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1. Introduction

Italian Renaissance artist Leonardo
da Vinci described the human foot as
“The engineering masterpiece”
which was certainly true, because the
human foot forms a single functional
unit, which consists of 26 bones,
connected by firm ligaments and
muscles. The interaction of bones,
joints, ligaments, tendons and mus-
cles is described through morphology
(shape and structure) and mechanics
(statistic-dynamic function) of feet
[1]. The human body was created as
a complex entity, where the three-
dimensionality of the body is spa-
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For design and production of functional and comfortable shoes the knowledge
of the morphology of the feet is of vital importance. Development of the tech-
nology of 3D-scanning of human body and personal computers has enabled
the application of the new methods of data analysis using the empirical and
theoretical knowledge in anthropology, statistics as well as the clothing and
footwear technology. The aim is to study bilateral symmetry of the complex
human foot in selected student population of young girls using geometric
morphometrics, which has become the main direction of research in the field
of morphometrics in the last thirty years. Due to the application of the pro-
posed methodology, this method compares body forms on the basis of the set
points of anatomic characteristics. The paper examines anthropomorphic
characteristics of the body and feet to enable graphical representation of
composition of the feet for the selected pattern that may have wide application
in practice. The results of research indicate that there is a variability of mor-
phologic characteristics of feet and that the need of further study of variations
in the shape and size of the feet is justified.
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tially determined by the main body
planes. The central plane divides the
body into right and left symmetrical
halves, where the left and the right
foot represent the reflected image of
the body, forming the so-called
bilateral symmetry, Fig.1 [2].

During bipedal movement the foot
changes its shape. The differences
become apparent in the length, shape
and angle of toes, width and shape of
the heel as well as in the shape of
lateral and distal arch of feet. The
variations in these characteristics
indicate the need of analysis of shape
because a single shape can not be
sufficiently precise in the description

of a human foot and meet the
requirements of footwear comfort for
a large number of people. In urban
civilization, the emphasis is increa-
singly being put on the health of feet.
Therefore, systematic analysis of the
variations of feet shapes is necessary,
which can be applied to the mo-
dification of the last and shoes to fit
the feet of different shapes [2-4].

The primary task of socks and shoes
is to protect the feet from extreme
temperatures, injuries as well as
external influences. Unsuitable foot-
wear, however, can contribute to the
appearance of deformations. In the
mid 19th century, the German doctor
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Fig.1 Bilateral symmetry of human feet
pair unit

Hermann von Meyer launched a
groundbreaking research, which
proved the occurrence of deforma-
tions of feet as a result of wearing
footwear of inappropriate construc-
tion. Until then, the shoes were made
on the basis of symmetrical lasts, left
and right insoles were completely
identical, and the shoes came out
identical as well. The greatest de-
formations were caused to the fore-
feet. In 1965, Debrunner warned that
the deformation known as Hallux
valgus (bunion) appeared as a result
of wearing too short shoes. Footwear
laboratory in Krakow obtained the
evidence that each shoe hinders the
freedom of pedal joints to a certain
extent. The stiffer the shoe, the
greater the constraint. From all above
one can conclude that the knowledge
of morphology of feet is of vital
importance for design and produc-
tion of functional footwear [5].

The national research and deve-
lopment project entitled Croatian
Anthropometric System (CAS) has
been conducted in the Republic of
Croatia within anthropometric mea-
surements of 30,866 individuals
were performed with the aim to
establish a new sizing system in
apparel and footwear. The con-
ventional measuring method was
used to collect length characteristics
of the population and to create a
unique database. Data analysis con-
sisted of a description of certain
variables with a systematic review of

evaluation parameters distribution of
body measurements that were listed
in tables and published in CAS book
series [6, 7]. In a traditional approach
of anthropometric data presenting, a
separation of size and form variability
is immanent. For this reason, the
paper presents a new approach of
morphological unit analysis by direct
graphical form visualization where it
is possible to detect small shape
changes, which is not possible using
traditional methods.

2. Materials and Methods

2.1. 3D foot scanner

The foot scanner Pedus® was used to
scan the feet of a sample of 83 young
women in an age range from 18 to 36
years. Pedus® (Vitronic and Human
Solutions GmbH, Germany) is an
optical 3D digitizer with physical
dimension of 600 x 600 x 800 mm,
with a defined three-dimensional
scanning volume of 100 x 190 x 320
mm. It is a contact-free measuring
device with an active optical trian-
gulation as the measurement prin-
ciple according to the way how the
position of the measuring point on the
surface is defined relative to the
measuring sensor. By the triangu-
lation method the laser light illumi-
nates the object, while simultaneously
the camera aquire the position of the
laser dot on the object. The laser
source, the projected laser dot on the
foot and the sensor element of the
camera form a triangle. The distance
between the transmitter, the sensor
element of the camera are known as
well as the angles that form the
transmitter and camera with the
object. As a result, the shape and the
size of the triangle that together form
the laser source, sensor element of
the camera and the iluminated object
can be determined. These three
pieces of information fully determine
and store coordinates of the object
(x, v, z). Before each cycle of scan-
ning, sensor calibration was perfor-
med in order to set the parameters for
each of the 3 CCD camera which is
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Fig.2 Foot scanner Pedus®[1]

achieved by scanning special cali-
bration tool of known geometry [1,
8-10]. The used 3D foot scanner is
located at the Faculty of Textile
Technology, University od Zagreb in
the Department of Clothing Tech-
nology in the Laboratory for taking
anthropometric body measurements
and garment construction, Fig. 2.
Before the scanning process started,
the purpose of the research and pro-
cedure was explained to all indi-
viduals the details of the purpose of
research and the procedures being
used. All participants took part in the
research voluntarily. For each person
we additionally collected the data on
body mass and height to calculate the
Body mass index, which is being
used as a general indicator of obesity,
however doesn’t take into account the
body composition of the person
measured. The Body mass index
(BMI) is being calculated in such a
way that the body mass of the
respondent displayed in kilograms is
divided by the square of height in
meters [11]:

B M
BMI = ody Mass (kg3 1
Body Height (m”)

The World Health Organization uses
the Body mass index as a diagnostic
method, and the values are cate-
gorized as follows: BMI <20 under-
weight, BMI 20-25 ideal weight,
BMI 25-30 overweight and BMI >30
obesity [12]. In recent decades, the
number of obese people has increa-
sed, and there are studies that explore
the impact of body mass on the shape
of feet, especially on the structure of
the medial arch [5, 13-15].
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2.2. Surface model preparation
for analysis

Footprints were generated from three-
-dimensional surface models using
the Amira® software by placing a
transverse plane at 2 mm from the
surface ground. For the geometric
morphometrics analysis, the software
packages TPS (James Rohlf) and
Mathematica® were used. For data
acquisition, 85 evenly aranged land-
marks and semilandmarks were di-
gitized using the software program

Fig.3 Footprint of one individual ex-
tracted from three dimensional
surface foot model together with
landmarks and semilandmarks for
morphometric analysis [1]

Tab.1 Types of used landmark points [10]

TPSDig2. Fig. 3 shows positions of
the selected semilandmarks that slide
along the curve based on the Sliding
Landmark Algorithm [16], in order
to estimate the position of speci-
fic points of the foot in all forms,
whereas Table 1 provide the number
and description of the types and
positions of digitized landmarks. The
literature [17-21] most often cited
three main types of landmarks points
that were defined in 1991 by Book-
stein, based on anatomical and
geometrical criteria, but recently the
number has expanded to six types of
points.

Geometric information from data col-
lection are remained on an object
after removing differences in size,
location and orientation using ge-
neralized Procrustes analysis (GPA)
whereat shape variables are filtered
out from each object in the sample
[21].

2.3. Morphometrics

Morphometrics (from the Greek
popdn “morphé” = shape and petpia
“metria” = measurement) is a sci-
entific discipline, which studies the
shape variability of morphological
entities with the aim of quantitative
determination of anatomical differen-
ces between individuals or groups.

Landmark Number Description
type
Type 111 5 Tip of the distal toe part
Type 111 2 Most prominent medial position of the foot outline
Type IV 35 External toe outline (each toe separate)
Type IV 34 External outline of the forefoot, midfoot and the heel
Type IV 9 Medial foot outline (begining and finishing from
most prominent medial position of the foot outline
. . I I [T
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L
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Fig.4 Deformation presented with TPS algorhythm [1]
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The basic application of morphome-
trics was recorded in anthropology
and biology, and it has been recently
applied in medicine, veterinary,
forestry and experiences wider use,
even in the clothing and footwear
technology. In literature, we distin-
guish between the two basic direc-
tions of research: the so-called
traditional morphometrics and geo-
metric morphometrics (GM), or, the
new GM. While traditional morpho-
metrics uses morphometric variables
(length, width, etc.) for the analysis,
geometric morphometrics analyzes
mathematic shape of morphological
structures through geometry of the
studied shape. Size, position and
orientation of the morphologic entity
were excluded from the mathematic
shape, thus only geometric infor-
mation is being obtained, and tiny
changes in the studied shape can be
detected [16-24].

The use of personal computers has
contributed to the development of the
new methodology in morphology.
Based on the known deformation
grids by Albrecht Diirer and D’ Archy
Thompson, Bookstein in the late
eighties developed the TPS (Thin-
Plate Spline) method. With the help
of the TPS algorithm it is possible to
mathematically calculate the energy
of deformation, hypothetically spea-
king, ,,of an unlimited, infinitely thin
metal plate due to the relative
change in the coordinates of homo-
logous anatomical points in some
morphological entity. The main
feature of the TPS algorithm is the
visualization of shape variations
[19,20,23].
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3. Results and discussion

For the analysis of the overall chan-
ges in shape of bilateral symmetry of
a female shape the method of geo-

metric morphometrics was used.
From the literature [2] it is well-
known that the foot arches play a
significant role in walking, where the
body weight is transferred from the
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Fig.5 Scaterplot of Procrustes shape coordinates against body mass index [1]
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Fig. 6 Regression footprint shape
- deformation for BMI
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heel to the lateral longitudal arch, and
then to the front part of the foot. The
mechanical forces created in the
bipedal movemant of the human are
caused by the body mass, therefore
the Body mass index, as well as
bilateral symmetry, is included in the
analysis to determine the deformation
of feet during walking, which also
has an impact on the comfort of
shoes. In addition to the pedal arch,
subcutaneous adipose tissue also
takes part in the forming of the
footprint shape [2]. After placing the
points on the footprints, the method

of the Generalized Procrustes ana-
lysis is being used, which excludes
from the sample variables containing
the data about the shape of every foot
in the sample. The coordinates of
points after scaling, centering and
rotation are called Procrustes coor-
dinates and are taken as initial data
for further analysis. The calculated
values of the Body mass index (BMI)
lie in the range from 15,1 to 29,4, and
the impact of body mass on the shape
of footprints was investigated by
using a regression model, where the
Procrustes coordinates are taken as a
dependent variable, Fig. 5.

The changes in the shape of foot-
prints with the implication of the
Body mass index and the use of
multivariant regression show the
stretching in the area of the middle
part of the foot. The model of change
is that the medial and lateral contour
move outwards. The value of co-
variance between the BMI and the
shape is given in vectors, that show
the displacement of certain points,
Fig.6.

The Body mass index has a statisti-
cally significant impact on the shape
of footprints (p < 0,001). Lower va-
lues of the Body mass index are
associated with a marked medial
pedal arch, while higher BMI values
are associated with a lower arch. Fig.
7 provides the visualization of the
impact of BMI on the length to width
ratio for the values of BMI 15, BMI
20, BMI 25, BMI 30 and BMI 35.

Fig.7 Visualization of the impact of BMI on footprint shape for: a) 15, b) 20, ¢) 25, d) 30 and e) 35 BMI [1, 23]
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Fig.8 Visualization of the variance of Procrustes shape coordinates for the sample

for the left (L) and right (R) feet [1]

4. Conclusion

The feet of 83 young girls were scan-
ned using 3D foot scanner. Tra-
ditional foot measures have been
replaced by specific points in specific
positions on the transverse plane of
the feet and analyzed using the
algorithm for quantification of
differences in the shape. Variability
of results obtained using Procrustes
analysis shows the greatest change of
shape in the area of longitudinal,
medial and lateral pedal arches.

On the average the right feet are
wider than the left, and the contours
of the medial pedal arches show a
higher angle in the right feet. Va-
riability of asymmetry in the sample
also changes according to the value
of the Body mass index, so the
symmetry is greater for young wo-
men with body mass index smaller
than 21. It can be assumed, that the

RAR,

Fig.9 Mean footprmt shape: a) left foot, b) rlght foot, c) for a better shape change visualization the signal was 4 times exagger-
ated for c) left foot and d) right foot [1, 23]

Fig.8 provides a numerical presenta-
tion of the Procrustes coordinates of
the analyzed specific points (land-
marks, semilandmarks) of the left and
right feet. Based on the different po-
sitions of specific points the energy of
deformation and the excluded
variables of shape that represent their
own vectors of deformation energy
matrix were calculated. The Fig.9a
and 9b give a graphical presentation
of the average left and right feet of
the studied sample. In order to test
whether there is a statistically sig-
nificant difference in the obtained

shapes, the permutation test was
used. The left and right feet differ
greatly statistically (p < 0,001). The
right feet are on average wider in
relation to their length and the
boundary between the front and the
middle part has a larger angle in right
feet when compared to the left.
Visible shape changes are quite mo-
derate. In order to improve the visual
effects, the variation signal has been
amplified by factor 4 (Fig.9c and 9d),
using four times the shift component
of the coefficient vector of the spline
equation [25].

more the body mass value affects the
load on the feet during walking, the
more it affects the morphological
symmetry of the feet. It is also
evident, that the higher values of the
Body mass index are associated with
wider and lowered feet. This study
provides insight into morphological
characteristics of human variability
and can be seen as a basis for future
research. Geometric morphometrics
turned out to be the new method in
the clothing and footwear technolo-
gy to test the change of the shape of
feet caused by internal and external
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factors that affect the human body,
and can contribute to improve foot-
wear design and manufacture of
functional and comfortable footwear
with good fit.

The research was conducted within the
cooperation with em. O. Univ.-Prof. Dr.
Horst Seidler and Prof. Mag. Dr. Priv.
Doz. Philipp Mitterécker from the
University of Vienna.
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