure distributions are:

1. The wooden block did not have a completely flat surface;

2. The pressure plate is not completely flat;

3. The polymer on top of the plate did not have a uniform thickness;

4. The PPPS is not capable to register quasi-static pressure distributions accu-
rately;

5. Sensors do not measure pressure data uniformly.

At the moment, we are not able to asses this aspect of the accuracy of pressure data.
As for the accuracy of determining the stance phase, the Footscan software appli-

cation version 6.3.42. uses an algorithm to isolate the stance phase. A user has acces
only to the stance phase as determined by this algorithm. An alternative is offered
by the force plate signal that is exported from the measurement screen (see Appendix
B) and can be assessed during the complete measurement time. Because an 8bit A/D
convertor and a measurement frequency of 500Hz was used by the 3D-box, it is likely
that the algorithm does not produce an accurate enough stance phase. Therefore, we
compared the isolation of the stance phase by the Footscan software with the golden
standard using the force plate data registered by MAS with a sixteen bit A/D conver-
tor. To isolate the stance phase from MAS force plate data the following algorithm
was used:

1. From the signal noise, the mean and three-times standard deviation were calcu-
lated.

2. The signal was corrected such that the average of the noise equaled zero.

3. Values above 100N were found. The first value in the signal above 100N and the
last value above 100N were used as initial points.
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4. From both initial points, the algorithm calculated backwards in time to the first
time point that was underneath three standard deviations, and the algorithm
calculated forward in time to the first time point that was underneath three
standard deviations The points prior to these events were taken to be the start
and end time point of the stance phase.

Figure 2.12 illustrates the difference in both begin and end time points of the third
session type (walking/fast walking/running). All individuals for which all trials could
be retained were used in this analysis. This entails a comparison of 170 trials for all
three conditions. From this figure, we conclude:

1. Only little differences are found between the measurement conditions. The
footscan algorithm is accurate in determining the stance phase;

2. The begin time point is determined accurately taking into account that the
lowest measurement frequency is 250HZ;

3. The begin time point is determined more accurately than the end time point.

The above results indicate that the three different measurement conditions do not ne-
cessitate a different time handling of the data. Also, a time interval that starts at the
beginning of contact has no significant loss of data due to the algorithm employed by
the PPPS software application. A time interval that contains the end of foot contact
may lead to loss of pressure data due to the employed algorithm. However, the im-
pact of this data loss on results is dependent on the studied phenomena and therefore
should be assessed for every situation separately.

The fifth part of the data-set contains the kinematic data from MAS. We studied
the quality of this data set by performing two dynamic tests. Both tests involved
checking the position of markers with respect to each other knowing that the markers
were attached to a rigid structure and therefore should be at fixed distances of each
other.

The first test was performed at the beginning of a measurement day (the same
days as the spacial alignment tests were performed) and consisted out of six trials
with a hand-like object, see Figure 2.13. With this object, the global foot motion
during foot-to-ground contact was simulated, both three times for a right foot and
three times for a left foot. The hand-like object had thirteen markers attached to it.
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Figure 2.12 Differences in begin and end time points. The left-hand side, (a) and

(c), depicts the difference in begin time point. The right hand side, (b) and (d),

depicts the differences in end time point. The upper half uses a millisecond scale

as value for these differences and the lower half uses percentage of stance duration

as value for these differences. The conditions are expressed such that walking is

depicted by the color blue, fast walking by the color green, and running by red
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Figure 2.13 The hand-like object during a simulation of a right foot unroll.

Thus 78 combinations of two markers and therefore 78 distances should remain equal
during measurement time. To investigate the extent to which MAS considered a rigid
structure as being rigid, all simulation data were combined to one simulation of about
37 seconds. In Figure 2.14, we have depicted distance differences of the 90 percent con-
fidence interval of pairs of markers. Since the marker distance data was not normally
distributed, tested with the Lilliefors test at a significance level of 5%, a 90 percent
confidence interval was used instead of an interval based on standard deviations. In
the remainder of this study, we use the relationship, as depicted in Figure 2.14, to help
distinguish between the motion of markers and possible measurement inaccuracies in
motion patterns. For example, in studying the distance between the first and fifth
metatarsal head marker, we neglect trends in distance changes during a chosen time
interval, because they were smaller than the 90% range interval for marker pairs of
that specific length.
Errors that occur in determining marker positions by MAS reflect on the calculation

of segmental orientation in space. To study these errors, we again use the hand-like
object. Angles were calculated from two vectors constructed from markers on the ob-
ject. The top marker (at the root of the hand) was always included in the calculations.
First, we looked at angles in the smallest possible triangle of this object. This triangle
has the following 90% confidence intervals for the range of its three angles: 1.9 degrees,
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Figure 2.14 the relationship between distance between two ’fixed’ markers and

the 90% confidence interval describing distance changes

2.2 degrees, and 1.2 degrees. The respective average angles were 54.8 degrees, 91.3
degrees, and 33.9 degrees.

Since these angles were calculated using the cosine rule, characteristics of cosine
influence angle calculations. This means that error calculations are stable in the
neigbourhoud of 90 degrees and unstable in the neigbourhoud of zero degrees.

The characteristics of cosine do not explain the previously mentioned error ranges.
The angle closest to 90 degrees has the largest error range. Another mechanism must
be present. We put forward the following hypothesis: based on the discrete grid used
by every camera to determine marker position, and given two vectors, the smaller the
length of the shortest vector, the greater the error range becomes.

To test this hypotheses, we calculated the 90% confidence interval for the angle
range in three cases. Calculations for the first case are already carried out, namely the
case where the top marker and the two closest markers are taken. They have a mean
angle of 91.3 degrees with a 90% confidence interval of 2.2 degrees. We follow the paths
from the top marker to the two closest markers down the hand-like object such that
we arrive at markers that are on the same ’finger’. The second case considers the top
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marker and two markers on the ’midhand’ and the third case considers the top marker
and two markers at the distal digits. These cases resulted in an average angle of 89.8
degrees with 90% confidence interval for the error range of .3 degrees and .2 degrees
respectively. In the three cases, the length of the vectors are 20.4mm and 31.2mm,
100.3mm and 109.8mm, and 201.7mm and 225.9mm, respectively. Although, we did
not prove the hypothesis, we regard the findings as a trustworthy explanation of the
phenomenon. In turn, this information will be used in the calculation of orientation
as described in Section 2.2.5.

In studying the errors in segmental orientation, we looked also at the measurements
themselves. In the marker set-up, we always used the hallux marker plates. These
plates have a rigid structure with three markers attached to it. In the second test,
we used these three markers and calculated again the 90% confidence interval of the
angle determined by the two longest vectors, which have a length of 23.7mm and
33.8mm. From the data, we obtained an average angle of 43.6 degrees. Moreover,
with the experimental measurement data, we were able to distinguish errors for all
three locomotion velocities, and for left or right feet. Figure 2.15 shows the different
error ranges. We used data from the walking, fast walking and running sessions, to
distinguish between errors due to different locomotion velocities, and we used data
from the walking sessions to distinguish between left and right.

In Figure 2.15, we did not depict four trials that showed an error range greater
than 2 degrees (the greatest is a 3 degree range).

These calculated 90% confidence intervals left us to conclude that with increasing
velocity the error becomes greater although not spectacular. In 96.4%, 95.7% and
80% of the cases the error range is less than 1.2◦ for the walking, the fast walking and
the running condition respectively. So, even for the running condition a 1.2◦ range, as
found in the first test, is still accurate for 80% of the cases. Corresponding percentages
for the left and right walking trials were 92.2% and 96.9%. This emphasises that left
and right feet were measured with the same accuracy.

The conclusion from the test with the hand-like object and from the hallux exper-
imental data is that the kinematic data were obtained with high accuracy, and that
we are able to distinguish stable motion characteristics from the measurement data.
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Figure 2.15 The distribution of the 90% confidence intervals of the error range.

In the upper half of the figure, we depict trials from all three locomotion conditions.

In the lower half of this figure, we depict the trials from the walking session split up

into trials of the left and the right foot.
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2.2.3 Filtering and Interpolation

In a study by Giakas and Baltzopoulos [71, 1997], different filtering an interpolation
routines were studied for displacements, velocities, and acceleration of biomechanical
walking data. They discussed the performance of six methods and concluded that
there were three methods most appropriate for the given biomechanical walking data:
the power spectrum assessment method [46], the generalised cross validation spline
method [216], and the least squares cubic splines method [187].

In our study, the least squares cubic splines method was chosen for two reasons:
(1) there is no difference in performance compared to the other two methods, and (2)
this method is available in the Matlab environment.

2.2.4 Description of Foot Phases

Since the foot performs different functions during contact, the stance phase of both
walking and running should be partitioned into four smaller phases. At the start of
the stance phase, the foot acts as a shock absorber, then it is a stable almost non
moving object and finally the foot acts as a propulsion device propelling the body
into the direction of progression. In literature, all kinds of partitions of the stance
phase are described ([163] and [210]). Most of the descriptions are based on a specific
locomotion mode such as walking and running, or for a specific patient population
such as cerebral palsy. The time points of the events determining start and end of
these different phases are generally determined on the bases of kinematic information,
not in the least using kinematic information of the contra lateral limb. As commended
on by De Cock et al. [48, 2005], it is impossible to use kinematic information of the
contra lateral limb to determine foot phases in running since a double support phase is
not present. To be able to compare our three locomotion modes in our study, walking,
fast walking, and running, we propose to use the same criteria for all these locomotion
modes to partition the stance phase.

Instead of using kinematic information for the definition of events, we employed
the use of plantar pressure distribution only. First, we must return to the central
research questions stating: ”find foot motion characteristics that can be measured by
using a pressure plate system only”. The definition of foot events and foot phases
are foot motion characteristics. Thus, the use of these events and phases adds a
new dimension to the study of plantar pressure foot motion characteristics. Second,
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all events are described in terms of foot structures that are contacting or leaving the
ground. A pressure plate gives the opportunity to measure foot structures in a specific
and most direct way. All combined, it is logical to use plantar pressure distribution
data to define key events of the stance phase.

We took the same foot events as in De Cock et al. [48]. In turn, they based their
choice of events on the work of Winter [213] and Blanc et al. [20] Although, we use
the same events as proposed by De Cock and her co-workers, we determined these foot
events in a completely different way. De Cock et al. used a semi-automated method
that placed eight sub-areas over seven anatomical structures (the medial and lateral
heel, the metatarsal heads and the hallux) in the peak pressure footprint. The on-set
and off-set times of these sub-areas (heel areas: 22.9mm by 15.2mm; metatarsal and
hallux: 15.2mm by 10.2mm) were used to determine the events. Five events are used:

1. First Foot Contact (FFC): the first time point at which contact between foot
and ground is established;

2. First Metatarsal Contact (FMC): the first time point at which contact
between a metatarsal head and the ground is established;

3. Fore Foot Flat (FFF): the first time point at which contact between all

metatarsal heads and the ground is established;

4. Heel Off (HO): the first time point at which the heel is no longer in contact
with the ground;

5. Last Foot Contact (LFC): the last time point at which the foot is still in
contact with the ground.

Illustrations of these events are presented in Figure 2.16.
We determine these key events differently.
For the first and the fifth event, we used the three times standard deviation criteria

on the force plate signal as prescribed in Section 2.2.2. Results of De Cock and her
co-workers and our results were both based on the same type of pressure plate. It was
shown that FFC is the same for their method and ours. The time point of LFC can
be different between the methods, as is already explained in Section 2.2.2.

For determining the HO event, we consider the foot as divided in a rearfoot
area(heel area), midfoot area, and forefoot area. The HO is defined to be the time
point at which there is no more pressure in the heel area.
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Figure 2.16 From top to bottom the events First Foot Contact, First Metatarsal

Contact, Fore Foot Flat, Heel Off, and Last Foot Contact are depicted cinemato-

graphically and by the plantar pressure distribution
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For determining FMC and FFF, we need to know the positions of the metatarsal
heads. In Section 2.2.6, the division of the pressure distribution into elven areas is
discussed. The forefoot area was divided into five areas all containing one metatarsal.
Pressure-time curves can be obtained from the five metatarsal areas. The onset and
offset time points of pressure curves in these areas are directly used to determine FMC
and FFF.

With the use of these five events described above, the foot phases are determined
for a heel-to-toe foot unroll. In case of walking and fast walking, this type of unroll
was performed by all individuals, in contrast to running. In Cavanagh and Lafortune
[29, 1980], it was already observed that during running some individuals first contact
the ground with their forefoot, a combination of forefoot and midfoot, or with the
foot as a whole. In case of initial contact with forefoot or combined forefoot and
midfoot, there are discrepancies in heel contact. Some individuals still show a heel
contact phase where others show no such phase. In our data-set, all these foot motion
patterns are present during running. In this thesis, we used only the running trials
with a heel-to-toe motion pattern.

Conclusively, in this thesis we require the following phases of foot contact:

1. Initial Contact Phase (ICP): from FFC till FMC;

2. Forefoot Contact Phase (FFCP): from FMC till FFF;

3. Foot Flat Phase (FFP): from FFF till HO;

4. Forefoot Push Off Phase (FFPOP): from HO till LFC.

2.2.5 Local Reference Frames and Orientation

With our choice of marker set-up, four segments are defined: the rearfoot, the lateral
midfoot, the medial midfoot, and the hallux. From the markers within every segment,
a local reference frame is constructed. The static trial was used to determine the initial
orientation of the LRFs of these segments.

The reason not to directly use marker positions to determine initial orientation is
the inherent inaccuracy in placing markers at most anatomical landmarks. In case
of the metatarsal head markers, it is our experience that the anatomical structures
are well defined and small in size and therefore marker placement should be accurate.
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However, in case of the markers attached to the heel (directly or with a marker plate)
these landmarks are also well defined but not small in size. The later makes accurate
repeatable placement very hard.

For the four segments, we now describe the local reference frame, initial orienta-
tion, and the calculation of orientation.

The rearfoot segment
Four markers are attached to the heel (two proximally, one lateral, and one medial).
A number of possibilities exists for the definition of a local reference frame for the
rearfoot segment. For instance, every combination of three markers can be used to
define a plane. This plane is expressed by two vectors of the six vectors that can be
constructed from these markers. The outer product of the chosen two vectors would
give the third orthogonal vector. Together, these three vectors define a local reference
frame.

Therefore, we are able to chose from four planes with twelve combinations of vector
pairs to describe the plane. In total, 48 local reference frames are possible with the
scheme proposed above. The errors in a construction of a local reference frame in this
manner are discussed in Section 2.2.2. From this section, it follows that all mirrored
local reference frames have the same error. Therefore, our choice is limited to twelve
possible reference frames. Furthermore, the conclusions of this section point out that
only one choice is optimal: the local reference frames that is constructed from the two
largest vectors is susceptive to the smallest errors in orientation. We choose this local
reference frame for the rearfoot.

To express the orientation of the rearfoot segment, a relationship between anatom-
ical meaningful axes and the LRF of the segment must be known. Previously, we
discussed the use of markers placed at anatomical landmarks to achieve such a rela-
tionship. However, we used arguments with respect to minimizing errors in determin-
ing the LRF. A consequence is the loss of any relationship between the rearfoot LRF
and the anatomical axes of the rearfoot. An initial orientation is introduced to over-
come this problem. From the marker data during the static trial, a vector is defined:
from the middle between the lateral and medial heel marker to the marker between
the second and third metatarsal head. This vector is projected on the z = 0 plane
of the global reference frame and taken to be the proximal-distal axis of the segment.
In the z = 0 plane, a vector is constructed perpendicular to the proximal-distal axis
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with a positive x-component in the global reference frame. This vector is the medial-
lateral axis. In conclusion, the initial orientation consists of the proximal-distal axis
(or length axis of the foot), the medial-lateral axis, and the z-axis of the global refer-
ence frame. Naturally, the relationship with the LRF of the rearfoot is the rotation
matrix between the initial orientation and the rearfoot LRF calculated with marker
data from the static trial. The expression of the orientation is always in the initial
orientation of a segment.

Besides the above initial orientation for the rearfoot, we constructed a second initial
orientation. This new reference frame is almost similar to the previous one. Only the
definition of the medial-lateral axis is extended with a z-component. The difference
between the z-components of the lateral and the medial calcaneus marker in the static
trial are used to define the z-component of medial-lateral axis. The third axis directly
follows from the outer product between the medial-lateral axis and the proximal-distal
axis. Since this axis has a positive medial-lateral x-component, the difference for a
right rearfoot segment is defined as the z-component of the lateral calcaneal marker
with the z-component of the medial calcaneal marker subtracted from it. In case of a
left rearfoot segment the order of the markers is reversed.

For the rearfoot segment, three angles in the Cardan representation are used to
express the orientation of the rearfoot with respect to the laboratory reference frame.
The angles are related to calcaneal inversion/eversion (CIE), calcaneal plantar flex-
ion/dorsiflexion (CPD), and calcaneal abduction/adduction (CAA). It follows from
the Cardan representation of orientation that six rotation sequences are possible. We
have to choose one that is the most relevant. From an anatomical and historical per-
spective, the common motion description of the calcaneus is chosen: first CAA, second
CPD, and third CIE. In the 2D studies of rearfoot orientation ([152]), only the CIE
angle is expressed. Within these studies the researchers always look at projections of
heel markers on a frontal plane. In this frontal plane the angle between the projected
markers and a LRF of the plane is determined to express calcaneal inversion/eversion.
With the present sequence choice, we also calculate the calcaneal inversion/eversion
in such a frontal plane. Even beter, the frontal plane used coincides with the frontal
plane of the foot due to definition of the length axis in the initial orientation. This is
beter than in the case of the 2D studies since they mostly used a frontal plane perpen-
dicular to the direction of progression. We are aware of at least one 3D study that uses
the same angle definition to express CIE, namely Van Gheluwe et al. [204, 1995], but
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through a different calculation method. Other 3D studies are hard to find since most
of the 3D studies that have kinematic foot data, express the orientation of the foot
with respect to the shank ([5], [26],[98], [97], [42], [115], [38], [150], [166], and [79]). A
second argument for the use of this rotation sequence is that CAA from MAS data is
the same as the abduction/adduction angle used to express foot position in plantar
pressure measurement systems. The two remarks above enable the comparison of our
orientation data with previously performed research using a pressure plate system only.

The metatarsal segments
Two metatarsal segments are constructed using the five markers attached to the
metatarsal structures. The first segment is called the Medial MidFoot (MMF) seg-
ment and it uses the two markers attached to the first metatarsal head and the marker
attached between the heads of metatarsal two and three to track its motion during a
dynamic trial. The second segment is called the Lateral MidFoot (LMF) and used the
two markers attached to the fifth metatarsal head and the marker attached between
the heads of metatarsal two and three to track its motion during a dynamic trial.
The construction of these tracking frames was again according to the directions that
followed from Section 2.2.2.

The initial orientation for these two segments is defined in a similar fashion. The
proximal-distal axis of both midfoot segments is defined by the two pairs of markers
that are on a metatarsal (metatarsal one and five). The medial-lateral axis is again
defined such that the x-component is positive. Also, this axis has a zero z-component
and is perpendicular to the proximal-distal axis. With these restrictions, the medial-
lateral axis is uniquely determined. The third axis follows directly from the outer
product between the medial-lateral axis and the proximal-distal axis.

For these metatarsal segments, the three angles of the Joint Coordinate System
(JCS, Grood and Suntay [74, 1983], and Cole et al. [39, 1993]) are used to express
the orientation of the these segments with respect to second initial orientation of the
calcaneus (CAL2).

The hallux segment
The hallux segment is constructed with the tree markers attached to the hallux marker
plates to track its motion during a dynamic trial. The construction of this tracking
frame is in accordance with directions from Section 2.2.2.
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The initial orientation for this segment (Hal) is defined by the proximal and the
distal hallux marker. Analogue to the midfoot segments, the proximal-distal axis
is defined by these markers and the medial-lateral axis by calculating the vector that
has a positive x-component, a zero z-component, and is perpendicular to the proximal-
distal axis. The third axis follows again by calculating the outer product between the
previous axes.

The orientations of the hallux segment is expressed as three angles of the Joint
Coordinate System (Grood and Suntay [74, 1983], and Cole et al. [39, 1993]) with
respect to MMF.

2.2.6 Pressure Distribution Division and Derived Physical Quan-

tities

In Section 1.2, we discussed the masking of plantar pressure distributions and the phys-
ical quantities derived from the plantar pressure measurement. In this subsection, we
discuss the specific mask used in this research project and the physical quantities de-
rived with this mask.

In Section 1.2, we noted the lack of information about methodology used to define
masks. In literature, both automated masking and manual masking strategies are
employed. Today, most pressure measurement systems allow a combination of both
strategies using the automated masking as a starting point for a manual follow up.

There are a few exceptions in this lack of foot division methodology. In a paper
by Canavagh and Rodgers [27, 1987], they described the anterior-posterior division of
the foot according to a fix ratio of 1

3 − 1
3 − 1

3 from the heel to the highest point in
the forefoot neglecting the toes. Another example is the paper of Speksnijder et al.
[189, 2005], in which they mention a anterior-posterior and medial-lateral division of
the foot according to certain ratio’s, see Figure 2.17.A. Finally, in a paper by Burns,
[24]; 2004, a posterior-anterior division was made based of anatomical measurements.
Burns measured foot skeletons and divided the foot into a rearfoot area of 31%, a
midfoot area of 19%, and a forefoot area (containing metatarsal heads and toes) of
50% relative to foot length, see Figure 2.17.B.

In our mask we define a medial and lateral rearfoot area containing the heel only,
a medial and lateral midfoot area, five metatarsal areas, a hallux area, and a lesser
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Figure 2.17 Examples of foot masks methodology. In (A), the mask as defined by

Speksnijder et al. [189]. In (B), the mask as defined by Burns [24]. Both illustrations

are depicted with permission.



76 2. Methodology

toe area, see Figure 2.18.

First, we use the posterior-anterior ratio division as constructed by Burns. From
private correspondence with Burns, we found out that the pressure data used for
his division was the maximum pressure distribution. He mentioned that foot length
was calculated using only the anterior-posterior direction of his pressure system, an
insole system. Using an insole system the length of the foot is not subjected to the
abduction/adduction position of the foot with respect to the line of progression. In
our case, we used a pressure plate system such that foot length is subjective to foot
position on the plate. Nevertheless, we used vertical lines in the local coordinate
system of the pressure plate systeem to define rearfoot, midfoot, and forefoot. The
rational is that the influence of the sensor area defined by vertical lines with respect
to lines perpendicular to the foot axis are limited. If we assume that such a vertical
line is determined with an accuracy of two length sensors, the foot position influence is
maximal with the person having the largest feet width. In our population this width
was about 11cm. Thus the abduction/abduction angle of the foot with respect to the
line of progression should be over 8◦ in absolute terms. Although, values above 8◦

are present in our population, the influence hardly goes beyond a few sensors that
are present in the edge of each area. We will return to this topic when we discuss
medial-lateral division of the foot area.

Another problem of using a pressure plate instead of an insole system is the rolling
motion of the heel at the start of foot-to-ground contact and the rolling of the hallux
at the end of contact. Both phenomena enlarge the pressure distribution pattern. If
the maximum value of every sensor over contact time is taken to form the maximum
pressure image and the division is constructed based on this enlarged foot imprint
then the length of the foot can be overestimated with as much as five length sensors,
or 3.8cm. We did correct for this problem by taken the dynamic pressure distribution
instead of the maximum pressure image and using a time interval where the pres-
sure distribution contains a large number of active sensors. More details are found in
the Matlab application Foot Area Division v4, which is described in the Appendix
B.4.2.

Second, we calculated a foot axis based on three different methods using the max-
imum pressure image. The first method was a geometric inertial axis method applied
the whole foot, the second was a geometric inertial axis method applied to the rearfoot
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Figure 2.18 Foot mask used in our research. In these four images, we depict from

bottom to top an example of a trial that was automatically and correctly masked,

an example of a trial where a left foot was assumed while it was a right foot, an

example of a trial where the hallux area was chosen incorrectly, and an example of

a trial where the toe area was chosen incorrectly.
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and the forefoot separately, and the third was a CoP method applied to the rearfoot
and the forefoot. The orientation of axes from all methods were compared to the axis
defined by the line through the middle of the lateral and medial heel marker and the
marker between metatarsal heads two and three. We choose this foot axis based on
the fact that most individuals show a central push of sequence of the metatarsal heads,
see De Cock et al. [48, 2005]. Thus leaving the ground with metatarsal heads two
and three. The axis from MAS data is taken to be the golden standaard because this
axis comes from a direct measurement. The results of these comparisons are found
in Appendix B.7. We used the direction of the foot axis to define the medial-lateral
division of the rearfoot area and the medial-lateral division of the midfoot area. We
also used this direction in defining the direction of the anterior-posterior lines used in
dividing the forefoot into five metatarsal areas.

Third, we divided the forefoot in a toe area and a metatarsal area. Two distinct
edge detecting algorithms were developed to accomplish this task. The first algorithm
scans the foot in the length direction starting from the toes. It provides an initial
condition for the second algorithm that predominantly scans in the medial-lateral di-
rection of the foot. Another initial condition for the second algorithm is the knowledge
wether the pressure measurement originates from a left or right foot. A simple crite-
rion was developed to verify this: the number of active sensors in the y-direction of
the forefoot area were counted and divided in to two groups. The two groups were
constructed such that the forefoot area was divided into two equal parts with respect
to the width of the foot. The criterion was that the group with most active sensors
in the y-direction contained the hallux and therefore it was known if it was a left or
right foot. An obvious assumption is the presence of a hallux and the less obvious
assumption is an asymmetry in forefoot anatomy.

Fourth, the toe area is further divided into an area containing the hallux and
an area containing the remaining toes. The algorithm responsible for this division
primarily uses a medial-lateral scanning technique after summing the values along the
y-direction of the local pressure measurement reference system.

Fifth, the metatarsal area was divided into five areas that should contain the five
metatarsal heads. As mentioned before the anterior-posterior lines in this area have
the same direction as the foot-axis. The areas were constructed based on ratios with
respect to the width of the foot expressed along an axis perpendicular to the foot axis.
The following ration scale was used: [.35 .1533 .1533 .1533 .19], where the first entry
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Table 2.2 Errors in dividing the foot into subareas. The errors related to the

determination of toe areas, hallux areas, and if feet were left or right are expressed

in this table.

Condition Toe area Hallux area Left or Right Foot

Walking 3.2% 0.5% 0.4%
Running 3.7% 0.0% 0.1%

Combined 3.3% 0.5% 0.5%

refers to the first metatarsal area and so on. Two researchers both experienced in
manually dividing plantar pressure distribution data studied the effects of this ratio
division in the walking session group and concluded that the division was very close
to their manual division.

As further validation, the errors made by the different algorithms were verified for
the complete population of 126 individuals. We looked for errors in determining the
toe area within the forefoot area, in determining the hallux area, and in determining
if feet were right or left. The fast walking trials were counted as walking trials. The
overall results of this analysis is found in Table 2.2. The overall result indicates a
succes rate of 95.7% in dividing feet according to the chosen mask.

In combination with these division algorithms, we implemented two applications
able to extract information from the different subareas. The first application was
implemented to extract the CoP path from any given pressure distribution. The
second application focusses more on local physical quantities. It extracts from a given
area at every time point the total pressure, total force, number of active sensors, the
location of the highest pressure sensor, and the value of the highest pressure sensor.
Using these quantities, we are able to calculate all the physical quantities discussed in
Section 1.2.

2.3 Summary of Methodology

In this chapter, we introduced the methodology used for our study. In this final section,
we summarise the main topics. Our integrated set-up consists out of a force platform,
a pressure plate, a motion analysis system, and a mean velocity measurement device.



80 2. Methodology

Besides the latter, all measurement devices are coupled. The following steps were
taken to assure accuracy and quality of data:

• Synchronisation of force, pressure and motion data.

In both MAS and PPPS, force platform data was registered. This data was
used to establish accuracy of synchronisation. A signal correlation measure was
introduced. The sensitivity of this measure was studied and it was concluded to
be sufficiently sensitive to detect delay and frequency differences between both
force signals. With this measure, we established that the synchronisation was
within measurement accuracy.

• Alignment of pressure and motion data.

The local reference frames of these two systems were aligned using a wooden
block. The block was placed on top of the pressure plate at a number of locations.
The centre of the block was determined in both systems. Using all centres, the
rotation and translation needed to go from one local reference frame to the other
was calculated. This process was repeated at the beginning of all measurement
days.

• Accuracy of motion data.

We determined the accuracy of motion data using a control object containing
a multitude of markers. The distance between markers and the angle between
them were assessed. The outcome will be used for the interpretation of results.

• Accuracy of pressure data.

The accuracy of pressure data could not be assessed with respect to individual
sensor values, because the appropriate devices to perform this analysis were not
available.

• Filtering and interpolation.

In our study, we use the least square cubic splines method.

• Foot phases and events.

In our study, we use the same definition of phases and events as suggested by
de Cock et al., [48, 2005]. However, we determined the phases and events in a
slightly different way. In the study by de Cock et al, A local mask was used
while we use a complete mask of the foot divided into eleven subareas.



81

Chapter 3

Rearfoot Motion

Simulated Heel Motion from Pressure Plate

Measurements

3.1 Introduction

In the seventies and eighties of the last century, extensive studies on the lower extrem-
ity have been carried out based on measurements of two-dimensional nature obtained
from high-speed cinematography (McClay et al.[131]). From these studies, it has been
concluded that excessive subtalar pronation is linked to running-related injuries, and
that the eversion of the calcaneus is a reliable predictor of the amount of pronation
(Nigg [152], Van Gheluwe et al. [202]). Nowadays, the analysis of the rearfoot is per-
formed using a three-dimensional approach. However, improving the approach from
two-dimensional to three-dimensional did not alter the conclusion that excessive sub-
talar pronation is linked to running-related injuries (Lundberg [125]). In this chapter,
instead of analysing the motion of the rearfoot by means of cinematography, a pressure
plate system is used. In the case of cinematography, there is a direct link between the
temporal measurements and the motion of the calcaneus. In the case of a pressure
measurement system, there is no such link since not the motion itself is measured but
the temporal pressure distribution resulting from the motion. Therefore, additionally,
a mechanical model is needed that links these pressure distribution measurements to
calcaneal motion. Furthermore, the motion of the calcaneus can be described only
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when heel and plate are in contact with each other. This is a limitation of the use of
a pressure measurement system, but luckily the motion of interest, excessive subtalar
pronation, takes place during heel-ground contact. The mechanical model mentioned
above, uses the pressure distribution as input to the model. The pressure distribution,
at each measurement time point, is used to compute the temporal path of the centre
of pressure (CoP). This temporal path is the basis of our mechanical model, since
we describe the motion mechanically as the rolling of the rigid calcaneus over a rigid
plate, where the CoP at each instance is the contact point. Thus, while the input to
the model is the temporal pressure distribution, the output of the model is the motion
of the calcaneus in the three cardinal planes with respect to a fixed reference frame.

Because of the used input, a mathematical tool has been developed that relates
input to desired output. The approach taken to link plantar pressure distribution to
rearfoot kinematics differs from all other approaches so far. Models found in literature
either calculate foot kinematics on the basis of cinematography (([153], [8], [169], [54],
[13], [132], [170], [171], [192], [124], [127], [126])), or describe foot kinematics (and
kinetics) on a purely theoretical basis ([183], [143], [144], [38], [6], [7], [101], [182]).
There seems to be no literature available that uses pressure plate measurements as
direct input to a kinematical model.

Therefore, the purpose of this study is to simulate three-dimensional rearfoot kine-
matics during heel contact solely from pressure plate measurements. The benefits of
simulating rearfoot kinematics with the use of a pressure plate system are a reduction
in both measurement cost and measurement time, because no cinematographical data
recording is required. These benefits are best viewed within the clinical practice, where
there is a need for information about both rearfoot kinematics and pressure loading.
However, time is often so restricted that a full gait analysis cannot be performed.
Therefore, time and cost saving measurements provide a possible solution.

3.2 Model

3.2.1 Description of the Model

The mechanical model finds it basis in the following ideas: (1) it uses the measurements
from a pressure measurement system as input, (2) it contains mathematical equations
describing contact between heel and plate, and (3) it produces the temporal orientation
of the heel in terms of Cardan angles, see Figure 3.1.
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Figure 3.1 The calcaneus reference frame with respect to the plate reference
frame OE1E2E3. The angles φ1, φ2 and φ3 are the Cardan angles, and the
points S1, S2, S3 and A span the calcaneus reference frame.

In the first step, the heel in contact with the plate is considered a four-layer system:
the calcaneus on top, the soft tissues between calcaneus and plate and the elastic layer
of the plate in between, and the rigid layer of the plate at the bottom, see Figure
3.2 (a). Top and bottom layer are rigid, while intermediate layers are elastic. The
elastic layers transfer the forces exhibited by the calcaneus on the pressure plate into
a temporal pressure distribution over a finite contact area. At each measurement time
point, this pressure distribution is used to compute the temporal path of the centre of
pressure (CoP).

In the second step, the two intermediate layers are considered as one layer on top
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Figure 3.2 (a) the four-layer system, where the calcaneus is depicted in light grey

and the rigid layer of the plate is depicted in black. In (b) and (c), a graphical in-

terpretation of step two is given, where (b) and (c) are taken as different subsequent

time steps. The distance between point D and the Centre of Pressure is equal in

both (b) and (c). The light grey area within the elastic layer shows the influence of

this layer on the measured pressure distribution.

of the plate, see Figure 3.2 (b). This makes sense because the elastic properties of the
plate layer do not influence the pressure distribution measurement to the same extent
as the soft tissue layer does. In the third step, the influences of the elastic layer besides
from the obtained pressure distribution are neglected, thus obtaining a rigid contact
system. Assuming local concavity of the calcaneal surface, there exists a point on the
plate having minimum distance to the calcaneal surface, see Figure 3.2 (c). This point
is supposed to coincide with the computed CoP. Moreover, changes in this minimum
distance are assumed to be small in comparison to the global motion of the calcaneus.
Therefore, this distance is taken constant during heel contact.

The final problem is to calculate the orientation of a rigid body rolling over a rigid
plate when the contact points on the plate are known at discrete time points, see Fig-
ure 3.3. An implicit assumption for describing the motion as rolling motion is no spin
motion between heel and plate. In this section, we will discuss a rolling rigid body
with an arbitrary geometry, and thereafter the specific case of a spherical geometry.

Assumptions
In the model description part, a few assumptions are made to translate the rolling
motion of the heel over a pressure plate into the rolling rigid-body problem. Here, we
discuss the assumptions explicitly.



3.2. Model 85

Figure 3.3 A rigid sphere with a local coordinate system rolling over a rigid plate,

created by J. Gaublomme.

1. The calcaneus is assumed to be rigid.

This is a fair assumption because the calcaneus shows very little elastic defor-
mity. However, for young children, this assumption might not be valid since
the calcaneus is not completely ossified. At this age, it consists for the greater
part of more flexible cartilage tissue. In the population measured to validate
the mechanical model, no such young children (Hennig et al. [87], 1991) were
present.

2. The soft tissues that surround the calcaneus and that are in contact with the

plate are assumed homogeneous, isotropic and of uniform thickness

This assumption is necessary for the second modelling step where the soft tis-
sue clamped around the calcaneus was considered as a flat layer on top of the
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plate. However, it is not evident that this assumption holds. A violation against
this assumption has direct consequences for the relationship between CoP and
the lowest point on the calcaneal surface. In Figure 3.2 (c), the influence of a
non-isotropic heel fat pad with non-uniform thickness would shift the CoP path
medially if the heel fat pad is less elastic at the lateral and medial border of the
heel than it is in between these borders.

3. The calcaneal surface is locally convex.

With the term locally, we refer to that part of the surface of the calcaneus
that consists of the set of lowest points on the calcaneal surface during heel
contact. Anatomy learns us that the plantar side of the calcaneus has a medial
and lateral tuberculum. This would contradict the existence of a locally convex
surface. However, we have found no report in the literature that there may exist
a double hump in the pressure distribution of the heel. The heel contact area is
certainly large enough to contain both tuberculi. Therefore, we believe that two
factors cause the absence of a double hump. First, assumption 2 is only partly
valid such that the soft tissue around the tuberculi and the tuberculi themselves
form one functional unit, a functional heel bone. Second, the CoP-path of the
heel area shows little movement in the medio-lateral direction such that the CoP
is located predominately in the neigbourhood of only one of the tuberculi. The
first factor is difficult to validate, but it is the reason why we will speak about
heel motion instead of calcaneal motion. An illustration of the second factor is
found in Figure 3.4.

4. The temporal CoP path coincides with the path described by the projection onto

the plate of the lowest point of the calcaneus during motion.

This assumption is a direct consequence from the previous two assumptions.
Since some questions are raised with respect to these assumptions, we will pro-
pose a correction to the CoP path such that the projection of the lowest point of
the functional heel bone (see previous assumption) coincides with the corrected
CoP path. This proposition is found in Section 3.3.

5. The calcaneus performs no spin with respect to the axis normal to the plate.

Although this motion might occur, it would, for a finite contact area, be accom-
panied by slip, which is not very likely to occur. Moreover, a plantar pressure
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plate system is not able to detect it. Therefore, this assumption is necessary to
define a well-posed problem. In other words, the number of degrees of freedom
of what is measured must equal the number of what is simulated. On one hand,
the contact path on a plate is calculated on the basis of pressure distribution
measurements constituting two degrees of freedom. On the other hand, the func-
tional heel bone is a rigid body that generally has six degrees of freedom. In
the rolling rigid problem, the rigid object is constantly connected to a plate,
which reduces the degrees of freedom to three. Since there is no spin motion,
rotations about an axis perpendicular to the plate are not possible, meaning that
the number of degrees of freedom is reduced to two.

6. The distance of the lowest point of the calcaneus to the pressure plate is small

with respect to the overall motion of the calcaneus during heel contact.

A few studies discuss the deformation of the heel pad during walking (Gefen et
al. [66], 2001) and running (De Clercq et al. [36], 1994). These authors found
maximum deformations of 3.8-4.8mm in walking and 8.7-9.2mm in running. Us-
ing our database of measurements, we were able to match a subject in weight
and age to the ones used in the study by Gefen et al. ([66], 2001). This individ-
ual has a typical range of motion of 19-20mm for the z-components of the heel
markers. Therefore, the deformation is about 25% of the total range of motion.
Naturally, this is not small with respect to the motion of these z-components.
The range of motion of the y-components are typically around 30mm and the
range of motion of the x-components is around 5mm. Therefore, the change in
distance of the lowest point is not small with respect to the overall motion of
the calcaneus. The influence of the change in lowest point comes, besides from
its absolute motion, from the time frame in which it is present. In running, the
heel fat pad deforms rapidly. In about 12-15ms, it reaches its maximum and is
almost stable thereafter. In walking, deformations reach their maximum more
slowly, after about 25% of stance duration, and are not stable thereafter.

This does not directly lead to a violation of assumption 4, but might have an
influence on the geometry of the rolling rigid body.



88
3. Rearfoot Motion: Simulated Heel Motion from Pressure Plate

Measurements

3.2.2 Input - Model - Output

Essential in the model is the use of pressure plate measurements of the heel as input.
The model transfers these measurements to heel motion expressed in Cardan angles.
To be able to calculate these angles, a fixed laboratory reference frame and a local heel
reference frame are selected. Definition of the laboratory frame and construction of the
local heel reference frame are discussed in Section 2.2.5. In the next part of this section
on Model Equations, the local reference frame is determined from the kinematical
equation (3.4), which is a recurrence equation in time. It relates the motion of the
heel, calculated from a contact path that follows from a pressure distribution, to time
series, T(tk), of local reference frames. On the other hand the local heel reference
frame time series is expressed by using the chosen Cardan sequence of Section 2.2.5,
cf. Wittenburg [214, 1977, pp19-25].

T(tk) =




c2 c3 + s2 s1 s3 −c2 s3 + s2 s1 c3 s2 c1

c1 s3 c1 c3 −s1

−s2 c3 + c2 s1 s3 s2 s3 + c2 s1 c3 c2 c1


 , (3.1)

where ci = cos(φi(tk) ), si = sin(φi(tk) ), and i = 1, 2, 3. In this expression, φ1 is
the abduction/adduction angle, φ2 is the plantar flexion/dorsal flexion angle, and φ3

is the calcaneal inversion/eversion angle. Combining both the found expression of
T(tk) with (3.1) enables us to calculate the chosen Cardan angles. This calculation
can be performed in different ways, but it is made unique by restricting the angles
to the range [-180◦,180◦]. We use the following equations under the constraint that
cos(φ1(tk) ) > 0:

φ1(tk) = arcsin(−T2,3),

φ2(tk) = arccos
(

T3,3

cos(φ1(tk) )

)
= arcsin

(
T1,3

cos(φ1(tk) )

)
, (3.2)

φ3(tk) = arccos
(

T2,3

cos(φ1(tk) )

)
= arcsin

(
T2,1

cos(φ1(tk) )

)
,

where Tij refers to the ith row and jth column of the transformation matrix. For the
calculation of the angles, we adapted a Matlab code made available by Reinschmidt
(International Society of Biomechanics web pages), see Appendix C.2.
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3.2.3 Model Equations

In this section, we will describe the motion of the heel, more specifically, the motion
of the contact point of the heel with the plate. This contact point C traverses in
time a path on the plate surface. Since we assume that C coincides with the centre
of pressure CoP, this path of C is equal to the CoP-path we are looking for. We will
describe this motion in a backward direction, meaning that we follow the CoP-path
from a known final position backward to its initial position. In modelling this motion,
we make the fundamental assumption that the surface of the calcaneus can locally, i.e.
in the direct vicinity of the contact point, be approximated by the surface of a sphere.
Thus, we want to model the motion of the calcaneus as the motion of a rolling sphere
over a plane as depicted in Figure 3.3.

To this end, we introduce a local orthonormal reference frame {Ae1e2e3} attached
to the calcaneus, see Figure 3.1, or Figure 3.3. To describe the motion of this local
reference frame with respect to the fixed laboratory frame {OE1E2E3}, the positions
of four points A,S1, S2, S3 (A the origin, and S1, S2, S3 points on the three local axes,
see Figure 3.1) must be known at every measurement time point. The fundamental
law of kinematics can be used to calculate the positions of these four points at all
times t. This law states that the velocity of each material point P of a rigid body B
described by its position vector xP ≡ x(t) with respect to O, satisfies

v(t) = vA(t)+ω(t)× y(t) ,
(
v(t) = dx

dt

)
, (3.3)

where vA denotes the velocity of the specific point A ∈ B, ω denotes the angular
velocity of the rigid body B, and y = x−xA, the position vector of P with respect to
A. A backward discretisation in time of the equation: v = dx

dt yields

x(tk−1) = x(tk)−∆tv(tk) , (3.4)

where ∆t is the measurement time step, and tk = k∆t. Equation (3.3) applied at time
tk gives

v(tk) = vA(tk) + (ω(tk)× [x(tk)− xA(tk)]) . (3.5)

At this point, we assume that at time t = tk+1, and later, the whole motion of B is
known, and that for every P ∈ B its position x(tk) at time tk is determined from (3.4)
with k → k+1. So, in order that we can use (3.5) in (3.4) to determine the position of
P at time tk−1, we still need to determine the unknowns vA(tk) and ω(tk). For this,
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we first take for P the momentary (at t = tk) contact point C ∈ B, which, being the
material momentary contact point of the calcaneus with the plate, has zero velocity
(pure rolling, no slip). Then, (4.8) yields

vA(tk) = −(ω(tk)× [xC(tk)− xA(tk)]) . (3.6)

Here, and only at time tk, xC(tk) is also the position of the point C, the contact point
but now considered as a point of the plate. The contact point C traverses with a
certain, non-zero, velocity a path, the contact path, on the plate. Note that C and C

coincide at t = tk but not at t > tk or t < tk.
With (3.6), a relation between vA(tk) and ω(tk) has been established. What re-

mains to be done is the calculation of the angular velocity ω(tk) at time tk. This
calculation is performed with the use of differential geometry and results in the fol-
lowing statement:

Let a rigid body B be rolling over a rigid plate such that the point of contact between
the rigid body and the plate forms a smooth path in time: xC(t). Let at time tk the point
C have a velocity vC(tk) along this path, such that vC(tk) = (xC(tk)− xC(tk−1))/∆t

(recall that here C is a point on the plate). Then, the angular velocity of the rigid body
B at time tk is given by

ω(tk) = S|C (vC(tk)× n|C) , (3.7)

where S|C is the curvature tensor at point C of the surface of B, and n|C is the outward
normal in C on that surface.

A mathematical proof of this theorem can be found in Hagman, [59] 2001.

With the use of (3.5)-(3.7), the right-hand side of the recurrence relation (3.4)
is known completely, and we can now determine the new position at time tk−1 of
every point P ∈ B, so also for the material points A,S1,S2,S3. Therefore, having
determined, at arbitrary time t, the position vectors ~ASi = ySi(t) = siei(t), i = 1, 2, 3,
directed along the axes of the local reference frame, the orientation of this frame, rigidly
attached to the calcaneus, is known at every measurement time point tk. Here, si is
the fixed, constant, length |ySi | of ~ASi, the distance from Si to A. The associated unit
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vectors ei, with ei = ySi
/si for i = 1, 2, 3, are used to calculate the transformation

matrix T from its definition:

T(tk) = [e1; e2; e3] =
[
yS1(tk)

s1
;
yS2(tk)

s2
;
yS3(tk)

s3

]
. (3.8)

The matrix T is the representation of the transformation, or rotation, tensor T with
respect to the laboratory frame {OE1E2E3}, which describes the transformation,
rotation, from Ei to ei according to

ei(t) = T (t)Ei . (3.9)

The looked-for Cardan angles follow then by using the results of (3.8) in (3.1).
Still one problem remains; the geometry of the rolling object, the calcaneus, should

be determined. Assuming that in the neighbourhood of the contact point, and at time
tk, this geometry is a sphere with radius R (in general R = R(tk)), one can determine
in a straightforward manner the Cardan angles in the way as described above. In
doing this, it is used that now the curvature tensor S always equals the identity tensor
multiplied by R−1. Moreover, the normal vector is n = −E3. In the remainder of this
chapter, we shall always assume that, locally, the surface of the calcaneus coincides
with the surface of a sphere.
Let A, being in the centre of the sphere, at time tk have the position vector

xA(tk) = xA(tk)E1 + yA(tk)E2 + RE3 , (3.10)

then

xC(tk) = xC(tk)E1 + yC(tk)E2 = xA(tk)E1 + yA(tk)E2 , (3.11)

and

yC(tk) = −RE3 . (3.12)

Moreover, we have

vC(tk) = vA(tk) =
1

∆t
[(xA(tk)− xA(tk−1))E1 + (yA(tk)− yA(tk−1))E2] , (3.13)

by which (3.7) results in

ω(tk) = − 1
R

(vC(tk)×E3)

=
1

R∆t
[(−yA(tk) + yA(tk−1))E1 + (xA(tk)− xA(tk−1))E2] . (3.14)
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The above deduction relates the contact path (xC(t)) to the motion of a rolling
sphere (xA(t),ω(t)). A reciprocal relationship can be derived also. Starting from (3.4)
and using successively (3.5), and (3.10)-(3.15), we derive, for arbitrary P ∈ B,

x(tk−1)− x(tk) = ∆tv(tk) = −∆t(vA(tk) + (ω(tk)× y(tk)))

= ∆t(ω(tk)× yC(tk))−∆t(ω(tk)× y(tk))

= ∆t((vC(tk)×E3)×E3) +
∆t

R
((vC(tk)×E3)× y(tk))

= −∆tvC(tk) +
∆t

R
((vC(tk),y(tk))E3 − (y(tk),E3)vC(tk))

= −∆t

[
1 +

1
R

(y(tk),E3)
]
vC(tk) +

∆t

R
(vC(tk),y(tk))E3

=
[
1 +

1
R

(y(tk),E3)
]

(xC(tk−1)− xC(tk)) +

+
∆t

R
(vC(tk),y(tk))E3 , (3.15)

which can be rewritten as

1
R

(y(tk),E3)(xC(tk−1)−xC(tk)) =
∆t

R
(vC(tk),y(tk))E3−(y(tk−1)−y(tk)) .(3.16)

Let, compare with (3.9),

y(t) = T (t)Y , (3.17)

where Y is the position of P when ei coincides with Ei (the reference state), then
(3.16) transforms into

xC(tk−1) = xC(tk)−∆t
(vC(tk),y(tk))

(y(tk),E3)
E3 + R

(T (tk−1)− T (tk))Y
(T (tk)Y,E3)

. (3.18)

Taking the inner product of this equation with Eα, where α = 1, 2, we arrive at

(xC(tk−1),Eα) = (xC(tk),Eα) + R
((T (tk−1)− T (tk))Y,Eα)

(T (tk)Y,E3)
. (3.19)

We note that this equation holds for arbitrary P, so also when P is one of the points
Si on the axis Ei, i = 1, 2, 3. In the latter case, Y = siEi, and then (3.19) turns into

(xC(tk−1),Eα) = (xC(tk),Eα) + R
(Tαi(tk−1)− Tαi(tk))

T3α(tk)
, (3.20)

with α ∈ (1, 2) and i ∈ (1, 2, 3).
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3.3 Methods

To validate the output of the mechanical model, Cardan angles originating from the
model should be compared with the golden standard, i.e. Cardan angles originating
from MAS measurements. The sets of Cardan angles in this study are obtained from
measurements, starting from initial foot contact and ending at toe off. For the com-
parison between Cardan angles of the heel from PPPS and MAS, the time interval is
restricted from first foot contact to heel off. Naturally, it is not possible to ascertain
model curves after heel off since after this time point the heel is no longer registered by
PPPS. The two temporal events, first foot contact and heel off, were determined using
the force platform and pressure plate, respectively. The definitions of these temporal
events, and others, are discussed in detail in Section 2.2.4. The outline of the foot is
known from the pressure measurements. On the basis of these outlines, the foot is
divided into different areas among them a heel area, see Section 2.2.6 . The pressure
distribution of this heel area is used as the input to the mechanical model.

Measurement Methodology
The measurements were conducted using a 612 Vicon system with six M-cameras run-
ning at 250Hz. Furthermore, a 1.0m by 0.4m pressure plate system constructed by
RSscan International was used to measure the plantar food pressures at a frequency
of 500Hz (8192 sensors, 8bits, maximum value of 127N/sensor). Also, a 0.9m by 0.6m
force plate running at 1250Hz, constructed by Kistler, was used to dynamically cali-
brate the pressure plate. Finally, a 3D data box constructed by RSscan International
was used to synchronise all measurement devices.

Four markers were attached to the heel to track its motion. Predominately, we
used heel marker plates to which the four markers were attached. This was a problem
for small and narrow heels. In such a case, we attached isolated markers to the heel
such that they resembled the outline of the marker plates.

From the registered pressure distributions, the heel area was isolated and the areas’
pressure distribution was taken as input for the mechanical model.

Three measurement conditions were employed that all contained walking trials.
Walking trials of an individual were selected if at least three trials could be used for
analysis. In 83 out of a total of 125 individuals that participated in this study, their left
and right foot were measured at least 5 times and at most 10 times per foot. For the
remaining 42 individuals, 5 trials for the left foot were measured. The individuals had
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an average age of 25.7 years with a standard deviation of ± 11.9 years ([10y,72y]) and
an average weight of 68.9kg with a standard deviation of ± 14.9kg ([32kg,116.5kg]).
The population consists of 48 women and 77 man. The number of individuals not able
to wear marker plates was 22.

All other details about measurement methodology are found in Chapter 2.

Model Sensitivity and Parameter Correction
Pressure distribution of the heel area is an input parameter to the mechanical model.
From this heel area, CoP paths are calculated. After this, the function of input
parameter is taken up by the CoP path. It is evident that changes in the heel area
result in different CoP paths. Therefore, model sensitivity is in part a consequence of
the sensitivity of the CoP path to changes in heel area.

Another input of the mechanical model is the radius of the sphere. For all trials of
all individuals, we calculated the optimal radius such that the range of motion of the
plantar/dorsal flexion angle of the model and MAS curves were equal. Sensitivity of
the Cardan angles to changes in the radii of spheres was then calculated with respect
to group average.

After an optimal radius was found, we looked at possible corrections to the CoP
path as suggested in the assumption part of this chapter. We choose a linear correc-
tion with maximal influence at first foot contact and no influence at the end of the
chosen time interval. We calculated the optimal correction for all trials and studied
the sensitivity of this parameter with respect to the average of all corrections of all in-
dividuals’ trials. The magnitude of the correction was determined using the reciprocal
relationship between contact path and heel motion, see (3.20). The local heel reference
frames together with the optimal radius were used to construct a contact path from
MAS measurements. At first, the end point of this contact path was (0,0), because it
is not possible to generate valid coordinates within the pressure plate system on the
basis of a local reference frame from MAS. To be able to compare this contact path
with the CoP path from the pressure plate, a translation was performed such that the
final coordinates of the contact path were the same as the final coordinates of the CoP
path. The magnitude of correction was chosen to be the difference in x-component
between the first coordinates of both paths, see Figure 3.4. The correction was applied
in a linearly decreasing way from the starting point to the end point. This method
is called the begin-end point method. A second correction method, the regression
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method, employed the technique of linear regression to find the coefficients, a1 and a2

of the equation y = a1 x + a2, where y is a vector containing the differences between
the x-components of the CoP path and the contact path, and x is a vector of length N

such that x(k) = 1− (k − 1)/(N − 1), k = 1, . . . , N . So, the correction is still lineair,
but differs from the first method by using the complete CoP and contact path instead
of only their begin and end points. In Figure 3.4, an example is given of a CoP path,
a contact path, and consequences of applying both correction methods.

In the previous three paragraphs, we discussed testing model sensitivity with re-

Figure 3.4 An example of a contact path and a CoP path of one trial during

the initial contact phase. The solid line is the contact path calculated from MAS

measurements. The dotted line is the CoP path calculated from PPPS measure-

ments. The dashed line is the corrected CoP path after the begin-end point method

was applied. The dashed-dotted line is the corrected CoP path after the regression

method was applied.

spect to the input parameters CoP path and radius. Also, parameter correction was
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discussed in the form of corrections to the CoP path on the basis of a contact path
calculated from MAS measurements. The results of the latter two, radius sensitivity
and CoP corrections, are implicitly dependent on the time interval chosen. The time
intervals, we have selected range from as short as initial contact phase to as long as
heel contact phase. In total, we introduce eight additional time intervals. All time
intervals start at first foot contact while their end time points are determined by the
time points that divide the interval from first metatarsal contact till heel lift in nine
equal buckets. The selection of these ten intervals helps in assessing model sensitivity,
parameter corrections, and model validation in the time domain.

Validation Method
Cardan angles from MAS and PPPS were both calculated from raw data in the Matlab
environment. Specific details of these calculations are found in Appendix C.2. To be
able to compare the Cardan angles from both systems, we need to define an initial
condition for the heel reference frame calculated with the model. Two approaches
were employed to solve the initial condition problem:

1. The time point of first metatarsal contact is taken to have zero orientation.

This means that the average angle curves calculated from MAS and PPPS data
have in both cases a zero standard deviation at first metatarsal contact. This
approach removes partly the natural variation of these angles between gait trials,
which might be a disadvantage. On the other side, the angles were calculated
from the model and PPPS data without using any information of MAS data. A
consequence of this approach is depicted in Figure 3.5.

2. The initial orientation is determined calculating a least square correction based

on the distances between the curves obtained from MAS and PPPS on a trial-

to-trial basis and applying this correction to the model curves.

This approach does really need information of MAS to determine initial positions,
see Figure 3.6. On the other hand, it upholds the natural variation of gait.

For validation of our approach, we used the calculated inversion/eversion curves on
the basis of the measurements of both systems. The curves are considered the same
if:
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Figure 3.5 In all graphs, the time period is expressed in percentage of initial

contact phase, from first foot contact to first metatarsal contact. Graph(a) contains

all inversion/eversion curves of all trials of one individual measurement with MAS,

while graph (b) contains the average curve with a standard deviation band. The

same holds for graphs (c) and (d) with the exception that now at the moment of

first metatarsal contact the angle is taken to have a zero degree value. This means

that all trial curves have been supplied with an individual trial value to ascertain

the sought-after effect.

the average model curve is within 1.5◦ of the average MAS curve,
or within one standard deviation of the average MAS curve during
90% of the selected time interval.

The 90% of interval length was chosen allowing the possibility that a single frame, or
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Figure 3.6 In graph (a), inversion/eversion curves are depicted (inversion is posi-

tive) calculated from MAS data (solid lines) and calculated from PPPS data (dashed

lines). The example concerns an arbitrary trial of an individual from first foot con-

tact till first metatarsal contact, the initial contact phase. In graph (b), the same

two curves are depicted but with a least square correction of 0.93 degrees added to

the model curve.

perhaps two frames, are not in the one-standard deviation band. The choice for the
absolute angle difference value of 1.5◦ is based on the variations in length between
the different heel markers and the accuracy of kinematic data as discussed in Section
2.2.2. The average lengths of vectors that are used for determining the local heel
reference frame are both about 8cm. Based on the previously mentioned section on
kinematic data accuracy, the angle values are calculated with an accuracy between
2.2◦ and 0.3◦, and slightly closer to 0.3◦ than to 2.2◦ based on the lengths of the
vectors. However, from the same section, we see that the variation in vector lengths is
about 3 times larger than when the markers are rigidly connected. From the previous
considerations, we come to the believe that 1.5◦ as absolute angle difference resembles
the measurement accuracy in the case of heel orientation angles.

3.4 Results

Optimal Radius and Radius Sensitivity of the Sphere

The data from 43 individuals that performed the walking condition were used to
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study stability and optimality of the radius parameter in the mechanical model. In
the mechanical model, heel motion is regarded as the rolling of a sphere with an
individual-related optimal radius. For the selected ten time intervals the optimal radii
were calculated. In Figure 3.7, we show both the group averages for the ten time
intervals as well as two extreme examples. The group averages for left trials, (a), and
right trials, (b), appear to be similar. The examples, (c) and (d), show that the group
average is constructed from a variety of individual possibilities.

Figure 3.7 In all graphs, the numbers on the x-axis are related to the ten time

periods defined in the part on Model Sensitivity and Parameter Correction in Section

3.4. In graph (a) and (b), the average and standard deviation of radii of left and

right feet are depicted. In graph (c) and (d), two examples are depicted from two

individuals left trials. In this case, the standard deviation is calculated with respect

to the different trials within an individuals measurement session.

In initial contact phase, the maximum difference between average inversion/eversion
curves was obtained from curves calculated with optimal radii and from curves with
the fixed average radius of 7cm. The latter radius is the average radius of all trials, left
and right combined, and of all individuals. In Figure 3.8, we depict the results of the
maximum differences in a histogram. For convenience, we also present the histogram
of the optimal radii for the initial contact phase. From Figure 3.8, we notice that 71.0%
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Figure 3.8 In graph (a), the maximum difference is depicted as a distribution

between the inversion/eversion curve constructed from optimal radii and using the

average radii. In graph (b), the distribution of the optimal radii in case of the initial

contact phase is depicted.

of all individuals’ sessions have less than half a degree of maximum inversion/eversion
angle difference. In Figure 3.9, two representative examples are given. One was taken
from the 71.0% set and the other one from the remaining set.

In an effort to verify existence of a relationship between individuals’ optimal radii
and the calculated maximum differences found, the list of individuals with a maximum
difference between MAS and PPPS inversion/eversion curves larger than 0.95◦ was
compared to the list of individuals with optimal radii larger than 9.7cm. The idea
was that large differences between average radii and optimal radii were related to
large maximum angle differences. However, we could only find one individual present
in both lists. The others present in the maximum difference list have optimal radii
smaller than 5.9cm. The expected relationship could, therefore, not be justified.

The overal result of this analysis is that the radius of the sphere in the mechanical
model is not a critical parameter when average radii are compared to optimal radii.
Therefore, the average radii could be used in the mechanical model instead of the
optimal radii. This brings us one step closer to our objective, because optimal radii
were calculated using MAS data, and our objective was to use only plantar pressure
data to obtain heel motion.
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Figure 3.9 Two examples of average inversion/eversion curves with a one standard

deviation band. The solid lines are related to curves constructed from optimal radii

and the dashed lines are related to curves constructed from the average radius of

7.0cm. The standard deviation band is depicted in transparant grey. In case the

standard deviation band of both average and optimal overlay the same area the

intensity of the grey level is enhanced. In graph (a), an example is depicted from

the set, representing 29% of total, in which the optimal and average curves have a

maximum difference larger than half a degree (here 0.80◦ to be precise). In graph (b),

an example is depicted where this difference is smaller than half a degree (here 0.34◦

to be precise)). It is noted that both examples have a chosen initial orientation for

the inversion/eversion curves of zero degrees at the end of the initial contact phase.

Sensitivity and Correction of the Centre of Pressure Paths

The sensitivity of the CoP path is completely determined by what we define as heel
area. Although, several definitions of the heel areas in plantar pressure distributions
are known in literature (see Section 1.2), corresponding implementations using the
present dynamic plantar pressure measurement is not straightforward. In Section
2.2.6, we introduce our division of the pressure distribution of the foot. In essence, the
heel area is defined by a line perpendicular to the length direction of the pressure plate,
and expressed as a number of sensors in this length direction. So, for example, if the
heel area has been defined by a sensor number in the y-direction, the heel area consists
of all sensors with a y-direction sensor number less than or equal to this number, see
Figure 3.10.
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Figure 3.10 In this graph, an example is given of maximum plantar pressure

distribution with a determination of the heel area. The area algorithm defines the

heel area to be all sensors beneath and including the line though sensors with a

y-sensor number of thirteen, the black line. One y-sensor length below this black

line is depicted by the dashed green line and one y-sensor length above this black

line is depicted by the solid green line. Two y-sensor length below this black line

is depicted by the dashed red line and two y-sensor length above this black line is

depicted by the solid red line.
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Figure 3.11 In this graph, five CoP paths are depicted. The black curve is the

CoP path constructed using the heel area as defined in the Appendix 2.2.6. The

blue line is the CoP path constructed using two y-sensor lines less to determine the

heel area. The green line is the CoP path constructed using one line less. The red

line is the CoP path constructed using one line more. The circle marker line is the

CoP path constructed using two lines more.
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To study the effect of our choice of heel areas, we consider four other horizontal
lines, one or two sensors above or below the chosen one, see Figure 3.10. The largest
length difference is between the two above and two below lines and has a length
of 3.1cm. To compare CoP paths, both the deviation in distance and in time were
looked at. In Figure 3.11, we depict the CoP paths for these five heel areas of one
individual. Initially, the CoP paths were the same, but they start to deviate from a
certain time point on. All individuals show this pattern. In studying how sensitive
the CoP path is for the choice of heel area, the consequences of the deviations of the
CoP paths on the inversion/eversion angles calculated from the mechanical model are
given in Table 3.2. Angle differences were calculated on a trial bases. From the five
inversion/eversion curves, related to the five heel areas, four angle difference curves
were calculated. The angle difference functions are calculated by subtracting the values
for the inversion/eversion angle of the chosen heel area from the other four angle
curves. Per trial, the average and maximum angle difference were calculated together
with the time point of maximum difference. Per individual, all trial values of average
difference, maximum difference and time to maximum were averaged. The histograms
of the average angle differences are depicted in Figure 3.12, together with two examples
of angle difference curves for two selected trials of one individual. Furthermore, the
time points where the different CoP paths start to deviate were calculated, see Table
3.1. This concludes the part on sensitivity.

For the correction of CoP paths, the reciprocal equations (3.20) were used to
calculate contact paths from time series of orientation matrices based on MAS data.
Two methods were employed for this correction, see Model Sensitivity and Parameter
Correction in Section 3.3 (the begin-end point method and the regression method). We
report the corrections in Tables C.4-C.9 in Appendix C, and in Figure 3.13. This figure
contains the histogram of corrections per individual of the begin-end point method.
For left and right trials, in part (a) and (b) of this figure, the histogram is presented
for ten selected time intervals, as defined in Section 3.3, using a one standard deviation
band. The graphes depicted in Figure 3.13, (a) and (b), appear to behave similarly
with respect to trend and standard deviation band. In contrast, there does seem to be
an offset in the size of correction. This offset is depicted more explicitly for the initial
contact phase of Figure 3.13 in parts (c) and (d). Although, there is an offset difference
of about 0.1cm, and although this difference might be significant, we emphasize that
a sensor width is five times larger than the observed offset difference. Therefore, we
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Table 3.1 Population information on the time point at which the CoP paths of

the walking sessions of the different heel areas start to deviate. All information

is related to left foot trials of specific individuals. Time points are expressed as a

percentage of the individuals stance phase. A is the average time point were the

CoP paths deviate; average with respect to all trials of one individual. S is the

standard deviation of the time points where the CoP paths deviate and MM is the

maximum time point minus the minimum time point where the CoP paths deviate.

The postfixes −2, −1, +1, and +2 are related to comparison of CoP paths. For

example, −2 means the comparison of the original heel area and this heel area minus

two horizontal lines.

Name A -2 S -2 MM -2 A -1 S -1 MM -1 A +1 S +1 MM +1 A +2 S +2 MM +2

individual 1 11.4% 2.2% 7% 11.4% 2.3% 7.4% 11.4% 2.3% 7.4% 11.3% 1.9% 6%
individual 2 11.6% 1.5% 4.6% 11.7% 1.6% 4.6% 11.7% 1.6% 4.6% 11.6% 1.5% 4.6%
individual 3 13.5% 1.2% 3.6% 13.5% 1.2% 3.6% 13.5% 1.2% 3.6% 13.5% 1.2% 3.6%
individual 4 15.3% 1.1% 3% 15.4% 1.2% 3.3% 15.4% 1.2% 3.3% 15.4% 1.1% 3.3%
individual 5 33.7% 14% 40.9% 34.1% 14.1% 41.8% 34.1% 14.1% 41.8% 33.9% 14.1% 41.8%
individual 6 16.9% 6.1% 18% 17.4% 6.2% 18.4% 16.9% 5.6% 16.8% 14.8% 3.4% 11.2%
individual 7 9.2% 1.9% 6.6% 9.2% 1.9% 6.6% 9.2% 1.9% 6.6% 9.2% 1.9% 6.6%
individual 8 15.6% 9.3% 31.5% 15.9% 9.7% 33% 15.9% 9.7% 33% 15.9% 9.7% 33%
individual 9 13.2% 6.3% 21.4% 13.4% 6.8% 22.7% 11.8% 2.3% 6.9% 11.5% 1.6% 4.9%
individual 10 11.8% 6.1% 16.6% 12.1% 6.3% 16.6% 12.1% 6.3% 16.6% 12.1% 6.3% 16.6%
individual 11 8% 0.6% 1.8% 8.2% 0.7% 2% 8.2% 0.7% 2% 8% 0.5% 1.5%
individual 12 14.8% 1.9% 5.9% 15% 1.9% 5.6% 15% 1.9% 5.6% 14.9% 1.9% 5.6%
individual 13 11.2% 1.1% 4.1% 11.3% 1.1% 4.1% 11.2% 1.2% 4.4% 11.1% 1.2% 4.4%
individual 14 8.9% 0.5% 1.7% 8.9% 0.5% 1.7% 8.9% 0.5% 1.7% 8.9% 0.5% 1.7%
individual 15 9.1% 0.4% 1% 9.2% 0.3% 1% 9.1% 0.3% 1% 8.9% 0.4% 1.2%
individual 16 8.6% 0.9% 2.5% 8.6% 0.9% 2.5% 8.6% 0.9% 2.5% 8.5% 0.9% 2.4%
individual 17 10.5% 2.3% 7% 10.6% 2.4% 7% 10.6% 2.4% 7% 10.6% 2.4% 7%
individual 18 71.4% 37.3% 75.6% 71.6% 37.1% 75.6% 71.2% 37.6% 76.4% 69.9% 39.2% 79.8%
individual 19 10.5% 3.8% 9.5% 10.9% 4.1% 10.5% 9.9% 3.9% 9.2% 6.6% 1.6% 5.6%
individual 20 13.7% 3.9% 11.7% 13.7% 3.9% 11.7% 13.7% 3.9% 11.7% 13.7% 3.9% 11.7%
individual 21 34.2% 23.7% 83.6% 41.5% 31.3% 83.6% 41.5% 31.3% 83.6% 35% 23.6% 83.6%
individual 22 10.1% 0.6% 1.6% 10.2% 0.6% 1.6% 10.2% 0.6% 1.6% 10% 0.5% 1.5%
individual 23 18.1% 3.4% 13% 18.3% 3.4% 13.3% 18.2% 3.4% 13.3% 17.8% 3.4% 13.6%
individual 24 36.3% 12.7% 38% 37.1% 13% 37.7% 35.9% 12.8% 38% 29.5% 11.8% 32.7%
individual 25 40.1% 34.1% 88% 40.2% 34% 88% 40.2% 34% 88% 39.9% 34.2% 88%
individual 26 17.6% 3.1% 8.6% 17.8% 3% 8.6% 17.8% 3% 8.6% 17.6% 2.8% 8.3%
individual 27 15.5% 2.5% 7.2% 15.8% 2.5% 7.2% 15.8% 2.5% 7.2% 15.7% 2.5% 7.2%
individual 28 17.1% 1.6% 4.6% 17.3% 1.7% 5.2% 17.1% 1.7% 4.9% 16.6% 1.8% 5%
individual 29 14.3% 1.8% 6.3% 14.4% 1.9% 6.6% 13.9% 1.5% 5.1% 13% 1.3% 4.6%
individual 30 12.5% 0.9% 3.1% 12.6% 0.9% 2.8% 12.5% 0.9% 3.1% 12.3% 0.6% 1.8%
individual 31 9.2% 0.6% 2.1% 9.3% 0.7% 2.5% 9.3% 0.7% 2.5% 9.2% 0.7% 2.1%
individual 32 15.1% 1.8% 6.5% 15.1% 1.9% 6.8% 15.1% 1.9% 6.8% 15.1% 1.9% 6.8%
individual 33 8.5% 0.7% 1.9% 8.6% 0.7% 1.9% 8.6% 0.7% 1.9% 8.5% 0.7% 1.9%
individual 34 8.5% 0.7% 2.3% 8.5% 0.7% 2.3% 8.5% 0.7% 2.3% 8.5% 0.7% 2.3%
individual 35 9.2% 1% 2.9% 9.2% 1% 2.9% 9.2% 1% 2.9% 9.2% 1% 2.9%
individual 36 10.7% 0.9% 3% 10.8% 1% 3.4% 10.7% 0.9% 3% 10.5% 0.9% 2.7%
individual 37 10.2% 1% 3% 10.2% 1% 3% 10.2% 1% 3% 10.2% 1% 3%
individual 38 12.5% 1.9% 5.7% 12.5% 1.9% 5.7% 12.5% 1.9% 5.7% 12.5% 1.9% 5.7%
individual 39 8.8% 1.1% 3.2% 8.9% 1.1% 3.2% 8.9% 1.1% 3.2% 8.9% 1.1% 3.2%
individual 40 51.1% 38.5% 86.9% 51.2% 38.4% 86.9% 51% 38.5% 86.9% 43.1% 34.1% 86.9%
individual 41 6.7% 0.9% 2.6% 6.7% 0.9% 2.6% 6.7% 0.9% 2.6% 6.7% 0.9% 2.6%
individual 42 15.7% 2.5% 8.4% 16% 2.4% 8.1% 15.8% 2.5% 8.4% 15% 2.5% 8.1%
individual 43 11.9% 1% 3.8% 12% 1% 3.5% 12% 1% 3.5% 12% 0.9% 3.5%

Average 16.6% 16.9% 16.6% 16.0%
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Table 3.2 Population information on the deviations in inversion/eversion curves

calculated from CoP paths of the different heel areas. Individual information is re-

lated to all trials of that individual. Deviations are expressed in average differences

in degrees: A, maximum differences in degrees: M, and times to maximum differ-

ence in percentage of heel contact: IM. To clarify further, the average differences

in degrees of an individual is the average over all trial average differences. The

same holds for maximum difference and the time point of maximum difference. The

postfixes −2, −1, +1, and +2 are related to comparison of CoP paths. For example,

−2 means the comparison of the original heel area and this original heel area minus

two horizontal lines.

Name A -2 M -2 IM -2 A -1 M -1 IM -1 A +1 M +1 IM +1 A +2 M +2 IM +2

individual 1 0.5◦ 1◦ 91.2% 0.2◦ 0.5◦ 87.1% 0.3◦ 0.7◦ 87.2% 1.3◦ 3.4◦ 93.7%
individual 2 0.6◦ 1.3◦ 84.5% 0.2◦ 0.6◦ 77.5% 0.3◦ 0.9◦ 72.1% 0.9◦ 2.6◦ 72.9%
individual 3 2.6◦ 5.8◦ 99.8% 1.6◦ 3.4◦ 99.9% 2.9◦ 6.1◦ 99.7% 7.2◦ 14◦ 99.7%
individual 4 1◦ 1.9◦ 83.6% 0.6◦ 1.2◦ 83.1% 1.1◦ 2.5◦ 88.6% 2.9◦ 6.4◦ 91.3%
individual 5 0.1◦ 0.4◦ 70.8% 0◦ 0.2◦ 47.1% 0.1◦ 0.3◦ 46.7% 0.4◦ 1.2◦ 57.8%
individual 6 0.4◦ 0.9◦ 84.2% 0.2◦ 0.4◦ 85% 0.4◦ 1.3◦ 87.1% 1.6◦ 5.2◦ 94.6%
individual 7 1◦ 1.9◦ 92% 0.5◦ 1◦ 92.9% 0.6◦ 1.5◦ 95.3% 1.6◦ 3.6◦ 96.5%
individual 8 0.2◦ 0.4◦ 70.1% 0.1◦ 0.1◦ 51.8% 0◦ 0◦ 22.1% 0◦ 0.1◦ 28.5%
individual 9 0.8◦ 1.7◦ 93.4% 0.5◦ 1.3◦ 93.2% 1.3◦ 3.8◦ 96.4% 3.9◦ 9.9◦ 99.4%
individual 10 0.5◦ 1.1◦ 79.8% 0.2◦ 0.4◦ 77% 0.1◦ 0.2◦ 65% 0.2◦ 0.5◦ 65.7%
individual 11 2◦ 3.5◦ 92.3% 1◦ 2◦ 91.9% 1.8◦ 3.8◦ 97.4% 5.2◦ 10.9◦ 99.8%
individual 12 0.3◦ 0.6◦ 82.1% 0.1◦ 0.3◦ 80.1% 0.1◦ 0.4◦ 82.1% 0.6◦ 1.6◦ 88%
individual 13 4.5◦ 9.1◦ 99.7% 2.9◦ 5.7◦ 99.6% 5.1◦ 9.2◦ 99.8% 12.2◦ 20.6◦ 99.8%
individual 14 2.8◦ 5.7◦ 99% 1.7◦ 3.7◦ 99.1% 2.5◦ 5.2◦ 99.7% 5.5◦ 10.7◦ 99.9%
individual 15 5.6◦ 12.8◦ 99% 3.4◦ 7.8◦ 98.6% 5◦ 9.3◦ 97.8% 11.2◦ 18.8◦ 96.9%
individual 16 1.3◦ 2.8◦ 91.1% 0.8◦ 1.9◦ 91.5% 1.4◦ 3.2◦ 94.2% 3.8◦ 7.8◦ 94.6%
individual 17 0.2◦ 0.3◦ 86% 0.1◦ 0.2◦ 77% 0◦ 0.1◦ 69% 0◦ 0.1◦ 67.7%
individual 18 0.1◦ 0.2◦ 71.6% 0◦ 0.1◦ 57.2% 0.1◦ 0.3◦ 64.2% 0.6◦ 2◦ 83.9%
individual 19 0.7◦ 1.4◦ 91.6% 0.4◦ 0.9◦ 91.7% 1◦ 2.5◦ 95.2% 4.1◦ 9.2◦ 99.4%
individual 20 0.1◦ 0.2◦ 65% 0◦ 0.1◦ 60.9% 0◦ 0◦ 16.2% 0◦ 0◦ 16.3%
individual 21 0.1◦ 0.3◦ 72.3% 0◦ 0◦ 38% 0◦ 0◦ 11.2% 0◦ 0◦ 20.6%
individual 22 1.3◦ 2.3◦ 83.3% 0.7◦ 1.3◦ 83.3% 1.3◦ 3.1◦ 88.4% 4.5◦ 10.1◦ 91.1%
individual 23 0.4◦ 0.9◦ 85.7% 0.2◦ 0.5◦ 85.1% 0.6◦ 1.7◦ 92.7% 2.1◦ 5.4◦ 96.8%
individual 24 0.6◦ 1.8◦ 88.5% 0.4◦ 1.4◦ 89.9% 1.4◦ 4.4◦ 97.2% 4.5◦ 12◦ 98.5%
individual 25 0.5◦ 1.1◦ 76.5% 0.2◦ 0.5◦ 68% 0.4◦ 0.9◦ 57.3% 1.3◦ 2.9◦ 65.2%
individual 26 2.9◦ 5.5◦ 97.6% 1.8◦ 3.3◦ 97.4% 2.7◦ 4.8◦ 98.2% 5.9◦ 10.1◦ 98.2%
individual 27 0.7◦ 1.7◦ 87.6% 0.4◦ 1◦ 89% 0.6◦ 1.8◦ 93.4% 2.1◦ 5.8◦ 94.6%
individual 28 1.1◦ 2.7◦ 90.9% 0.8◦ 2.3◦ 97.2% 2.5◦ 7.2◦ 100% 6.8◦ 17.1◦ 100%
individual 29 1.7◦ 4.9◦ 94% 1.3◦ 3.8◦ 93.6% 3.4◦ 8.7◦ 96.1% 9.9◦ 22.2◦ 99.9%
individual 30 1.6◦ 3.7◦ 99.2% 0.9◦ 2◦ 99.2% 1.7◦ 3.8◦ 99.8% 5◦ 10.5◦ 99.9%
individual 31 1.4◦ 3.3◦ 94% 0.9◦ 2.4◦ 96% 2.5◦ 6.7◦ 99% 7◦ 16.8◦ 99.9%
individual 32 0.7◦ 1.8◦ 93.8% 0.4◦ 1.1◦ 94.6% 0.9◦ 2.2◦ 97.3% 2.6◦ 6◦ 98.6%
individual 33 1.8◦ 3.8◦ 98.7% 1◦ 2.2◦ 99.2% 1.5◦ 3.6◦ 99.9% 3.8◦ 8.7◦ 100%
individual 34 2.2◦ 4.4◦ 99.9% 1.4◦ 2.8◦ 99.7% 2.5◦ 4.6◦ 99.9% 5.9◦ 10.3◦ 99.9%
individual 35 1◦ 1.8◦ 95.7% 0.5◦ 1◦ 94.9% 0.6◦ 1.3◦ 95.9% 1.4◦ 3◦ 97.6%
individual 36 0.6◦ 1.1◦ 86.7% 0.3◦ 0.7◦ 87.8% 1◦ 3.2◦ 97.8% 3.4◦ 10.1◦ 99.6%
individual 37 1.2◦ 3.4◦ 98.1% 0.8◦ 2.1◦ 98.4% 1.8◦ 4.5◦ 99.3% 4.6◦ 10.9◦ 100%
individual 38 1.5◦ 3.7◦ 99.2% 0.9◦ 2.2◦ 99.4% 1.6◦ 3.7◦ 99.9% 4.1◦ 8.6◦ 99.9%
individual 39 1.2◦ 2.1◦ 82.3% 0.6◦ 1.1◦ 74.4% 0.7◦ 1.5◦ 74.2% 2.2◦ 4.8◦ 76.5%
individual 40 0.2◦ 0.4◦ 69.8% 0.1◦ 0.2◦ 69.8% 0.1◦ 0.4◦ 60% 0.4◦ 1.2◦ 63.7%
individual 41 2.3◦ 3.9◦ 98.8% 1.4◦ 2.3◦ 98.7% 2.3◦ 3.6◦ 99% 5.7◦ 8.7◦ 99.2%
individual 42 3.1◦ 8.3◦ 97.3% 2◦ 5.3◦ 98.5% 3.5◦ 8◦ 98.7% 8.3◦ 17◦ 98.5%
individual 43 0.5◦ 1.2◦ 85.5% 0.3◦ 0.6◦ 85.1% 0.4◦ 1.2◦ 88.6% 1.3◦ 3.5◦ 91.5%

Average 1.2◦ 2.7◦ 88.4% 0.7◦ 1.7◦ 85.6% 1.4◦ 3.1◦ 84.2% 3.6◦ 7.8◦ 86.9%
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Figure 3.12 The distributions of the average differences in inversion/eversion

curves are depicted in graphs (a) to (d). The numerical data for these distributions

can be found in columns one, four, seven and ten of Table 3.2, respectively. The

other two graphs, (e) and (f) are examples of the angle difference inversion/eversion

curves for two trials of the same individual. The blue line is the angle difference

for an heel area of two lines less than the original heel area. The green line is the

difference for an heel area of one line less than the original heel area. The red line

is the difference for an heel area of one line more than the original heel area. The

black line is the difference for an heel area of two lines less than the original heel

area.
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regard this as insignificant from a measurement accuracy point of view. A similar
figure is also constructed for the regression method, leading to the same conclusions,
and can be found in Appendix C; Figure C.1.

Figure 3.13 In this figure, the CoP path correction based on begin-end point cor-

rection is depicted. In graph (a) and (b), the average and standard deviations of the

x-direction corrections are depicted for left and right trials of the walking sessions,

respectively. In graphs (c) and (d), the left and right distribution of corrections for

the initial contact phase are depicted.

The optimal radii were based on MAS data. Since the distributions of corrections
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are narrow, we use the average corrections for both the begin-end point and regression
method. Thus, we reach our objective to use only plantar pressure data as input to
obtain heel motion.

Validation of the model

We validated the model for the inversion/eversion angle for a variety of methods. In
Section 3.3, we introduced two approaches for the initial orientation problem. Fur-
thermore, from the above mentioned topics in this section, we were able to distinguish
optimal radii and average radii, and optimal corrected CoP paths and average cor-
rected CoP paths. Even in more detail, the corrected CoP paths were calculated using
two methods: begin-end point method and regression method. Finally, the model val-
idation was performed for all ten time intervals. Validation results for the individuals
that performed walking sessions are presented In Table 3.3.

The results show that the initial orientation based on least square fitting is in all
cases preferred over the initial orientation that sets the local heel reference frame equal
to the global reference frame at first metatarsal contact. Further, no major changes
are observed between the results using begin-end point method and regression method
for correcting the CoP paths. Also, no major distinction can be made between left
and right trials.

Taking optimal CoP path corrections and optimal radii renders more than 90%
predictive power for the initial contact phase. The predictive power of the model
using only pressure plate data as input is about 75% for the initial contact phase. The
predictive powers for different selected time intervals show a rapid decrease from first
foot contact to heel lift. In the worst case, a drop from 74.4% to 7.0% was observed.

Although previous results show favorable predictive powers, one issue remains.
Both the calculations of average radii and average CoP path corrections, and the val-
idation of the mechanical model were based on the same population of 43 individuals
performing the walking condition. Therefore, parameters may be fitted to accommo-
date this population. To verify that parameters are not fitted, we took the walking
trials from the other two conditions, containing data from 82 individuals, and calcu-
lated the predictive powers of the mechanical model for this population taking the
average radii and average corrections values of the walking condition. The results
confirm that parameters were not fitted, see Table 3.4. Only slight differences from
the 43 individuals were observed.
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Table 3.3 Model validation results of inversion/eversion angles of individuals that

performed the walking session. In the first column, the correction type is given.

The postfix ’1’ or ’2’ is connected to the initial orientation approach, ’1’ being

the least square approach and ’2’ being the initial metatarsal contact approach.

The prefix ’L.T’ or ’R.T’ stands for left or right trials; ’A. Correction’ stands for

corrections based on average radii and average CoP correction using the begin-end

point method; ’R. Correction’ stands for corrections based on average radii and

average CoP corrections using the regression method; ’O. Correction’ stands for

corrections based on optimal radii and optimal CoP corrections using the begin-end

point method; ’OR. Correction’ stands for corrections based on optimal radii and

optimal CoP corrections using the regression method. Columns two to eleven are

related to the different time intervals, ranging from Initial Contact Phase(ICP) to

Heel Lift

Correction type ICP 2 3 4 5 6 7 8 9 Heel Lift

L.T. A.Correction1 78.0% 73.2% 63.4% 51.2% 46.3% 46.3% 39.0% 36.6% 24.4% 17.1%

R.T. A.Correction1 74.4% 62.8% 53.5% 48.8% 44.2% 41.9% 30.2% 25.6% 20.9% 7.0%

L.T. A.Correction2 48.8% 46.3% 36.6% 34.1% 34.1% 29.3% 24.4% 19.5% 14.6% 7.3%

R.T. A.Correction2 51.2% 44.2% 34.9% 32.6% 32.6% 25.6% 18.6% 18.6% 11.6% 2.3%

L.T. R.Correction1 78.0% 73.2% 68.3% 56.1% 43.9% 46.3% 39.0% 36.6% 22.0% 12.2%

R.T. R.Correction1 74.4% 69.8% 62.8% 53.5% 48.8% 34.9% 32.6% 27.9% 18.6% 9.3%

L.T. R.Correction2 51.2% 48.8% 41.5% 39.0% 26.8% 24.4% 24.4% 14.6% 14.6% 7.3%

R.T. R.Correction2 53.5% 46.5% 34.9% 41.9% 27.9% 20.9% 20.9% 16.3% 14.0% 2.3%

L.T. O.Correction1 92.7% 92.5% 87.8% 75.0% 65.9% 58.5% 46.3% 36.6% 31.7% 22.0%

R.T. O.Correction1 90.0% 80.5% 75.0% 67.5% 55.0% 41.5% 36.6% 35.7% 35.7% 33.3 %

L.T. O.Correction2 70.7% 77.5% 63.4% 45.0% 43.9% 43.9% 31.7% 29.3% 22.0% 12.2 %

R.T. O.Correction2 57.5% 63.4% 47.5% 45.0% 37.5% 34.1% 31.7% 23.8% 16.7% 11.9%

L.T. OR.Correction1 90.2% 87.5% 85.4% 82.5% 78.0% 70.7% 58.5% 48.8% 41.5% 29.3%

R.T. OR.Correction1 87.5% 78.0% 75.0% 80.0% 77.5% 70.7% 51.2% 45.2% 40.5% 33.3%

L.T. OR.Correction2 75.6% 80.0% 63.4% 55.0% 51.2% 46.3% 36.6% 31.7% 29.3% 19.5%

R.T. OR.Correction2 60.0% 65.9% 52.5% 52.5% 52.5% 43.9% 41.5% 31.0% 28.6% 21.4%

The conditions under which the mechanical model was tested so far, concerned
choices for model parameters and calculation methods. Table 3.6 contains the results
of various divisions of the population. We divided the population in four ways: with
respect to gender (two groups), with respect to use of a heel marker plate (two groups),
with respect to age (three groups), and with respect to weight (three groups).

There is negligible difference between women (N = 48) and men (N = 77) and
both groups have comparable overall predictive powers.

The groups without marker heel plates (N = 22) and with marker heel plates
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Table 3.4 Model validation results of inversion/eversion angles of individuals that

performed walking trials combined with either running or fast walking and running.

In the first column, the correction type is given. The postfix ’1’ or ’2’ is connected to

the initial orientation approach, ’1’ being the least square approach and ’2’ being the

initial metatarsal contact approach. The prefix ’L.T’ or ’R.T’ stand for left or right

trials; ’A. Correction’ stands for corrections based on average radii and average CoP

corrections using the begin-end point method; ’R. Correction’ stands for corrections

based on average radii and average CoP corrections using the regression method.

Columns two to eleven are related to the different time intervals, ranging from Initial

Contact Phase(ICP) to Heel Lift

Correction type ICP 2 3 4 5 6 7 8 9 Heel Lift

L.T. A.Correction1 75.8% 68.2% 60.7% 51.7% 42.9% 37.9% 27.8% 22.8% 15.5% 10.3%

R.T. A.Correction1 75.7% 67.6% 48.6% 37.8% 32.4% 24.3% 21.6% 13.5% 13.5% 2.7%

L.T. A.Correction2 53.2% 58.2% 50.7% 39.3% 33.0% 24.1% 16.4% 13.9% 9.0% 7.8%

R.T. A.Correction2 45.9% 51.4% 43.2% 35.1% 29.7% 29.7% 21.6% 13.5% 16.2% 8.1%

L.T. R.Correction1 78.3% 74.6% 61.9% 53.2% 42.8% 35.4% 27.8% 26.5% 14.1% 12.7%

R.T. R.Correction1 75.7% 67.6% 62.2% 45.9% 43.2% 32.4% 21.6% 16.2% 16.2% 2.7%

L.T. R.Correction2 53.2% 55.8% 51.9% 43.0% 29.2% 21.6% 16.5% 13.9% 10.3% 6.4%

R.T. R.Correction2 48.6% 54.1% 43.2% 40.5% 35.1% 27.0% 18.9% 13.5% 16.2% 8.1%

(N = 103) also show only a slight difference.

The population was split into three age groups: the first group (N = 38) contains
the individuals younger than 21 years, the second group (N = 64) contains individuals
with an age between 21 and 30, and the individuals in the third group (N = 23) where
older than 30 years. The results show predictive powers over 70% for all age groups
in case of initial contact phase. There are differences between left and right trials in
the first two age groups and there are differences among the age groups ranging from
3.9% to 13.5%.

The population was also split in three weight groups: the first group (N = 19)
contains individuals lighter than 56kg, the second group (N = 86) contains individ-
uals with a weight between 56kg and 85kg, and the third group (N = 20) contains
individuals heavier than 85kg. There are differences between these groups. The second
weight group has the highest predictive powers, 81.2% left and 78.8% right, followed by
the third group with 5-8% lower values, and finally by the first group with predictive
powers 5-7% lower than in the third group.

The mechanical model does simulate the complete orientation of the heel, in Car-
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dan angles, obtained from pressure measurements. Till now, we have looked only
at the inversion/eversion curve. To conclude this result section, we briefly look at
how valid the mechanical model is in determining dorsal/plantar flexion angles and
abduction/adduction angles. Table 3.5 contains the predictive powers for these two
complementing angles. In the validation criterion defined in Section 3.3, the absolute
angle difference is normally set at 1.5◦. In case of the dorsal/plantar flexion angles,
however, we use 2◦ degrees because of the much larger range of motion of this angle.
The predictive powers are of the same magnitude or higher than the ones of the in-
version/eversion angles with the exception of the abduction/adduction angle of right
trials, which is about 4-5% smaller.

In Figures 3.14 and 3.15, we depict examples of the comparison of model curves
and MAS curves using the trial-to-trial least square initial orientation approach. we
distinguish here between ’successful’ and ’unsuccessful’ comparisons. A comparison is
called successful if it satisfies the criterion on page 97.

Table 3.5 Predictive powers of model validation for dorsal/plantar flexion and

abduction/adduction angles in the walking session group. All predictive powers

are calculated using the average radii and the regression method for CoP path

correction. The postfixes ’L1’,’R1’, ’L2’, and ’R2’ are related to left and right trials

for the least square approach and to left and right trials of the first metatarsal

contact approach.

Correction type ICP 2 3 4 5 6 7 8 9 Heel Lift

DP. Flexion L1 78.0% 48.8% 48.8% 46.3% 39.0% 29.3% 14.6% 7.3% 4.9% 2.4%

DP. Flexion R1 74.4% 53.5% 39.5% 34.9% 23.3% 18.6% 14.0% 16.3% 14.0% 9.3%

DP. Flexion L2 61.0% 24.4% 22.0% 17.1% 9.8% 0.0% 0.0% 0.0% 0.0% 0.0%

DP. Flexion R2 51.2% 25.6% 16.3% 9.3% 9.3% 4.7% 2.3% 2.3% 2.3% 0.0%

Abd./Add. L1 87.8% 68.3% 36.6% 26.8% 19.5% 22.0% 19.5% 19.5% 22.0% 26.8%

Abd./Add. R1 69.8% 39.5% 25.6% 25.6% 18.6% 16.3% 16.3% 16.3% 18.6% 23.3%

Abd./Add. L2 43.9% 29.3% 9.8% 7.3% 7.3% 4.9% 2.4% 2.4% 0.0% 7.3%

Abd./Add. R2 25.6% 23.3% 14.0% 9.3% 9.3% 9.3% 9.3% 4.7% 4.7% 2.3%

3.5 Discussion

In this chapter, we focussed on simulating calcaneal motion using pressure plate mea-
surement only. To make this possible, a mechanical modelling approach was required.
We believe that the modelling approach introduced in this chapter is new and an in-
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Table 3.6 Predictive powers of model validation of the inversion/eversion angles

in dividing the population into different groups. Abbreviations are the same as in

Table 3.3.

Correction type ICP 2 3 4 5 6 7 8 9 Heel Lift

Women L1 79.5% 72.7% 63.6% 52.3% 43.2% 38.6% 25.0% 27.3% 13.6% 11.4%

Women R1 76.7% 76.7% 70.0% 53.3% 43.3% 36.7% 30.0% 26.7% 16.7% 6.7%

Women L2 43.2% 50.0% 47.7% 38.6% 25.0% 20.5% 18.2% 9.1% 6.8% 4.5%

Women R2 56.7% 70.0% 60.0% 56.7% 33.3% 20.0% 20.0% 10.0% 10.0% 0.0%

Men L1 77.6% 75.0% 64.5% 55.3% 43.4% 39.5% 35.5% 31.6% 18.4% 13.2%

Men R1 74.0% 64.0% 58.0% 48.0% 48.0% 32.0% 26.0% 20.0% 18.0% 6.0%

Men L2 57.9% 55.3% 48.7% 43.4% 30.3% 23.7% 19.7% 17.1% 14.5% 7.9%

Men R2 48.0% 38.0% 26.0% 32.0% 30.0% 26.0% 20.0% 18.0% 18.0% 8.0%

With Cup L1 78.4% 74.5% 64.7% 54.9% 42.2% 38.2% 31.4% 27.5% 14.7% 9.8%

With Cup R1 74.2% 68.2% 63.6% 53.0% 48.5% 33.3% 25.8% 21.2% 16.7% 7.6%

With Cup L2 50.0% 52.9% 48.0% 44.1% 28.4% 23.5% 19.6% 13.7% 10.8% 6.9%

With Cup R2 47.0% 45.5% 39.4% 40.9% 34.8% 24.2% 18.2% 13.6% 13.6% 6.1%

Without Cup L1 77.8% 72.2% 61.1% 50.0% 50.0% 44.4% 33.3% 44.4% 27.8% 27.8%

Without Cup R1 78.6% 71.4% 57.1% 35.7% 35.7% 35.7% 35.7% 28.6% 21.4% 0.0%

Without Cup L2 66.7% 55.6% 50.0% 27.8% 27.8% 16.7% 16.7% 16.7% 16.7% 5.6%

Without Cup R2 71.4% 71.4% 35.7% 42.9% 14.3% 21.4% 28.6% 21.4% 21.4% 0.0%

Weight Group1 L1 68.8% 62.5% 50.0% 43.8% 37.5% 37.5% 25.0% 25.0% 25.0% 18.8%

Weight Group1 R1 63.6% 63.6% 63.6% 45.5% 36.4% 18.2% 18.2% 9.1% 9.1% 0.0%

Weight Group1 L2 31.3% 37.5% 37.5% 31.3% 25.0% 18.8% 18.8% 18.8% 12.5% 6.3%

Weight Group1 R2 45.5% 72.7% 54.5% 45.5% 18.2% 18.2% 9.1% 9.1% 9.1% 0.0%

Weight Group2 L1 81.2% 76.5% 69.4% 58.8% 48.2% 41.2% 32.9% 31.8% 15.3% 11.8%

Weight Group2 R1 78.8% 71.2% 63.5% 50.0% 46.2% 32.7% 25.0% 23.1% 15.4% 5.8%

Weight Group2 L2 58.8% 56.5% 50.6% 44.7% 31.8% 24.7% 20.0% 12.9% 11.8% 8.2%

Weight Group2 R2 51.9% 51.9% 40.4% 42.3% 32.7% 23.1% 19.2% 13.5% 15.4% 5.8%

Weight Group3 L1 73.7% 73.7% 52.6% 42.1% 26.3% 31.6% 31.6% 26.3% 15.8% 10.5%

Weight Group3 R1 70.6% 64.7% 58.8% 52.9% 52.9% 47.1% 41.2% 29.4% 29.4% 11.8%

Weight Group3 L2 42.1% 52.6% 47.4% 36.8% 15.8% 15.8% 15.8% 15.8% 10.5% 0.0%

Weight Group3 R2 52.9% 29.4% 23.5% 35.3% 35.3% 29.4% 29.4% 23.5% 17.6% 5.9%

Age Group1 L1 70.6% 70.6% 64.7% 50.0% 47.1% 41.2% 29.4% 23.5% 11.8% 11.8%

Age Group1 R1 81.0% 71.4% 66.7% 47.6% 38.1% 28.6% 19.0% 9.5% 9.5% 4.8%

Age Group1 L2 50.0% 52.9% 52.9% 41.2% 29.4% 20.6% 14.7% 14.7% 5.9% 2.9%

Age Group1 R2 52.4% 61.9% 47.6% 47.6% 38.1% 23.8% 14.3% 4.8% 4.8% 0.0%

Age Group2 L1 84.1% 79.4% 69.8% 61.9% 44.4% 38.1% 31.7% 30.2% 14.3% 11.1%

Age Group2 R1 74.4% 71.8% 64.1% 53.8% 48.7% 33.3% 25.6% 23.1% 15.4% 5.1%

Age Group2 L2 54.0% 57.1% 50.8% 42.9% 27.0% 23.8% 20.6% 12.7% 9.5% 6.3%

Age Group2 R2 46.2% 48.7% 35.9% 38.5% 28.2% 20.5% 17.9% 17.9% 17.9% 5.1%

Age Group3 L1 73.9% 65.2% 47.8% 39.1% 34.8% 39.1% 34.8% 39.1% 30.4% 17.4%

Age Group3 R1 70.0% 60.0% 55.0% 45.0% 50.0% 40.0% 40.0% 35.0% 30.0% 10.0%

Age Group3 L2 52.2% 43.5% 34.8% 39.1% 30.4% 21.7% 21.7% 17.4% 26.1% 13.0%

Age Group3 R2 60.0% 40.0% 35.0% 40.0% 30.0% 30.0% 30.0% 20.0% 20.0% 10.0%
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Figure 3.14 Example graphs of the comparison between average inver-

sion/eversion curves and their standard deviation band based on MAS data and

based on the mechanical model using PPPS data. The solid lines are related to the

mechanical model and the dashed lines are related to the MAS data. In the first

row, we depict three successful comparisons for the time interval one. In the second

row, we depict the comparisons of one individual for the time intervals one (initial

contact phase), three, and six, which were all successful comparisons. In the third

row, we depict three unsuccessful comparisons. Comparison criterion is found on

page 3.3.



3.5. Discussion 115

Figure 3.15 Example graphs of the comparison between average dorsal/plantar

flexion curves and abduction/adduction curves, and their standard deviation band

based on MAS data and based on the mechanical model using PPPS data. The solid

lines are related to the mechanical model and the dashed lines are related to the MAS

data. In the first row, we depict the abduction/adduction angles of two successful

comparisons, (a) and (b), and one unsuccessful comparison, (c). In the second row,

we depict the dorsal/plantar flexion angles of two successful comparisons, (d) and

(e), and one unsuccessful comparison, (f). The chosen time interval is one, or initial

contact phase

novative way of modelling motion.

Apart from giving heel motion, the use of simulation has an additional advantage.
Simulation yields insight into the mechanics of the motion under study. The motion
of the human heel is simulated by a sphere that is rolling over a plate. Contact
path and radius of the sphere are the necessary input parameters of this mechanical
model. Before we discuss details about these parameters and the calculation aspects,
we focus on the general model. For the choice of average calculated parameters,
we notice a high predictive power of about 75% during the initial contact phase in
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most situations where the model was tested. Perhaps the general model of a rolling
rigid body over a rigid plate is not able to achieve a higher predictive power, even
if the parameters are individualised. This means that other mechanical behaviour
plays a role in the motion of the heel during this phase. Luckily, the predictive
power of individual optimal parameters is above 90%. Therefore, we believe that
the rolling model describes the actual motion of the heel quite well. In other words,

we believe that the predictive powers above 90% show that heel motion during the

initial contact phase can be thought of as the rolling of a sphere over a rigid plate.

We expect that the remaining percentages can be obtained by expanding the idea
of a rolling body over a plate in the following way: all results obtained so far are
based on a rigid body with a spherical geometry. The advantage of this choice is
the simple form of the curvature tensor needed in the simulation of heel motion.
Changing the geometry to an ellipsoid will enhance the model’s predictive power. The
ellipsoidal geometry makes it possible to have different values of curvatures in the
frontal plane, related to dorsal/plantar flexion, and in the sagittal plane, related to
calcaneal inversion/eversion. The drawback would be that the curvature tensor is
no longer determined by one parameter, but by two parameters in case of a revolted
ellipse, or even three parameters in case of the general ellipsoid. On the other hand,
there is a possibility that the remaining percentages are lost due to measurement
inaccuracy such that no change in geometry will help. Another argument for keeping
the spherical geometry comes from anatomy. In the assumptions part of Section 3.2,
it was pointed out that because of the two tuberculi no convex bone geometry could
exist. The absence of a double hump in pressure distribution data suggests that the
calcaneus and the soft tissues act together as one functional unit. Since fat pads and
calcanei have an individually determined geometry, it is highly unlikely that their
measures do not influence the geometry of the rolling rigid body individually. It is
even more unlikely that we will be able to obtain these subtle differences in geometry
from pressure distribution measurements, because limitations in sensor size are present
and pressure data is two-dimensional in nature.

In the above, we had to restrict our statements to the initial contact phase. In
all validation tables of the previous section, we saw that the predictive power of the
model diminishes in time. For the initial contact phase, the predictive powers are high
at about 75%, but when we look at the heel contact phase these values drop to about
7%. The results of the sensitivity of the CoP paths give us a possible answer for this



3.5. Discussion 117

phenomenon. From Table 3.1, it follows that the CoP paths calculated from different
heel areas start to diverge just after the initial contact phase. By combining results in
Table 3.2 and Figure 3.12, we conclude that the model inversion/eversion angles start
to deviate at this point from the MAS angles to an extent that is unacceptable within
our chosen criterion. So, the deviation of CoP paths just after the initial contact
phase is directly responsible for the decrease in predictive power of the mechanical
model. We believe that in the initial contact phase, the pressure distribution in the
heel area is solely induced from part of the heel surface that can be described by a
sphere. In subsequent phases, the heel area may incorporate parts of the midfoot,
or may contain pressures values from other parts of the heel not directly related to
the simulated rolling motion. These values may be related to the compression of soft
tissue underneath the more distal part of the calcaneus. Because of its structure, this
part of the calcaneus is more elevated from the ground than the proximal part is. We
think that this distal part, containing the two tuberculi, is that part of the heel surface
that is simulated by our model. This hypothesis might be substantiated by studying
the size of the number of active sensors within the constructed heel area over time.
We propose to search for relationships between the geometry and the number of active
sensors in the initial contact phase. These relationships could provide us with rules to
separate the area of interest from the complete heel area at a later stage. Although
the predictive power of the model decreases as time increases, some individual’s heel
motion was simulated satisfactorily up to heel lift. This could be explained by the
position of the calcaneus with respect to the rest of the foot. We expect to find a more
dorsal flexed position of the calcaneus for these individuals. However, at present,
extending the model’s predictive power to larger time intervals remains a topic for
future study.

The optimal radii of the spheres were calculated such that the dorsal/plantar flexion
curves of the model and those of MAS had the same range of motion. This was done on
a trial-to-trial basis such that all individuals had a set of optimal radii corresponding
to their trials. Although, the range of the radii for the initial contact phase are
about [4cm,12cm], the consequence of taking the average radius of 7cm did not change
the calculated inversion/eversion angles seriously. It is of course remarkable that all
individuals have a functional heel that rolls as a sphere with a 7cm radius. However,
we do not think that the above statement goes without nuances. First, it was already
mentioned that the predictive power of the mechanical model is about 75% with an
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average radius and above 90% with an optimal radius. So, there is a loss in predictive
power going from optimal to average. Second, also already noticed, the range of
optimal radii for the initial contact phase is about [4cm,12cm]. Therefore a more
appropriate statement is that the radius parameter of the model is not critical.

The corrections to the CoP paths to better fit the contact paths were chosen to
be linear. Two methods were employed to fit the contact paths calculated from MAS
data and the CoP paths calculated from PPPS Data. Although, the begin-end point
method only takes into account the begin and end point of both curves, the predictive
power of the model using the begin-end point method is only slightly less than the
one using the regression method. The corrections show that predominantly the begin
points of the CoP paths have to be moved medially to overlay the contact path in
an optimal way. Some general indications why the CoP path must be corrected were
mentioned in the assumptions part of Section 3.2. These indications considered the
violation of the assumption that the heel pad has uniform thickness and consists of
isotropic material. It was suggested in Section 3.2 that the CoP paths should be shifted
medially if the elasticity diminishes going from the midline of the foot outwards to the
medial and lateral side of the heel.

Most of the validation processes were performed on the bases of a comparison of
the inversion/ eversion curve. This choice for calcaneal inversion/eversion curves was
taken because of the link between these angles and running-related injuries. Clinically,
it might be of interest to know the other two angles, also. For instance, one might
be interested in the initial dorsal flexion angle or its angle velocity. From the final
validation test in Section 3.4, we learned that these angles can be used with the
same confidence as the inversion/eversion angles originating from our model. We
expected beforehand that all angles should be validated with the same predictive
power, since the mechanical model describes the three-dimensional motion of the heel
without favoring a certain cardinal plane.

The limitation of our mechanical model at present is the inability to find the initial
condition from the pressure plate measurements. This does not mean that the model
is useless. Still the model allows to study the trends in curves of heel orientation
angles on a trial-to-trial basis. Variables such as range of motion of angle curves,
time points when maximum or minimum values are reached, and angle velocity can
be obtained from the mechanical model. Therefore, the overall conclusion is that our
model is able to simulate the motion of the heel with pressure measurement data, at
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least during the period from first foot contact up to first metatarsal contact. This
presents an alternative method for determining the orientation of the heel, resulting
in a reduction of measurement costs and set-up time by avoiding simultaneous three-
dimensional motion measurements.
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Chapter 4

Metatarsal Heads

motion characteristics during contact

4.1 Introduction

In a foot model with pressure measurements as input parameter to describe foot mo-
tion, it is of no surprise that the anatomical structures that are in contact with the
ground during part of the stance phase are incorporated. In the present chapter, the
motion of the metatarsal heads during the stance phase of walking at self-chosen ve-
locity is studied. The outcome of this study results in a proposal of a forefoot model,
see the discussion section of this chapter.

Studying metatarsal head motion is part of the general research into foot mechan-
ics. Only recently, research into kinematics and kinetics of the foot has been oriented
towards an approach in which the foot is modelled by multiple segments ([5], [26],[98],
[97], [42], [115], [38], [150], [166], and [79], [48], [109], [189]). We were not able to trace
specific literature containing a description of metatarsal head motion during the stance
phase by directly measuring their motion. In a recent article by De Cock et al, [48,
2005], temporal characteristics of foot unroll during barefoot jogging are discussed.
In their article, among others, they report on the common patterns exhibited by the
metatarsal heads for initiating contact and for pushing off. In almost 75% of the cases
the metatarsal heads contacted the ground in the sequence M5/4, M3, M2, and M1.
By M5/4, we mean that metatarsal heads four and five could not be distinguished
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between. In almost 81% of the cases the metatarsal head pushed off in accordance to
the sequence: M5, M4, M3/1, and M2. The lateral-medial motion of the metatarsal
heads is described by this study as is the time interval in which this motion occurs;
about 9% of stance duration during forefoot contact phase and about 20% of stance
duration during forefoot push off phase. The reported contact time of the metatarsal
heads ranges from 65.8% to 79.3%. Blanc et al. [20, 1999] performed a similar study
for walking and found similar results. Besides the above temporal characteristics, we
found one paper that describes a spatial characteristic of metatarsal heads. Robbins
[174, 1981] suggests that the metatarsal heads are points on a curve.

In a mechanical foot model, the metatarsals as a whole must be described by
a geometric structure. Measuments of the motion of these metatarsal heads and
their interaction with the ground are necessary ingredients to design and validate
a mechanical model. Although, we were not able to find such a model that describes
the motion of the metatarsal heads during the stance phase, the mentioned literature
does give an indication of their motion. The conclusion of this chapter is a proposal
of a forefoot model. Therefore, we have to gain knowledge on metatarsal head motion
during their contact with the ground. The acquisition of more knowledge is addressed
in the following questions:

1. Do the metatarsal heads move when in contact with the ground?

It is an assumption that the metatarsal heads do not move during contact. For
verification, we observed metatarsal head motion by direct measurement with a
three-dimensional motion analysis system (a 612 Vicon system). This motion
is in the order of the spatial accuracy of the plantar pressure system. So, for
plantar pressure systems with comparable sensor dimensions the assumption is
validated.

2. How does the distance between metatarsal head one and five change during the

stance phase?

This question is related to the first question and its answer describes part of the
motion of the metatarsal heads.

3. How accurate does the plantar pressure distribution underneath the forefoot

during the stance phase determine a curve on which the metatarsal heads are

situated: the Metatarsal Curve (MC)?
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Since the answer to question one is that no motion can be observed by a plantar
pressure system, MCs are time independent. Moreover, a validation process is
needed in order to relate curves determined by pressure plate measurements with
curves determined from a motion analysis system, hereby giving an answer to
question three.

4.2 Methods

4.2.1 Devices and Population

The measurements were conducted using a 612 Vicon system with six M-cameras run-
ning at 250Hz. Furthermore, an 1.0m by 0.4m pressure plate system manufactured by
RSscan International was used to measure the plantar foot pressures at a frequency
of 500Hz (8192 sensors, 8bits, maximum value of 127N/sensor). Also, an 0.9m by
0.6m force plate running at 1250Hz, manufactures by Kistler, was used to dynami-
cally calibrate the pressure plate. Finally, a 3D data box manufactured by RSscan
International was used to connect all measurement devices. The connection between
the Vicon system and the 3D box provided us with a synchronised integrated mea-
surement system.

Three markers were attached to the Metatarsal heads to track their motion. The
markers were placed on the side of metatarsal heads one and five, and between
metatarsal heads two and three, see Figure 2.4.

From the registered pressure distributions, the forefoot area was isolated as de-
scribed in Section 2.2.6. Besides the division in a rearfoot, midfoot, forefoot, and toe
area, the aforementioned section contains also a subdivision of the forefoot area into
five areas all containing one of the metatarsals. Both the pressure distribution of the
forefoot and the pressure distribution of the five metatarsals are used for determining
metatarsal head motion.

Three session types were employed: (1) walking (ten trials for both the left and the
right foot), (2) walking and running (five trials for both the left and the right foot, and
for both walking and running), and (3) walking, fast-walking and running (five trials
for the left foot only in all three conditions). For the present analysis of metatarsal
head motion, walking trials were selected. The only selection criterion was that at



124 4. Metatarsal Heads: motion characteristics during contact

least three trials were available for analysis. In 83 individuals out of a total of 125
that participated in this study, left and right foot were measured at least 5 times and
at most 10 times per foot. For the remaining 42 individuals, 5 trials for the left foot
only were measured. The individuals had an average age of 25.7 years with a standard
deviation of ± 11.9 years ([10y,72y]) and an average weight of 68.9kg with a standard
deviation of ± 14.9kg ([32kg,116.5kg]). The population consisted of 48 women and 77
men.

A detailed description of measurement methodology is found in Chapter 2.

4.2.2 Data Processing

A first requirement to perform the necessary analysis was that the registration of data
from the pressure plate system and the motion analysis system were synchronised and
aligned. Specific details about the employed methods to facilitate both are found in
Section 2.2.1. The accuracy of synchronisation between both systems is of the order
of the sampling time of the pressure plate system. In case of aligning local reference
frames of both systems, the accuracy was for most measurement days within a sensor
size of the pressure plate system. In this chapter, we discard the data from measure-
ment days that contain errors larger than one sensor size.

To answer questions one and three, first contact of all metatarsal heads until a
metatarsal head lifts off the ground is chosen as the time period. To answer question
two, the complete stance duration is chosen as time period.

When calculating averages of position data from the pressure measurement system
and average marker positions from the motion analysis system, the chosen time period
was divided into three time intervals. Subsequently, the middle time interval was taken
to calculate these averages. The rational behind this choice is the motion performed
by the foot at the start and the end of the chosen time period. At the start of this
time period, the pressure underneath the forefoot foot is not yet well established which
could lead to errors in the determination of position within pressure data. At the end
of the time period, a rotation takes place about the metatarsal heads which could
imply motion of the metatarsal heads. Therefore, the middle time interval was taken
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for average position calculations because in this time interval the eventual movement
of the metatarsal heads is thought to be less than in the other two time intervals.
Position differences are calculated with respect to this average position expressed as
the distance between momentary position and average position.

As in the other chapters, specific details of processing are contained in the appendix
accompanying this chapter, Appendix D. In this appendix, the constructed Matlab
application that were used in performing the analysis are described.

4.2.3 Performed Analysis

To answer question one ”Do metatarsal heads move when in contact with the ground?”
, the average position of markers attached to the side of metatarsal one and five, and
between the heads of metatarsal heads two and three were calculated in a way as
mentioned above. The distances between these average positions and momentary po-
sitions were expressed as a ratio of the diagonal of a pressure sensor (

√
7.622 + 5.082 ≈

9.16mm). The diameters of the circles with as centre points the average positions of
metatarsal heads were calculated such that these circles contain the marker positions
in 90% of the chosen time period.

To answer question two ”How does the distance between metatarsal head one and
five change during the stance phase?”, the distance was simply calculated from motion
data. The trend of this distance curve was expressed in the following variables:

1. the maximum difference in distance between the metatarsal heads one and five
during the stance phase,

2. the time point at which the maximum distance occurs expressed as a percentage
of the stance phase,

3. the difference between the maximum distance and the distance at initial contact
of metatarsal five,

4. the difference between the occurrence of maximum distance and initial contact
of metatarsal five expressed as a percentage of the stance phase,

5. the difference between the maximum distance and the distance at initial contact
of metatarsal one,
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6. the difference between the occurrence of maximum distance and initial contact
of metatarsal expressed as a percentage of the stance phase .

7. the difference between the maximum distance and the distance at heel off,

8. the difference between the occurrence of maximum distance and heel off ex-
pressed as a percentage of the stance phase .

9. the difference in distance between the start and end of foot-to-ground

Correlation coefficients were calculated between these metatarsal-distance variables
and 92 pressure variables. In the result section, the pressure variables that had a
significant (P < 0.05) correlation coefficient of more than .5 are discussed.

The Kolmogorov-Smirnov goodness of fit test was used to determine which vari-
ables were normally distributed. In case normality could not be established, Spearman
correlations were calculated.

To answer question three ”How accurate does the plantar pressure distribution
underneath the forefoot during the stance phase determine a curve on which the
metatarsal heads are situated: the Metatarsal Curve (MC)?”, a few methods were
applied to calculate MCs out of pressure data. Both from the pressure data and the
three-dimensional position data points were isolated and used to construct MCs. MCs
are defined to be second order polynomials. The isolated points were used to fit these
polynomials using the polyfit function of Matlab. This functions calculates a best
fit in a least squares sense. Five methods were used to calculate MCs from pressure
distributions of the forefoot:

1. Positions of peak values over the complete time period with the original forefoot

pressure distribution.

This method determines the position of local maxima in the forefoot pressure
distribution. Local maxima are those points for which a neighbourhood exists
consisting of points at which the pressure is less than in the points of local max-
ima. Having calculate the maxima for all time points of the forefoot pressure
distribution, the ones most present over time are selected as points for calculat-
ing MC. To calculate the ones with largest impact, a new pressure distribution in
time is constructed. First, for a certain time point the new pressure distribution
is the one that only contains the local maxima at that time point. Second, one
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pressure distribution is constructed by summing up these new pressure distribu-
tions over the time period. Third, the local maxima of this aggregated pressure
distribution are calculated and used as input for determining the Metatarsal
Curve.

2. Positions of peak values in the pressure distribution aggregated over the time

period.

The same procedure is used as in the case of the first method, only the input of
the forefoot pressure distribution differs. Instead of taking the pressure distribu-
tion for the complete time period, an aggregated pressure distribution is made
and used as input.

3. Positions of peak values over the complete time period with an adjusted forefoot

pressure distribution.

The same procedure is used as in the case of the first method, only the pressure
values in the forefoot pressure distribution are adjusted. All values below a
certain threshold are set to zero (here 10N/cm2). Then the remaining values
of a pressure distribution at a certain time point are divided by the average
pressure value at that time point and raised to the power four. The calculated
pressure distribution enhances the separation of local maxima.

4. Average positions of maximal pressure sensors in the five areas of the forefoot.

In Section 2.2.6, we discuss a division of the forefoot into five subareas such that
each contains a metatarsal head. During the chosen time period, the positions
of the sensors with the highest value were determined from the five individual
pressure distributions. The average positions of these five sensor points were cal-
culated for the middle time interval as explained in Section 4.2.2. Subsequently,
these five points were used in constructing the Metatarsal Curve.

5. The location of the Gaussian mixtures that in combination represent the forefoot

pressure distribution in time.

When all values of a forefoot pressure distribution at a certain time point are
divided by the sum of all pressure values at that time point a normalised pres-
sure distribution arises for that time point. A normalised pressure distribution
is thought of as a multi-modal bivariate statistical distribution. It is possible to
describe such a multi-modal bivariate distribution by a superposition of prob-
ability density functions. In this case, we used Gaussian probability density
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functions characterised by (µi, Σi), where i = 1, . . . , k and k is the total number
Gaussians used. The pressure distribution given at a certain time point has an
approximated value that is realised by a mixture of k Gaussian distributions
such that

p(x) =
∑

i=1,...,k

πi p(x;µi, Σi),
∑

i=1,...,k

πi = 1, (4.1)

where πi, i = 1, . . . , k, are the mixing proportions of the different Gaussian
distributions. Details of this method and its application on forefoot pressure
distributions can be found in Okoulevitch and Bykova [160, 2004] and a graphical
example is found in Figure 4.1

Figure 4.1 Example of a Gaussian mixture. On the left-hand side, a three-

dimensional representation of a forefoot pressure distribution and on the right-hand

side an example of four Gaussian distributions fitted to the underlying forefoot

pressure distribution.

After MCs were calculated using one of the five methods, these MCs were compared
to the MC constructed from the three markers that were measured with the motion
analysis system. Two types of comparison were made: (1) the difference in distance
of the position of the point between metatarsal heads two and three, (2) the average
difference in distance of all points over the width of the foot, see Figure 4.2. The first
type of comparison is a specific one point measure while the second one is a measure
for the complete MC. Normally, we would favour the second type over the first type
because it is a more global measure. We used both types of comparison because the
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MC based on motion data does not contain all meta heads as points on its curve.
Since metatarsal heads one and five were attached at the side of these heads, only the
point (marker) between metatarsal head two and three is certainly on this curve.

4.3 Results

In Figure 4.3 (a), (b) and (c), the diameters of the circles that cover 90% of the marker
position during the chosen time period are depicted as distributions in histograms. In
Figure 4.3 (d), average marker curves of the trials of one individual are depicted. They
show the relationship between the size of the diameter of the covering circle and the
percentage of position data within these circles for all three markers. Although, we
present an example here, the trend of the curves is exemplary for our data set.

If the data is split into left and right trials, there is no drastic change in the be-
haviour of these curves. To verify, we present the distributions of the left and right
trials in Appendix D. The average diameter of the circles that covers 90% of the
marker motion is given in Tabel 4.1 Also, the 90% confidence interval of diameter size
is presented and the percentage of diameter sizes smaller than the length of one and
two times the length of pressure-sensor diagonal. A 90% confidence interval of this di-
ameter size was chosen since the normality test (Lillifors test) showed that diameter’s
distributions are not normal.

The change in distance between metatarsal heads one and five during the stance
phase follows a pattern that is common in the walking trials of all 125 individuals.
First, the distance increases to a platform level. Second, the platform level is main-
tained for a certain period. Third, the distance decreases at the end of foot-to-ground
contact. An example of a change of distance curve is depicted in Figure 4.4,.

The behaviour of the distance relationship between heads one and five can be
expressed in the variables introduced in Section 4.2.3. The results of these variables
for the whole population are found in Table 4.2, presenting both the average and
the 90% confidence intervals of these variables. The correlations between significant
pressure variables and the significant distance variables are expressed in Table 4.3.
Since only the pressure variables that correlate significantly with a coefficient of more
than .5 are contained in this table, the number of pressure variables is reduced from
92 to 8.
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Figure 4.2 Example of comparison between MCs from pressure measurements

and MC from motion measurements. An arbitrary trial was used for this exam-

ple. The order of the rows is: (1) Gaussian Mixtures, (2) Five area forefoot, (3)

Peak positions from an adjusted pressure distribution, (4) Peak positions from an

aggregated pressure distribution, and (5) Peak positions from an original pressure

distribution.
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Figure 4.3 The movement of the metatarsal heads during the time period starting

at the moment all metatarsal heads are in contact and ending at the moment one

of these heads loses contact. In (a), (b), and (c) the distributions of all trials are

depicted with respect to the diameter of the circles containing 90% of the motion of

the markers attached to metatarsal head one, attached between metatarsal heads

two and three, and attached to metatarsal head five, respectively. The diameter size

is scaled with respect to the length of the diagonal of a pressure sensor. In (d), the

relationship between the size of the diameter of the circle and the percentage of mo-

tion covered by this circle is depicted. The relationship is an example of the average

curves calculated for an arbitrary individual of the three markers on the forefoot:

the solid line is related to the marker attached to the side of metatarsal head one,

the dashed-dotted line is related to the marker attached between metatarsal heads

two and three, and the dashed line is related to the marker attached to the side of

metatarsal head five.
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Table 4.1 The motion of the metatarsals. This table contains data of the motion

of the three markers attached to the metatarsals: two markers attached at the side

of metatarsal heads one (MT1) and five (MT5), and one marker attached between

metatarsal heads two and three (MT2/3). The first row contains the averages of the

diameters of the circles containing 90% of the motion. The second row contains the

data size of 90% confidence intervals (C.I.). The third row contains the percentage

of diameters that are smaller than the length of one pressure sensor’s diagonal. The

fourth row contains the percentage of diameters that are smaller than two times the

length of one pressure sensor’s diagonal. The values of the diameter sizes in rows one

and two are expressed in the length of one pressure sensor’s diagonal (≈ 9.2mm).

MT1 MT3/4 MT5

All Left Right All Left Right All Left Right

Average 1.08 1.15 1.00 1.24 1.32 1.14 0.90 1.00 0.78

90% C.I ±0.56 ±0.57 ±0.55 ±0.63 ±0.66 ±0.65 ±0.51 ±0.57 ±0.49

< 1 57.6% 58.7% 56.4% 39.9% 40.7% 39.0% 78.9% 79.3% 78.4%

< 2 99.3% 99.7% 98.7% 98.3% 98.8% 97.7% 99.6% 99.5% 99.8%

The validation of the Metatarsal Curves from each of five methods to determine
MCs from pressure distributions was performed by comparing curves of the these
methods with the curve from motion data. In the sequence of analysis, this type of
validation was the most time consuming. We started our processing by applying all
five methods to a given trial. This type of processing could not be maintained be-
cause the method employing Gaussian mixtures did not always converge. Therefore,
we decided to redesign the validation method and focus on the remaining four other
methods. The validation of the selected four methods is presented in Table 4.4. The
table contains the average, the 90% confidence interval, and the percentage of trials
that were rejected for analysis. Trials were rejected for a given method because the
number of points that could be used to calculate the second-order polynomial was less
than three. For these trials, MCs could not be constructed.

Analogue to the analysis of the movement of markers attached to metatarsal heads,
or the marker attached between metatarsal heads, we looked at movement of the points
used in method four. This method used the five forefoot areas that should contain one
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Table 4.2 The distance between metatarsal heads one an five. This table con-

tains the following distance variables: (1) maximum distance difference over the

complete stance phase (D Max dif), (2) time to maximum distance (D Max T),

(3) difference between maximum distance and distance at M5 contact (D Max-

D(M5), (4) time between maximum distance and distance at M5 contact (D Max T-

D(M5) T), (5) distance difference between maximum distance and distance at M1

contact (D Max-D(M1), (6) time between maximum distance and distance at M1

contact (D Max T-D(M1) T), (7) difference between maximum distance and dis-

tance at heel lift (D Max-D(Heel lift)), (8) time between maximum distance and

distance at heel lift (D Max T-D(Heel lift) T), (9) difference between the distance

at the start and at the end of the stance phase (D(begin)-D(end)).

Average 90% C.I.

D Max dif 11.2mm ±1.6mm

D Max T 46.0% ±4.5%

D Max-D(M5) 9.1mm ±0.1mm

D Max T-D(M5) T 36.8% ±5.0%

D Max-D(M1) 5.6mm ±1.14mm

D Max T-D(M1) T 32.4% ±6.9%

D Max-D(Heel lift) 0.5mm ±0.3mm

D Max T-D(Heel lift) T -9.2% ±1.9%

D(begin)-D(end) -1.3mm ±2.9mm
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Table 4.3 The significant (P < 0.05) correlation coefficients between pressure

variables and M1-M5 distance variables. The significant distance variables are: (1)

time to maximum distance (D Max T), (2) time between maximum distance and

distance at M5 contact (D Max T-D(M5) T), (3) time between maximum distance

and distance at M1 contact (D Max T-D(M1) T), (4) difference between maximum

distance and distance at heel lift (D Max-D(Heel lift)). The significant pressure

variables are: (1) Forefoot Contact Phase (FFCP), (2) Foot Flat Phase (FFP), (3)

Time to maximum pressure underneath M5 (Max T(M5)), (4) Force-Time Inte-

gral of the medial heel area (Int(Heel Med)), (5) Force-Time Integral of the lateral

heel area (Int(Heel Lat)), (6) Contact duration of medial heel (Dur(Heel Med)), (7)

Contact duration of lateral heel (Dur(Heel Lat)), and (8) Contact duration of the

lesser toes (Dur(Toes)). Pairs of variables with significant correlations are divided

into two groups. One group has correlation values in the range from .5 to .7 and

the other group has values larger than .7. The pairs are indicated by ”x” and ”o”,

respectively.

D Max T D Max T-D(M5) T D Max T-D(M1) T D Max-D(Heel lift)

FFCP x x o
FFP o x o
Max T(M5) x
Int(Heel Med) x o o o
Int(Heel Lat) x o o o
Dur(Heel Med) o o o
Dur(Heel Lat) o o o
Dur(Toes) x x
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Figure 4.4 The change in distance between metatarsal heads one and five during

the stance phase of walking. This graph depicts the aforementioned relationship for

one trial of an arbitrarily selected individual. The trend of this curve is seen in the

walking trials of all 125 participants of our study.

metatarsal each. At each time instance, five points are determined in the five areas at
which pressure is maximum for that area. The result of this analysis is found in Table
4.5.

4.4 Discussion

4.4.1 Posed Questions

Whether the metatarsal heads move when in contact with the ground was question one
in the introduction section. The answer to this question is not so straightforward. We
obtained an answer by using a motion analysis system, but the inherent inaccuracy of
the system prohibits drawing conclusions if distance variations of markers are below a
certain threshold. The threshold of the presently used set-up is hard to determine since
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Table 4.4 Validation of Metatarsal Curves. In this table, methods one to four

(Meth.1 to Meth.4) are validated with MCs from motion data. Both the local

criterion, distance between the point between metatarsal heads 2 and 3 (MT2/3)

as given by MCs from pressure and motion data, and the global criterion, average

distance between MCs from pressure and motion data, are presented. Incorporating

all trials, the average, 90% confidence interval, and the percentage of trials that

could not be analysed are given.

Meth.1 Meth.2 Meth.3 Meth.4
MT2/3 Curve MT2/3 Curve MT2/3 Curve MT2/3 Curve

Average 1.15 1.82 0.96 2.07 0.93 1.86 0.90 1.53

90% C.I 1.14 1.25 0.96 1.57 0.92 1.31 0.88 0.85

% trials 0.3% 0.3% 29.4% 30.2% 6.2% 6.2% 0.1% 0.1%

not all technical details of the system were known. However, the variation of marker
positions during the static trials of individuals may provide some indications. The
average variation of the three markers attached to, or close to, the metatarsal heads
is 0.1mm with a 90% confidence interval in the order of 0.01 millimeters. Another
indication is provided by the variation in fixed distances during dynamic trials as
described in Chapter 2 and graphically depicted in Figure 2.14. The latter figure
shows a decrease in variation when distances become smaller, in the order of 0.1mm.
With these two considerations in mind, metatarsal heads do move if measurements of
these heads are directly related to the movement of the attached markers. In our set-
up, the direct measurement of movement of metatarsal heads is impossible. They are
replaced by markers attached to the skin. Therefore, by measuring marker motion,
we measure also the superimposed motion of the skin and all soft tissue structures
between skin and bone. In Figure 4.5, we depict a few examples of marker paths
during the contact phase of all metatarsal heads. These examples are representative
of the measurement population and show a strong posterior-anterior motion in the
finale stage of metatarsal contact. In this stage, the heel has lifted from the ground
and the foot is rotating about the metatarsal heads. We expect a slight forward motion
of the metatarsal heads during this stage, cf. Stokes et al. [194, 1979]. On one hand,
with our present measurement set-up, we are not able to conclude that this forward
motion is ”real” motion. On the other hand, forward motion is present if rotation
takes place about the metatarsal heads, a less speculative statement. From Section
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Table 4.5 The movement of the five maximum points in the metatarsal areas. This

table contains data of the movement of the point of maximum pressure in the five

metatarsal areas. Here, metatarsal areas one, two, three, four and five are related

to MT1, MT2, MT3, MT4 and MT5. For all trials, we calculated the diameter

of the circle containing 90% of the motion. The diameter sizes were expressed as

lengths of a pressure sensor’s diagonal. Average and 90% confidence interval values

are expressed for the size of these diameters. In the rows with the heading < 1 and

< 2 the percentage of trials that are within one and two times the length of the

diagonal of a pressure sensor are given. The division into three blocks is such that

the first is related to the movement during the complete metatarsal contact period,

the second is related to the last two thirds of this period, and the third block of

rows is related to movement during the middle third of this period.

MT1 MT2 MT3 MT4 MT5

Average 2.3 1.7 1.8 2.6 2.3

90% C.I 2.7 1.6 1.7 2.1 1.7

< 1 20.4% 20.7% 21.5% 16.0% 13.1%

< 2 50.0% 60.2% 59.9% 39.2% 42.4%

Average 1.8 1.3 1.2 2.1 2.5

90% C.I 2.5 1.5 1.5 2.6 2.0

< 1 35.6% 38.5% 41.9% 30.7% 11.4%

< 2 64.1% 74.6% 76.0% 53.1% 35.5%

Average 0.8 0.7 0.6 1.0 0.6

90% C.I 1.8 1.2 1.1 2.0 1.0

< 1 69.5% 69.3% 72.2% 63.8% 74.2%

< 2 85.8% 92.0% 92.6% 79.6% 94.8%
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4.3, Table 4.1, we see that circles with a diameter size of 18.3mm (= 2 times the length
of a pressure-sensor diagonal) contain 90% of the motion of the three markers related to
the metatarsal heads for 97.7% of all trials. Therefore, rotation about the metatarsal
heads can take place from heel lift until metatarsal lift and might be restricted to the
90% covering circles.

Figure 4.5 Examples of metatarsal head motion. In the four graphs (a), (b), (c),

and (d), examples of the motion of the markers attached to the metatarsal heads

one (solid lines) and five (dashed lines), and attached between metatarsal heads two

and three (dotted lines) are depicted. In each graph, a trial of a different individual

is shown. The red lines depict the y-coordinate of these markers, and the blue lines

depict the x-coordinate of these markers. The time is expressed as percentage of

metatarsal contact, the period starting at the moment that all metatarsal heads are

in contact with the ground until the moment one head is lifted from the ground.
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The previous consideration, tells us that a pressure plate with sensors not smaller
than 7.62mm by 5.08mm can not determine the position of metatarsal heads. For
measuring the position of metatarsal heads, we have to take an area of about 14mm
by 10mm to cover these heads completely. Only a few studies employing plantar pres-
sure plate systems use such small metatarsal areas ([48], [77]). Most studies employ
divisions of the forefoot area in much larger areas. Although manual placement of
such small areas in a plantar pressure distribution is far from evident, De Cock et al.
[48] showed that it can be done in a repeatable manner. Besides knowing the position
of the metatarsal heads with such an approach, the local loading characteristics of the
metatarsal heads are determined more precisely when using such small areas.

The way the distance changes between metatarsal head one and five during the
stance phase was question two as mentioned in the introduction. From Figure 4.4
and Table 4.2, it follows that the distance between metatarsal heads one and five does
change during the stance phase. The spreading of the forefoot, in the order of 1cm,
could be a mechanism to enhance medio-lateral stability of the forefoot in the crucial
forefoot push-off phase. From Table 4.2, it follows that at the start of propulsion this
distance already reached its maximum, about 10% of stance duration before heel lift,
but that the amount of spreading is the same as this maximum (differences are less than
a millimeter). In some texts on functional anatomy (for example [104]), the presence of
a medio-lateral foot arch in the frontal plane is discussed. Together with the anterior-
posterior arches of the foot, these texts describe the contact between foot and ground
by a tripod structure. Since pressure plate systems have been introduced, the medial-
lateral arch has been disputed. Loading underneath the inner metatarsal heads, two,
three and four, is substantial ([48], [11], [14]). With recent research in temporal foot
roll-over patterns ([48], [20], [209]), a lateral to medial forefoot unroll is observed.
Such a pattern can theoretically not be the consequence of medial-lateral foot arch.
The explanation does not support the the fact that this foot arch is collapsing during
impact, because the end points (metatarsal heads one and five) would still remain the
lowest points on the arch. Moreover, if the metatarsal heads are all in one transverse
plane, then unroll should theoretically be about metatarsal head five consequently
followed by the other metatarsal heads at the same instance of time. With the change
in distance between metatarsal head one and five, and with the forefoot unroll and
push off sequences found in the paper by DeCock et al. [48], we come to a model of the
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motion of the metatarsal heads in any frontal plane. This motion is described as the
motion of an inverse arch that flattens during metatarsal ground contact, see Figure
4.6. An explanation for the existence of an inverse arch might be the activity of the
flexor muscles of the hallux and the lesser toes from first foot contact until foot flat.

At the end of contact, push off sequence behaviour of the metatarsal heads can
not be explained by a curve in the frontal plane alone. Therefore, we need a curve
through the metatarsal heads in the transverse plane; the metatarsal curve.

Figure 4.6 An example of forefoot unroll (from right to left). The metatarsal

arch described from an inverse arch at first metatarsal contact to a flat arch during

the foot flat phase.

Before, we start the discussion about the metatarsal curve, we shortly outline the
results presented in Table 4.3. This table shows that timing events in the distance
relation between the exterior heads have a strong linear correlation to total loading
of the medial and lateral heel area and the duration of contact of both these areas.
For the design of a model of the forefoot, these strong linear correlations are of no
interest. However, in a future study, design of a mechanical structure that describes
this coupling could be the main goal. The fact that we found these correlations at
least suggests coupling and might lead us to the direction in which this coupling could
be described.

Whether the plantar pressure distribution underneath the forefoot during the
stance phase could be used to establish a curve on which the metatarsal heads are
situated, was question three in the introduction. Since, motion of metatarsal heads
during contact is present, see the answer to the question one, but since this motion is in
total of the same order as the length of a pressure sensor’s diagonal, we needed to find
stationary metatarsal curves. Five methods were used to construct these metatarsal
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Figure 4.7 An example of the flexion(+)/extension(-) motion of the first metatar-

sophalangeal joint; third individual of the walking session type, trial one. The ver-

tical lines represent the moment at which metatarsal head five contacts the ground,

the moment at which metatarsal head one contacts the ground, and the moment of

heel lift.

curves, see Figure 4.2 for examples. From Table 4.4, it follows that method four per-
forms overall better than the other methods. We recall that this method uses the
points at which pressure reaches its maximum in five areas. The MC determined by
method four and the MC determined by the motion analysis measurements are com-
pared at the point between metatarsal heads two and three. The average distance
between these corresponding points at both MCs was 0.9 times the length of a pres-
sure sensor diagonal. The value of the 90% confidence interval for this distinct method
ranges from 0 to 1.78. The results of comparison of the complete MC curves in Table
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4.4 indicate method four also as the overall best performing method. We need to be
cautious in our interpretation of the values of Table 4.4 if we compare complete MCs.
Placement of the markers on the side of the metatarsal heads one and five implies that
MCs based on motion data are less accurate at the most exterior metatarsal heads.
Nevertheless, method four gives us the most relevant metatarsal curve from pressure
plate measurements.

Intermezzo
The motion of the maximum pressure within a metatarsal area is given in Table
4.5. Since the accuracy of a pressure plate is restricted by its sensor size in the
determination of positions, the sizes of diameter of the circles containing 90% of the
movement of the points are larger than points obtained with MAS, see the discussion
of question one. An advantage of method four is that there is a relationship between
points of highest pressure and underlying anatomical structures. Indeed, previously
performed research ([70], [31], [83]) showed a good agreement of anatomical structures
and high-pressure areas within a plantar pressure distribution. Figure 4.2 indicates
that for the chosen example there are only three areas in the forefoot with a high
pressure. Visual inspection of this example revealed that the middle high-pressure area
is a combination of pressure exhibited by metatarsal heads two and three. Since the
heads are connected through various soft tissues, it is conceivable that local pressures
of the two metatarsal heads through the soft tissue layers result in a distribution with
only one peak, see Figure 4.8. Therefore, we deduce that the peak pressure values are
on the metatarsal curve and could be between heads as well as at the head.

From a clinical standpoint, the local loading around the metatarsal heads is of
interest for the determination of tissue stress injuries and other local phenomena.
Pressure variables calculated from large forefoot areas might not yield identical values
if more local areas were selected. Results of a preliminary study to the research in this
thesis indicate that only 9 variables have the same results for a large forefoot area and
a one-sensor forefoot area. The matching variables are alle time related: the four foot
phases, time of maximum pressure of metatarsal area one, time of maximum loading
rate of metatarsal areas three and four, and the contact duration of metatarsal areas
one and five. In total 81 pressure variables using both large forefoot areas, see Section
2.2.6, and one-sensor forefoot were compared: (1) the four foot phases, (2) maximum
pressures (for eleven areas), (3) times of maximum pressures, (4) average pressures,
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(5) maximum loading rates, (6) times of maximum loading rates, (7) pressure-time
integrals, (8) contact durations. We came to above findings using student t-tests in
case of normal distributed variables and Wilcoxon Matched-Pairs Signed-Ranks Tests
in case of non-normal distributed variables. Apart from these 9 variables, determina-
tion of pressure variables from local pressure areas underneath metatarsal heads gave
generally different results than the normally used larger areas. In clinical pre- and post
test situations the difference in absolute values might be of less importance than the
absolute values. Whether, besides differences in maximum values there are also differ-
ences in the trend of the loading curves is still an open question. For completeness, we
present Table 4.6 containing maximum pressures, average pressures, maximum loading
rates, and pressure-time integrals in case of both types of forefoot areas.

Figure 4.8 An example of how the pressure of two metatarsal heads through soft

tissue layers can result in a distribution with one peak.

4.4.2 Forefoot Model Proposition

In this section, we propose a model to describe the motion of the forefoot; for a sketch
of the model see Figure 4.9. The forefoot motion starts at the event First Metatarsal
Contact (FMC) and lasts till the event Last Foot Contact (LFC), or, in other terms,
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Table 4.6 Average and standard deviation of pressure variables calculated from

global and local forefoot areas The abbreviations have the following meaning: M.P

is Maximum Pressure, A.P. is Average Pressure, M.L.R is Maximum Loading Rate,

P-T Int. is Pressure-Time Integral, MT1 till MT5 are the metatarsal areas related

to metatarsals one to five. The postfix (G) is related to the global metatarsal areas,

while the postfix (L) is related to the one-sensor metatarsal areas.

M.P. in N/cm2 A.P. in N/cm2 M.L.R. in N/cm2 s P-T Int. in Ns/cm2

MT1(G) 13.2 ± 2.9 6.8 ± 1.4 241.5 ± 101.2 3.5 ± 0.8
MT1(L) 28.7 ± 6.3 15.0 ± 3.3 463.0 ± 191.8 7.7 ± 1.9
MT2(G) 20.3 ± 5.3 10.3 ± 2.5 339.5 ± 141.7 5.4 ± 1.5
MT2(L) 32.9 ± 8.2 17.3 ± 4.5 646.5 ± 304.6 9.2 ± 2.7
MT3(G) 18.5 ± 4.5 9.6 ± 2.3 435.3 ± 197.2 5.1 ± 1.4
MT3(L) 31.8 ± 7.8 17.1 ± 4.6 883.2 ± 422.4 9.2 ± 2.7
MT4(G) 13.2 ± 8.0 1.9 ± 1.4 612.4 ± 268.4 4.3 ± 1.1
MT4(L) 25.6 ± 14.5 3.7 ± 3.6 1090.6 ± 447.2 7.9 ± 2.2
MT5(G) 8.8 ± 5.4 1.4 ± 0.7 484.6 ± 200.4 2.9 ± 0.8
MT5(L) 21.3 ± 12.5 3.6 ± 2.4 992.5 ± 427.9 6.6 ± 2.1

during the phases Fore Foot Contact Phase (FFCP), Foot Flat Phase (FFP), and Fore
Foot Push Off Phase (FFPOP). For the introduction of these events and phases, see
Section 2.2.4.

The contact of the forefoot with the ground plane is represented by a (virtual) bent
cylinder; the cylinder is deformable and bents in two directions: with respect to the
frontal plane and with respect to the transverse plane (= ground plane). At FMC, this
curved cylinder is with one point in contact with the transverse plane. During FFCP,
the cylinder flattens (making more contact) and unrolls itself over the transverse plane
(lateral to medial). In FFP, the cylinder is in full contact with the ground plane, and
the contact curve of the cylinder with the plate then coincides with the positions of
the metatarsal heads in the transverse plane (as observed using a pressure plate). In
other words, the curve of contact is the metatarsal curve.

The flattening of the medial-lateral arch during FFCP is controlled by the neu-
romuscular system. We try to model this system in the following way: At a point
between the metatarsal heads two and three a rigid straight beam is fixed to the cylin-
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der, as depicted in Figure 4.9. This beam ends in a control unit, at which two rigid
hollow tubes are mounted; see again Figure 4.9. The two hollow beams each encap-
sulate a rope connecting the end points of the bent cylinder to the control unit. By
shortening or lengthening the two ropes, the control unit is able to change the bending
of the cylinder in the frontal plane (thus making the cylinder more flat or less flat).

Figure 4.9 A sketch of the proposed forefoot model.

To be able to use this forefoot model to describe forefoot motion from plantar
pressure plate measurements, its parameters should be known. Although, further
research to know the exact working of the control unit, to know the radius of the
cylinder, and to know the external mechanism that controls the rotation about the
cylinder is needed, we speculate on the possibilities to find this necessary information.

The control unit is active at the start and active at the end of metatarsal contact.
Using direct motion data of metatarsal heads employing a motion analysis system,
would be useful to characterize the frontal motion of the metatarsals. The frontal
motion might be described by a (linear) function. The working of the control unit
would be determined by this function of time. If such a function is not stable within



146 4. Metatarsal Heads: motion characteristics during contact

an individual motion pattern or between individuals, we are able to use information
of the pressure plate system. Since the metatarsal curve can be determined quite
accurately within the pressure data, we do have a curve on which the metatarsal heads
are positioned. The geometrical pattern of the loading on and around this metatarsal
curve could also be used to determine the working of the control unit. After all, the
length of the metatarsal curve remains constant and therefore the part not in contact
with the ground can be determined from the part that is in contact with the ground.
The latter reasoning only applies for the forefoot push-off phase (FFPOP). In this
phase, metatarsal head two is the last head that remains in contact with the ground.

Some research ([194], [56]) was done on the determination of the radius of curvature
of metatarsal heads. Since these papers describe values for the heads themselves, they
might not be precisely what is needed here. For the model, a functional radius of the
cylinder is needed such that the rotation about the bent cylinder is restricted in such
a way that the resulting displacement of the contact point is less than two diagonal
lengths of a pressure sensor (≈ 18.2mm). Still, we belief that functional radius of
curvature is a parameter that should be based on biometric data based on pressure
measurements of the foot, which might follow from pressure measurements.

The external mechanism is strongly linked to the radius of curvature of the cylin-
der. At this moment, we might be able to use the velocity of surface size change within
the pressure distribution in the rearfoot and midfoot pressure areas just prior to heel
lift and after heel lift. This is only possible if this velocity can characterise the rota-
tion of rearfoot and midfoot about the metatarsals. A higher spacial resolution will
visualise the motion of the metatarsal heads. Thereby, the mechanism that controls
the rotational motion can be obtained directly from pressure measurements and the
curvature of the cylinder.
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Chapter 5

First Metatarsophalangeal Joint

Motion

the relationship between motion and pressure

5.1 Introduction

The rotation of the foot about the metatarsal heads from the moment of heel lift till
metatarsal push off causes a flexion in the first metatarsophalangeal joint. Since the
hallux remains in contact with the ground during this period, the metatarsals, and
connected to them the midfoot and the rearfoot, move with respect to the ground.

In Chapter 4, a mechanical model was proposed that accommodates the motion
of the metatarsals during the stance phase of walking. In this mechanical model, an
external mechanism controls the rotation about the bend cylinder. Also in Chapter 4,
we suggested using the gradient of the function of the size of the supporting surface
of the pressure distribution in the rearfoot and midfoot to describe this rotation. In
this chapter, we suggest another approach, namely considering the connection between
hallux and the metatarsals. At least part of the rotation about the metatarsals, and
therefore the bent cylinder, takes place at the first metatarsophalangeal joint (MTPH-
I).

Acquiring the pressure variables that are characteristic for the motion of MTPH-I
is therefore the focus of this chapter.
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5.2 Methods

5.2.1 Devices and Population

The measurements were conducted using a 612 Vicon system with six M-cameras run-
ning at 250Hz. Furthermore, a 1.0m by 0.4m pressure plate system manufactured by
RSscan International was used to measure the plantar foot pressures at a frequency
of 500Hz (8192 sensors, 8bits, maximum value of 127N/sensor). Also, a 0.9m by 0.6m
force plate running at 1250Hz, manufactured by Kistler, was used to dynamically cali-
brate the pressure plate. Finally, a 3D data box manufactured by RSscan International
was used to connect all measurement devices. The Vicon system in connection with
the 3D box provided us with a synchronised integrated measurement system.

Motion was traced by attaching markers to the foot and by recording their three-
dimensional positions. Three markers were attached to the medial forefoot to track
their motion. Two markers were placed medially; on the side of the base and head of
metatarsal. The third marker on the medial forefoot was attached between metatarsal
heads two and three. A marker plate was attached to the hallux containing three
markers. In Figure 2.4, the marker set-up is depicted. The angular representation of
the metatarsophalangeal joint was obtained by calculating the joint coordinate system
(Grood and Suntay [74], Cole et al. [39]).

From the registered pressure distributions, the foot was divided into areas as de-
scribed in Section 2.2.6. In total, the foot surface was divided into eleven areas: a
medial and lateral rearfoot area, a medial and lateral midfoot area, five metatarsal
areas all containing one metatarsal, a hallux area, and an area containing the lesser
toes.

Three session types were employed: (1) walking (ten trials for both the left and
the right foot), (2) walking and running (five trials for both the left and the right
foot, and for both walking and running), and (3) walking, fast-walking and running
(five trials for the left foot only in all three conditions). For the present analysis of
MTPH-I motion, the individual’s walking trials within all session types were selected.
The only selection criterion was that at least three trials were available for analysis.
In 83 individuals out of a total of 125 that participated in this study, left and right
foot were measured at least 5 times and at most 10 times per foot. For the remaining
42 individuals, 5 trials for the left foot only were measured. The individuals had a
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mean age of 25.7 years with a standard deviation of ± 11.9 years ([10y,72y]) and a
mean weight of 68.9kg with a standard deviation of ± 14.9kg ([32kg,116.5kg]). The
population consisted of 48 women and 77 men.

The detailed description of measurement methodology is found in Chapter 2.

5.2.2 Data Processing

For describing the metatarsophalangeal joint, we use the following angles: flexion/extension,
abduction/adduction, and inversion/eversion. These angles were calculated for the
walking trials and static trial performed by each individual. From these angles, the
following characteristics of motion are deduced:

1. angles of the static trial,

2. angles at initial contact,

3. minimum values of the angles,

4. time at which the minimum value of the angle occurs (in % stance duration),

5. maximum values of the angles,

6. time at which the maximum value of the angle occurs (in % stance duration),

7. range of motion of the angles during the stance phase,

8. the angles at the end of the stance phase.

For flexion/extension, we also introduced velocity variables:

1. minimum velocity in the first half of contact (from 0% to 50% of stance duration),

2. time at which minimum velocity in the first half of contact occurs,

3. maximum velocity of the complete stance duration,

4. time at which maximum velocity occurs of the complete stance duration,

5. minimum velocity of the complete stance duration,
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6. time at which minimum velocity of the complete stance phase occurs.

The timing variables related to time events are all expressed as a percentage of stance
duration. In Figure 5.1, we depicted the three angles for averaged left and right trials.
Also, the meaning of the extra variables introduced for flexion/extension is interpreted
graphically in this figure. The flexion/extension curve shows two time points at which
velocity is minimum, one in the first half and one in the second half of stance duration.

From the eleven pressure areas and their corresponding pressure distributions, we
calculated the values of 92 force related variables. These variables describe maximum
force, time of maximum force, average force, maximum loading rate, time of max-
imum loading rate, force-time integrals, total duration, foot phases, and ratios and
differences of previous variables. We study the interrelationship between the motion
variables of MTPH-I and the 92 force variables.

To establish the pressure-motion relationships, we used Spearman and Pearson
correlations. Furthermore, linear regression equations were calculated for the motion
variables on the basis of the force variables. Only those force variables were taken into
account in the regression equation for which their correlation with a motion variable
was significant (p < 0.05) and higher than 0.3. Regression equations were calculated
using all these relevant force variables and using a backward stepwise approach.

The statical calculations were performed in Matlab and SPSS v10.

5.3 Results

From the correlation study, we found no force variables that correlated significantly
with inversion/eversion and abduction/adduction motion. The only exception was
the static inversion/eversion position, but for studying MTPH-I motion, this vari-
able is not relevant. For the flexion/extension curve, a number of significant corre-
lations were found. The ones with strongest correlation are Max Force(H/MT1) and
End Contact(H-MT1) with coefficients of 0.62 and 0.69, respectively. The range of mo-
tion of both average inversion/eversion and abduction/adduction curves are also a lot
smaller, about 5◦, than the range of motion of the flexion/extension curve, about 60◦.
This tells us that the rotation about the metatarsals seen in MTPH-I is predominately
a posterior-anterior motion.
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Figure 5.1 The average flexion/extension (a), inversion/eversion (b) and abduc-

tion/adduction (c) curves of the metatarsophalangeal joint. The averages are cal-

culated for trials of left feet (sold line) and for trials of right feet (dashed line). The

red lines in (a) depict the velocity at the moment of minimum velocity in the first

half of contact (1), at the moment of maximum angular velocity (2), and at the

moment of overall minimum angular velocity (3).

The significant (p < 0.05) correlation coefficients together with complete and back-
ward stepwise regression equations are given in the following ten tables. Also, the value
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of the explained variance R2 of these regression equations is given. In the ten tables,
we couple each of ten specific motion variables of MTPH-I to force variables with sig-
nificant correlation coefficients higher than 0.3. In these tables, we use the following
abbreviations:

1. Corr.coeff., Correlation coefficient,

2. Eqn.coeff.L., coefficients of the regression equation of the left trials,

3. Eqn.coeff.R., coefficients of the regression equation of the right trials,

4. LoadingR Max, maximum loading rate,

5. LoadingR Max Time, the moment at which the loading rate is maximal,

6. Begin Contact, start of contact as a percentage of stance duration,

7. End Contact, end of contact as a percentage of stance duration,

8. Max Force, maximum force, and Max Force Time is the moment at which max-
imum force occurs,

9. Average, average force.

Almost every force variable has a postfix that indicates the area or areas to which it
applies. We use the following abbreviations:

1. MT1,. . .,MT5, metatarsal areas one to five,

2. Heel Med and Heel Late, medial and lateral heel area,

3. MF M and MF L, medial and lateral midfoot area,

4. H, hallux area,

5. T, lesser toe area.

In case two areas are referred to in the postfix, there is also an operation indicated.
Operations are division, addition and substraction. To explain our notation, we mean
by Duration(H/MT1) the duration of contact in H divided by the duration of contact
in MT1, both expressed as a percentage of stance duration.
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In all tables, the first column contains the name of the force variables. The second
column contains the linear correlation coefficients with reference to the motion variable
indicated in the heading of the table. The third column contains the coefficients of
the regression equations for left trials. The fourth column contains the coefficients of
the regression equations for right trials. The bullets denote the force variables used in
the backward stepwise regression equations.

Table 5.1 Time point of maximum flexion in MTPH-I.

Corr.coeff. Eqn.coeff.L. Eqn.coeff.R

Foot Flat Phase +0.42 0.30 5.57 •
Forefoot Push Off Phase -0.36 -4.06 • 0.11
LoadingR Max Time(MT1) +0.32 0.04 -0.06
LoadingR Max Time(MT3) +0.31 0.00 0.00
Duration(Heel Med) +0.45 -2.92 0.06
Duration(Heel Lat) +0.42 -3.51 • -1.87 •
Duration(Hallux) -0.43 0.24 -3.63 •
Begin Contact(H-MT1) +0.46 0.52 • 0.22
Duration(H-MT1) -0.39 -0.21 -1.77 •
Duration(H/MT1) -0.39 -16.18 258.79
Regression Equation R2 0.41 0.38 0.47 0.46

Table 5.2 Maximum extension of MTPH-I

Corr.coeff. Eqn.coeff.L. Eqn.coeff.R

Max Force Time(H) 0.33 8.23 • 4.64
Max Force(MT1/MT2) -0.34 -1.12 • -1.05 •
Regression Equation R2 0.19 0.19 0.19 0.15
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Table 5.3 Time point of maximum extension in MTPH-I.

Corr.coeff. Eqn.coeff.L. Eqn.coeff.R

Foot Flat Phase +0.57 -0.65 • -0.59 •
Forefoot Push Off Phase -0.51 -1.19 • -1.11 •
Max Force(T) -0.36 -0.00 • 0.00
Max Force Time(MF M) +0.41 0.00 0.02
Max Force Time(MT4) +0.59 -0.00 0.00
Max Force Time(MT5) +0.51 0.01 -0.01
LoadingR Max Time(T) -0.36 0.00 0.00
LoadingR Max Time(MF M) +0.31 0.00 -0.06 •
Force-Time Integral(MF M) +0.33 0.09 -0.04
Force-Time Integral(T) -0.43 0.01 -0.01
Duration(Heel Med) +0.59 -0.30 • -0.19 •
Duration(Heel Lat) +0.60 -0.21 • -0.30 •
Duration(MF M) +0.37 0.00 0.02 •
Duration(MF L) +0.54 -0.00 -0.02
Duration(MT1) +0.35 0.63 • 0.64 •
Duration(MT2) +0.45 -0.07 0.02
Duration(MT3) +0.48 -0.08 -0.04
Duration(MT4) +0.40 -0.06 -0.01
Duration(MT5) +0.30 -0.03 -0.08 •
End Contact(H-MT1) -0.59 0.06 0.19
Regression Equation R2 0.81 0.78 0.74 0.69
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Table 5.4 Range of motion in MTPH-I.

Corr.coeff. Eqn.coeff.L. Eqn.coeff.R

Max Force(H/MT1) -0.31 -3.45 -3.02
Max Force(M1/MT2) 0.33 2.92 5.57 •
Max Force(T) -0.31 -0.08 -0.07
Max Force Time(H) -0.55 -0.80 • -1.28 •
LoadingR Max Time(MF L) 0.36 0.00 0.00 •
Max Force Time(H-MT1) -0.53 -0.65 • -0.00
Regression Equation R2 0.41 0.36 0.47 0.44

Table 5.5 Flexion/extension value of MTPH-I at the end of contact

Corr.coeff. Eqn.coeff.L. Eqn.coeff.R

Average(H) -0.31 -0.16 • -0.17 •
Force-Time Integral(T) -0.31 -0.33 • -0.11
Regression Equation R2 0.13 0.13 0.15 0.15

Table 5.6 The overal minimum of the angular velocity of the MTPH-I flex-

ion/extension curve

Corr.coeff. Eqn.coeff.L. Eqn.coeff.R

Max Force Time(MF L) 0.46 6.58 • 6.22 •
Max Force Contact(MT5) 0.37 3.70 • 0.48
Regression Equation R2 0.23 0.23 0.10 0.10

Table 5.7 Time point of the minimum angular velocity of the MTPH-I flex-

ion/extension curve in the first half of contact.

Corr.coeff. Eqn.coeff.L. Eqn.coeff.R

Max Force(MT1+MT2
MT4+MT5

) 0.37 5.28 • 3.28 •
Begin Contact(H-MT1) 0.44 0.32 • 0.15 •
Regression Equation R2 0.39 0.39 0.16 0.16
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Table 5.8 Minimum of the angular velocity of the MTPH-I curve in the first half

of contact.

Corr. coeff. Eqn. coeff. L. Eqn. coeff. R

Initial Contact Phase +0.42 -16.1 • 18.6 •
Max Pres Time(Heel Lat) +0.41 11.1 • 7.83 •
LoadingR Max Time(MT1) 0.31 -0.00 0.71
LoadingR Max Time(MT2) 0.40 0.10 0.98
LoadingR Max Time(MT3) 0.42 -0.18 0.29
LoadingR Max Time(MT4) 0.41 7.95 1.24
LoadingR Max Time(MT5) 0.31 3.73 • -1.71
Duration(MT1) -0.39 -17.01 • -5.43
Duration(MT2) -0.36 -9.40 -6.31
Max Force Time(H-MT1) 0.41 3.76 7.17 •
Regression Equation R2 0.44 0.41 0.29 0.27

Table 5.9 Maximum of the angular velocity of the MTPH-I flexion/extension curve.

Corr.coeff. Eqn.coeff.L. Eqn.coeff.R

Initial Contact Phase -0.37 -116.98 • -60.68
Max Force(H/MT1) 0.62 13.5 • -2.55
Max Force Time(MT1) 0.40 0.01 0.01 •
LoadingR Max(MF L) 0.40 0.01 0.01
LoadingR Max(MT5) -0.32 -5.70 • -5.31
Max Force Time(H-MT1) -0.39 -8.89 • -13.79 •
Force-Time Integral(H/MT1) -0.30 -31.68 -97.22
Regression Equation R2 0.49 0.48 0.18 0.15
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Table 5.10 Time point of the maximum of the angular velocity of the MTPH-I

flexion/extension curve.

Corr.coeff. Eqn.coeff.L. Eqn.coeff.R

Foot Flat Phase +0.53 -0.91 • -0.75 •
Forefoot Push Off Phase -0.51 -1.20 • -1.14 •
Max Force(H/MT2) -0.31 0.21 -0.17
Max Force(MF M) 0.32 0.03 0.03
Max Force(H) -0.33 -0.01 • -0.00
Max Force Time(MF M) +0.38 -0.00 0.01
Max Force Time(MT4) +0.54 -0.00 0.01
Max Force Time(MT5) +0.49 0.01 0.00
Average(H) -0.30 -0.01 -0.01
Average(T) -0.32 0.00 -0.01
LoadingR Max(T) -0.34 -0.00 -0.00
Force-Time Integral(MF M) +0.34 0.12 0.39
Force-Time Integral(H) -0.33 0.02 -0.01
Force-Time Integral(T) -0.38 0.01 -0.01
Duration(Heel Med) +0.54 -0.23 -0.36 •
Duration(Heel Lat) +0.55 -0.26 • 0.11
Duration(MF M) +0.32 -0.00 0.01
Duration(MF L) +0.49 0.00 0.03
Duration(MT1) +0.35 0.89 • 0.81 •
Duration(MT2) +0.47 0.02 0.10
Duration(MT3) +0.50 0.00 0.02
Duration(MT4) +0.43 -0.01 0.04
Duration(MT5) +0.32 0.02 0.00 •
End Contact(H-MT1) -0.69 0.02 -0.18
Regression Equation R2 0.84 0.81 0.61 0.55
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5.4 Discussion

The correlations coefficients between force variables and motion variables of the first
metatarsophalangeal joint are not sufficiently high that we can conclude that pressure
plate measurements can predict the motion of this joint. The highest correlation value
is .69 describing the linear dependence of the time point of maximum angular velocity
of flexion/extenstion in MTPH-I on the difference in end time points of ground contact
between hallux and metatarsal I. A direct linear relationship between motion variables
describing flexion/extension motion in MTPH-I and force variables obtained from a
pressure plate measurement is not established.

Using the technique of linear regression, we found equations that could explain the
variance of a motion variable up to 0.84, but on average 0.5. The highest R2-values
were found for two motion variables describing time events: (1) time point of maxi-
mum angular velocity in the flexion/extension curve, and (2) time point of maximum
extension in the flexion/extension curve. We observe that R2-values for left trials are
generally larger than the ones for right trials, but left and right R2-values do show the
same behaviour. At present, we are not able to explain this difference in values.

The initial goal mentioned at the start of this thesis is a construction of a mechan-
ical foot model that explains the motion of the foot on the basis of plantar pressure
measurements. We described already a mechanical model for the heel and for the
forefoot. The findings of this chapter should lead to a description of a mechanical
model of the forefoot that improves the model mentioned in the previous chapter.
This improvement should be found in adding an external mechanism to the existing
forefoot model. The statistical analysis described in this chapter does not give suf-
ficient convincing characteristics that describe the motion of MTPH-I from pressure
data. Thus from this analysis, we can not design the suggested external mechanism
completing the forefoot model.
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Chapter 6

Conclusions and Recommendations

The research on foot mechanics discussed in this thesis was initiated as a joint project
of the universities: Technisch Universiteit Eindhoven, Vrije Universiteit Brussel, and
Universiteit Gent. Measurements were performed in the laboratories of biomechanics
of the latter two universities in the period from May 2001 till August 2005.

The overall goal of the research, we describe in this thesis, is to discover the rela-
tionships between pressure data and foot motion. The connection between the plantar
pressure exerted by the foot on the ground and the kinematics of the foot has been
studied. Our study results in a mechanical model of the heel, analysis and introduc-
tion of the metatarsal curve, an inverse arch, and a statistical analysis of motion in
the first metatarsophalangeal joint.

Experiments

Measurement data of plantar pressure distributions and foot kinematics are the critical
ingredients of this study. The data obtained from the three measurement devices have
been registered in an integrated set-up. All devices are synchronised in time and
aligned in space.

A set-up has been created that simultaneously and integratedly measured force,
pressure, and motion. To asses the level of accuracy of synchronisation and alignment
for this unique set-up, tests were designed. The accuracy level of synchronisation
has been tested with the force signal registered by both the pressure system and the
motion system. A commonly used threshold scheme and a signal correlation measure
have been employed. For the latter test, sensitivity in detecting errors with respect
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to delay and frequency effects has been verified. The overall conclusion is that we are
able to sychronise the plantar pressure system and the motion analysis system within
the measurement accuracy. To obtain a high accuracy level of spacial alignment, we
have used a wooden block of known dimensions. The centre of the surface impressed
by the wooden block on the pressure plate was calculated from both pressure and
motion data. At the start of each measurement day, a multiple of measurements has
been performed such that the alignment is determined and from there its accuracy.
For the study of motion of the metatarsal heads, only data of those individuals is used
that guaranties an accuracy of alignment within pressure sensor dimensions.

Besides accuracy of synchronisation and alignment of the measurement devices,
we have also looked at the accuracy of each of them. Our conclusion is that all
measurement devices operate with an accuracy that is well within the requirements of
our study.

Having installed the measuring set-up, we measured the 126 individuals that par-
ticipated in our study. On the basis of a kinematic foot model, markers have been
placed such that the motion analysis system tracked the motion of four segments of the
foot: the heel, the hallux, and the medial and lateral metatarsals. Correspondingly,
measurement data of pressure distributions was divided into elven areas of interest.
The motion of the four segments could be explained by the evolution of pressure data
in our chosen areas of interest.

Measurement data and calculations based on these data are stored in a 4.9GB
database, as well as over 200 applications that can be used to process and analyse
this data. Accessing the database is possible only after having read the details of the
variables used in the database and the corresponding applications.

Rearfoot

From measurement data of plantar pressure, the motion of the rearfoot can be de-
termined during the initial contact phase. The rearfoot motion is modelled as the
rolling of a rigid sphere over a rigid plate. The contact path of the sphere is the path
determined by the centre of pressure of the impressed heal area.

The radius of the sphere is an essential parameter in the rearfoot model. The
optimal radii have a range of 4cm to 12cm. The radius is not a sensitive parameter;
the average radius of 7cm does not change the orientation of the rolling sphere in a
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serious way. A fixed sphere with radius 7cm used in our simulations describes rearfoot
motion of all individuals of our population.

Using the corresponding heel reference frames from the motion analysis system,
CoP paths from motion data can be calculated. CoP paths are not in complete
agrement with CoP paths from pressure data. With a linear shift, largest at the
start of contact and smallest at the end of the described time interval, both CoP
paths coincide. Correction of CoP paths is necessary because the fat pad underneath
the calcaneus has a non-isotropic and non-uniform thickness..

Predictive power of the model is 75% using an average CoP correction and an aver-
age radius of 7cm. If optimal values for both corrections and radii are used, predictive
power of the model is 90% and higher. The rearfoot model as developed in this study
describes the motion of the heel from a pressure measurement system and as observed
from a motion analysis system.

Forefoot

From the analysis of the measurement data, we conclude that the metatarsal heads
form an inverse medial-lateral arch, which changes its height during the stance phase
from a more pronounced inverse arch to a flat arch when all metatarsal heads are in
contact back again to an inverse arch during propulsion. Furthermore, the metatarsal
heads describe a curve in the transversal plane, the metatarsal curve. From these ob-
servations, we propose a mechanical model for the forefoot consisting of a bent cylinder.
Rolling of the cylinder describes posterior-anterior motion and upward bending of the
cylinder describes the medial-lateral motion.

The sensor size of the used plantar pressure plate does not allow to determine the
radius of the cylinder. The motion performed by the metatarsal heads remains within
the length of two sensor diagonals. Thus, we are not able to track the motion of the
metatarsal heads by using the pressure plate.

The motion analysis system reveals that there is a substantial change in length
between the metatarsal heads during the stance phase. Even after all metatarsal heads
contacted the ground the length between the heads increased significantly, about half
of the maximum length difference during the stance phase. Only well after heel lift
the distance between heads decreased again significantly. Increase of inter metatarsal
distance contributes to the stabilisation function of the forefoot during propulsion.

The chapter on the first metatarsophalangeal joint is a starting point for further
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study. By standard regression methods, we conclude that pressure variables can partly
predict motion.

With this thesis, we meet to great extent three out of four objectives as mentioned
in Section 1.3. Thus one objective remains; to describe the coupling between rearfoot
and forefoot in one model. Starting point for such a model are the found relationships
between pressure variables of the heel and metatarsal motion.

We would like to conclude this thesis with some recommendations for further study:

1. use of a circular plate for aligning a pressure measurement system with a motion

analysis system instead of a rectangular block.

Since the sensors in a pressure plate are arranged in a rectangular manner, we
expect that the reconstruction of a circular plate from pressure data is more
accurate in aligning the two systems than the rectangular shape as used in this
research project.

2. implementation of an application to calculate the accuracy of alignment directly

after alignment measurements have taken place.

With such an application, no longer data should be disregarded because of align-
ment inaccuracies.

3. discover the reasons why some inversion/eversion curves can be simulated with

the rearfoot model up to heel lift and some are not.

With these reasons at hand, we might be able to enhance the predictive power
of the rearfoot model after the initial contact phase.

4. to analyse the relationship between pressure and motion of the first metatar-

sophalangeal joint.

In particular, this analysis should focus on the motion in the first metatarsopha-
langeal joint matched to the rotation about all metatarsal heads.

5. to analyse the coupling between rearfoot and forefoot by studying the rigidity

of the foot during the stance phase.

The windlass mechanism described in anatomy may be responsible for a rigid
foot during propulsion. Therefore, the separate forefoot model describes the
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complete foot motion during this phase, and the model in which rearfoot and
forefoot are coupled comes down to the separate forefoot model.
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Appendix A

Pressure Literature in more Detail

In this Appendix, we discuss plantar pressure literature indirectly related to our re-
search. Literature of the same topic is discussed in one section.

In all sections, the articles were sorted with respect to publication dates. For all
studies, we tried to summarise the topic, the methodology used, and the main results.

A.1 Methodology

This section on methodology is subdivided in a few topics. This will enhance the
readability of this section.

Methodology of Devices
In the review of Hughes et al. [95, 1987], three different commercially available meth-
ods of measurement are compared: a device using the direct imprint method, a 128
load cell measurement device (size 15mm2, 25cm by 12.5cm), and the pedobarograph.
Normal subjects were invited to participate in this study. Besides pressure measure-
ments, also radiographs of both feet were registered. The radiographs were used to
define areas of interest. Eleven areas were defined: the heel, the metatarsal heads,
and the toes. The two mentioned dynamic methods are compared using relative pres-
sures. Consequent differences in peak pressures are found between these systems.
Higher spatial and higher sampling frequencies are mentioned as the causes of these
differences.

Hughes et al. [94, 1993] compared two different pressure measurement systems:
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the pedobarograph and the Emed F system. Different to a previous study of Hughes
et al. [95, 1987], this study focussed secondarily on pressure measurements themselves.
Especially, the loading across the metatarsal heads was looked at by measuring a 100
adult individuals during three walking trials on both systems. For the pedobarograph,
the sampling rate was 25Hz, the resolution was 1mm, and the collection area was
360mm by 360mm. For the Emed F system, the sampling rate was 20Hz, the resolution
was 2 sensors/cm2, and the collection area was 226mm by 196mm. A manual masking
procedure was used to determine twelve areas from which peak pressures and contact
times were calculated. The twelve areas were the heel, the five metatarsal heads, the
five toes, and the base of the fifth metatarsal. A few differences were found between
the measurement systems. The Emed F system showed higher pressures underneath
the heel, metatarsal heads I-IV, and the hallux. Lower pressures and shorter contact
times were found for the four most lateral toes. With respect to the loading across the
metatarsal heads, four peak pressure profiles were found using cluster analysis. Both
measurement systems gave about the same four pressure profiles: a medial pattern, a
medial central pattern, a central pattern, and a central lateral pattern.

In another study by Mueller and Stube [145, 1995], the topic was generalisability
of peak pressures measured with the F-scan insole system. They used two methods of
calibration and measured over multiple steps, sensors, and days. The overall conclusion
is that absolute peak pressure values are comparable between conditions when a stable
external calibration method is used.

Davis et al. [47, 1996] studied the frequency content of plantar pressure profiles
of diabetics and non-diabetics, and discussed its implementation on the selection of
transducer size. Discrete Fourier Transform techniques were used to determine the
spatial frequency content in diabetics and non-diabetics. Further, the sensor sizes
were quadrupled from 5mm by 5mm to 10mm by 10mm. From an analysis based on
25mm2 transducers, the authors concluded that transducer sized greater than 6.36mm
by 6.18mm (medio-lateral and antero-posterior directions) results in sub-optimal sam-
plings of plantar pressure distributions. They used an emed-SF 50Hz, 190mm by
360mm plate.

In a study from Lord [120, 1997], the influence of spatial resolution on peak pres-
sures was looked at using a pedobarograph. She used direct measurements as well as
a mathematical abstraction to study the effect of sensor size. She concluded that the
average pressure from a transducer of area 100mm2 may register only 60%-70% of the
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true peak pressure in barefoot standing.

Nicolopoulos et al. [151, 2000] tested the F-scan insole system using an axial loader
system for local loading and an Instron device for global loading. They concluded that
large errors due to mechanical effects raises serious questions about the reliability of
the F-Scan system.

Urry and Wearing [199, 2001] compared footprint indexes from ink with footprint
indexes from electronic devices. For the latter, a Musgrave, system, 38.5cm by 16cm
running at 50Hz, was used. Contact area, arch index, and long plantar angle were
compared between the systems. Both contact area and arch index were significantly
different between methods. Taking the ink footprints as the golden standard, the
musgrave system underestimated both contact area and arch index.

Barnett et al. [12, 2001] compared force and temporal parameters between an
in-shoe pressure measurement system, Pedar (50Hz), with a force platform, Kistler
running at the same frequency. Barefoot and within three different shoes were the
measurement conditions. Five individuals were found to participate in this study. In
barefoot, the timing variables correlated well. However, some absolute values such as
first peak and average peak were significantly higher in case of the force platform.

Fregly and Sawyer [60, 2003] studied the effect of discretisation errors in contact
pressure measurements for total knee replacement. They used a simulation approach
to estimate the order of these errors in relationship to contact pressures measurement.
Simulated discretisation errors were in the order of 1-4% for contact force, and 3-9%
for average pressure and contact area.

Reliability, Repeatability and Variability of Pressure Measurements
Kernozek et al. [109, 1996] studied reliability of an in-shoe pressure measurement
system during treadmill walking. They used an emed insole system with 99 sensors
running at 50Hz. Multimask software was used to determine seven anatomical regions.
This study showed that the velocity of gait significantly influences loading and timing
variables of the whole foot. Variables used were peak force, force-time integral, peak
pressure, pressure-time integral. Reliability was high (>0.9) from eight steps on.

McPoil and Cornwall [134, 1998] studied variability of the centre of pressure pattern
integral during walking. Both an Emed pressure plate and an insole system were used
to study the variance of this variable. For the calculation of CoP-pattern integral, an
axis in the pressure distribution of the foot was needed. Novell software was used to
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create this axis. The authors did check the position of the axis by comparing it to
manually determined axes. Results indicated that the CoPI is a variable with a high
standard deviation and therefore is not usable in the assessment of foot orthoses.

Mathieson et al. [130, 1999] compared Arch Index, Chippaux-Smirak Index, and
Footprint Angle between static and dynamic footprints using a Musgrave system.
They concluded that the ability to relate these variables from the static condition to
the dynamic condition are limited.

VanZant et al. [206, 2001] studied the symmetry of plantar pressures between left
and right feet and vertical force in healthy individuals during walking. Twelve steps
were analysed from 30 volunteers using an Emed pedar insole system running at 50Hz.
The variables being maximum vertical force, peak pressure, and pressure-time integrals
were calculated for hallux/toes, forefoot, midfoot, and rearfoot. No significant gender
differences, and left and right differences were found. Only, the forefoot and rearfoot
showed minimal significant differences.

Taylor et al. [196, 2004] studied the influence of walking speed on plantar pres-
sure measurements using the so-called two-step gait initiation protocol. They studied
the effects of three walking speeds on contact time, maximum force, peak pressures,
force-time integrals, and pressure-time integrals in the medial and lateral heel, the
lateral midfoot, the first, second, and third to fifth metatarsal head, the hallux, the
second toe, and the third to fifth toes. Overall, they concluded that controlling small
variations in walking speed is not critical for contact time percentages, maximum force
and peak pressures, but is critical for force-time and pressure-time integrals.

Methodology of measurement protocol
Most of the previous studies use a midgait protocol, or don’t mention the protocol
used. In the study of Meyers-Rice et al. [139, 1994], the midgaite protocol was
compared to the one and two step protocol. Ten individuals walked over a 23 by 44cm
Emed SF platform measuring at a frequency of 70Hz in the middle of a 9m walkway.
For all three conditions, three trials were measured. The plantar surface of the foot
was divided into three regions: rearfoot, midfoot, and forefoot. From all regions, peak
pressures, peak vertical force, and impulses were calculated. The one step protocol was
previously used in individuals unable to perform the midgait protocol. The concern
of the authors was the difference in measurement values between the midgait and one
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step protocol. From the present study, it followed that the values from the two step
method (115cm before the plate) were in most cases more representative of the values
of the midgait protocol than the values of the first step method.

Harrison et al. [82, 1997] studied the influence of gait protocols on dynamic pe-
dobarography using five different modes of walking from full control to a first-step
method. Their findings suggested little difference between the five protocols on peak
pressures and pressure-time integrals within seven areas (heel, five metatarsal heads,
and the hallux). The used measurement device was the not well-known Biokinetics
Dynamic Pedobarograph running at 25Hz. Results with respect to the first step pro-
tocol were different to those in literature. The authors contributed this difference to
the specific first-step protocol adopted for their study. The first-step protocol used in
their study lead to overreaching with the first step.

Wearing et al. [209, 1999] studied three types of gait protocols, namely midgait,
two step initiation and two step termination. The latter two were compared to the
standard, midgait. The variables looked at were contact duration, percentage of con-
tact duration, peak pressure, peak force, pressure-time integral, and force-time integral
at seven sites of the foot. They used an Emed-sf 23cm by 44cm plate running at 50Hz
to register pressure distributions of 25 individuals. The authors defined midgait as
three steps before the platform and 4m continued walking after the platform. They
used the Novel Win Mask software to automatically determine the seven sites: heel,
midfoot, first metatarsal head, 2-4th metatarsal head, fifth metatarsal head, hallux,
and lesser toes. No real differences were found in the number of trials necessary to
obtain a good reliable level in the three different methods. However, the pressure vari-
ables determined in case of the termination and initiation protocol were only partly
related to pressure variables determined in case of the midgait protocol. the initiation
method resulted in similar forefoot pressures as compared to midgait, while the termi-
nation method resulted in similar timing parameters as compared to midgait, expect
for the hallux area.

McPoil et al. [135, 1999] studied variability of plantar pressure data between two-
step and midgait protocols. From previous research, they came to the conclusion that
the two-step protocol is a useful alternative to the midgait protocol. In this specific
study, the authors used an Emed sf 23 by 44cm pressure plate running at 70Hz to
study pressure parameters: peak pressure and pressure-time integral in five foot areas
determined by the Novel Multimasks software (heel, lateral, central and medial fore-
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foot, and hallux). The results of this study indicated similar values for the pressure
variables using the two protocols, and three to five trials to obtain between-trial reli-
ability for the two-step protocol and for the midgait protocol.

Introduction of New Pressure Related Variables
Han et al. [80, 1999] quantified the CoP using F-scan in-shoe transducers. The authors
determined a number of variables from the CoP path: average displacement AP and
ML, CoP velocity, slope of CoP, average CoP, and initial CoP. The variables showed to
be reliable after conducting a test-retest analysis. How this variables could be applied
was not mentioned.

Cornwall et al. [41, 2000] described the velocity of the Centre of Pressure during
walking. They introduced the variables: maximum velocity, time of maximum velocity,
average velocity, percentage of time spent in a foot region. The foot regions were the
rearfoot, midfoot, forefoot, and toes. Most variables were proven to be between-trial
reliable through interclass correlations. They indicated that the velocity of CoP may
be a useful measurement in future gait research.

Leung et al. [117, 2001] introduced a foot index, which they called the contact
area ratio. This new ratio was remarkably similar to the arch index of Cavanagh and
Rodgers. The only difference we were able to observe was taking the instant of time
just before heel off as the time point at which this measure was calculated.

A.2 High Heels

In our present day society, a large number of women occasionally or frequently wear
shoes with high heels. In general, researchers warn against wearing shoes with high
heels for a prolonged period of time.

In a study by Gastwirth et al. [64, 1991], high-heel shoes are the topic of research
using local transducers. The placement of the transducers is the same as in the case
of Rzonca et al. [181, 1984] except for an addition of one transducer beneath the head
of metatarsal three. Gastwirth et al. suggest that the duration of forefoot loading is
increased rather than the loading of the forefoot. They conclude that ”high heels have
a detrimental effect on gait”.

In another study on heel height by Eisenhardt et al. [53, 1996], the focus was on
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temporal characteristics of the pressure distribution. Barefoot walking was compared
with walking on high heels (4 conditions). Plantar pressure data was obtained using
electrodynography with the sensors placed at the lateral and medial heel, heads of
metatarsal one, two, three, and five, and the distal phalanx of the hallux. Overall
walking on high heels prolonged stance phase and the duration of weight-bearing on
the medial forefoot. Also, for the third and fifth metatarsal head, peak pressure
occurred later in the case of bare feet than in the case of high heels.

Mandato and Nester [129, 1999] studied the effect of heel height on forefoot peak
pressure. They used the F-scan insole system and three types of footwear: sneakers,
2-inch heels, and 3-inch heels to study effect of the choice of footwear in 35 women.
Overall, the pressure increased from sneakers to 2-inch heels with 63%, and from 2-
inch heels to 3-inch heels with 30%. A shift of peak pressure was noticed to the first
metatarsal head and the hallux.

Speksnijder et al. [189, 2005] studied the effect of heel height on forefoot-pressures.
They used the Pedar system to measure inside two shoes: low heeled (1.95cm +/-
1.06cm) and high heeled (5.91cm +/- 1.03cm), for ten healthy women. The pressure
distribution was divided into seven areas: heel, midfoot, hallux, lesser toes, and lateral,
central, and medial forefoot. The authors gave a mathematical description of this
division. Pressure variables used were contact area, contact time, peak force (in BW),
peak pressure, force-time integral (in BW), and pressure-time integral. Overall, the
pressures in the forefoot increased up to 40% when wearing high heeled shoes.

A.3 Insoles

The use of insoles and their effects on force and plantar pressure redistribution have
peaked the interest of many researchers. In this section, we summarise some of the
articles found in literature.

Insole material and orthotics effect on force and plantar pressure was studied by
McPoil and Cornwall [133, 1992], Sanfilippo et al. [184, 1992], and Novick et al. [156,
1993]. The first two researchers used the EMED-SF pressure platform of 23cm by
44cm, 2 sensors per cm2 measuring at a frequency of 70Hz. The third researcher
used two measurement techniques: the Hercules system with four capacitive pressure
transducers and the F-Scan insole systeem running at 50Hz. The number of individ-
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uals participated in these studies was twelve, ten and ten, respectively. The first two
compared insole materials of almost the same materials. More specific, McPoil and
Cornwall used three materials of which two were also used by Sanfilippo et al., which
used a total of five materials. Studied variables were slightly different. The conclu-
sions of the study by Sanfilippo et al. suggested a reduction in peak plantar pressure
and pressure-time integral underneath the whole foot due to use of insole material.
McPoil and Cornwall were able to give a more detailed conclusion because they divided
the foot area into a rearfoot, a midfoot and a forefoot area. Comparing to barefoot
walking, the use of all insole materials led to a significant decrease of peak plantar
pressure. In the rearfoot, two out of the three insole materials led to a decrease in peak
pressure. In the study of Novick et al., the four transducers were placed underneath
the heel, the midfoot, and the third and first metatarsal head. In the F-Scan analysis,
masks were placed manually at the same sides as the transducers. Significant differ-
ences were found in the values of recorded pressure values between the two systems.
In studying the three different orthoses, both measurement devices produced similar
results. In general, they concluded that the relieve of pressure underneath the first
metatarsal head was combined with an increase of pressure underneath the midfoot
for all orthoses.

Bennet et al. [15, 1996b] looked into the effects of custom-molded orthoses using a
standard Root-type orthoses. A combination of measurements were employed: under-
neath the shoe with a Musgrave system, and inside the shoe with a Electrodynogram.
Overall, maximum peak pressures were reached 5% to 7% earlier in the stance phase
with the orthoses, and the medial plantar surface of the forefoot reaches its maximum
pressure at a later stage.

Lavery et al. [114, 1997] looked at a way to obtain biomechanical characteristics of
insole material using techniques feasible for a physician. They related Young’s modules
of insoles made by PPT and Pelite to insole pressure variables, peak-pressures, and
pressure-time integrals. They employed the Emed Pedar system running at 50Hz
with 85 sensors to register pressure distribution underneath the foot. The relationship
found can also be inverted such that a test of the viscoelastic insoles gave an indirect
measure of the pressure underneath a patient’s feet. Overall, the authors concluded
that the stiffness decreases initially and is followed by an increase of stiffness over time.
The latter, however, was not studied in the present article.

The focuss on shock attenuation characteristics of four different insoles when in
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military boots during running and marching was the topic of an article by Windele et
al. [212, 1999]. Four insoles were used to investigate attenuation of pressure under-
neath the heel and the forefoot. A Parotec system of measuring pressure was used with
24 sensors. The overal conclusion was that Sorbothane insoles reduced pressure with
27% in running and 23% in marching under the conditions of wearing extra weight and
being on a stone floor. In the future, these authors would like to study the difference
in lower extremity injuries with and without the use of insoles in military boots.

In a literature review of Landorf and Keenan [113, 2000]. the efficiency of foot
orthoses was looked at in six outcome areas. One of these areas was plantar pres-
sure. They described a number of studies also described above, but with a total of
about fourteen studies, they described the topic of plantar pressure in orthoses quit
extensively.

Reed et al. [168, 2001] looked at the difference between Root and Blake orthoses
using the EDG system. They concluded that the orthoses behaved similar.

Offloading properties of a rocker insole were studied by Frykberg et al. [62, 2002].
The rocker insole has the same principle as a rocker shoe. In the present study, this
insole was tested in customary footwear and surgical boots. Both these shoes were
tested with and without the rocker insoles. Overall, the rocker insoles reduced forefoot
pressure significantly in both shoes. The F-scan insole system was used to study the
pressure distribution.

In a study by House et al. [93, 2002], the influence of simulated wear upon the
ability of insoles to reduce peak pressures during running when wearing military boots
was researched. Instrumented insoles from Parotec were used to measure nine indi-
viduals in eight conditions: three insoles before and after simulated wear was applied,
no insoles, and a Saran insole. Overall, the insoles ability to reduce peak pressure
was not reduced by a simulated wear of 100-130km. The most effective insole reduced
peak pressures at the heel by 37% and at the forefoot by 24%.

A.4 Running

In this section, the reader is able to find some of the literature on running research using
measured a plantar pressure system. Although, a lot of articles exist with running as
topic, the ones using plantar pressure measurements are not yet of the same order as
the number of articles using other measurement methodology.
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In a study by Wilson and Kernozek [211, 1999], the topic of fatique was looked at
using the Pedar insole pressure system with 99 sensors running at 150Hz (normally
70Hz, but running at 150Hz due to the reduction in the number of measured sensors
to 67 sensors, not containing the heel). Running relaxed and during fatique were
assessed in different areas for the well-know variables peak force, force-time integral,
peak pressure, pressure-time integral. Overall, the reaction to fatique was a decrease
in heel plantar pressure, an increase in cadence and an increase in medial forefoot
loading.

Kwak et al. [112, 1994] published a study about midsole hardness and thickness
of marathon shoes. Five different midsole hardness levels and three thicknesses were
used to study its influence on rearfoot motion (two dimensional), force generation, and
plantar pressure. The eleven male individuals that performed the study were measured
separately on the force plate (AMTI) and the pressure plate (EMED, 44.5cm by 22.5
cm) both measured with a frequency of 100Hz. Plates were contacted with shoes on.
The foot contact area was divided in six areas: a medial and lateral rearfoot, a medial
and lateral midfoot, and a medial and lateral forefoot. The absorption characteristics
were studied using the time of first vertical force peak, the duration of this peak, and
the average force loading in this period. Hardness and thickness did not change most
of the measured variables. Only peak pressures did change and showed higher values
in stiffer and thinner midsoles.

In a study by Van Gheluwe et al. [203, 1994], plantar pressure measurements were
studied during both treadmill and overgrond locomotion. An electrodynogram was
used to study 30 individuals where the pressure transducers were located at the medial
and lateral heel, the first, second, third and fifth metatarsal head, and the hallux.
A number of walking and running velocities were used with a sampling frequency
of 100Hz and 200Hz respectively. Timing information and maximum pressure were
used as variables together with loading rate, which was the first time we encountered
loading rate as a variable. The overall conclusion of this study is that use of a treadmill
significantly influences foot function with the distinction that walking is changed much
more than running.

Busseuil et al. [25, 1998] studied rearfoot-forefoot orientation and traumatic risk
for runners in a population of 216 healthy controls and 66 individuals suffering an
overuse injury. Static and dynamic foot prints were measured on photosensitive sheet.
Based on a method by Freychat et al. [61, 1996], an angle between rearfoot and
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forefoot was constructed. These angles from static and dynamic measurements were
related by the authors to pronation and supination motions. Subsequently, the authors
concluded that pronation seems to be a risk factor in the occurrence of stress injuries
in running.

In an extensive study performed by De Wit et al. [49, 2000], plantar pressure
measurements were only part of a complete data-set studying both barefoot and shod
running. Pressure measurements were performed using a Footscan system running
at 200Hz with 4 sensors/cm2. Specific for the pressure measurements, they found a
correlation (r = −.7, p < 0.05) between flatter foot placement and lower peak pres-
sures. The authors, therefore, assume that runners adopt a flatter foot placements in
barefoot running in an effort to limit local pressures underneath the heel.

A.5 Diabetic Feet

The effects of foot problems in the diabetic foot has led to a lot of research in this
area, some of which is described below. Elevated peak pressures are found in this pa-
tient group, but the cause of foot problems in generally is thought to be multi-factorial.

The dynamic pressure of the diabetic charcot foot was studied by Wolfe et al. [215,
1991] using the commercial pressure plate of the Novel company. There EMED SF
pressure plate consisted out of 2016 sensors based on the capacitive principle with two
sensors every square centimeter and a sampling frequency of 143Hz. A mask (certain
sensors of the complete array) was constructed based on the maximum pressure image
to isolate the lesser tarsus (including the talonavicular joint, the calcaneoucuboid joint,
the naviculocuneiform joint, and the tarsometatarsal joints). The lesser tarsus and the
total foot were analysed using total contact time, total force, peak pressure, time to
peak pressure and time to maximum force, pressure-time and force-time integral, and
contact area. The analysis of the lesser tarsus show that the pressure exerted by the
lesser tarsus of a Charcot foot is about eight times higher than in their control group.
More conclusions with respect to weight-bearing of the lesser tarsus, led these authors
to conclude that the lesser tarsus is the primary weight-bearing area of the Charcot
foot.

Rodgers et al. [176, 1988] performed a study with 110 feet of diabetics. They
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used a 1000 element, sensor size 6.5mm by 7.5mm, pressure plate to register pressure
distributions. The first step approach was used to limit patient risk. In contrast to
previous findings, they found a medial shift of maximum local load in the forefoot
accompanied by an increasing neuropathic involvement.

Fleischli et al. [58, 1997] looked at strategies to reduce pressure at sites of neu-
ropathic ulcers. They used five strategies from total contact casts to accommodative
dressings to study the effect on peak pressures in 26 individuals with the Pedar in-shoe
pressure measurement system (50Hz with 99 sensors).

Armstrong et al. [10, 1999] performed a study about total contact casts and
removable cast walkers and their ability to remove pressure in the plantar heel area
during locomotion. In total four types were studied among them the aircast pneumatic
walker, and a Reebok shoe as control. The 25 individuals with diabetic mellitus were
measured with the Pedar in-shoe system. Pressure variables for the heel area were
used: peak pressures and pressure-time integrals. The total cast reduced pressure
most successfully with an average of 33% in comparison to the Reebok shoes.

In a study by Zhu et al. [220, 1993], plantar pressures underneath feet of sensate
and diabetic insensate individuals were studied. They augmented that isolated trials
of barefoot plantar pressure measurements do not give insight into possible step-to-
step variations. To overcome this problem, the authors used seven pressure sensors per
foot embedded in the insoles and located at the posterior heel, the metatarsal heads,
and the hallux. The insole measurement device was able to measure all channels for
4 minutes at 35Hz. The sensors had a 11mm diameter and a thickness of 0.5mm. Ten
sensate and five insensate individuals were involved in this study. Pressure variables
used in this study were the pressure-time integral, the contact time, and the peak
pressures. Significant differences between sensate and insensate were found in all
pressure variables for the heel and first metatarsal head. A larger step-to-step variation
in plantar pressures was found in the insensate group and the authors worn against
the interpretation of plate measurement for insensate individuals.

A study of Bennet et al. [16, 1996a], the analysis of risk factors for neuropathic
foot ulceration in diabetes mellitus was studied with the musgrave footprint system.
The metatarsal heads, hallux, and heel were selected for pressure analysis. Overall
pressure was significantly elevated in the the case of diabetes mellitus together with
lower vibratory perception, higher HbA1c blood levels (indicator of the rate of nonen-
zymatic glycosylation), and reduced ankle joint flexibility.
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McPoil et al. [136, 2001] discussed peak pressure and pressure-time integral un-
derneath the feet of American Indians with diabetes mellitus. The 45 individuals with
diabetes participating in this study were compared to individuals with no diabetics
using a three group design: no diabetes, diabetes without neuropathy, and diabetes
with neuropathy. An Emed pressure plate was used running at 70% that automatically
divided the pressure distribution into eight areas with their Multimask software. The
authors concluded that American Indians with diabetes have a similar pattern with
respect to peak pressure to non Indians with diabetes.

In a study on foot ulceration in type 2 diabetes, Kastenbauer et al. [105, 2001]
performed a prospective study about risk factors for foot ulceration. It was found that
following variables were risk factors: vibration perception threshold, plantar pressure,
and daily alcohol intake. The study incorporated 186 volunteers of whom 10 developed
18 forefoot ulcerations. Plantar pressure was measured employing a two step protocol
using an Emed pressure platform. Average plantar pressure were calculated in different
areas: hallux, lesser toes, first metatarsal head, second to fifth metatarsal head.

A.6 Infants and Young Children

Most articles summarised in this section discuss the very interesting topic of acquir-
ing the ability to walk independently. Since both structure and function of the infant
feet are undergoing rapid changes, this research suffers from additional methodological
problems, but offers a diversity of mechanical behaviour.

A comparison of the pressure distribution patterns between infants (age between
14 and 32 months) and adults was made by Henning and Rosenbaum [87, 1991]. They
used an pressure plate (EMED- Novel company) of 1344 sensors covering an area of
20cm by 34cm, and measuring at 20Hz. The pressure distribution of walking at self-
selected slow walking pace was analysed in seven selected areas: medial heel, lateral
heel, midfoot region, first metatarsal head, second metatarsal head, third metatarsal
head, and hallux. The parameters of interest were maximum pressure values, pressure
quantities with respect to body weight and contact area, regional force-time integrals,
and regional relative impulses (relative means the ratio between the local impulses
and the sum of the impulses under all regions). From the results followed that there



178 A. Pressure Literature in more Detail

does not exist a functional medial-lateral arch in the forefoot. With respect to the
comparison between adults and infants, the authors concluded that infants have sub-
stantial lower peak pressures with the exception of the midfoot. The authors believe
this phenomenon to be caused by the softer structures of the infant foot and a 1.5
times higher body-weight to foot-contact area ratio in adults.

In a study by Kellis [106, 2001], plantar pressure data from preschool boys was
looked at for the conditions standing, walking, and landing. The author used a Mus-
grave system, 390mm by 195mm; 60Hz, and calculated the peak pressures in eight ar-
eas: hallux, second to fourth metatarsal heads, first metatarsal head, fifth metatarsal
head, medial and lateral midfoot, and the heel. Not surprisingly, the landing condition
have higher peak pressures than all other conditions.

Hallemans et al. [77, 2003] studied pressure distribution patterns under the feet
of new walkers. In their study, seven able-bodied subjects were measured in the first
two month of independent walking. As many researchers, they used local pressures
underneath the plantar side of the foot. The areas chosen for this analysis were the
heel, the midfoot, the hallux, and lateral, medial, and central metatarsals. They used
peak pressures and relative impulses to characterize foot unroll. Furthermore, they
introduced a new variable for quantifying CoP deviations from the line of progression.
In this study, a Footscan system was used measuring pressure at a frequency of 250Hz
with a plate size of 2m by 0.5m and a sensor size of 7.6mm by 5mm. Hallemans
continued their research of this longitudinal project and reported on the five month
results [78, in press].

Bertsch et al. [17, 2004] studied plantar pressure distributions of 42 children in
the first year of independent walking. Plantar pressure of five right steps and five left
steps were registered using an Emed system. Pressure distributions were divided into
five areas: heel, midfoot, forefoot, hallux, and lesser toes. Pressure variables used for
analysis were: contact area size, peak force, peak pressure, contact time, and impulse
with all variables normalised to foot size and body weight. Overall, the development
of the longitudinal arch correlated with significantly reduced pressure underneath the
midfoot, but with a wide variation between individuals.
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A.7 Therapeutic Shoes

Therapeutic shoes have been in practice for healing certain injuries and deceases. Re-
search using plantar pressure has been used to asses the working of these devices.

In a publication by Nawoczenski et al. [148, 1988], the effect of rocker sole design
on plantar forefoot pressures was studied. The transducers were placed on the hallux,
and the first, third, and fifth metatarsal heads. Five different rocker designs and a
shoe with no sole modification were compared. Different types of pressure reduction
were found between rocker designs. They concluded that rocker placement should be
given more attention and that a curved rocker design may be more acceptable and
more effective in the management of plantar foot lesions.

Hodge et al. [90, 1999] looked at the topic of orthotic management of plantar pres-
sure and pain in rheumatoid arthritis of patients with second metatarsal head pain.
Four styles of orthosis were compared to a shoe only control. The custom molded
orthosis with metatarsal dome was most effective in reducing plantar pressure under-
neath the second metatarsal head and in reducing the perceived pain. The study was
performed with an Emed insole system running at 50H and its accompanying Mul-
timask program to evaluate: average pressure, peak pressure, pressure-time integrals
and contact duration of the lateral and medial midfoot, the first, second and 3th-5th
metatarsal heads. Pain could not be related to peak pressures on the plantar surface.

Remond et al [167, 2000] studied plantar pressure during normal gait in individuals
with excessive pronation. Three condition were used for this study: Dunlop Volley
(DV) shoes, DV shoes with a noncast insole containing a 6◦ varus rearfoot wedge, and
DV shoes with a modified Root orthosis. Overall, the Root device was superior in re-
ducing pressure and force variables: peak pressure, pressure-time integral, maximum
averagfe pressure, peak force, and force-time integral. The contact area increased for
all orthosis. In rearfoot and midfoot the Root device reduced pressure and increased
contact area. Forefoot loading was also reduced both laterally and medially. Mea-
surements were performed using the Pedar system running at 50Hz with the Novel
Multimask software, masking the maximum pressure image into six areas.

Fuller et al. [63, 2001] compared rigid rocker shoes of two designs, one new post-
operative shoe and one existing, to normal shoes. The variables taken were peak
pressure, peak force, and force-time integral. Sixteen women were selected to partici-
pate in this study and were measured using the Pedar insole system running at 50Hz.
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The new postoperative shoe reduced forefoot pressure by 20% while only having a
rocker bottom of 11◦.

A.8 Databases

Reference data are very important in analysing individual plantar pressure data in
clinical settings. Some efforts in this area are described below. We explicitly mention
the study by the De Cock et al., [48, 2005], since it the largest database of normative
data known to us.

Bennet et al. [14, 1993] used a Musgrave Footprint plate system to determine 95
percentile limits for the average pressure underneath the foot. The specific areas of
interest were the hallux, the first metatarsal head, the second to fourth metatarsal
heads, the fifth metatarsal head, the lateral calcaneus, and the medial calcaneus.
Besides the average pressure values per gender, the authors also described the order
of average peak pressures, from high to low: the second to fourth metatarsal heads,
the hallux, the first metatarsal head, and the fifth metatarsal head.

Blanc et al, [20, 1999], described normative data for temporal parameters and
foot unroll patterns for walking based on a data set of 105 healthy individuals using
foot switches. Some asymmetry coefficients were found in metatarsal head, great toe
latency, and support.

Kelly et al., [107, 2000] studied the timing of peak plantar pressure underneath
the forefoot during the stance phase of walking. Patients with diabetes mellitus,
patients with transmetatarsal amputation, and normals were studied. In all groups
peak pressures occurred at 80% ± 5%. No significant differences were found between
the groups for the variables peak plantar pressure, peak force, contact area at peak
plantar pressure, and percentage of stance of peak plantar pressure.

De Cock et al. [48, 2005] performed similar research as Blanc et al., but on a pop-
ulation with more than 200 participants performing a running condition. They used
a Footscan pressure plate of size 2m by 0.4cm containing over 16000 sensors, about
3 sensors per square centimetre. They used a local masking procedure as illustrated
in the first row of Figure 1.9 to obtain temporal information from the pressure distri-
bution data. The results of their study were the introduction of terminology of foot
contact phases and a database with temporal information of these foot contact phases.
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A.9 Structure and Function

A research topic of importance is the one relating structure of an organism to its
function. In this section, we sum up some of the relationships between structure and
function of the foot using plantar pressure data.

Walker et al. [208, 1998], studied the relationship between foot pressure patterns
and foot types. The foot types were pronated, supinated, and normal feet based on the
position of certain bones in the foot. Also, callus sites were taken into account when
looked at the pressure pattern. They used a BTE Dynamic Pedobarograph running
at 30Hz for this study. The pressure patterns were divided into three patterns on
the basis of peak pressures underneath the metatarsal heads: a medial, central, and
lateral pressure pattern were identified. Overall, they concluded that other factors
beside foot type influence the area of peak pressure underneath the metatarsal heads.

Cavanagh et al. [31, 1997], and Morag and Cavanagh. [142, 1999] described the
relationship between structural and functional predictors of regional peak pressures
during walking. The regions of pressure are the rearfoot, the midfoot, MTPH1, and
the hallux with a Emed SF2 system. Structural and functional characteristics were
obtained from a large amount of different types of measurements (physical character-
istics, anthropometric data, passive range of motion, radiographs, mechanical prop-
erties, stride parameters, foot motion in 3D and EMG). Regression equations were
obtained from these measurements related to peak pressures based on structural pa-
rameters, functional parameters, or both. Structural and functional parameters are
not additive in their contributions to explained variance. Overall the explained vari-
ance is between 48.5% and 56.6%. The authors do note that their regression equations
can not be used for cause-effect relationships, but might be useful in gait training.

In a study by Mueller et al. [146, 2003], forefoot structural predictors of dynamic
plantar pressures during walking in people with diabetes and peripheral neuropathy
were looked for. An Fscan plate system was used to register pressure data from 20
healthy individuals and 20 patients with diabetes and peripheral neuropathy. Hier-
archial multiple regression was employed to predict peak pressures at the hallux and
the five metatarsal heads. It was found that the metatarsal phalangeal joint angle
accounted for 19-45% of peak pressure variance at five of the six locations in the di-
abetes group. Overall, 46-71% of the variance could be accounted for in the diabetes
group and 52-83% in the control group.
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A.10 Hemiparetic patients

A group of patients that visits the gait laboratory on a regular basis are the hemiparetic
patients. In this section, three papers are discussed in connection to this patient group.

In a study by Gaviria et al. [65, 1996], the methodological aspects of measuring
plantar dynamics of hemiplegic gait are discussed. The overall conclusion of the au-
thors was that from a methodological point of view, plantar pressure measurements
make it possible to relate physical quantities to degree of involvement. They used a
insole system with 127 sensors per insole measuring at 40Hz, from Dynalyser. The
pressure image was masked into four areas, but the basis of this division was not
described.

Meyring et al. [140, 1997] studied dynamic plantar pressure distributions in hemi-
paretic patients which resulted in finding considerably lower peak pressures in all
anatomical structures underneath the foot with respect peak pressures found in liter-
ature on ”normals” (seven areas: medial and lateral heel, the midfoot, first, third and
fifth metatarsal heads, and the hallux). They used an EMED platform of 200mm by
340mm and reported problems in targeting this small area, at least for the patients.
Finally, also, a medial load shift in the forefoot was observed. They authors accounted
for this by stating that the first ray had been identified as the most prominent structure
during push off.

Femery et al. [55, 2002] studied plantar pressure distribution in hemiplegic chil-
dren. They studied two groups of patients with different deficiencies, and a normal
group. They used a Parotec insole system with 16 sensors measuring at 150Hz. Rela-
tive impulses were used as primary variables. They concluded that the neuromuscular
disorders and foot deformities accompanying cerebral lesions led to specific plantar
pressure distribution profiles.

A.11 The Foot as a Sensory Organ

The relationship between the sensory mechanism in the plantar aspect of the foot and
the plantar pressure distribution during locomotion is the topic of this section. One
might expect little change in gait pattern due to loss of sensory information because
the foot is small and does not weigh much in relationship to the rest of the body. The
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studies in this section dispute this hypothesis.

In a study by Chen et al. [33, 1995], the influence of sensory input on plantar
pressure distribution was studied using three pairs of socks filled with different amounts
of sand, and one pair of normal socks. Data from the left feet of ten individuals was
measured using a Pedar system running at 100Hz. Using the Emed software, the
pressure distribution was divided in eight areas: lateral and medial heel, lateral and
medial midfoot, lateral and medial forefoot, hallux, and lesser toes. Pressure variables
used were peak force, peak pressure, pressure-time integral, force-time integral, and
maximum active area. Measurement conditions were walking and running. Results
of this study indicated an increase in midfoot area and a decrease in toe area with
increasing sensory input. Furthermore, pressure-time integrals were more sensitive to
the different sensory input than peak pressure.

The foot as a sensory organ is studied by Nurse and Nigg [157, 1999], in their
paper on the relationship between tactile and vibration sensitivity of the human foot
with plantar pressure distributions during walking (1.5 m/s) and running (3.5 m/s).
Monofilaments were used to evaluate the pressure threshold at five locations: heel,
lateral arch, medial arch, first metatarsal head and hallux. Vibration thresholds were
determined by a vibration exciter. Plantar pressure was assessed with a Pedar in-
sole system during walking the system measured at a frequency of 99Hz while during
running at 189Hz, both assessing five trials. Overall, vibrations were significantly
correlated to pressure. An example is the relationship between higher frequency vi-
brations in the hallux which are coupled to a higher peak pressure during walking. In
running, an increase in average sensitivity to higher frequency vibrations corresponds
with an increase in peak forces underneath the foot.

A follow up study by the same authors [158, 2001] looked into the effect of changes
in foot sensation on plantar pressure and muscle activity. The plantar side of the foot
was treated with an ice exposure to change its sensation. Three exposure conditions
were inflicted upon the volunteers: whole foot, rearfoot, and forefoot. The ten subjects
were measured with a pedar insole measurement device. The overall conclusion is that
sensory feedback can be used to alter gait kinetics and muscular activation patterns.
Moreover, cutaneous feedback is important in the regulation and modification of gait
parameters.

Chesnin et al. [34, 2000] compared CoP measurements between in-shoe measure-
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ments from Parotec (100Hz) and an AMTI force plate (200Hz). The insoles were
taped to the sole of the feet of the 35 volunteers. A dampened sock was put over the
insoles. During the five trials the dampened sock resulted in an outline of the foot on
the force plate. The authors introduced a method the use this outline to relate the two
different local reference systems. Correlations were calculated for both medial-lateral
and anterior-posterior differences in CoP coordinates. Since the force plate was taken
to be the golden standard in measuring CoP paths, the conclusion of these researchers
was that the CoP paths of the Parotec system were valid.

Eils et al. [52, 2002] studied the effect of reduction of plantar sensation on pressure
distribution in walking. Forty healthy individuals were measured barefoot using a
EMED SF4 system (360 by 190mm, 50Hz) and a first step protocol. The footprint
was divided using the PRC-mask, which is not further explained in this article (or
referred to in other articles. The reduction of plantar sensation was obtained by an
ice immersion approach and tested with Semmes-Weinstein monofilaments. A load
shift from heel and toes toward central and lateral forefoot, and lateral midfoot was
observed going from normal to reduced plantar sensation. Also, modified plantar
pressure distribution patterns and changes in peak pressures were observed.

In a similar study to the one of Elis et al. [52], Taylor et al. [197, in press] also
studied the effect of plantar sensation reduction in walking using an ice immersion
method. They used the same pressure measurement system, but used the two step
protocol instead of the first step. The plantar pressure distribution was divided into
ten areas: lateral and medial heel, lateral and medial midfoot, lateral, central and
medial forefoot, hallux, second toe, and toes two to five. Peak force, peak pressure,
contact time, force-time integrals, and pressure-time integrals were used to analyse
the changes in sensation. This study revealed an increase in contact time for all areas
and an increase in pressure-time integrals for certain areas. Overall, they suggested
that changes in plantar sensation may be partly responsible for the redistribution of
pressure under the neuropathic foot.

A.12 Miscellany

This section contains all papers, we were not able to classify under one of the other
topics. It contains a lot of different research from shear pressure via postural research
to research into different types of injuries.
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In a publication by Rzonca et al. [181, 1984], Haglund’s deformity was studied. The
transducers were placed beneath the medial and lateral plantar calcaneal tubercles,
beneath the metatarsal heads one, two, and five, beneath the hallux interphalangeal
joint and beneath the location at the calcaneus where Haglund’s deformity is formed
(posterolateral superior of the calcaneus). Generally, they found that the deformity
bears weight up to seven times higher with respect to a control group. In a study
by D’Amico et al. [45, 1985], the effect of limb length discrepancy was looked at.
The transducers sides were the same as in the study of Rzonca et al.[181] without
the transducer placed at Haglund’s deformity. They found a repetitive compensatory
mechanism for the longer leg. This leg contacted the ground for an extended period
of time. In a study that looked at bunion deformity and stress production in classical
ballet by Kravitz et al. [111, 1985], the development of hallux abducto valgus formation
in classical ballet point stance was researched using local transducers. The transducers
were placed differently than in the previous two studies: beneath the two tuberculi
of the calcaneus, beneath the hallux interphalangeal joint, beneath the medial and
plantar aspect of the first metatarsal head, distal tip of the hallux, above (dorsal
aspect) the hallux interphalangeal joint, beneath the distal aspect of the second digit,
and above the distal interphalangeal joint of the second digit. The dorsal placement
of the transducers was done to detect plantar flexion of the interphalangeal joints.
The analysis showed high pressure values on the medial aspect of the foot. More
specifically, high values were found at the medial aspect of the first metatarsal and
the medial hallux.

The study of Rose et al. [178, 1992] discussed the insole pressure measurement
system of F-Scan and applied it to different heel wedges. They introduced a masking
scheme consisting out of six areas to study the effect of pressure underneath the foot:
the medial heel, the lateral heel, the medial metatarsal heads (the first and second
metatarsal heads), the lateral metatarsal heads (the third, fourth and fifth metatarsal
heads), the hallux, and the second toe. With respect to the pressure system, the
researchers found a 20.5% decrease in pressure values after an individual performed
their twelfth trial and noticed discrepancies between different insoles. The latter led
to the recommendation to use one pair of insoles per individual. With respect to the
different heel wedges, the researchers found that medial heel wedges decreased the
plantar pressure underneath the first and second metatarsal, and the first toe, while
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lateral heel wedges decreased the plantar pressure underneath the other metatarsal
heads. The center of force was shifted medially with a lateral wedge and laterally with
a medial wedge.

Thompson et al. [198, 1993] studied the difference between walking and four aerobic
movements. The aerobic movements were divided in two high impact and two low
impact movements. A 23cm by 44cm Emed-SF system located flush in a 10m walkway
positioned directly over an AMTI force plate (51cm by 56cm) was used to measure
pressure distributions. The systems ran at 70Hz and 200Hz, respectively. Three trials
were measured for all five conditions. Peak pressures were comparable between the
aerobic movements and walking at the shoe-floor interface while vertical forces were
higher for all four aerobic conditions, especially in case of the high impact movements.
These findings result in the conclusion that clinicians should advise their clients of the
importance of good shoes.

Mueller published a paper about two clinical cases [145, 1995], one with neuropathic
ulcers and one with metatarsalgia. In the paper, the author clarified the important
role of a insole measurement system as an aid in the design of a treatment plan. Also,
the use of the measurements as a visual feedback to the patients was mentioned as a
positive use of an insole system.

Jordan and Barlett were one of the first to focus on the concept of comfort in casual
footwear, [103, 1995]. In their publication, they measured both pressure distribution
on the plantar and the dorsal side of the foot. They used insole pressure systems for
Emed where the dorsal pad had a measurement frequency of 30Hz and only gave the
overall pressure. The plantar insole system was used to divide the foot area into six
sub-areas: medial and lateral rearfoot, midfoot, and forefoot. The pressure variables
used in this study were: contact area, pressure-time and force-time integrals, and peak
values. They were combined with a questionaire that was used to investigate perceived
comfort. Overall, total plantar force and force-time integral were related to perceived
plantar comfort and dorsal forces and pressures were related to upper comfort.

Yamamoto et al [218, 1996] studied forefoot pressures during walking in feet af-
flicted with hallux valgus and in feet after hallux valgus surgery. They used a Harris-
type mat, 27cm by 39cm, and divided the population into groups on the basis of fore-
foot pressure types; using the maximal pressure image. Peak pressures were higher
than in normals with respect to hallux and first metatarsal head.

Wu and Chiang [217, 1996] studied the effect of surface compliance on foot pres-
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sure in stance. This postural balance study used the pressure variables peak pressure,
contact area and range of anterior posterior CoP movement to characterise the dif-
ference between standing on a hard surface and standing on a hard surface covered
with layers of foam. Generally, peak pressure decreased and maximum contact area
increased while changing from a hard surface to a surface covered with foam (Pedar
system).

Kernozek and LaMott [109, 1996] compared the plantar pressure distributions be-
tween elderly and young adult individuals. They used an Emed plate system running
at 70Hz and divided the plantar pressure surface into a heel area, a midfoot area, a
hallux area, a lesser toe area, and medial, central, and lateral forefoot areas. Barefoot
walking at self-selected pace was employed. They found similar loading characteris-
tics for the heel, central forefoot, and lateral toes. Different loading characteristics
were found for the midfoot and the medial forefoot. Variables used, were: contact
area in the maximum pressure picture, total force in the maximum pressure picture
(in BW), peak pressure in the maximum pressure picture, duration of contact phases,
pressure-time integral, force-time integrals, instance of peak pressure, and instance of
peak force.

Chiang et al. [35, 1997] studied postural control during a toes-up movement of the
supporting base using a rotational platform with two foam types and a hard surface.
The pressure was measured using insole system of Emed with 99 sensors running
at 50Hz. They analysed peak pressure in the forefoot, midfoot, and rearfoot while
standing on the three different surfaces (the two foams and the hard surface). The
surface had no impact on pressures underneath the midfoot. However, the forefoot
and the rearfoot pressures became lower with more compliant surface material.

In a study of Luger et al. [123, 1999], 66 healthy individuals and 294 patients
were measured with a Emed SF2 445 by 225mm plate running at 71Hz to look into
metatarsal weight distribution during walking. The forefoot containing the metatarsal
was divided into three areas. Overall, they concluded that a medio-laterale arch does
not exist during walking since only 3% of the population was found to have such an
arch. Early anatomical knowledge had to be updated, containing the difference in
metatarsal heads geometry for non weight-baring and for weight-baring.

In a paper by Potter and Potter [165, 2000], the effect of callus removal on peak
plantar pressures was studied. They used a Musgrave system running at 55Hz and
measured a population with 15 individuals having a callus and with 5 individuals with-
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out a callus. No significant changes between peak pressures before and after callus
removal were obtained. However between individuals with callus and without, the
authors obtained a 25% lower peak pressure for individuals that had no callus. The
authors concluded that the removal of callus itself does not decrease pressure and
therefore, does not justify removal and should be accompanied by functional orthoses
or pressure relieving strategies.

Hosein and Lord [92, 2000] reported on the use of in-shoe plantar shear in normals.
Three biaxial transducers were mounted flush into an inlay such that the heel and two
metatarsal heads were measured. Two inlays were constructed, each with a transducer
placed at heel side, but one inlay covered metatarsal one and three while the other
covered metatarsal heads two and four. The insole shear pressures were not equal to
resultant force measurements on the plantar aspect of shoes. The authors believe that
this difference could be attributed to the shoe and more specifically to the upper of
the shoe. In a follow-up study by Lord and Hosein [121, 2000], a diabetic neuropathy
population was measured with the same technology. A medial shift was noticed in the
shear forces underneath the metatarsal heads. However, the step-to-step variability
was found to be reliable.

Hillmann et al. [88, 2000] described the plantar and dorsal loading in patients
after rotationplasty with a Pedar system. Fourteen individuals participated in this
study. The researchers concluded that plantar and dorsal pressure measurements
inside the shaft are feasible and reproducible. Moreover, peak pressure patterns related
to callosities in the foot. Measurements were able to distinguish between prosthetic
design. The authors formulated their ultimate goal to be able to avoid pressure peaks
in areas not well cushioned.

An ambulatory foot pressure device with feed-back alarm for patients with sensory
impairment was introduced by Pataky et al. [161, 2000]. This new device has two
channels and a sampling rate of 96Hz. It is able to measure pressure for maximally
eight days. The feedback was implemented in the form of an acoustic signal when
plantar pressure exited a predetermined threshold.

Oeffinger et al. [159, 2000] studied the relationship between foot pressure and ra-
diographic outcome measures of lateral lengthening for pes planovalgus deformity. An
Emed pressure plate was used and the accompanying software was used to divide the
foot outline into six parts: lateral and medial parts of the forefoot, the midfoot, and
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the rearfoot. Pressure variables were normalised contact area in all masks and centre
of pressure index (=area lateral/area medial). The latter was calculated without men-
tioning the definition of the foot axis necessary to perform this calculation. Overall,
they concluded that there were relationships between the changes seen in radiographic
and foot pressure parameters.

Bryant et al. [22, 2000] studied the plantar pressure distribution in normal, hal-
lux valgus, and hallux limitus feet using an Emed SF-4 system, size 360 by 190mm
running at a frequency of 50Hz. In all three groups, 30 individuals were presented
and measured. The one-way ANOVA’s showed hallux feet to have a medial forefoot
loading pattern and hallux limitus to have a lateral forefoot loading pattern when both
were compared to the normal group.

Also in ergonomics, plantar pressure measurement is used. In a study by Messing
and Kilbom [138, 2001] a pressure algometer was used to asses an individuals plantar
pain-pressure threshold (PPPT). The outcome of this study was that foot PPPT was
a promising quantitative indicator of the effects of standing work.

Gefen et al. [66, 2001] studied in-vivo behaviour of the human heel pad during
the stance phase of gait with a pressure plate measurement device and with a digital
fluoroscopy device. Combing these two devices, the authors were able to calculate
compression of the heel fat pad and the stress-strain relationship of the heel fat pad
during barefoot walking in two subjects.

Kimmeskamp and Hennig [110, 2001] studied plantar pressure distributions in
Parkinson patients during free walking. They employed a Pedar insole system with 99
sensors running at 50Hz. Twenty-four Parkinson patients and twenty-four matched
normal individuals participated in this study. Parkinson patients experienced reduced
impact at heel strike, which could be related to the severity of the disease determined
with a Webster score. Also, Parkinson patients showed higher relative loads under
the forefoot and a medial load shift. The latter could be identified though masking
the foot into 10 distinct areas: lateral and medial heel, lateral and medial midfoot,
first metatarsal head , second metatarsal head, third to fifth metatarsal head, hallux,
second toe, lateral toes. A lateral index was introduced to quantify the medial-lateral
position of the gait-line.

Gefen et al. [68, 2002] were one of the first to combine EMG and plantar pressure
distribution measurement. In their study they analysed muscular fatique and foot
stability during high-heeled gait.
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In a study by Perry et al. [164, 2002], simultaneous measurement of plantar pres-
sure and shear forces in diabetic individuals were studied. In comparison to the work
done by Lord et al. [121, 2000], the amount of pressure sensors was raised to sixteen
(4 by 4 sensors; sensor size 2.5 cm by 2.5cm). Also, these sensors were part of a plate
and not incorporated in an insole. The measurement frequency was 37Hz. One of the
conclusions was that peak shear and peak pressure did not occur at the same time
point.

Ledoux et al. [116, 2002] studied plantar pressure distribution in case of neutrally
aligned and pes planus feet. The nineteen individuals who participated in this study
were measured with a musgrave system running at 28Hz. The pressure distribution
was divided into six areas: hallux, heel, and the five metatarsal heads. The pressure
variables used were peak force, time to peak force and two self-defined variables called
the centre of pressure excursion index and the malleolar valgus index.

Internal pressures were measured by Richter et al. [173, 2002], in a study of
midfoot fractures. Novel custom made pressure sheets were place inside the ankle,
talonavicular, and calcaneocuboid joints, measuring at a frequency of 500Hz (sensor
size 1cm by 1cm, sheet sizes 3cm by 3cm for the ankle and 2cm by 2cm for the other
two joints). the researchers were able to induce midfoot fractures in eleven cadaver
feet (out of sixteen) by hitting the foot on the plantar side of Lisfranc’s joint with a
bar impactor on a pendulum. Maximum pressure occurred for 50% in the ankle, for
44% in the talonavicular and for 6% in the calcaneocuboid joint.

In a paper by Hills et al. [89, 2002], the biomechanics of structural and functional
limitations of obesity and its implications on movement was reviewed. In the section
on plantar pressures, the authors mention four papers that reported on obesity and
plantar pressure. In these studies, no relationship was found between body weight
and plantar pressures. In a study were obese and non obese children were matched
for gender, age, and height, significantly higher pressures were found underneath the
forefoot of obese children.

In a study by Arndt et al. [11, 2003], a comparison between two different mili-
tary boots on external plantar loading and in-vivo local metatarsal deformation was
researched. After the introduction of a new less stiff boot, an increase in second
metatarsal stress fractures was found. Plantar pressures were measured with an insole
Pedar system running at 50Hz. Overall, the researchers concluded that the increase of
metatarsal two stress fractures are due to pressure distribution loading decreased un-
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derneath the majority of the foot with the exception of the second to fifth metatarsal
head, and an increase of dorsal tension in metatarsal two.

Birtane and Tuna [19, 2004] evaluated the plantar pressure distribution in obese
(N=25) and non-obese (N=25) adults in both standing and walking. A mini emed sys-
tem was used to register pressure with a measurement frequency of 16Hz. Individuals
were considered obese when they had a BMI between 30 and 34.9 kg/m2. In standing,
forefoot peak pressure, total plantar force, and total contact area were significantly
higher in obese individuals. In walking, only peak midfoot pressure was significantly
higher.

In a study by Burnfield et al. [23, 2004], the influence of both walking speed
and footwear on plantar pressures was studied in older adults. Three walking speeds
and two footwear condition (barefoot and shot) were measured using a Pedar insole
measurement system. Novel groupmask evaluation software was used to mask the
pressure area into a heel area, a medial and lateral midfoot area, a medial, central and
lateral metatarsal area, a hallux area, and a little toes area. Pressure variables were
peak pressure, peak force, pressure time integral, and contact area.

In a study by Hof et al. [91, 2005], a pressure plate system was used to observe the
relationship between CoP and foot surface in a study that investigated the condition
of dynamic stability.

Taranto et al. [195, 2005] studied the angle of gait and performed a comparative
reliability study using footprints and an EMED-SF system. The overall conclusion is
that the angle of gait from footprints is a reliable, repeatable, and similar to the angle
of gait obtained from the EMED system.

Schmid et al. [186, in press] studied the difference in CoP displacements in trans-
femoral amputees during gait using an FScan insole system. They found significant
asymmetries between CoP displacements in prosthetic limbs in comparison to the pa-
tients ”normal” limbs. Also, the comparison between trans-femoral amputees and
individuals without amputations showed a redistribution of time duration in the dif-
ferent areas underneath the foot.
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Appendix B

Details about Methodology

B.1 Data Registration Steps

This section is an annex to Section 2.1.4. Therefore, content of the present section is
better understood after having read Section 2.1.4.

The data registration of a measurement session consisted of a preparatory part and
a dynamic part in which the registration of trials took place. In the preparatory part,
the following taks were performed:

1. Completing a personal information sheet for each individual that took part in
the experiment, see Figure B.1. They should contain among others the indi-
viduals name, weight (measured at the biomechanics laboratory), age, shoe size
(European), and the date of measurement.

2. Measuring two anthropological characteristics of the individual: maximum flexion
in the first metatarsophalangeal joint and width of the calcaneus. An example
of these measurements is illustrated in Figure B.2. The result of these two
measurements were also put in the personal information sheet.

3. Extending the measurement database in MAS. In the Vicon system, a database
was constructed that contained five branches. Three of these were named af-
ter the three session types: walking, walking/running, and walking/fast walk-
ing/running. The other two contained tests of the measurement set-up. One
branch contained the tests that were performed to achieve the best camera po-
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Figure B.1 An example of a personal information sheet.



B.1. Data Registration Steps 195

Figure B.2 An illustration of the two anthropological measurements: on the left

hand side the measurement of maximum flexion in the first metatarsophalangeal

joint, and on the right hand side the measurement of calcaneal width.
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sition set-up and to couple PPPS and MAS. These tests were performed before
the start of the experiment. The other of the two contained the tests that were
performed at the start of every measurement day: the alignment measurements
and the data accuracy measurements.

Data obtained from a measurement session were stored in one of the session types
branches according to session type. An individuals measurement session data
was stored in a sub-branche of the session type branche. These sub-branches,
containing measurement data, were named after the individual, first name fol-
lowed by last name. Thus the names of all saved data starts with the full name
of the individual followed by a blank, followed by the trial number, followed
by a dot, and finally followed by an extension. For example, the motion data
was saved in the well-known ’c3d’ format. So, the c3d data set of individual
Joe Black trial 10 was saved as ’Joe Black 10.c3d’. The database structure was
stored at a workstation through the use of directories. The root of the database
is a directory named after the study. In this root, the five branches are found
also as sub-directories. Within the three session types directories, an individuals
session data was stored within a directory named after the individual.

4. Extending the measurement database in PPPS. In the software application (ver-
sion 6.3.42) of the RSscan system, a database as compared to the one in MAS
was not present. Therefore, we constructed a database based on directories sim-
ilar to the Vicon database. Extending the measurement database in PPPS came
down to constructing a subdirectory in the right session type directory named
after the individual (as in the case of MAS).

The following dynamic registration taks were performed:

1. Reset the force plate before a new trial was measured, see Figure B.3;

2. Prepare the pressure plate system to accept a signal from MAS as the starting
time point of measurement (press the F1 button in the Measurement screen, see
Figure B.3);

3. Prepare the MAS to start measuring (push the new trial button and push return,
see Figure B.4);

4. Reset the electronic timing device before a new trial was measured, see Figure
B.4;
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Figure B.3 Steps one and two of the dynamic registration tasks: above the re-

setting of the force plate and below the preparation the PPPS for measurement.
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Figure B.4 Steps three and four of the dynamic registration tasks: above the

preparation of MAS and below the resetting of the electronic timing device.
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Figure B.5 Steps eight and nine of the dynamic registration tasks: above the

saving of PPPS data and below the writing down of the time spend between the

infra red gates.
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5. Instruct the individual that he or she could commence the next trial;

6. Start measuring when the individual had final foot contact with the ground prior
to foot contact on the combined plate system;

7. Stop measuring when the foot of the individual was no longer in contact with the
plate systems;

8. Save the data registered by PPPS in the folder named after the individual as
described in the preliminary registration tasks, see Figure B.5. The file name
was given by the individuals name (combination of first and last name) followed
by an underscore, the trial number, and ends by ’ .mst’. For example, Joe Black
had performed the walking condition and trial number 10 was just measured.
The PPPS data is saved as ’...\wandelen\Joe Black\Joe Black 10.mst’. After
this directory was set, the automated save button in the main measurement
screen was used to perform the save operation;

9. Write down trial information on the in individual’s information sheet, see Fig-
ure B.5. This information contained the foot (left or right) that contacted the
combined plate system and the time spent between the two pairs of photo cells.
This information was used to guide the individual during the dynamic trials.
For example, if all left trials were registered within a condition the researcher
would help and direct the individual towards contacting the plate systems with
the other foot. We did not impose a specific sequence with respect to left and
right foot trials within one measurement session. Only at the end of a condition,
it was sometimes necessary to single out one foot such that the pre-determined
number of trials for this foot could be obtained.

Besides all the dynamic trials, also the static trial was registered in the above manner.
In the different directories within MAS and PPPS workstations, the static trial was
the first trial. Keeping up with the previous example, the exported static trial from
MAS was ’Joe Black 1.csv’ then the first dynamic trial from PPPS was ’Joe Black
2.mst’.

After the experiments were carried out, the data had to be exported to an ASCII
file format such that it could be further analysed in the Matlab environment. In the
next section, we describe the different file formats.
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B.2 File Structure Exported Data

In Section 2.1.4, we gave an example of a trial and its export files. Here, we recall this
example:

Vicon system Footscan system
’Joe Black 10.csv’ ’Joe Black L10.dyn’

’Joe Black L10.max’
’Joe Black L10.Fs’
’Joe Black L10.Fv’

The MAS exported file, ’Joe Black 10.csv’, contains marker paths and force plate data.
The PPPS exported files contain the total pressure distribution (extension ’.dyn’), the
aggregated (or maximum) pressure image (extension ’.max’), the force platform data
during the stance phase (extension ’.Fs’), and the force platform data during the
complete measurement (extension ’.Fv’). The pressure distribution data and the force
platform data with the extension ’.Fs’ are both limited to the stance phase. This
stance phase was determined by an algorithm in the PPPS software.

An example of an export file of MAS data is presented in Figure B.6. As visu-
alisation tool, we used Excel. This does, however, mask the fact that all entries are
separated by commas. The illustrated example shows header information added to
interpret the measurement data. The frequencies of both marker and force data are
mentioned as well as the column headings such that we know where different force
components and where the position components of a marker are stored. Each row
represents the measured data of a specific time point. The time points are expressed
as frame numbers given in the first column.

In case of the exported data from PPPS, a similar strategy was used for the two
exported files describing force platform data. Some header information was added to
relate the columns to the different force components, and again, the frame numbers
are related to the rows and the force components are the columns. The full force signal
export files, ’.Fv’, have a straight forward relationship between force components and
columns, in contrast to the export files expressing force signals restricted to the stance
phase, ’.Fs’. The restricted force signals export file has no force components as header
information but instead eight channels. These eight channels are related to the force
components by the attachment of the force cables that connect the force platform to
the 3D-box. The cables are connected to the 3D-box such that the first channel is
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Figure B.6 An example of an export file of MAS data.
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Figure B.7 An example of the exported data from PPPS. On the left-hand side,

the force data from the stance phase and on the right-hand side the data from the

full measurement period

the z-component of the force, the second channel is the y-component, and the third
channel is the x-component. Again, we used Excel to illustrate both types of exported
data, cf. Figure B.7. In this case ’tab’ is the masked column delimiter.

The other two types of exported data from PPPS have a form different from the
previous two. Both describe pressure distribution and therefore PPPS software ex-
presses them in matrix form. To know the sensors of the pressure plate described, the
header information was used to acquire the left bottom coordinate in the local refer-
ence frame of PPPS combined with the number of sensors in the width and length
direction of the scanned area. Header information also reveals if the data came from
a left or right foot. In case of aggregated export data (or maximum pressure), no
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Figure B.8 An example of the export format of a dynamic pressure distribution

measurement; extension ’.dyn’.

more information is required to interpret its contents. In case of the dynamic pressure
distribution, the export file contains a series of matrices presided each time by a frame
number. So, rows are no longer associated with frames. Since both export types are
the same besides the use of frame numbers in the dynamic pressure distribution, we
illustrate these export types with one example of a dynamic pressure distribution, see
Figure B.8.

Knowledge of the precise format of the export files enabled us to write applications
in the Matlab environment that read and subsequently stored all data within a Matlab
M-file. The read applications and fail saves are described in this Appendix in the
section Matlab Applications. Before the applications will be discussed, we present a
section that deals with errors in data registration and data processing into the Matlab
environment. One of the errors is related to the way PPPS software was exporting its
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data to ASCII format.

B.3 Description of the Errors during Registration

and Processing

The trials with errors that were made during registration and processing fall into two
categories. The first category were trials with errors that could be fixed and the second
category were trials with errors that could not be fixed. Using a different criterion
the trials with errors were separated into the same two groups. The other criterion
was errors during registration and errors during processing. Registration errors were
made during trial registrations and subsequent saving of raw data and could not be
fixed. Processing errors were made in the time period from exporting data to ASCII
formats until the data (of one session) was saved as a Matlab M-file and could be fixed.

Two non fixable errors occurred. The most frequent one, 95% of all excluded
trials, was forgetting to press the F1 button in the main measurement screen of the
PPPS software before the start of a new trial (step 2 in the dynamic registration
tasks described in the first section of this appendix). After measurement, this error
type was found by a combination of an automatic checking algorithm in our Matlab
applications, and a manual comparison of the suspected trial with the trials preceding
it. The automatic checking algorithm detected significantly different start time points
of the stance phase between force signals of PPPS and MAS. These difference errors
were reported in an individuals report file. In case of an error message, the trial
numbers of the exported trial files were manually verified and in case they did not
correspond, we corrected the problem.

The second non fixable error was a distorted force signal from MAS. After mea-
surement in MAS, the force signal could not be viewed directly after measurement. In
PPPS, the force signal was presented directly. We did check the force signal in PPPS
for all trials and were, therefore, puzzled with the distorted force signal from MAS.
Using the marker path data, we found the source of this error. The pressure plate
hang 10cm over at the end of the force plate. In case of the distorted force signals
from MAS, the foot was placed partly on these last 10cm of the pressure plate such
that plate and runway were in contact. During the measurement of trials, the most
obvious cases of foot placement in the last 10cm of the plate were spotted and the
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specific measurement was repeated.

Three types of errors occurred that we were able to fix. the first was mentioned
already in the previous paragraph and was the exporting of PPPS data with a wrong
trial number. The second error was the exporting in PPPS of a data-set with a wrong
file extension. In this case, an individuals report file mentioned a trial not having the
desired file format. We returned to PPPS to fix this error by exporting all data-sets of
a specific trial again. However, the new report file still gave the same error message.
We manually looked at the files in Excel and noticed that the new exported data was
appended to the existing files. Therefore, the initial header information remained and
errors were still found. Thereafter, as a rule, we deleted all exported files of PPPS
data of a given trial and subsequently exported the desired trial. The third fixable
error was reported by a message about marker names. Specifically, it reported on
inconsistencies between left and right trials as they were determined by PPPS and
MAS, respectively. The error occurred when a left foot was given right marker names,
or the other way around .

B.4 Matlab Applications

Applications used to perform the research in Chapter 2 and applications used to read
in all exported data into the Matlab environment are the topic of this section.

B.4.1 Exported Data Read in Applications

Eight applications were written to perform the task of converting all exported data of
an individuals session into one Matlab M-file. The are called: GroupDataRetrieve-
Friso, PersonDataRetrieveFriso, DataFromPressurePlateFriso, DataFromVi-
conMasFriso, Comp DataDetermination, MarkerSortVicon Friso,
Sinc Pressure Force Analysis, and ExtractForceData.

GroupDataRetrieveFriso processes data of individual measurement sessions
that were stored as subdirectories, named after the individual, within a directories
named after the different session types. The name of the session type directory was
the only input of this application. As output, a report file was created in this directory
containing the names of the subdirectories that were analysed. Within this application,
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PersonDataRetrieveFriso was called with as only input the name of a subdirectory.

PersonDataRetrieveFriso processes the exported data of one individuals ses-
sion and stored the information in two Matlab m-files named ’RawData.m’ and ’Com-

pData.m’. The ’RawData.m’ file contained all exported data from an individuals
session while the ’CompData.m’ file contained data of those trials for which a com-
plete set of export data existed and were free of errors. A trial had a complete set of
export data when the MAS data was present (one exported file; extension: csv) and
the PPPS data was present (four exported files; extensions: dyn, mas, Fs, and Fv).
A trial had no errors when all the exported files had the correct file structure, when
the appropriate marker lists were used, and when no synchronisation problems had
occurred . The report file created by this application described the names of the trials
with errors and without errors such that we knew the trials that were used in creating
an individuals ’CompData.m’ file. This report file was used to correct the errors de-
scribed in previous section and to be able to count the trials that could no be used for
further analysis. In this application, five sub-applications were called subsequently.
The first two processed the exported data from PPPS and MAS, respectively, followed
by the construction of the ’RawData.m’ file. After all applications were called, the
’CompData.m’ file was constructed. Details of the variables contained in this Matlab
M-files are discussed in the next section.

DataFromPressurePlateFriso processes the exported data of PPPS of an indi-
viduals session. It was called as the first application in PersonDataRetrieveFriso
and inherited the name of the sub-directory as input. As output, it created cell arrays
containing the different data-sets from PPPS in the Matlab environment.

DataFromViconMasFriso processes the exported data of MAS of an individuals
session. It was called as the second application in PersonDataRetrieveFriso and
inherited the name of the sub-directory as input. As output, it created cell arrays
containing the two different data-sets, marker positions and force plate data, from
MAS in the Matlab environment.

Comp DataDetermination processes the data of an individual in search for tri-
als with complete data-sets (all six exported files). First, two list were created with
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trial numbers, one list contained the trial numbers that did have all the complete
data set and the other list contained the trial numbers that did not. Secondly, the
cell arrays in Matlab that contained all data of an individual were adapted such that
they contained the data of trials with a complete data set only. Thirdly, the number
of left and right trials were calculated and stored in variables. Also, the cell arrays
were sorted such that the left trials were followed by the right trials. Within the left
and right parts of the originated cell array, the data was sorted further with respect
to trial number in increasing order. Fourthly, the static trial was found within the
data-set. Two possibilities indicated the use of a specific trial as static trial: (1) in
the individuals data directory, a file containing the necessary information was present,
named: ’static info file.txt’, or (2) no information was given, in which case the first
trial was taken to be the static trial. For this research project, the second option was
always used.

MarkerSortVicon Friso uses the data from the previous application to check if
left and right trials determined in PPPS had been correctly labelled in MAS. In Table
B.1, the relationship between marker labels, as presented in de marker list, and the
anatomical location are given. A second task performed by the application was sorting
the marker data. The export files from MAS vary from trial to trial with respect to
the column order in which marker labels occurred. We choose the order as given in
Table B.1 and therefore, for example, the second, third and fourth column of a matrix
containing marker path information always contains the x-, y-, and z-component of
the lateral calcaneus marker.

Sinc Pressure Force Analysis compares force signals from MAS and PPPS. In
particular, force data from PPPS that contained force signal information from the start
time point of measurement was taken. PersonalDataRetrieveFriso used this ap-
plication to determine the existence of synchronisation errors. To determine the start
time point of the stance phase, the application ExtractForceData was used. This
application is discussed in the next paragraph. The criteria in PersonalDataRe-
trieveFriso is that the mean absolute difference of 200 threshold levels, from 1N to
200N, between begin time point of the stance phase for the force signals from MAS
and PPPS is within 3ms.
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Table B.1 The relationship between the marker labels as used in MAS and Matlab,

and their anatomical location. The calcaneus markers and the hallux markers were

attached to marker plates, see Figure 2.4. In this table, MH is the abbreviation of

Metatarsal Head.

Left Marker Labels Anatomical Location Right Marker Labels

LCAL Lateral Calcaneus RCAL
LCAM Medial Calcanues RCAM
LCAA Proximal Calcaneus RCAA
LCAE Distal Calcaneus RCAE
LMT1 Medial Side Metatarsal Head I RMT1
LMT5 Lateral Side Metatarsal Head V RMT5
LMTE Between MH II and MH III RMTE
LMB1 Medial Side Metatarsal Base I RMB1
LMB5 Lateral Side Metatarsal Head V RMB5
LHAP Proximal Hallux RHAP
LHAD Distal Medial Hallux RHAD
LHAB Distal Lateral Hallux RHAB

ExtractForceData calculates the frame numbers that signify the start time point
and the end time point of the stance phase. Both force signals from PPPS and MAS
were used as input to ExtractForceData with threshold levels from 1N up to 200N
with increments of 1N. Since both force signals contained data from the start time
point of measurement, their start and end time points should have been the same.

Most applications are supplied with further explanations regarding input, output
and crucial calculation steps. Input and output is given after the definition of the
function in the first line. The information regarding crucial calculation steps are given
within the code itself at the specific place were the applications performs these crucial
steps. Acces to this information can be obtained by opening the applications in any
text editor capable of reading ASCII format.
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B.4.2 Research Applications

In Section 2.2.1, a signal correlation measure was introduced. This measure is in-
tegrated in the application force times dif checker which is called from Group-
SynchTest. The latter application has only one input, a directory name. The di-
rectory connected to this name contains subdirectories of individual session data, in
particular their ’CompData.m’-file. The ’CompData.m’-files had been loaded and the
signal measure was calculated for all trials within a session. Besides the signal mea-
sure, GroupSychTest also used Sinc Pressure Force Analysis to compare begin
and end time points of the stance phase to study synchronisation between MAS and
PPPS. With respect to the latter, thresholds from 30N up to 200N were used.

In Section 2.2.1, also the spacial alignment was studied using a five step approach.
First, a manual determination of the centre of the wooden block from PPPS data.
Secondly, the coordinates were stored in a Matlab m-file. Thirdly, the MAS data was
processed by the Matlab application, DataToAllign. In this application, all aligne-
ment trials of all measurement days were read in and the average of the centre of the
wooden block was calculated. Fourthly, average centre coordinates were also stored in
the same Matlab M-file. Fifthly, optimal rotation and translation were calculated by
the application PressurePlate Rotation using the coordinates of the centre of the
block from both systems.

In Section 2.2.2, the accuracy of the three-dimensional data was assessed. The
first tests were based on a hand-shaped object performing simulated foot motion. The
data was read in with the DataFromViconMASFriso application as described in
the previous subsection. We choose three markers on the hand-shaped object. These
three markers made up a triangle. The position data of these markers were used in the
application Cam Accuracy Angle that calculates the variation of these three angles.
The variation of each angle in time was expressed using a 90% confidence band. Cal-
culation of this band was performed in the application Determine Percent Range.
This application used an interval division method to calculate the limit that sets the
confidence interval. To find a limit value containing exactly 90% of the data is not
realistic. For example with only 21 values in a time series, the closest number repre-
senting 90% is 19, which means 90.5% and adding one is already 95.2%. Therefore,
Determine Percent Range uses a part from the absolute value a criteria to de-
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cide this limit value, see the application code for further information. Consequently,
the analysis of the hand-shaped object by the application Cam Accuracy Distance
used all pairs of markers to analyse the variation in distances on the hand-like ob-
ject. Again, 90% confidence intervals were calculated for all distances such that a
relationship between variation and mean distance established, see Figure 2.14 .

For assessing three-dimensional data accuracy, a second test was performed. In
this test, the marker position data of the three markers attached to the hallux marker
plates were used to assess the data accuracy. The application GroupCamAccTest
calculates the variation in the angle between the two vectors that are largest in length,
analogously to the calculation of angle variation for the hand-shaped object. Group-
CamAccTest has a directory name as input, the name of a session type. GroupCa-
mAccTest uses ToeAngle to calculate the angle and the
Determine Percent Range application to calculate the limit of the 90% confidence
interval.

In Section 2.2.6, ideas and algorithms are discussed about the division of the pres-
sure distribution into different foot areas. In application Foot Area Division v4
this division was implemented. It used the aggregated pressure data as input and
created output that describes the borders of the division into the different pressure
areas. The application Foot Area Division Write Database was used to process
the division of pressure distributions for the complete database.

Also, in Section 2.2.6, we mention the calculation of local pressure data from
the different foot areas. In GroupLocalPressuresCalculations, these local pres-
sure data are calculated for a given directory. The directory name is the only in-
put to this application. Within GroupLocalPressuresCalculations, Determina-
tion of Sensor Areas from Foot Division is called to calculate the local pressure
data for an individuals’ data set. As input, this application uses the borders of the
division obtained with Foot Area Division v4.

In Section B.6, the sensitivity of the signal correlation measure is discussed. The
application used to study this phenomenon is GroupSynchTestAdjust. This appli-
cation is an adaption of the previously discussed GroupSycnTest. GroupSynchT-
estAdjust contains three distinct part: pure delay effects, pure frequency effects, and
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combined delay and frequency effects.

In Section B.7, three methods for determining a foot axis on the basis of pressure
measurements is discussed. The application FootSimulatie projectie Max is used
to calculate the position and orientation of the foot axes. The application FootAxis-
Determination is used to compare the pressure determined foot axes to the foot axis
based on motion data.

The time events and foot phases as introduced in Section 2.2.4 are calculated on
the basis of the local pressure variables obtained with GroupLocalPressuresCalcu-
lations. The calculations of the time events and foot phases were performed for the
complete population with GroupBulkCalculationsTwo v2. This application has
as input the directory name, which should contain a session type, and the session type
as a number; 1 for walking, 2 for walking running, and 3 for walking fast-walking and
running. The ’CompData.m’-file is adapted by this application such that the variables
Events and Timing are added.

B.5 Description of the Database

In the previous section, we discussed the applications related to Chapter 2. Describing
PersonDataRetrieveFriso, we referred to the contents of ’CompData.m’. This file
contains the exported data from an individual’s session. More specifically, it contains
only the data of trials with a complete data-set from both MAS and PPPS. This file
is the building block of our Database.

The Database consists of a rout directory with four entries. One of this is the
Matlab file ’doc database.m’. It contains two variables: ’doc database’ and ’align’,
which are structured arrays. At the end of Section 2.1.4, we discuss the fields of
’doc database’. The fields of the variabele ’align’ together with an example contents
from March 18, 2004 read:

MeasurementDate: [18 3 2004]
x: 151 in mm
y1: 36.8 in mm
y2: 524.5 in mm
angle: −0.4◦ in degrees
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The information in the ’align’ variable was used for the spacial alignment of PPPS
and MAS Data.

The three other entries in the directory are subdirectories named, after the three
session types: ’wandelen’ (walking), ’wandelen lopen’ (walking and running), and
’wandelen snelwandelen lopen’ (walking, fast walking and running). In turn, these sub-
directories contain the individuals session data in sub-directories named after the in-
dividual: a combination of the first and last name. In these individuals sub-directories
two files are present, namely ’CompData.mat’ and ’Log DataRetrieve.PDR’. The lat-
ter is the individuals report file discussed in the previous section.

With the variables from ’doc database.m’, a researcher is able to acces the measure-
ment information stored in the respective subdirectories by extracting the necessary
information from the variable ’doc database’. Using the example of Joe Black, Sec-
tion 2.1.4, we combined entries of the fields Session, FirstName, and LastName into
’...\wandelen lopen\Joe Black\CompData.mat’, which is the complete path to the
’CompData.mat’ of Joe Black.

The combined information from ’doc database.m’ and an individuals
’CompData.mat’ is the complete data-set of an individual that can be used for further
analysis.

As building block of our database, ’CompData.mat’ contains 42 variables that are
discussed in the following paragraphs. The first 38 variables are calculated within the
context of the processing performed in connection to Chapter 2, while the last four
variables are calculated within the context of the processing performed in connection
to Chapter 3.

1. NameList is a character array variable that contains a list of trial numbers
combined with the basic file type (first name combined with last name) and a
character ’L’ or ’R’ to denote a left or right trial. It is a list of file names analogue
to the file names used for the PPPS export data without the extensions. The
order of the list represents the general order for all variables, first sorted with
respect to left and right, and second sorted with respect to trial number.

2. LeftMarkerlist and RightMarkerlist are cell array variables with twelve en-
tries containing the marker labels discussed in Section B.4.1, Table B.1. The
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order of the marker labels is the same order as in Table B.1 and are related to
the variable MarkerD.

3. MarkerD is a cell array variable that has as many entries as there are trials de-
scribed by the variable NamesList. The entries of MarkerD are matrices with
37 columns describing the marker position data. The first column contains the
frame numbers and therefore the rows of the matrices are related to frame num-
bers. The next 12*3 columns contain triples of the twelve marker positions. The
chosen marker order is expressed in the variables LeftMarkerlist and Right-
Markerlist and the underlying triple order is x, y, and z. The first column of
frame numbers does not always start with one, meaning that the marker data is
not always given from the on-set of measurement. The export function in MAS
decides the first frame number based on the presence of marker position data.

4. SMarkerD is a cell array variable that has an identical structure and meaning as
MarkerD. The only difference is that the motion data in SMarkerD is filtered
and interpolated using the least squares spline technique described in Section
2.2.3. The specific spline parameters used by this technique are contained in the
variable Spline, which is a cell array with as many entries as there are trials.
The entries themselves are given in the Matlab spline information format.

5. Static and StaticName are variables related to a static file and to the variables
described previously. The StaticName contains the name of the static file as in
Namelist. Static is a cell array containing two entries. The first entry contains
the marker position matrix as in the matrices of MarkerD. The second entry is
a cell array containing in the first row the left marker list and in the second row
the right marker list, a combination of LeftMarkerlist and RightMarkerlist.

6. Lcounter and Rcounter are double arrays containing the number of left and
right trials.

7. DynM and MaxM are two cell arrays with entries trial information as in Mark-
erD. Each entry of MaxM is a matrix that contains the maximum pressure dis-
tribution. Each entry of DynM is a stack of matrices containing the dynamic
pressure distribution where the third dimension is related to the frame number.
To establish the position of the active sensor grid related to the matrices of
DynM and MaxM, the variable DynInf was introduced.
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8. DynInf is a matrix of the double array type. The rows represent the different
trials in the order previously discussed. The columns are related to position
and time information of the trial. The last two columns contain information
about stance duration where the last column is related to number of frames
of a right trial and the other column to number of frames of a left trial. A
zero frame number in the left column means that it is a right trial and visa
versa. The first four columns are related to the position of the active sensor
grid with respect to the local origin of the LRF of PPPS expressed in number
of sensors. Each entry in the first column is the y-component of the bottom
left corner of the active sensor grid, and each entry in the second column is the
x-component of the bottom left corner. The third and fourth column contain
entries that represent the number of sensors in the active sensor grid in the x-
and y-direction respectively.

9. ForcePData, PPLFData, and PPSFData are cell arrays containing force
plate data. All cells contain matrices with three columns. Again, cells are related
to the previously described trial order. The variables are the force plate data
obtained by MAS from the on-set of measurement, the force plate data obtained
by PPPS from the on-set of measurement, and the force plate date obtained
by PPPS restricted to the stance phase as defined by the PPPS software. All
matrices have three columns that represent the x-, y-, and z-component of the
resultant force. The rows of these matrices represent the frame numbers. In case
of the first two variables, this means that the first row of the matrix coincides
with the first measurement frame (In contrast to the data in MarkerD). In case
of the third variable, the first row coincides with the first frame of the stance
phase as determined by PPPS.

10. FrameNumFP and FrameNumPPLF are cell arrays containing 200 cells.
Each cell is a matrix with two columns and as much rows as there are trials.
The entries of these matrices are the frame numbers of the start and the end
of the stance phase, which we determined using 200 threshold scheme. The
first variable is related to the force plate data obtained by MAS and the second
variable is related to the force plate data obtained by PPPS from the on-set of
measurement. The rows represent the trials where the first column is the start
frame numbers and the second column is the end frame numbers. The 200 cells
are related to the thresholds, cell i means a threshold of iN. The way the stance
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phase was determined using a threshold scheme is explained in Section 2.2.1.

11. ZeroLevFP and ZeroLevPPLF are matrices of the double array form. These
matrices contain information about the noise and the zero level of the x-, y-,
and z-component of the resultant force obtained by MAS and PPPS. Their nine
columns represent the zero level, the noise level expressed as standard deviation,
and the noise level expressed as the maximum value minus the minimum value
(worst case) for the x-, y-, and z-component respectively. Again, the rows rep-
resent the trials. FrameNumFP and FrameNumPPLF do take into account
the zero level and correct the z-component of the force with this zero level before
the threshold schemes are applied.

12. VbeginShortFull and VeindShortFull are two vectors that relate the force
signal data from PPLFData to PPSFData. Since PPSFData is force data re-
stricted to the stance phase as defined by the Footscan software and PPLFData
is also force data from PPPS but for the complete duration of measurement, we
know that the three curves described by PPSFData are a part from the curves
described by PPLFData. the components of VbeginShortFull and Veind-
ShortFull contain the the frame number in PPLFData where PPSFData
data begins and ends, respectively.

13. Vbegintijden, Veindtijden, and Vduurtijden are matrices of the double
array format. Every row width length 200 corresponds to one trial where the first
entry is related to a threshold of 1N and the last entry is related to a threshold
of 200N. The entries of the rows are the differences in milliseconds between the
start, the end, and the duration of the stance phase determined using the force
plate data from MAS and PPPS. Vbegintijden expresses the differences in the
beginning of stance phase, Veindtijden expresses the differences in the end of
stance phase, and Vduurtijden expresses the differences in the duration of the
stance phase.

14. begintijdenForcePlate is a matrix of the double array format. As for Vbe-
gintijden, the rows are, as always, related to the trials and the columns to the
thresholds. The entries in the matrix are the begin time point of the stance phase
in milliseconds. The information in this matrix is almost the same as the first
column of the matrices in FrameNumFP with the difference that the latter is
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expressed in frame numbers.

15. FootAngle PPPS is a cell array variable with as many entries as there are
trials. The entries themselves are also cell arrays containing three subentries.
These three subentries contain a 2 by 2 matrix with the first column of the matrix
being the direction of the foot axis and the second column being a point of the
foot axis in the pressure distribution area, expressed in sensor numbers. The
subentries are ordered such that the first entry is the global geometric inertial
method, the second entry is the local geometric inertial method, and the third
entry is the CoP method.

16. heel area and Forefoot area are vectors of the double array format. Their
entries are y-direction sensor values that determine the division of the foot three
foot areas: rearfoot (or heel), midfoot, and forefoot. There are as many entries as
there are trials. An example of how these two variables determine the three foot
areas: from the variable DynInf, we obtain that the size of a certain pressure
distribution is 39 sensors in the y-direction and 19 sensors in the x-direction.
For the same trial, we obtain from heel area and Forefoot area the values 12
and 20. Therefore, the heel are is between y-direction sensors 1 and 12, while
the forefoot area is defined to be between y-direction sensors 12 and 39.

17. Rearfoor areas and MidFoot ares are cell array variables containing as many
entries as there are trials. The entries themselves are 2 by 2 matrices that define
the line in the heel area and midfoot area such that these areas are divided in a
medial and lateral part. The first column is the point (y-coordinate followed by
x-coordinate) at at the low end of an area and the second column is the point
at the high end of an area.

18. Toe line is a cell array variable that contains as many entries as there are trials.
The entries themselves contain a vector with as many entries as the number of
x-direction sensors of the accompanied pressure distribution. For all x-direction
sensors, this vector contains the sensor number in the y-direction that marks the
end of the metatarsal area and the beginning of the toe area.

19. Metas areas is a cell array variable containing as many entries as there are tri-
als. Just as for the variables Rearfoor areas and MidFoot ares, the entries
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of Metas areas divide the metatarsal area (are between Forefoot area and
Toe line) with lines. In this case into five areas containing the five metatarsals.
Therefore, an entry of Metas areas is a 3 by 4 matrix with the first row con-
taining the x-coordinate on the forefoot line, with the second row containing the
x-coordinate on the toe line, and with the third row containing the y-coordinates
on the toe line.

20. Hallux vert area is a double array that contains as many entries as there are
trials. The entries are the x-direction sensor number at which the toe area is
divided into a medial area, or hallux area, and a lateral area, or lesser toe area.

21. LRchecker is double array that contains as many entries as there are trials. The
entries are zero or one. A zero means that the division algorithm has determined
that the pressure distribution originates from a right foot, while a one means a
left foot.

22. Events and Timing are variables that describe the temporal foot events and
the foot phases as discussed in Section 2.2.4. Events is a cell array variable
with as many entries as there are trials. An entry contains a 3 by 5 matrix were
the columns contain the frame numbers of first foot contact, first metatarsal
contact, fore foot flat, heel off, and last foot contact, respectively. The first row
is related to the motion data, the second to the pressure data, and the third to
the force plate data. Timing is a matrix with as many row as there are trials
and with five columns with the same meaning as for the rows of a Events entry.
The difference is that instead of frame numbers the entries of this matrix contain
percentages of stance duration.

23. LocalPressures is a cell array with as many entries as there are trials. An entry
itself contains again a cell array with four entries. These subentries are matrices
that contain local pressure data of the rearfoot, midfoot, metatarsals, and toes,
respectively. The rows of these matrices are the frame numbers of the pressure
data while the columns are multiples of six. Every six columns contain the force
in an area, the number of active sensors of an area, the total pressure of an area,
the value of the pressure sensor with maximum value in an area, the x-direction
sensor position of this pressure sensor, and the y-direction sensor position of this
pressure sensor. In case of the rearfoot and midfoot, the first six columns are
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related to the medial area and the second six columns are related to the lateral
area. In case of the metatarsal area, the six times six columns are related to the
first, second, third, fourth, and fifth metatarsal, respectively. In case of the toes,
the first six columns are related to the hallux area and the second six columns
are related to the lesser toe area.

24. Hiel CoPS is a cell array with as many entries as there are trials. An entry
contains 2 rows and as many columns as there are frames in the pressure dis-
tribution data of that specific trail. With this matrix the CoP path of the heel
area is described. The first row contains the x-coordinates of the path and the
second row contains the y-coordinates.

25. AngleInf is a double array variable. It is a vector if the individual performed
the walking condition or the walking fast-walking running condition. It is 2 by
2 matrix if the individual performed the walking running condition. The values
in the vectors and the matrices are related to the number of performed trials
of a locomotion type. In case of the walking condition, it is a vector of length
two with the first entry the number of left trials used for calculation LAngles
and the second entry the number of right trials for calculation RAngles. In case
of the walking fast-walking and running condition, it is a vector of length three
with the entries related to number of performed trials in the walking type, in the
fast-walking, and the running type, respectively. In case of the walking running
condition, it is a two by two vector with the first column related to the number
of left trials in the walking and running type, and the second column related to
the number of right trials in the walking and running type.

26. LAngels and RAngles contain the angular data of the rearfoot segment, the
medial and lateral metatarsal segments, and the hallux segment. Both the
variables are cell arrays containing six entries. The entries are: (1) rearfoot
orientation with respect to the laboratory reference frame with the static posi-
tion of the rearfoot taken to coincide with the laboratory reference frame, (2)
rearfoot orientation with respect to the laboratory reference frame, (3) medial
metatarsal orientation with respect to the rearfoot, (4) lateral metatarsal ori-
entation with respect to the rearfoot, (5) hallux orientation with respect to the
medial metatarsal, and (6) hallux orientation with respect to the laboratory ref-
erence frame. These entries themselves are cell arrays containing more entries
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as there are trials. The first entries are related to the trials, followed by the an-
gular orientation of the segment in the static trail, followed by the average and
standard deviation of angular orientation of the performed locomotion types.
Until the static trial, all entries are matrices with 3 columns related the flex-
ion/extension, abduction/adduction, and inversion/eversion, respectively. The
entries containing average and standard deviation data have 6 columns related
to the same motions and are given per pair of columns; first average and sec-
ond standard deviation. The rows in all these entries are related to the frame
numbers.

We hope that with this lengthy description of variables in the ’CompData.mat’-files
and the set-up of the directories, every researcher is able to access this database and
use it to its full potential.

B.6 Sensitivity of the Signal Correlation Measure

In Section 2.2.1, we conclude that no delays and no inaccuracies in the internal clocks
of both systems were found. Also, in Section 2.2.1, we mention the results of a sen-
sitivity analysis of the signal correlation measure. In the present section, we describe
the background of the sensitivity analysis in detail and, thus assume here that the
definition of the measure is known.

To investigate the sensitivity of the signal correlation measure, we performed three
checks using all 126 sessions.

In the first check, we considered the pure delay effect. To be preciese, we removed
one up to five frames from the beginning of the PPPS force signals. Signal correlation
measure was calculated for all the five delay conditions and it was checked in which
cases the zero shift, or no shift condition, gave no longer the highest correlation. With
the removal of two frames, the zero shift no longer gave the highest correlation in 124
sessions out of 126 sessions (the other two sessions needed three and four frames).
Obviously, a smaller value than two frames can not be obtained because the force
signals were down sampled to 250Hz. However, we calculated the minimum delay
condition (meaning the condition where the smallest number of frames were removed)
where not all trials had a zero shift, and all 126 sessions showed at least one trial with
a non zero shift when only one frame was removed. In Figure B.9, the percentages of
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Figure B.9 The distribution of sessions with respect to their percentage of trials

with a non zero shift after the removal of one frame.

trials within a session that had a non zero shift with the removal of only one frame
are depicted, the minimum percentage is 22.2%.

In the second check, we considered a pure frequency effect. It used the cubic spline
routine from Matlab to lengthen and shorten the force signals from PPPS such that
they ranged from 490Hz to 499Hz and from 501Hz to 510Hz with 1Hz increments.
Similar to the delay check, we looked for the first frequency for which all trials within
a session had a non zero shift, both in [501Hz,510Hz] and [490Hz,499Hz]. The results
were less evident than the results for the delay effects, a distribution emerged in both
the lengthening and shortening cases, where 496Hz and 503Hz were related to the
largest number of sessions, about 33% and 47% of total respectively, see Figure B.6
together with the minimum frequency condition. This condition is defined as the first
frequency where not all trials in the same session had a zero shift. From Figure B.6, it
follows that 498Hz and 502Hz were the two distinguishable frequencies. In the same
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figure, we also depicted the percentage of non zero shift trials within a session. It is
seen that the percentage of trials in case of 498Hz are almost distributed uniformly
and that the percentage of trials in case of 502Hz are minimally 93%. Frequency ef-
fects can be detect on the bases of the same arguments as the delay effects. Although
the 498Hz frequency border might be less easy to detect as the 502Hz frequency border.

In the third check, we considered a combination of both delay and frequency effects.
The same range of frequencies was selected as in the second check combined with the
same delay conditions from the first check. The order was first to lengthen or shorten
the signal and secondly to remove frames. The results in detecting a combined effect
were generally beter than for a single effect.

We conclude that the measure of signal correlation used to detect delay and fre-
quency errors, due to inaccuracy and instability of the internal clocks, is sensitive at
the 2ms delay level and at the 2Hz frequency level.

B.7 Determination of a Foot Axis

Three foot axes were determined from plantar pressure distributions by three methods:
the global geometric inertial axis method, the local geometric inertial axis method, and
the centre of pressure method. First, the complete pressure distribution was used in
the global geometric inertial axis method. To determine this foot axis, all non-zero
pressure values were set to one. The longest inertial axis of this pressure distribution
was chosen to be the foot axis. Second, Centre of Pressures (CoPs) were used in the
local geometric inertial axis method. CoPs were calculated for the heel and forefoot
area, still with all non-zero pressure values set to one. The line from the CoP of the
heel area to the CoP of the forefoot area was defined to be the foot axis. Third, CoPs
were used in the CoP method. CoPs were calculated for the heel and forefoot area
using the normal pressure distribution and its pressure values. The line from the heel
area CoP to the forefoot area CoP was taken to be the foot axis.

An example of foot axes determined by these methods and the foot axis determined
from motion analysis data is depicted in Figure B.11. Together with Table B.2, we
conclude that the local geometric inertial method is slightly better than the other two.
Correlation coefficients are all significant and show high values for the three methods.
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Figure B.10 In (a) and (b), the number of cases of the frequencies where all

trials within a session have a non zero shift and the number of cases of the fre-

quencies where the minimum frequency condition holds. In (a) the lower frequency

band is depicted, [490Hz,499Hz], and in (b) the higher frequency band is depicted,

[501Hz,510Hz]. Below (a) and (b), in (c) and (d), the distributions of the sessions

with respect to their percentage of trials that have a non zero shift in case of 498Hz

and 502Hz are depicted, respectively.

Average distance difference between foot axes calculated by this method and the one
calculated by motion data is within pressure plate dimensions.
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Table B.2 Accuracy of foot axis determination. The first column denotes the

characteristics used to describe the three methods of foot axis determination. The

abbreviations A. and SD. refer to Average and Standard Deviation. The distance

difference is defined to be the Root Mean Square calculated between the two foot

axes over the complete foot length. The second, third, and fourth column denote

these characteristics for the global geometric inertial (g.i.) method, the local geo-

metric inertial method, and the CoP method, respectively.

global g.i. local g.i. local CoP
L R L R L R

A. angle difference 4.6◦ -5.8◦ 2.5◦ -3.8◦ 2.7◦ -4.1◦

SD. of angle difference 1.7◦ 1.7◦ 1.6◦ 1.7◦ 1.9◦ 2.1◦

A. Distance Difference 11.2mm 9.6mm 7.7mm 7.9mm 7.0mm 8.9mm
SD. of distance difference 8.5mm 8.0mm 8.6mm 8.1mm 8.5mm 8.2mm
correlation coefficient .93 .94 .94 .94 .91 .91
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Figure B.11 Examples of foot axes. The black solid line is the foot axis deter-

mined from motion data. The blue solid line is the foot axis determined with the

CoP method. The red solid line is the foot axis determined with the local geometric

inertial axis method. The magenta solid line is the foot axis determined with the

global geometric inertial axis method.
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Appendix C

Studying the Rearfoot: Details

In this Appendix, information accompanying Chapter 3 is presented. Most information
is not understandable without having read, Chapter 3.

This Appendix contains two sections. The first section is on CoP sensitivity as
expressed in one figure and nine tables on this subject. The second section describes
the Matlab applications used to calculate the results of Chapter 3.

The variables that were calculated for Chapter 3 and were stored in ’Compfile.mat’-
files are described in the previous appendix. As mentioned in the previous appendix,
we choose to describe all variables of the ’Compfile.mat’-files at one location such that
this information is accessible for a researcher using the database. To be complete, the
variables in ’Compfile.mat’ that are calculated with applications from research into
rearfoot simulation are AngleInf, LAngles, RAngles, and Hiel CoPS. The first
three variables contain all angular information of the performed trials: the angles of
dynamic trials, the angular position of the segments during the static trial, and the
average and standard deviation curves of these angles. Average and standard deviation
curves were calculated for all locomotion types: walking, fast-walking, running, within
a measurement session and this for both the left and right trials. Finally, the CoP
paths of all trials are found in Hiel CoPS.

C.1 CoP sensitivity information
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Figure C.1 In this figure, the CoP path correction based on regression correction

is depicted. In graph (a) and (b), the average and standard deviations of the x-

direction corrections are depicted for left and right trials of the walking sessions,

respectively. In graphs (c) and (d), the left and right distribution of corrections for

the initial contact phase is depicted.
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Table C.1 Population information on the time point at which the CoP paths of

the walking sessions the different heel areas start to deviate. All information is

related to right foot trails of the specific individuals. Time point are expressed as a

percentage of stance phase. A is the average time point were the CoP paths deviates;

average with respect to all trials of one individual. S is the standard deviation of

the time points where the CoP paths deviates and MM is the maximum time point

minus the minimum time point where the CoP paths deviates. The postfixes −2,

−1, +1, and +2 are related to comparison of CoP paths. For example, −2 means

the comparison of the original heel area and this heel area minus two horizontal

lines.

Name A -2 S -2 MM -2 A -1 S -1 MM -1 A +1 S +1 MM +1 A +2 S +2 MM +2

individual 1 11% 1.2% 3.7% 11.1% 1.3% 4% 11.1% 1.3% 4% 10.9% 1.2% 3.7%
individual 2 18% 11.5% 36.1% 18.2% 11.5% 36.1% 18.2% 11.5% 36.1% 18.2% 11.5% 36.1%
individual 3 11.9% 0.5% 1.6% 11.9% 0.5% 1.6% 11.9% 0.5% 1.6% 11.9% 0.5% 1.6%
individual 4 11.9% 1.3% 3.8% 12% 1.3% 3.8% 12% 1.3% 3.8% 11.9% 1.3% 3.8%
individual 5 86.2% 24.8% 55.2% 86.2% 24.7% 55.2% 86% 25.1% 55.8% 84.7% 27.5% 60.3%
individual 6 10.1% 1.3% 3.9% 10.3% 1.3% 3.6% 10.3% 1.2% 3.4% 9.8% 0.9% 2.6%
individual 7 8% 0.4% 1.2% 8% 0.4% 1.2% 8% 0.4% 1.2% 8% 0.4% 1.2%
individual 8 9.8% 1.2% 3.3% 9.8% 1.2% 3.3% 9.8% 1.2% 3.3% 9.8% 1.2% 3.3%
individual 9 10.8% 1.1% 3.2% 10.9% 1% 3.1% 10.8% 1.1% 3.2% 10.6% 1% 2.9%
individual 10 9.1% 1.8% 5.4% 9.3% 1.8% 5.6% 9.3% 1.8% 5.6% 9.3% 1.8% 5.6%
individual 11 7.4% 0.6% 1.8% 7.5% 0.7% 2% 7.5% 0.7% 2% 7.4% 0.7% 1.8%
individual 12 11.6% 2% 6.1% 11.7% 2.1% 6.4% 11.7% 2.1% 6.4% 11.6% 2% 6.1%
individual 13 12.8% 1.2% 3.4% 12.9% 1.2% 3.4% 12.9% 1.2% 3.4% 12.9% 1.2% 3.4%
individual 14 7.7% 0.3% 0.9% 7.8% 0.3% 1% 7.8% 0.3% 1% 7.8% 0.4% 1%
individual 15 7% 0.5% 1.7% 7% 0.5% 1.7% 7% 0.5% 1.7% 6.8% 0.6% 1.7%
individual 16 11.1% 1% 2.9% 11.2% 1% 2.9% 11.1% 1% 2.9% 10.9% 0.8% 2.6%
individual 17 8.9% 0.8% 2.7% 8.9% 0.8% 2.7% 8.9% 0.8% 2.7% 8.9% 0.8% 2.7%
individual 18 30.5% 25.2% 85.4% 30.7% 25.2% 85.4% 30.7% 25.2% 85.4% 24.7% 8.8% 30.7%
individual 19 12.1% 2.7% 8% 12.2% 2.8% 8.3% 11.5% 2.7% 8% 9% 1.9% 6.9%
individual 20 14.2% 3.4% 10.2% 14.3% 3.4% 10.2% 14.3% 3.4% 10.2% 14.3% 3.4% 10.2%
individual 21 31.4% 24.5% 84.1% 31.9% 24.3% 83.7% 31.9% 24.3% 83.7% 31.9% 24.3% 83.7%
individual 22 9.1% 0.4% 1.4% 9.2% 0.4% 1.4% 9.2% 0.4% 1.4% 9.1% 0.4% 1.7%
individual 23 15.5% 0.9% 2.9% 15.6% 0.9% 2.9% 15.6% 0.9% 2.9% 15.3% 0.9% 2.7%
individual 24 25.8% 26.3% 86.1% 26.5% 26.2% 85.8% 25.3% 26.5% 86.4% 16.8% 8.7% 29.1%
individual 25 14.2% 0.7% 2.4% 14.4% 0.7% 2.4% 14.3% 0.7% 2.4% 14.2% 0.6% 2.1%
individual 26 11.5% 0.6% 1.9% 11.6% 0.7% 2.2% 11.6% 0.7% 2.2% 11.6% 0.7% 2.2%
individual 27 14.6% 2.8% 8.5% 15% 3% 8.7% 15.1% 3.1% 9.2% 14.8% 3% 9.2%
individual 28 13.6% 1.1% 3.6% 13.6% 1.1% 3.8% 13.3% 1.1% 3.7% 12.3% 0.9% 3.4%
individual 29 12.8% 2.2% 6.6% 13% 2.3% 6.9% 12.8% 2.2% 6.6% 11.6% 1.7% 5%
individual 30 10.1% 1.2% 3.3% 10.1% 1.2% 3.3% 10.1% 1.2% 3.3% 10% 1.2% 3.3%
individual 31 10.6% 0.9% 3.3% 10.7% 0.9% 3.2% 10.4% 1% 3.3% 9.8% 0.8% 2.4%
individual 32 7.6% 0.7% 2.6% 7.6% 0.7% 2.6% 7.6% 0.7% 2.6% 7.5% 0.7% 2.6%
individual 33 8.1% 1% 3.7% 8.1% 1% 3.7% 8.1% 1% 3.7% 8.1% 1% 3.7%
individual 34 9.7% 1.3% 4.6% 9.7% 1.3% 4.6% 9.7% 1.3% 4.6% 9.7% 1.3% 4.6%
individual 35 10.5% 0.8% 3.1% 10.6% 0.7% 2.8% 10.6% 0.7% 2.8% 10.6% 0.7% 2.8%
individual 36 7.9% 0.7% 2.1% 8% 0.7% 2.5% 7.9% 0.8% 2.7% 7.5% 0.6% 2.1%
individual 37 10.7% 1.2% 3.7% 10.8% 1.2% 4.1% 10.8% 1.3% 4.1% 10.7% 1.2% 3.7%
individual 38 17.5% 2.6% 9.1% 17.6% 2.6% 9.1% 17.6% 2.6% 9.1% 17.6% 2.6% 9.1%
individual 39 9.3% 1% 3.7% 9.4% 1% 3.7% 9.4% 1% 3.7% 9.3% 1% 3.7%
individual 40 11.9% 2.5% 7.8% 12% 2.5% 7.8% 11.9% 2.5% 7.8% 11.6% 2.5% 7.8%
individual 41 9.8% 1.2% 3.5% 9.8% 1.2% 3.5% 9.8% 1.2% 3.5% 9.8% 1.2% 3.5%
individual 42 8.1% 2% 5.4% 8.2% 2% 5.8% 8.2% 2% 5.8% 7.6% 1.7% 5.4%
individual 43 12.4% 1.3% 3.7% 12.6% 1.3% 3.9% 12.6% 1.3% 3.9% 12.4% 1.2% 3.4%
AVERAGE 14.0% 14.1% 14.1% 13.5%
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Table C.2 Population information on the time point at which the CoP paths of the

different heel areas deviate in case of walking sessions. All information is related to

left foot trails of the specific individuals. Time points are expressed as a percentage

of midstance (from first metatarsal contact til heel lift). A is the average time point

were the CoP paths deviates; average with respect to all trials of one individual.

S is the standard deviation of the time points where the CoP paths deviates and

MM is the maximum time point minus the minimum time point where the CoP

paths deviates. The postfixes −2, −1, +1, and +2 are related to comparison of CoP

paths. For example, −2 means the comparison of the original heel area and this

heel area minus two horizontal lines.

Name A -2 S -2 MM -2 A -1 S -1 MM -1 A +1 S +1 MM +1 A +2 S +2 MM +2

individual 1 6.5% 5.7% 18.9% 6.7% 6% 20% 6.7% 6% 20% 6.2% 5% 15.8%
individual 2 5.2% 2.7% 7.4% 5.4% 2.9% 8.7% 5.4% 2.9% 8.7% 5.2% 2.6% 7.4%
individual 3 -0.3% 1.4% 3.5% -0.3% 1.4% 3.5% -0.3% 1.4% 3.5% -0.3% 1.4% 3.5%
individual 4 14% 6.2% 17.5% 14.4% 6.4% 18.1% 14.4% 6.4% 18.1% 14.2% 6.3% 16.9%
individual 5 50.7% 27.5% 79.5% 51.4% 27.8% 81.3% 51.4% 27.8% 81.3% 51.2% 27.8% 81.3%
individual 6 19.3% 14.8% 44.9% 20.5% 15.2% 44.9% 19.4% 13.7% 42.8% 14.1% 8.1% 26.9%
individual 7 5.2% 4.3% 14.2% 5.2% 4.4% 14.2% 5.2% 4.4% 14.2% 5.2% 4.4% 14.2%
individual 8 13.6% 15.8% 53.2% 14.1% 16.6% 56% 14.1% 16.6% 56% 14.1% 16.6% 56%
individual 9 10.4% 11.5% 38.5% 10.9% 12.4% 41.4% 7.8% 3.7% 10.9% 7.1% 2.8% 8.9%
individual 10 12.7% 15.2% 44.2% 13.1% 15.6% 44.2% 13.1% 15.6% 44.2% 13.1% 15.6% 44.2%
individual 11 4.1% 1% 3.2% 4.3% 1.1% 3.2% 4.3% 1.1% 3.2% 4% 0.9% 3.2%
individual 12 15.2% 4.1% 10.7% 15.6% 4.1% 11.1% 15.6% 4.2% 11.9% 15.3% 3.9% 10.7%
individual 13 2.6% 0.6% 2.1% 2.7% 0.7% 2.1% 2.6% 0.7% 2.2% 2.4% 0.7% 2.2%
individual 14 -1.1% 0.5% 1.1% -1.1% 0.5% 1.1% -1% 0.4% 1.1% -1.1% 0.5% 1.1%
individual 15 1.3% 0.8% 2.5% 1.5% 0.7% 2.5% 1.2% 0.7% 2.5% 0.9% 0.5% 1.7%
individual 16 1.8% 1.7% 4.4% 1.8% 1.7% 4.4% 1.9% 1.7% 4.4% 1.7% 1.6% 4.4%
individual 17 6.6% 6.5% 20.2% 6.6% 6.6% 20.2% 6.6% 6.6% 20.2% 6.6% 6.6% 20.2%
individual 18 78.1% 27.8% 64.5% 78.7% 27.2% 64.5% 77.5% 28.6% 66.8% 73.8% 33.3% 75.7%
individual 19 10.7% 8.9% 21.7% 11.5% 9.6% 23.6% 9.2% 9.1% 21.4% 1.2% 3.3% 11.2%
individual 20 12.7% 8.4% 28.4% 12.7% 8.4% 28.4% 12.7% 8.4% 28.4% 12.7% 8.4% 28.4%
individual 21 47.2% 21% 77.7% 52.4% 26.4% 77.9% 52.4% 26.4% 77.9% 49% 21.4% 77.7%
individual 22 5.2% 1.1% 3.2% 5.5% 1.2% 4.2% 5.3% 1.1% 3.4% 5% 0.9% 3.1%
individual 23 22% 6.6% 23.7% 22.8% 6.8% 24.5% 22.5% 6.8% 24.5% 21.2% 7.1% 25.7%
individual 24 45.4% 21% 60.8% 46.5% 21.4% 60.2% 44.6% 21.2% 60.8% 33.6% 19.6% 54.8%
individual 25 38.8% 38.1% 95.9% 39.2% 38% 95.9% 39% 38% 95.9% 38.6% 38.2% 95.9%
individual 26 19.1% 6.2% 19.4% 19.5% 6.1% 19.5% 19.5% 6.1% 18.9% 19.2% 5.7% 18.2%
individual 27 23.9% 6.7% 19.8% 24.8% 6.7% 19.6% 24.7% 6.6% 19.6% 24.5% 6.7% 20.8%
individual 28 9% 2% 5.9% 9.5% 2.2% 6.4% 9.1% 2.2% 6.4% 8.2% 2.3% 7.3%
individual 29 5.8% 2% 5.8% 6.2% 2.6% 7.8% 4.9% 1.8% 5% 2.4% 0.9% 2.5%
individual 30 6.2% 1.9% 5.8% 6.4% 1.9% 5.8% 6.2% 1.9% 5.8% 5.9% 1.4% 4%
individual 31 2.7% 0.6% 2.1% 3% 0.8% 2.8% 2.9% 0.8% 2.8% 2.8% 0.7% 2.1%
individual 32 17.7% 4% 13% 17.7% 4.2% 13.2% 17.7% 4.2% 13.2% 17.7% 4.2% 13.2%
individual 33 2.8% 1.4% 4.4% 2.9% 1.4% 4.4% 2.9% 1.4% 4.4% 2.7% 1.2% 4.4%
individual 34 0.5% 0.4% 1.1% 0.5% 0.5% 1.7% 0.5% 0.5% 1.7% 0.5% 0.4% 1.1%
individual 35 2.9% 1% 3.2% 3% 1.1% 3.2% 3% 1.1% 3.2% 3% 1.1% 3.2%
individual 36 8.2% 2.8% 8.7% 8.4% 3.2% 9.8% 8.2% 2.8% 8.7% 7.7% 2.7% 7.6%
individual 37 2.8% 1.7% 6.3% 2.9% 1.6% 6.3% 2.9% 1.6% 6.3% 2.7% 1.4% 5.2%
individual 38 3.4% 3% 9.6% 3.4% 3% 9.6% 3.4% 3% 9.6% 3.4% 3% 9.6%
individual 39 1.7% 0.8% 2.9% 1.8% 0.8% 2.9% 1.9% 0.9% 2.9% 1.8% 0.8% 2.9%
individual 40 55% 37.3% 87.8% 55.2% 37.1% 87.8% 54.9% 37.3% 87.8% 48.2% 33.9% 87.8%
individual 41 -2.8% 0.9% 3% -2.8% 0.9% 3% -2.8% 0.9% 3% -2.8% 0.9% 3%
individual 42 31.5% 7.1% 23.8% 32.3% 6.8% 22.8% 31.7% 7% 23.8% 29.3% 6.7% 22.7%
individual 43 2.6% 1.9% 5.7% 3.2% 2% 6.9% 3.2% 2% 6.9% 3% 1.7% 5.7%
AVERAGE 14.4% 14.9% 14.6% 13.4%
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Table C.3 Population information on the time point at which the CoP paths

of the different heel areas deviate in case of walking sessions. All information is

related to right foot trails of the specific individuals. Time points are expressed

as a percentage of midstance (from first metatarsal contact til heel lift). A is the

average time point were the CoP paths deviate; average with respect to all trials of

one individual. S is the standard deviation of the time points where the CoP paths

deviate and MM is the maximum time point minus the minimum time point where

the CoP paths deviate. The postfixes −2, −1, +1, and +2 are related to comparison

of CoP paths. For example, −2 means the comparison of the original heel area and

this heel area minus two horizontal lines.

Name A -2 S -2 MM -2 A -1 S -1 MM -1 A +1 S +1 MM +1 A +2 S +2 MM +2

individual 1 4.9% 1.9% 5.8% 5.1% 2.1% 6.2% 5.1% 2.1% 20% 4.7% 1.7% 5.4%
individual 2 15.5% 23.3% 74.8% 15.9% 23.3% 74.2% 15.9% 23.3% 8.7% 15.9% 23.3% 74.2%
individual 3 1.6% 0.9% 3.3% 1.7% 1% 3.3% 1.7% 1% 3.5% 1.7% 1% 3.3%
individual 4 7.5% 2.7% 9% 7.7% 2.7% 9% 7.6% 2.6% 18.1% 7.4% 2.6% 9%
individual 5 93.2% 11.5% 26.3% 93.3% 11.4% 26.3% 92.9% 12% 81.3% 90.4% 16.7% 36.3%
individual 6 8% 2.8% 8.1% 8.6% 2.6% 6.9% 8.5% 2.4% 42.8% 7.2% 1.8% 5.6%
individual 7 -0.8% 0.6% 1.6% -0.8% 0.6% 1.6% -0.8% 0.6% 14.2% -0.8% 0.6% 1.6%
individual 8 3.1% 1.7% 5.8% 3.1% 1.7% 5.8% 3.1% 1.7% 56% 3.1% 1.7% 5.8%
individual 9 6.5% 1.7% 5% 6.6% 1.5% 5% 6.6% 1.6% 10.9% 6.2% 1.4% 4.8%
individual 10 7.7% 3.8% 12.8% 8.1% 4% 13.6% 8.2% 4% 44.2% 8.1% 4% 13.6%
individual 11 1.3% 0.7% 1.9% 1.4% 0.9% 2.8% 1.4% 0.9% 3.2% 1.4% 0.8% 2.3%
individual 12 9.1% 4.5% 14% 9.4% 4.8% 14.8% 9.4% 4.8% 11.9% 9.2% 4.6% 14%
individual 13 2.2% 1% 3.4% 2.4% 1.2% 4% 2.4% 1.2% 2.2% 2.3% 1% 3.4%
individual 14 0.3% 0.3% 0.5% 0.4% 0.3% 1% 0.4% 0.3% 1.1% 0.4% 0.3% 1%
individual 15 1.3% 0.7% 2.3% 1.3% 0.7% 2.3% 1.3% 0.7% 2.5% 0.7% 0.6% 1.7%
individual 16 4.8% 1.7% 5.6% 5.1% 1.8% 5.6% 4.9% 1.7% 4.4% 4.4% 1.4% 4.8%
individual 17 1.7% 1.3% 4.6% 1.8% 1.3% 4.6% 1.8% 1.3% 20.2% 1.8% 1.3% 4.6%
individual 18 37.7% 24.7% 84.5% 38.2% 24.6% 84.5% 38.2% 24.6% 66.8% 35.4% 20.6% 70.3%
individual 19 8.2% 5% 13.8% 8.4% 5.2% 14.5% 7.1% 5% 21.4% 2.4% 2.9% 10%
individual 20 14.4% 9.1% 30.6% 14.5% 9.2% 30.6% 14.5% 9.2% 28.4% 14.5% 9.2% 30.6%
individual 21 42.5% 23.1% 82.3% 43.8% 22.9% 81.4% 43.8% 22.9% 77.9% 43.8% 22.9% 81.4%
individual 22 1.3% 0.6% 1.8% 1.5% 0.7% 1.8% 1.5% 0.7% 3.4% 1.4% 0.6% 1.8%
individual 23 13.6% 2.1% 6.7% 13.9% 2% 6.7% 13.8% 2% 24.5% 12.7% 1.7% 5.7%
individual 24 24% 26.9% 90% 25.3% 26.8% 89.4% 23.3% 27.2% 60.8% 14.7% 16.5% 55.1%
individual 25 3.2% 0.9% 2.6% 3.6% 1.1% 2.9% 3.4% 1% 95.9% 3% 0.7% 2.2%
individual 26 11.5% 2.2% 8.1% 11.8% 2.2% 8.2% 11.9% 2.3% 18.9% 11.8% 2.2% 8.2%
individual 27 9.7% 4.3% 14.3% 10.6% 4.6% 14.4% 10.7% 5% 19.6% 10.1% 5% 15.6%
individual 28 8% 1.7% 5.7% 8% 1.8% 5.7% 7.4% 1.9% 6.4% 5.1% 1.3% 4%
individual 29 5.6% 3.1% 8.7% 6.1% 3.5% 10.4% 5.7% 3.3% 5% 2.6% 1.4% 4.2%
individual 30 2.9% 1.3% 4.1% 2.9% 1.3% 4.1% 2.9% 1.3% 5.8% 2.7% 1.2% 3.7%
individual 31 2.7% 1.3% 3.7% 2.9% 1.5% 4.4% 2.4% 1.4% 2.8% 1.2% 1% 3%
individual 32 2.8% 0.7% 2.2% 2.8% 0.7% 2.2% 2.8% 0.7% 13.2% 2.6% 0.4% 1.4%
individual 33 2.9% 1.5% 5.1% 2.9% 1.5% 5.1% 2.9% 1.5% 4.4% 2.8% 1.5% 5.1%
individual 34 1.2% 1.3% 4.5% 1.2% 1.3% 4.5% 1.2% 1.3% 1.7% 1.2% 1.3% 4.5%
individual 35 5% 1.8% 5.3% 5.3% 1.7% 4.6% 5.3% 1.6% 3.2% 5.3% 1.6% 4.4%
individual 36 4.3% 1.3% 3.8% 4.5% 1.3% 4% 4.3% 1.6% 8.7% 3% 1.2% 3.7%
individual 37 3.5% 2.3% 7.5% 3.7% 2.4% 7.8% 3.6% 2.4% 6.3% 3.5% 2.2% 7.1%
individual 38 5.5% 2.6% 8.1% 5.7% 2.8% 8.1% 5.8% 2.8% 9.6% 5.8% 2.8% 8.1%
individual 39 1.1% 0.7% 2.4% 1.3% 1% 3.3% 1.3% 1% 2.9% 1.2% 0.9% 3.3%
individual 40 9.3% 3.5% 10.6% 9.3% 3.5% 10.6% 9.2% 3.6% 87.8% 8.6% 3.6% 10.6%
individual 41 -2.4% 0.9% 3.3% -2.4% 0.9% 3.3% -2.4% 0.9% 3% -2.4% 0.9% 3.3%
individual 42 12.1% 6% 16.1% 12.5% 6% 17.1% 12.3% 6.1% 23.8% 10.5% 4.8% 15.1%
individual 43 5.1% 3.7% 10.9% 5.5% 3.8% 10.6% 5.5% 3.8% 6.9% 5% 3.3% 9.8%
AVERAGE 9.4% 9.6% 9.5% 8.6%
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Table C.4 Correction values based on the begin-end point method. Moreover,

this table contains the average correction for the left trials of all individuals that

performed the walking condition. Corrections are given for all selected time intervals

ranging from Initial Contact Phase (ICP) to Heel Lift

Name ICP 2 3 4 5 6 7 8 9 Heel Lift

individual 1 0.223 0.409 0.533 0.575 0.613 0.647 0.67 0.689 0.693 0.687

individual 2 0.569 0.701 0.711 0.7 0.738 0.763 0.775 0.778 0.786 0.789

individual 3 0.277 0.392 0.436 0.475 0.501 0.526 0.533 0.532 0.527 0.675

individual 4 0.197 0.362 0.447 0.493 0.538 0.59 0.6 0.565 0.483 0.292

individual 5 0.179 -0.028 -0.087 0.003 -0.066 -0.089 0.007 -0.084 -0.11 -0.204

individual 6 0.715 0.614 0.627 0.483 0.394 0.404 0.424 0.434 0.426 0.331

individual 7 0.36 0.514 0.583 0.615 0.63 0.663 0.713 0.765 0.882 1.045

individual 8 0.21 0.416 0.49 0.506 0.504 0.487 0.457 0.416 0.348 0.141

individual 9 0.061 0.37 0.452 0.477 0.504 0.497 0.486 0.48 0.48 0.413

individual 10 0.16 0.077 0.131 0.17 0.193 0.183 0.185 0.225 0.198 0.142

individual 11 0.053 0.503 0.613 0.639 0.713 0.772 0.8 0.787 0.772 0.742

individual 12 0.12 0.261 0.348 0.385 0.392 0.387 0.372 0.336 0.251 0.078

individual 13 0.463 0.829 0.879 0.849 0.855 0.921 0.975 0.974 1.132 1.61

individual 14 0.357 NaN 0.618 0.696 0.716 0.774 0.854 0.925 1.047 1.389

individual 15 0.029 0.405 0.55 0.6 0.632 0.674 0.729 0.83 1.101 1.889

individual 16 0.426 0.657 0.802 0.912 0.966 1.024 1.07 1.102 1.111 1.089

individual 17 0.079 0.212 0.288 0.298 0.32 0.348 0.342 0.322 0.193 0.155

individual 18 0.001 0.087 0.116 0.136 0.153 0.146 0.085 -0.01 -0.151 -0.408

individual 19 0.24 0.503 0.548 0.617 0.641 0.714 0.791 0.868 0.894 0.898

individual 20 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN

individual 21 0.197 0.308 0.369 0.379 0.391 0.411 0.383 0.301 0.207 0.099

individual 22 0.008 0.298 0.412 0.458 0.464 0.471 0.468 0.42 0.316 0.146

individual 23 0.195 0.303 0.377 0.422 0.451 0.465 0.46 0.464 0.449 0.359

individual 24 0.31 0.558 0.643 0.662 0.698 0.682 0.664 0.648 0.69 0.682

individual 25 0.511 0.602 0.625 0.627 0.636 0.636 0.648 0.691 0.66 0.499

individual 26 0.017 0.126 0.221 0.342 0.441 0.54 0.669 0.82 0.97 1.22

individual 27 0.13 0.29 0.428 0.541 0.498 0.537 0.581 0.653 0.647 0.473

individual 28 -0.069 0.132 0.165 0.186 0.233 0.263 0.294 0.349 0.311 0.026

individual 29 0.14 0.333 0.406 0.428 0.451 0.474 0.529 0.574 0.63 0.881

individual 30 -0.115 0.269 0.325 0.353 0.376 0.398 0.428 0.427 0.392 0.453

individual 31 0.513 0.465 0.455 0.452 0.421 0.399 0.361 0.26 0.207 0.063

individual 32 0.372 0.55 0.681 0.745 0.79 0.808 0.816 0.861 0.796 0.579

individual 33 0.267 0.391 0.412 0.395 0.48 0.536 0.562 0.638 0.796 1.035

individual 34 0.213 0.542 0.578 0.572 0.564 0.553 0.611 0.546 0.486 0.725

individual 35 0.164 0.397 0.484 0.62 0.716 0.776 0.822 0.834 0.863 0.93

individual 36 -0.086 -0.023 0.027 0.06 0.073 0.06 0.045 0.024 -0.034 -0.14

individual 37 0.262 0.403 0.36 0.47 0.532 0.572 0.635 0.673 0.682 0.822

individual 38 0.427 0.585 0.616 0.664 0.722 0.751 0.743 0.766 0.743 0.912

individual 39 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN

individual 40 -0.255 -0.039 0.051 0.051 0.038 -0.006 -0.04 -0.085 -0.215 -0.381

individual 41 0.537 0.866 0.911 0.938 0.93 0.892 0.853 0.901 1.027 1.612

individual 42 0.254 0.425 0.66 0.734 0.875 0.975 1.064 1.14 1.197 1.294

individual 43 0.09 0.171 0.24 0.299 0.331 0.343 0.363 0.364 0.301 0.109

AVERAGE 0.215 0.381 0.452 0.489 0.513 0.536 0.557 0.566 0.565 0.565
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Table C.5 Correction values based on the begin-end point method. Moreover,

this table contains the average correction for the right trials of all individuals that

performed the walking condition. Corrections are given for all selected time intervals

ranging from Initial Contact Phase (ICP) to Heel Lift

Name ICP 2 3 4 5 6 7 8 9 Heel Lift

individual 1 0.277 0.549 0.681 0.693 0.701 0.746 0.751 0.689 0.696 0.431

individual 2 0.022 0.132 0.131 0.093 0.074 0.035 -0.025 -0.102 -0.081 -0.142

individual 3 0.413 0.604 0.671 0.698 0.729 0.774 0.821 0.89 1.027 1.544

individual 4 -0.388 -0.173 -0.023 0.062 0.145 0.261 0.329 0.396 0.395 0.181

individual 5 0.174 0.074 0.041 0.134 0.086 0.045 0.026 0.017 0.004 -0.154

individual 6 0.386 0.367 0.339 0.271 0.222 0.204 0.213 0.206 0.218 0.124

individual 7 1.14 0.274 0.486 NaN 0.966 0.514 0.509 0.411 0.32 0.234

individual 8 0.193 0.376 0.473 0.49 0.479 0.45 0.401 0.361 0.283 0.144

individual 9 0.028 0.388 0.5 0.537 0.574 0.569 0.512 0.585 0.639 0.697

individual 10 0.268 0.324 0.398 0.398 0.373 0.403 0.425 0.426 0.403 0.357

individual 11 -0.016 0.405 0.552 0.598 0.67 0.689 0.696 0.767 0.801 1.175

individual 12 0.136 0.269 0.374 0.419 0.434 0.426 0.41 0.389 0.341 0.268

individual 13 -0.005 0.219 0.269 0.29 0.325 0.354 0.364 0.427 0.537 1.101

individual 14 0.078 0.625 0.687 0.702 0.751 0.864 0.968 1.057 1.09 1.217

individual 15 -0.02 0.393 0.58 0.674 0.713 0.769 0.802 0.845 0.891 1.268

individual 16 0.199 0.53 0.652 0.702 0.752 0.779 0.772 0.704 0.545 0.382

individual 17 0.055 0.204 0.29 0.32 0.336 0.355 0.351 0.325 0.155 0.071

individual 18 -0.14 -0.045 0.001 0.01 0.01 -0.008 -0.051 -0.186 -0.325 -0.587

individual 19 0.003 -0.04 NaN 0.182 0.21 0.217 0.264 0.317 0.412 0.489

individual 20 0.298 0.303 0.159 0.084 0.036 0.001 -0.023 -0.065 -0.129 -0.276

individual 21 0.206 0.43 0.479 0.477 0.462 0.47 0.449 0.362 0.236 0.061

individual 22 -0.263 0.052 0.146 0.166 0.196 0.234 0.245 0.251 0.241 0.178

individual 23 -0.033 0.101 0.188 0.192 0.181 0.137 0.137 0.11 0.101 -0.058

individual 24 0.005 0.295 0.397 0.459 0.532 0.551 0.53 0.5 0.473 0.217

individual 25 0.091 0.301 0.376 0.423 0.452 0.482 0.484 0.493 0.638 0.635

individual 26 0.002 0.167 0.312 0.466 0.575 0.711 0.826 0.903 0.999 1.148

individual 27 0.221 0.627 0.741 0.819 0.909 0.925 0.954 0.991 1.029 0.741

individual 28 -0.454 -0.107 0.072 0.122 0.149 0.203 0.23 0.131 0.017 -0.271

individual 29 0.111 0.296 0.4 0.436 0.467 0.5 0.549 0.565 0.577 0.692

individual 30 -0.056 0.378 0.48 0.523 0.536 0.556 0.566 0.571 0.538 0.767

individual 31 0.296 0.528 0.587 0.526 0.536 0.603 0.574 0.548 0.595 0.795

individual 32 -0.01 0.223 0.323 0.368 0.372 0.385 0.412 0.471 0.532 0.619

individual 33 0.045 0.186 0.285 0.298 0.383 0.43 0.485 0.581 0.649 0.697

individual 34 0.255 0.585 0.645 0.634 0.644 0.718 0.726 0.929 0.955 1.277

individual 35 0.083 0.29 0.381 0.449 0.483 0.508 0.562 0.645 0.687 0.789

individual 36 -0.005 0.18 0.297 0.313 0.338 0.36 0.385 0.401 0.338 0.007

individual 37 0.183 0.401 0.747 0.616 NaN NaN 0.797 0.568 0.578 0.583

individual 38 0.175 0.272 0.316 0.319 0.301 0.261 0.162 0.151 0.125 0.183

individual 39 -0.061 0.239 0.313 0.337 0.377 0.332 0.347 0.411 0.49 0.388

individual 40 0.27 0.624 0.793 0.842 0.832 0.775 0.672 0.498 0.349 0.07

individual 41 0.222 0.382 0.415 0.417 0.432 0.43 0.437 0.531 0.718 1.155

individual 42 0.019 0.151 0.465 0.518 0.627 0.707 0.783 0.907 1.1 1.713

individual 43 0.108 0.212 0.291 0.342 0.37 0.391 0.418 0.432 0.393 0.203

AVERAGE 0.105 0.293 0.398 0.415 0.446 0.455 0.471 0.475 0.479 0.479
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Table C.6 The constant correction values based on the regression point method.

Moreover, it contains the average correction for the left trials of all individuals that

performed the walking condition. Corrections are given for all selected time intervals

ranging from Initial Contact Phase (ICP) to Heel Lift

Name ICP 2 3 4 5 6 7 8 9 Heel Lift

individual 1 -0.048 -0.013 0.03 0.085 0.119 0.147 0.177 0.202 0.2 0.216

individual 2 0.07 0.06 0.12 0.124 0.105 0.11 0.132 0.141 0.149 0.178

individual 3 -0.093 -0.031 0.042 0.077 0.104 0.125 0.153 0.18 0.197 0.112

individual 4 -0.007 -0.029 0.003 0.039 0.057 0.066 0.099 0.139 0.196 0.315

individual 5 0.084 0.115 0.01 -0.069 0.001 -0.001 -0.106 0.001 0 0.061

individual 6 0.235 0.142 0.071 0.138 0.138 0.082 0.049 0.037 0.055 0.135

individual 7 0.023 0.06 0.08 0.103 0.114 0.114 0.103 0.101 0.041 -0.02

individual 8 -0.003 -0.002 0.052 0.091 0.118 0.14 0.159 0.167 0.191 0.313

individual 9 -0.027 -0.055 0.032 0.082 0.102 0.138 0.155 0.162 0.15 0.193

individual 10 0.01 0.03 0.004 -0.025 -0.01 0.031 0.051 0.044 0.088 0.131

individual 11 -0.06 -0.033 0.095 0.143 0.156 0.16 0.169 0.166 0.168 0.191

individual 12 -0.044 -0.014 0.013 0.048 0.086 0.114 0.138 0.163 0.203 0.307

individual 13 -0.023 0.068 0.165 0.216 0.227 0.212 0.092 0.198 0.138 -0.078

individual 14 -0.218 NaN 0.104 0.142 0.168 0.151 0.139 0.123 0.076 -0.118

individual 15 -0.085 -0.081 0.011 0.102 0.143 0.153 0.151 0.112 -0.045 -0.536

individual 16 -0.021 0.016 0.042 0.073 0.122 0.159 0.198 0.241 0.29 0.348

individual 17 -0.107 -0.017 0.037 0.077 0.086 0.083 0.102 0.124 0.222 0.202

individual 18 -0.065 -0.046 -0.005 0.018 0.031 0.056 0.113 0.173 0.243 0.389

individual 19 -0.022 -0.049 0.096 0.099 0.125 0.114 0.113 0.123 0.154 0.222

individual 20 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN

individual 21 -0.025 0.03 0.056 0.084 0.091 0.093 0.122 0.175 0.215 0.244

individual 22 -0.079 -0.055 0.028 0.091 0.141 0.166 0.186 0.222 0.275 0.379

individual 23 -0.038 -0.045 -0.025 0.007 0.036 0.063 0.097 0.11 0.151 0.243

individual 24 -0.037 0.007 0.088 0.143 0.159 0.202 0.206 0.218 0.189 0.203

individual 25 0.012 0.061 0.096 0.119 0.126 0.121 0.142 0.093 0.137 0.309

individual 26 -0.053 -0.034 -0.019 -0.019 -0.002 0.011 0.004 -0.014 -0.028 -0.1

individual 27 -0.043 -0.055 -0.044 0.059 0.047 0.061 0.069 0.043 0.093 0.257

individual 28 -0.132 -0.094 -0.039 0.017 0.026 0.02 0.07 0.048 0.115 0.373

individual 29 -0.011 -0.026 0.041 0.095 0.121 0.13 0.116 0.118 0.105 -0.069

individual 30 -0.039 -0.107 0.029 0.095 0.122 0.132 0.165 0.163 0.207 0.173

individual 31 -0.068 0.176 0.179 0.159 0.147 0.131 0.123 0.165 0.16 0.261

individual 32 0.026 0.027 0.045 0.099 0.134 0.171 0.197 0.186 0.227 0.306

individual 33 -0.009 0.017 0.063 0.09 0.039 0.04 0.043 0.026 -0.049 -0.151

individual 34 -0.088 0.016 0.159 0.183 0.187 0.196 0.142 0.198 0.223 0.045

individual 35 -0.008 -0.025 0.016 0 0.021 0.068 0.112 0.172 0.21 0.238

individual 36 -0.027 -0.028 -0.045 -0.032 -0.01 0.023 0.045 0.063 0.099 0.148

individual 37 -0.032 0.024 0.056 0.092 0.095 0.115 0.119 0.155 0.195 0.137

individual 38 0.046 0.02 0.066 0.072 0.072 0.099 0.13 0.131 0.165 0.047

individual 39 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN

individual 40 -0.095 -0.094 -0.016 0.061 0.096 0.124 0.122 0.128 0.189 0.298

individual 41 -0.031 0.082 0.193 0.23 0.277 0.327 0.322 0.224 0.14 -0.166

individual 42 0.08 -0.011 -0.014 0.044 0.049 0.084 0.11 0.136 0.169 0.155

individual 43 -0.078 -0.037 -0.024 -0.005 0.026 0.052 0.07 0.092 0.156 0.311

AVERAGE -0.028 -0.001 0.046 0.079 0.097 0.112 0.119 0.133 0.148 0.148
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Table C.7 The linear correction values based on the regression point method.

Moreover, this table contains the average correction for the left trials of all indi-

viduals that performed the walking condition. Corrections are given for all selected

time intervals ranging from Initial Contact Phase (ICP) to Heel Lift

Name ICP 2 3 4 5 6 7 8 9 Heel Lift

individual 1 0.261 0.502 0.671 0.741 0.774 0.791 0.793 0.787 0.736 0.7

individual 2 0.593 0.661 0.679 0.625 0.606 0.6 0.588 0.563 0.537 0.51

individual 3 0.316 0.515 0.624 0.673 0.694 0.71 0.709 0.697 0.668 0.685

individual 4 0.126 0.286 0.403 0.466 0.504 0.534 0.546 0.522 0.466 0.356

individual 5 0.162 -0.073 -0.23 -0.18 -0.157 -0.181 -0.185 -0.15 -0.184 -0.225

individual 6 0.79 0.485 0.433 0.347 0.233 0.168 0.138 0.118 0.097 0.038

individual 7 0.388 0.531 0.576 0.586 0.566 0.548 0.54 0.543 0.557 0.615

individual 8 0.198 0.411 0.521 0.541 0.523 0.481 0.423 0.345 0.263 0.133

individual 9 0.011 0.345 0.516 0.56 0.566 0.549 0.504 0.452 0.4 0.336

individual 10 0.211 0.127 0.169 0.185 0.234 0.26 0.268 0.283 0.28 0.229

individual 11 0.025 0.596 0.786 0.793 0.799 0.791 0.772 0.728 0.694 0.653

individual 12 0.097 0.296 0.409 0.467 0.485 0.475 0.444 0.394 0.308 0.192

individual 13 0.452 0.881 0.941 0.869 0.804 0.769 0.656 0.699 0.72 0.87

individual 14 0.199 NaN 0.776 0.818 0.798 0.779 0.83 0.847 0.902 1.084

individual 15 0.066 0.526 0.771 0.88 0.904 0.905 0.911 0.931 1.022 1.342

individual 16 0.347 0.604 0.757 0.869 0.932 0.974 1 1.006 0.991 0.936

individual 17 0.054 0.312 0.441 0.457 0.453 0.444 0.424 0.391 0.312 0.185

individual 18 0.03 0.167 0.247 0.286 0.305 0.306 0.276 0.203 0.094 -0.069

individual 19 0.286 0.464 0.663 0.684 0.681 0.7 0.736 0.786 0.803 0.81

individual 20 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN

individual 21 0.213 0.378 0.442 0.443 0.425 0.416 0.384 0.316 0.217 0.094

individual 22 0.113 0.476 0.677 0.754 0.764 0.743 0.711 0.648 0.546 0.412

individual 23 0.089 0.216 0.321 0.398 0.445 0.471 0.476 0.465 0.464 0.419

individual 24 0.303 0.611 0.744 0.756 0.744 0.702 0.627 0.565 0.519 0.479

individual 25 0.465 0.568 0.589 0.57 0.538 0.507 0.487 0.466 0.443 0.386

individual 26 0.002 0.171 0.295 0.43 0.552 0.663 0.785 0.921 1.061 1.251

individual 27 0.119 0.277 0.456 0.663 0.595 0.631 0.658 0.697 0.727 0.688

individual 28 -0.174 0.146 0.278 0.359 0.403 0.422 0.472 0.49 0.493 0.424

individual 29 0.343 0.556 0.692 0.74 0.758 0.756 0.775 0.803 0.831 0.91

individual 30 -0.006 0.356 0.595 0.621 0.624 0.603 0.591 0.536 0.475 0.387

individual 31 0.591 0.683 0.577 0.484 0.378 0.292 0.204 0.108 0.014 -0.055

individual 32 0.341 0.507 0.635 0.715 0.747 0.751 0.727 0.704 0.641 0.483

individual 33 0.222 0.374 0.439 0.419 0.43 0.479 0.501 0.543 0.617 0.762

individual 34 0.243 0.706 0.806 0.732 0.663 0.585 0.526 0.468 0.37 0.327

individual 35 0.174 0.374 0.503 0.612 0.718 0.807 0.863 0.891 0.898 0.921

individual 36 -0.111 -0.026 0.021 0.083 0.123 0.139 0.133 0.115 0.073 0.004

individual 37 0.234 0.421 0.5 0.519 0.556 0.571 0.585 0.596 0.568 0.564

individual 38 0.349 0.463 0.529 0.552 0.576 0.592 0.576 0.558 0.517 0.504

individual 39 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN

individual 40 -0.229 0.111 0.33 0.393 0.373 0.323 0.252 0.182 0.083 -0.034

individual 41 0.604 1.019 1.069 1.02 0.944 0.838 0.679 0.554 0.522 0.673

individual 42 0.256 0.307 0.533 0.655 0.768 0.864 0.93 0.97 1 0.995

individual 43 0.099 0.248 0.342 0.423 0.485 0.512 0.54 0.547 0.525 0.451

AVERAGE 0.216 0.414 0.525 0.561 0.569 0.567 0.557 0.544 0.519 0.519
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Table C.8 The constant correction values based on the regression method. More-

over, it contains the average correction for the right trials of all individuals that

performed the walking condition. Corrections are given for all selected time inter-

vals ranging from Initial Contact Phase (ICP) to Heel Lift

Name ICP 2 3 4 5 6 7 8 9 Heel Lift

individual 1 -0.045 -0.04 0.044 0.137 0.173 0.165 0.199 0.232 0.199 0.371

individual 2 -0.011 -0.03 0.024 0.05 0.062 0.079 0.111 0.138 0.073 0.105

individual 3 -0.119 0.011 0.11 0.158 0.17 0.168 0.162 0.138 0.065 -0.279

individual 4 -0.1 -0.181 -0.118 -0.06 -0.025 -0.036 0.001 0.022 0.096 0.317

individual 5 0.083 0.035 0.009 -0.04 0.026 0.048 0.053 0.04 0.039 0.157

individual 6 0.037 0.077 0.055 0.055 0.053 0.046 0.041 0.057 0.049 0.123

individual 7 0.279 0.536 -0.002 NaN -0.296 0.166 0.11 0.142 0.146 0.141

individual 8 0.009 -0.012 0.027 0.073 0.113 0.143 0.171 0.168 0.185 0.229

individual 9 -0.047 -0.061 0.034 0.093 0.12 0.159 0.213 0.13 0.101 0.093

individual 10 0.035 0.027 0.017 0.05 0.082 0.063 0.069 0.091 0.117 0.142

individual 11 -0.06 -0.018 0.067 0.139 0.165 0.193 0.207 0.141 0.129 -0.103

individual 12 -0.015 -0.013 0 0.036 0.075 0.111 0.14 0.161 0.195 0.22

individual 13 -0.073 -0.063 0.024 0.067 0.073 0.086 0.095 0.058 -0.022 -0.46

individual 14 -0.193 0.008 0.171 0.221 0.21 0.16 0.156 0.124 0.147 0.127

individual 15 -0.058 -0.09 0.011 0.09 0.147 0.167 0.198 0.198 0.196 -0.024

individual 16 -0.095 -0.044 0.052 0.123 0.161 0.201 0.244 0.321 0.393 0.436

individual 17 -0.108 -0.014 0.025 0.056 0.092 0.108 0.134 0.157 0.296 0.294

individual 18 -0.145 -0.075 -0.015 0.032 0.068 0.09 0.128 0.218 0.268 0.414

individual 19 -0.087 -0.071 NaN 0.037 0.063 0.075 0.064 0.04 0.026 0.014

individual 20 0.025 0.072 0.122 0.097 0.077 0.062 0.045 0.047 0.064 0.144

individual 21 -0.073 0 0.085 0.141 0.168 0.167 0.189 0.23 0.284 0.345

individual 22 -0.167 -0.105 0.006 0.073 0.097 0.104 0.126 0.136 0.155 0.22

individual 23 -0.057 -0.086 -0.062 0.003 0.052 0.103 0.098 0.116 0.108 0.242

individual 24 -0.063 -0.053 0.041 0.083 0.106 0.148 0.178 0.195 0.205 0.389

individual 25 -0.06 -0.051 0.019 0.068 0.106 0.123 0.162 0.17 0.066 0.117

individual 26 -0.062 -0.044 -0.019 -0.017 0.023 0.033 0.054 0.097 0.125 0.115

individual 27 -0.117 -0.07 0.077 0.142 0.16 0.226 0.243 0.228 0.216 0.457

individual 28 -0.156 -0.229 -0.132 -0.011 0.055 0.07 0.102 0.214 0.289 0.494

individual 29 -0.128 -0.05 0.008 0.081 0.111 0.13 0.126 0.146 0.165 0.109

individual 30 -0.098 -0.094 0.028 0.094 0.142 0.166 0.188 0.206 0.253 0.131

individual 31 -0.084 0.021 0.116 0.209 0.172 0.122 0.166 0.172 0.103 -0.061

individual 32 0.013 -0.079 -0.02 0.038 0.09 0.111 0.113 0.093 0.077 0.074

individual 33 -0.066 -0.033 0.01 0.054 0.03 0.045 0.062 0.046 0.062 0.089

individual 34 -0.055 0.026 0.12 0.177 0.189 0.15 0.23 0.11 0.146 -0.019

individual 35 -0.034 -0.04 0.004 0.04 0.077 0.104 0.108 0.092 0.114 0.107

individual 36 -0.044 -0.04 -0.019 0.039 0.062 0.074 0.079 0.089 0.146 0.382

individual 37 -0.083 0.021 0.147 0.166 NaN NaN 0.175 0.236 0.247 0.257

individual 38 -0.019 -0.02 0.007 0.047 0.082 0.122 0.188 0.146 0.136 0.057

individual 39 -0.155 -0.086 0.042 0.117 0.124 0.169 0.145 0.097 0.055 0.194

individual 40 -0.072 0.023 0.087 0.166 0.219 0.266 0.306 0.34 0.348 0.448

individual 41 -0.093 -0.003 0.079 0.123 0.14 0.168 0.16 0.075 -0.055 -0.348

individual 42 -0.028 -0.062 -0.121 0.024 0.044 0.082 0.103 0.096 0.04 -0.276

individual 43 -0.068 -0.04 -0.019 0.009 0.045 0.067 0.077 0.09 0.134 0.281

AVERAGE -0.057 -0.024 0.027 0.078 0.093 0.119 0.138 0.141 0.144 0.144
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Table C.9 The linear correction values based on the regression method. Moreover,

it contains the average correction for the right trials of all individuals that performed

the walking condition. Corrections are given for all selected time intervals ranging

from Initial Contact Phase (ICP) to Heel Lift

Name ICP 2 3 4 5 6 7 8 9 Heel Lift

individual 1 0.26 0.563 0.781 0.837 0.824 0.804 0.79 0.705 0.635 0.512

individual 2 0.062 0.188 0.255 0.229 0.208 0.167 0.11 0.027 -0.04 -0.083

individual 3 0.4 0.746 0.877 0.889 0.869 0.859 0.851 0.854 0.881 1.021

individual 4 -0.334 -0.085 0.217 0.4 0.535 0.65 0.766 0.852 0.916 0.88

individual 5 0.25 0.042 -0.005 0.074 0.105 0.077 0.051 0.01 -0.014 -0.072

individual 6 0.404 0.389 0.319 0.253 0.2 0.169 0.157 0.144 0.124 0.093

individual 7 1.337 0.213 -0.214 NaN 0.175 0.001 -0.156 -0.285 -0.439 -0.617

individual 8 0.199 0.346 0.479 0.521 0.512 0.466 0.396 0.313 0.218 0.103

individual 9 -0.014 0.41 0.621 0.678 0.696 0.677 0.607 0.544 0.536 0.544

individual 10 0.272 0.308 0.376 0.403 0.39 0.377 0.386 0.381 0.353 0.302

individual 11 0.017 0.545 0.773 0.823 0.831 0.81 0.764 0.726 0.71 0.778

individual 12 0.14 0.286 0.415 0.486 0.518 0.516 0.495 0.457 0.403 0.314

individual 13 0.016 0.297 0.44 0.477 0.481 0.482 0.463 0.461 0.46 0.555

individual 14 -0.011 0.923 1.074 1.032 0.98 0.978 1.039 1.058 1.084 1.159

individual 15 -0.016 0.461 0.777 0.922 0.967 0.988 0.997 0.985 0.977 1.067

individual 16 0.187 0.615 0.825 0.902 0.928 0.929 0.893 0.819 0.658 0.466

individual 17 0.003 0.292 0.428 0.464 0.485 0.477 0.454 0.407 0.312 0.152

individual 18 -0.031 0.201 0.327 0.377 0.397 0.37 0.352 0.27 0.133 -0.042

individual 19 0.043 0.152 NaN 0.423 0.452 0.452 0.469 0.49 0.554 0.621

individual 20 0.355 0.383 0.242 0.108 0.016 -0.053 -0.106 -0.149 -0.202 -0.286

individual 21 0.274 0.609 0.714 0.714 0.666 0.62 0.571 0.478 0.354 0.185

individual 22 -0.228 0.293 0.53 0.591 0.61 0.619 0.618 0.601 0.576 0.537

individual 23 0.018 0.16 0.3 0.373 0.398 0.382 0.352 0.319 0.278 0.227

individual 24 0.028 0.401 0.598 0.665 0.717 0.725 0.679 0.619 0.558 0.444

individual 25 0.239 0.494 0.644 0.723 0.758 0.773 0.778 0.765 0.768 0.798

individual 26 -0.001 0.232 0.423 0.583 0.729 0.86 0.975 1.074 1.173 1.235

individual 27 0.209 0.764 1.009 1.098 1.147 1.169 1.149 1.111 1.092 0.995

individual 28 -0.406 0.023 0.39 0.587 0.665 0.713 0.748 0.72 0.627 0.466

individual 29 0.174 0.478 0.654 0.742 0.762 0.777 0.799 0.824 0.82 0.83

individual 30 -0.071 0.428 0.669 0.749 0.759 0.74 0.713 0.633 0.559 0.489

individual 31 0.345 0.731 0.842 0.798 0.693 0.664 0.639 0.568 0.514 0.539

individual 32 -0.014 0.17 0.359 0.457 0.486 0.485 0.478 0.485 0.508 0.552

individual 33 0.028 0.261 0.43 0.465 0.513 0.561 0.619 0.686 0.757 0.813

individual 34 0.333 0.742 0.831 0.8 0.749 0.723 0.691 0.718 0.737 0.82

individual 35 0.126 0.342 0.482 0.575 0.622 0.641 0.664 0.698 0.733 0.778

individual 36 -0.028 0.208 0.357 0.424 0.448 0.459 0.465 0.468 0.438 0.304

individual 37 0.207 0.564 0.846 0.719 NaN NaN 0.614 0.508 0.51 0.434

individual 38 0.153 0.256 0.334 0.369 0.361 0.323 0.24 0.147 0.07 0.009

individual 39 -0.089 0.434 0.633 0.689 0.708 0.635 0.589 0.58 0.616 0.644

individual 40 0.23 0.719 0.913 0.972 0.928 0.83 0.688 0.457 0.242 -0.014

individual 41 0.235 0.516 0.608 0.606 0.579 0.545 0.485 0.455 0.495 0.652

individual 42 0.009 0.177 0.513 0.705 0.815 0.909 0.977 1.068 1.185 1.464

individual 43 0.148 0.302 0.411 0.488 0.544 0.572 0.592 0.601 0.584 0.501

AVERAGE 0.127 0.386 0.536 0.6 0.601 0.593 0.579 0.55 0.522 0.522
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C.2 Research Applications

For the determination of Cardan angles from pressure distribution measurements, we
should restrict the pressure distributions to contain only the heel areas. In Section
2.2.6, the general principles are discussed for a division of the pressure distribution.
One of the variables added to an individual’s ’CompData.m’-file was heel area. This
variable was used to determine CoP path of the heel area of a pressure distribution
together with the application FootCalculationEx.

In Validation Heel Model, the orientation of the heel was calculated from CoP
paths using the applications Heel3Dtracker sphere fitted and Heel3Dtracker.
Furthermore, Validation Heel Model validated the angles describing heel orienta-
tion obtained from pressure measurements with respect to the ones based on motion
data. Within the process of validation, a few more applications were used, but the
three mentioned above are most important.

In analysing the consequences of the different choices made during the modelling
process, we developed a few applications. In Error CoP HeelArea, we analysed
the influence of the choice of the heel area on the CoP paths that followed from
this choice. Application Error Hiel Scheme is similar to Error CoP HeelArea;
it also analyses the influence of the heel area. In this case not the direct influ-
ence on the CoP paths, but the indirect influence on the angles calculated from the
CoP paths. Consequences of the size of the radius of the sphere were analysed with
Group Shere Radius Analysis and Person Radius Analysis.

Finally, we mention the application LRF to CoP that calculated the CoP path
for a sphere given the radius of this sphere and a time series of reference frames.
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Appendix D

Studying Metatarsal Head Motion:

Details

D.1 Left and Right Covering Circles

This appendix accompanies Chapter 4. We show the diameters of the circles that
cover 90% of the marker positions during a chosen time period, see Figure D.1. The
markers are attached on the side of metatarsal head one, on the side of metatarsal
head five, and attached between metatarsal heads two and three. The chosen time
period is metatarsal contact period starting from forefoot flat till one metatarsal is
lifted from the ground. The difference between Figure 4.3 and Figure D.1 is that in
the latter figure the histograms of the distributions are split in left and right trials.
The left-hand side of Figure D.1 contains data from the left trials and the right-hand
side contains data from the right trials.
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Figure D.1 The movement of the metatarsal heads during the time period starting

from the moment that all metatarsal heads are in contact and ending at the moment

that one of these heads loses contact. In (a), (c), and (d) the distributions of the

left trials are depicted and in (b), (d), and (e) the distributions of the right trials

are depicted. Both columns contain the distributions of the diameters of the circles

containing 90% of the motion of the markers attached to metatarsal head one ((a)

and (b)), attached between metatarsal heads two and three ((c) and (d)), and

attached to metatarsal head five ((e) and (f)). The diameter sizes are scaled with

respect to the length of the diagonal of a pressure sensor.
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D.2 Research Applications

For the study of metatarsal head motion, the applications:
Group Max Pressure Sensor Movement and MetaHead Movement were de-
veloped. The first application is the shell application that reads in the CompData.m-
files of all individuals; it calls the second application. As output a Matlab m-file is
constructed and saved in the root directory with a name specified in the code of
Group Max Pressure Sensor Movement. This file contains one cell array with
as many entries as there are individuals. An entry itself is a cell array with two entries.
The first one related to the left trials of the individual and the second one to its right
trials. These subentries are vectors, they contain the size, expressed in millimeters, of
the diameters of 90% covering circles for the left and right trials.

In studying the metatarsal head motion from pressure data, the application
Max Pressure Sensor Movement was developed. The remarks made above for
applications used in studying marker positions do also apply here.

The pressure and motion variables used in studying the distance between metatarsal
head one and five are calculated by PersonPressureDataAnalysis for an individu-
als data set. GroupStatsData is used as shell for PersonPressureDataAnalysis
in order to calculate the variables for a session type and produces a file that can be
read in Excel and SPSS.

Finally, the comparison of metatarsal curves from pressure data and motion data
is performed in GroupCompare Meta Curves. It saves the comparison data to a
file in the root directory with a name specified in the code itself. This Matlab file
contains one cell array variable with as many entries as there are individuals. Each
entry contains two subentries related to left and right trials, the subentries have a
matrix format. The rows of the matrices relate trials and the columns in pairs are
related to the comparison methods. These pairs of columns contain give the compar-
ison values in cm of the point comparison and the global comparison, respectively.
The comparison data of an individual were computed with Compare MetaCurves,
called from within GroupCompare Meta Curves. These computations in Com-
pare MetaCurves were performed on data contained in CompData.m for the five
area method, with MG and MGadjusted to compute Gaussian mixtures, and with
PeaksStudy to compute local maxima.
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Samenvatting

In zijn voortbewegen onderscheidt de mens zich van andere zoogdieren door het gebruik
van slechts twee benen. De meest voorkomende vormen van voortbewegen van de mens
zijn wandelen, lopen, en sprinten. Het menselijk voortbewegingssyteem is onderhevig
aan blessures en afwijkingen die het patroon verstoren van zijn natuurlijke vorm naar
een onnatuurlijk, pijnlijk of inefficient patroon. Hierdoor belemmeren ze de mens in
zijn voortbewegen en functioneren.

Een verstoring van het voortbewegingssysteem heeft een grote invloed op het indi-
vidu, in het bijzonder het beperken van zijn mobiliteit, als mede op de maatschappij,
in de vorm van ziektekosten en vermindering van arbeidsproductiviteit. Het moge
duidelijk zijn dat er een uitgebreide medische en wetenschappelijke gemeenschap ac-
tief is op het gebied van de ganganalyse. Eerst genoemde is het aanspreekpunt voor
individuen met letsels of afwijkingen en poogt met een behandelingsplan de verstorin-
gen van het systeem op te lossen. Laatst genoemde gemeenschap poogt een beter
zicht te krijgen op de gang van de mens door het uitvoeren van onderzoek en exper-
imenten. De opgedane kennis wordt op zijn beurt terug gekoppeld naar de medische
gemeenschap.

Bij het menselijk voortbewegen is de voet de verbinding tussen de omgeving en
de zich voortbewegende mens. De voet bestaat uit tenminste 26 botjes en uit een
veelvoud aan ligamenten, pezen en spieren. Samen vormen ze één functionele struc-
tuur die een aantal functies vervult tijdens de voortbeweging. Bij één voetafwikkeling
onderscheiden we vier fases: hielcontact, voorvoet vorming, stand, en propulsie. Tij-
dens de eerste fase maakt de voet het eerste contact met de grond en absorbeert het
zachte weefsel rond de hiel een deel van de schokgolf die door het contact ontstaat.
Deze absorptie is vereist omdat hoger gelegen organen, zoals bijvoorbeeld de hersenen,
slecht bestand zijn tegen schokgolven. Tijdens de voetafwikkeling is de kinematica van
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de voet gericht op een efficient gebruik van de beweging van de rest van het lichaam.
De voet gedraagt zich als een stabiele basis tijdens het middelste gedeelte van voet-
grond contact, stand. In de propulsie fase verandert de taak van de voet van een
stabiliserend systeem naar een voortstuwingssyteem.

Het onderzoek naar het mechanisch gedrag van de voet is een belangrijk onderdeel
van de ganganalyse, dat echter pas de laatste decennia de voet als een drie-dimensional
segment is gaan beschouwen. Daarvóór bestond de meetapparatuur die kwantitatieve
metingen mogelijk maakte niet. In het onderzoek dat geleid heeft tot dit proefschrift
is gebruik gemaakt van een meetopstelling waarin drie typen metingen zijn uitgevoerd:
plantaire drukverdelingen, krachten en drie-dimensionale bewegingen van de voet. De
doelstelling van het onderzoek is het ontwerpen van een mechanische voetmodel dat
de voetbeweging simuleert. Input van het model is data van plantaire drukmetingen
uitgevoerd met een drukplaat. Het ontwerp richt zich vooral op de structuren van de
voet die het meest bijdragen aan de beweging tijdens voet-grond contact, zoals het
hielcomplex, de metatarsale hoofden, en de grote teen.

Het onderzoek is gebaseerd op een breed opgezet experiment waaraan 126 in-
dividuen hun medewerking hebben verleend. In dit experiment uitgevoerd in het
biomechanisch laboratorium van de Vrije Universiteit Brussel is gebruik gemaakt van
een bewegingsanalysesysteem, een krachten platform en een drukplaat. Deze meetap-
paraten zijn op elkaar afgestemd zowel in tijd als ruimte. Voor zover bekent, is er in
het verleden slechts één experiment uitgevoerd en gerapporteerd waarin deze meetap-
paraten op elkaar werden afgestemd. Validatie van tijd- en ruimteafstemming komen
in ons onderzoek ruim aan bod. Er werd aangetoond dat de afstemming binnen de
meetnauwkeurigheid valt van het minst nauwkeurige apparaat.

Het bewegingsanalysesysteem heeft 3D-posities bepaald van markers die bevestigd
werden op de voet. In totaal is gebruik gemaakt van 12 markers per voet: 4 op de
hiel, 3 op de grote teen, en 5 op de metatarsalen. Door deze marker set-up ontstaat
een vier segmenten voetmodel. Het krachten platform en de drukplaat leggen grootte
en plaats van de drukverdeling tijdens voetafrol vast.

Onze populatie van 126 individuen bestond uit 78 mannen en 48 vrouwen met een
leeftijdsvariatie van 10jaar tot 72jaar en een gewichtsvariatie van 32kg tot 116.5kg.
De leeftijdsgroep tussen 15 en 25 jaar domineerde de populatie. Een belangrijk re-
sultaat van het onderzoek is de database waarin de resultaten van de metingen op
een gestructureerde wijze zijn weergegeven. Deze database wordt samen met het
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proefschrift beschikbaar gesteld. Achtereenvolgens is deze database geanalyseerd met
betrekking tot de hielbeweging tijdens hielcontact, de bewegingen van de metatarsale
hoofden, en de bewegingen in het eerste metatarsofalangaal gewricht.

De hiel voert aan het begin van contact tussen voet en grond een rolbeweging uit
die stopt ergens tijdens volledig voet contact. Het hielcomplex werd gemodelleerd als
een star lichaam met een convexe vorm. De gemeten plantaire drukverdeling onder
de hiel beschrijft in het model het contact tussen het rollende stare lichaam en de
grond. De rollende beweging van het starre lichaam wordt eenduidig vastgelegd door
de hoeksnelheid van het starre lichaam en het contactpad.

Voor validatie werd als star lichaam een bol gebruikt. Een bol met een vaste straal
van 7cm leidde tot acceptabele resultaten, waarbij het model 75% van de gemeten
hielbewegingen verklaart tijdens de initiële contact fase.

Voor de metatarsale hoofden blijkt beweging in zijwaartse en voor-achterwaartse
richting te bestaan. Deze bewegingen zijn klein met betrekking tot de totale voetbe-
wegingen. De gebruikte drukplaat kan deze bewegingen van de metatarsale hoofden
niet waarnemen omdat de grote van de bewegingen binnen de sensor grootte liggen.
In het model is dus aangenomen dat de grootte van de beweging van de metatarsale
hoofden verwaarloosbaar is tijdens het grootste deel van contact. Met behulp van de
plantaire drukverdeling kan een kromme bepaald worden, de metatarsale boog, waarop
de hoofden zich blijvend bevinden. Validatie van de bepaling van de metatarsale boog
op basis van drukverdelingen vond plaats met behulp van dezelfde boog maar bepaald
op grond van het bewegingsanalysesysteem. Het voorvoetmodel maakt dus gebruik
van het concept metatarsale boog. De bewegingsbepalende component van dit model
is een gekromde cilinder waarbij de contactkromme met de grond gelijk is aan de
metatarsale boog. Rollen rond deze cilinder beschrijft de propulsie fase van voet-
contact. Deze beweging kan echter niet rechtstreeks uit de drukverdeling onder de
metatarsale hoofden worden afgeleid. Het proefschrift beschrijft enige suggesties hoe
deze rolbeweging indirect uit deze drukverdeling zou kunnen worden afgeleid.

Één suggestie is deze beweging te bepalen vanuit de beweging van het eerste
metatarsofalangaal gewricht. In het onderzoek is de relatie tussen 92 druk gerela-
teerde variabelen en 30 variabelen van de beweging van het eerste metatarsofalangaal
gewricht nagegaan. Met correlaties en regressievergelijkingen is aangetoond dat de
flexie/extensie beweging in het gewricht druk gerelateerd is.

Het onderzoek dat we met dit proefschrift afsluiten concentreert zich op de vraag of
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met plantaire drukverdeling het bewegingsverloop van de voet kan worden voorspeld.
We menen een bevestigend antwoord te hebben gevonden op de vraag die als titel van
dit proefschrift fungeert.



269

About the Author

Friso Hagman was born on March 14, 1974 in Heino,
the Nederlands. In June 1992, he finished secondary school
at Rythoviuscollege in Eersel. From September 1992 un-
til December 1998, he studied Mathematics at Technische
Universiteit Eindhoven. His final M.Sc. project was in the
field of cryptology performed for Koninklijke Nederlandse
Bibliotheek. Until 1995, he was an active track and field
athlete specialised in shot put. In his athletic career, he
was fortunate to represent his country in a number of international competitions and
championships such as the European Youth Olympic Days and the European Junior
Championships. After completing his university studies, he wanted to change focus.
He enrolled in the postgraduate program Mathematics for Industry at Stan Ackermans
Instituut of Technische Universiteit Eindhoven (from January 1999 till April 2001).
Within the frame of this program, his specialism became biomechanics. Part of his
training in biomechanics was at Vrije Universiteit Brussel during a three month stay.
He performed an eight month industrial project at RSscan International. The project
was aimed at the design of a mechanical model that describes foot motion solely based
on plantar pressure distribution input.

The financial support of Vrije Universiteit Brussel, Technische Universiteit Eind-
hoven, and Universiteit Gent enabled him to continue his research in the form of a
Ph.D. project. He performed his Ph.D. project from May 2001 until August 2005.
For his research, he made use of the laboratories of biomechanics of Vrije Universiteit
Brussel and Universiteit Gent.

Having completed his Ph.D., Friso remains working at the Vrije Universiteit Brus-
sel. The research from his Ph.D. project will be continued, together with the start of



270 About the Author

a new research direction studying biomechanical aspects of track and field.


	Acknowledgements
	Contents
	1. Introduction
	2. Methodology
	3. Rearfoot motion
	4. Metatarsal heads
	5. First metatarsophalangeal joint motion: the relationship between motion and pressure
	6. Conclusions and recommendations
	App. A. Pressure literature in more detail
	App. B. Details about methodology
	App. C. Studying the rearfoot: details
	App. D. Studying metatarsal head motion: details
	Bibliography
	Samenvatting
	About the author

