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BIOMECHANICAL FOOT ANALYSIS IN CASE OF FOUR TYPOLOGIES: NORMAL FOOT, PES CAVUS, PES PLANUS AND HALLUX VALGUS
ABSTRACT. As each person is different in terms of conformation of the foot and temporal and spatial peculiarities of the individual gait pattern,
an extended biomechanical analysis was performed for four categories of foot identified by the authors in a previous research study, namely
normal, pes cavus (high arched), pes planus (flat) and hallux-valgus foot, in the case of young people aged 20-30 years. A representative
case study was selected and the plantar pressures obtained in dynamics were analysed, following the next sequence: framing the subject in
the appropriate category, simultaneous visualisation of the footprint for the left and right foot, impulse analysis, recording the variation of
plantar pressures and the forces exerted on the foot as a function of time, calculating the percentage values of balance on the rear-foot, heel
and medial areas, positioning of the foot axis according to the direction of movement, identification of individual characteristics of walking
phases and their temporal / spatial characterisation parameters, highlighting the hysteresis for heel and rear-foot areas, recommendations
for the application of orthotic devices. These results are significant in the modelling and design of the bottom shoe assembly, thus proposing
solutions for balancing the pressures on the plantar surface by choosing the appropriate dimensional and shape characteristics of the
components of this assembly.

KEY WORDS: foot biomechanics, gait analysis, customized footwear

ANALIZA BIOMECANICA A PICIORULUI IN CAZUL A PATRU TIPOLOGII: PICIOR NORMAL, PICIOR SCOBIT, PICIOR PLAT SI PICIOR CU HALLUX
VALGUS

REZUMAT. Pentru ca fiecare persoana este diferitd de celelalte prin conformatia piciorului sau si prin particularitdtile temporare si spatiale
ale tiparului individual de mers, a fost realizatd o analizd biomecanica extinsd pentru patru categorii de picior identificate intr-o cercetare
anterioara, respectiv picior normal, picior scobit, picior plat si picior cu hallux-valgus, in cazul tinerilor cu varsta cuprinsd intre 20 si 30 de ani. A
fost astfel selectat cate un studiu de caz reprezentativ si au fost analizate presiunile plantare obtinute in dinamica, parcurgandu-se urmatoarea
succesiune: incadrarea subiectului in categoria corespunzdtoare, vizualizarea simultana a amprentelor pentru piciorul stang si piciorul drept,
analiza impulsului, inregistrarea variatiei presiunilor plantare si a fortelor exercitate asupra piciorului in functie de timp, calcularea valorilor
procentuale ale echilibrului pe zonele anterioard, posterioard si mediand, pozitionarea axei piciorului in raport cu directia de deplasare,
identificarea caracteristicilor individuale ale fazele mersului si a parametrilor temporali/spatiali de caracterizare a acestora, evidentierea
histerezelor calcaiului si pe cele ale partii anterioare, recomanddri pentru aplicarea dispozitivelor ortotice. Aceste rezultate sunt extrem de
importante in etapa modelarii si proiectarii ansamblului inferior al incaltdmintei propunandu-se astfel solutii pentru echilibrarea presiunilor
pe suprafata plantard prin alegerea corespunzdtoare a caracteristicilor dimensionale si de forma ale componentelor acestui ansamblu.
CUVINTE CHEIE: biomecanica piciorului, analiza mersului, incaltdminte personalizata

ANALYSE BIOMECANIQUE DU PIED DANS LE CAS DES QUATRE TYPES : LE PIED NORMAL, LE PIED CREUX, LE PIED PLAT ET LE PIED AVEC
HALLUX-VALGUS

RESUME. Parce que chaque personne différe des autres par la forme de son pied et les caractéristiques temporelles et spatiales du modele de
marche individuel, une analyse biomécanique étendue a été réalisée pour quatre catégories de pied identifiées dans une étude précédente,
a savoir le pied normal, le pied creux, le pied plat et le pied avec hallux-valgus, chez les jeunes de 20 a 30 ans. Un cas d’étude représentatif a
été sélectionné et les pressions plantaires obtenues en dynamique ont été analysées en suivant la séquence suivante : cadrage du sujet dans
la catégorie appropriée, visualisation simultanée des empreintes digitales du pied gauche et droit, analyse des impulsions, enregistrement
de la variation des pressions plantaires et les forces exercées sur le pied en fonction du temps, le calcul des pourcentages d’équilibre sur les
zones antérieure, postérieure et médiane, le positionnement de I'axe du pied par rapport a la direction du mouvement, I‘identification des
caractéristiques individuelles des phases de marche et leurs parametres temporels/spatiaux, mettant en évidence I'hystérésis du talon et
celles de la partie antérieure, recommandations pour I'application des ortheses. Ces résultats sont extrémement importants dans I'étape
de modélisation et de conception de I'ensemble inférieur de la chaussure, proposant ainsi des solutions pour équilibrer les pressions sur la
surface plantaire en choisissant les caractéristiques dimensionnelles et de forme appropriées des composants de cet ensemble.

MOTS CLES : biomécanique du pied, analyse de la marche, chaussures personnalisées
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INTRODUCTION

Plantar footprint has often been studied
in the past for various reasons [1-2]. Many
scientists around the world have focused their
attention on the analysis of traces of hominid
fossils, orthopaedic and other medical studies,
such as anatomical, anthropological, genetic,
dermatological, biomechanical, ergonomic and
forensic studies [3].

Biomechanical studies have progressed,
by comparing the existence, lack or dimensions
of the typological parameters of the foot
between groups with or without pathologies
under investigation [4]. Despite the widespread
use of these parameters, it has been recognized
that objective and quantitative analysis of foot
typologies remains elusive [5-6]. The absence of
an absolute dimension of the foot typology led
to considerable variations in the choice of the
type of measurements in order to determine the
type of foot [7-8]. This is in antithesis with the
suggestion that in order to identify the relations
between the typology and the pathology of the
foot, it is first necessary to use a classification
system that allows the accurate recognition of
each situation [9-10].

People can be distinguished from each
other by their unique gait pattern. This gait
pattern is used to recognise people at a distance
[11-13]. Because each step is slightly different
from the other while walking, due to differences
in walking parameters, such as heel contact,
speed and angle of rotation, force and effort,
variation in human locomotion exists for each
individual, even in walking on the same type of
ground [14-16].

This article continues the research
undertaken by the authors, namely the
biomechanical analysis for the four typologies
of the foot of young people aged between 20-
30 years. Using the Chippaux-Simark index (CIS),
vault angle (a), and thumb deflection angle
(B), subjects were divided into 4 categories, as
follows: subjects with normal, pes cavus (high
arched), pes planus (flat), and hallux-valgus foot
[17].

EXPERIMENTAL

Methods and Equipment

As the investigated subjects (volunteers)
stated that they were not in the records of any
specialist and did not report that they were
suffering from any condition affecting the health
of the foot (e.g., diabetes, rheumatoid arthritis,
irreversible structural abnormalities of the foot),
the preliminary condition of the study was met,
namely the taking of plantar footprint from
subjects who are apparently healthy or who
declare a good state of health. Under these
conditions, by elimination, the only factor that
could influence the presence of the flat, the high
arched or hallux valgus foot in young people is
the wearing of inappropriate footwear. The study
highlighted the need to inform consumers about
the risks they are exposed to when wearing
inappropriate footwear.

In order to establish the typology of the
foot, the plantar footprints were taken from a
number of 76 subjects, of which 60 are women
and 16 men, aged between 20-30 years, and
weighing between 45-100 kg.

For all investigated subjects, the following
working hypotheses were considered:

-No abnormal gait patterns were observed;

- No structural abnormalities in the foot;

- No systemic conditions that may affect gait.

All experimental protocols were approved
by a named institutional review committee.
The subject was informed and consented to
the test and publishing the results. All methods
were carried out in accordance with relevant
guidelines and regulations.

RESULTS AND DISCUSSIONS

Comparative Analysis of Plantar Pressure
Distribution

Using the RSscan pressure plate and
the associated system - Footscan 7 Gait, 2™
Generation, 0.5 Gait Scientific System, the
dynamic pressures were measured for all 76
subjects, women and men. The sole of the foot
was divided into 10 significant areas (Figure 1)
and the distribution of the plantar pressure was
obtained.

Leather and Footwear Journal 21 (2021) 4



BIOMECHANICAL FOOT ANALYSIS IN CASE OF FOUR TYPOLOGIES: NORMAL FOOT, PES CAVUS, PES PLANUS AND HALLUX VALGUS

HL [ |
HM ||
MF | |
M5
M

HL — Lateral heel
HM — Medial heel
MF — Middle foot
M3 M1 — Metatarsal 1
M2 — Metatarsal 2

" M3 — Metatarsal 3
B m M4 — Metatarsal 4
B s M5 — Metatarsal 5
T2-5 —Toes 2-5
_ Tl T1-Toe 1l

Figure 1. Anatomical division of the plantar footprint

Following the classification of subjects,
women and men, in the four groups: normal,

high arched, flat and hallux valgus foot, resulted
the average pressures on each area of the plantar
surface, presented in the following Table 1.

Table 1: Mean plantar pressure values (N / cm?) for each group: normal foot, flat foot, high arched
foot, hallux-valgus foot

Plantar pressure (N/cm?)

Foot b o @ il v 2 T T
. & ¥ ® B §® & ¢ ¢
& o g 8 S i 2 E =
: 2 z 5 B z B pe g 5
S 2 s = s = = S ki S
Left 5 1.20 1.46 422 681 498 4 136 457 461
Women
| Right 3.75  1.19 238 479 571 337 141 134 417 440
Norma
" Left 331 096 282 648 844 656 354 066 736 636
en
Right 3.6 3.18 098 554 684 43 2.4 1.8 6.68 5.76
Left 351  1.57 275 518 731 352 260 137 588 505
Women
High Right 362 082 202 541 574 274 137 083 455 462
arched y Left 251 029 366 7.69 9.89 695 3.52 123 672 620
en
Right 354 035 417 716 7.72 476 245 077 652 5.68
Left 4 0.28 278 514 699 504 189 081 619 556
Flat Women
Right 354 1.8 268 525 608 319 088 126 479 526
Hallux- Men Left 2.84  0.95 265 593 684 378 147 113 437 3.78
Valgus Right 3.16 0.72 288 633 59 3.5 155 071 485 4.73

It can be seen from the previous table that
there are no significant differences between
the groups of subjects, the maximum pressure
being recorded each time on the metatarsal 3,
and the following, as values, on the metatarsal 2
and on the heel. Consequently, when designing
the lower shoe assembly, the balance of plantar
pressure distribution by the shape of the parts
and the type of materials used must be taken
into account.

Case Studies on Biomechanical Foot Analysis

From each category previously identified
by applying the classification criteria based
on plantar parameters (indices and angles), a
representative subject was selected. For each
case presented, the plantar pressures obtained
on dynamics are analysed, following the next
sequence: classification of the subject in the
appropriate category, simultaneous visualisation
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of the footprint for the left and right foot,
impulse analysis, recording the variation of
plantar pressures and the forces exerted on
the foot as a function of time, calculating the
percentage values of balance on the rear-foot,
heel and medial areas, positioning of the foot
axis according to the direction of movement,
identification of individual characteristics of
walking phases and their temporal / spatial
characterisation parameters, highlighting
the hysteresis for heel and rear-foot areas,
recommendations for the application of orthotic
devices.

Subject S74 did not have health problems
and did not have lower limb disorders (Figure
2a). According to the previous analysis, the
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presented subject is part of the category of
those with normal foot. A brief analysis of
plantar pressures will reveal deviations from the
pattern of normal gait. Subject S57 (Figure 2b)
has no health problems or lower limb disorders,
but has lower back pain. Subject S65 (Figure 2c)
does not present health problems. At the level
of the foot, a structural anomaly of the flat foot
type is identified. In case of prolonged physical
exertion, the subject shows pain in the foot.
Subject S26 (Figure 2d) has no health problems
and has never had lower limb disorders. At a first
investigation, there is a tendency of the big toe
to deviate outwards, a situation associated with
a structural anomaly of the hallux-valgus type.
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Figure 2. Simultaneous visualisation of the left and right foot and tracking the projection
of the center of gravity (a-normal foot, b-high arched foot, c-flat foot, d-hallux-valgus foot)
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Figure 2a shows that there is a slight
difference between the contact surfaces of
both feet. Thus, in the middle area of the left
foot, the contact area is smaller. The center of
gravity displacement curve is lateral to the axis
of symmetry of the foot, with a larger difference
in the left foot. The highest-pressure points can
be observed, on the left foot, in the area of the
metatarsals 2-4, and on the right foot, under the
thumb. Both the left and the right foot move at
about the same speed, and as can be seen from
the force graphs over time, the gait pattern for
the two feet is similar.

The subject shown in Figure 2b has both
feet strongly arched, the middle area does
not make contact at all with the ground while
walking. The displacement curve of the center
of gravity is located inwards with respect to the
longitudinal axis of the right foot. In the case of
the left foot, it follows the axis of the foot until
push off moment, when it changes direction
inwards due to excessive loading of the toe 1.
The highest-pressure points can be observed on
the left foot in the area of the metatarsal 1 and
toe 1, and on the right foot, under the metatarsal
1 and the big toe. The variation in strength as a
function of time shows graphs that have different
shapes for the right foot compared to the left
one. If for the left foot, the shape of the curve
approaches a shape specific to the normal gait
pattern, for the right it is observed that in the
first phases of gait (heel strike and mid-stance),
the forces exerted on the heel area of the foot

e YIS T Y s e

ENENE

are much greater than those exercised on the
rear-foot.

The footprint for the subject presented
in Figure 2c suggests the flat foot. From the
2D view it can be seen that there is a slight
difference between the contact surfaces of both
feet, the contact surface being slightly smaller
in the middle area of the left foot. The highest-
pressure points can be observed on the heel
area, on the medial-outer area of the foot, under
the metatarsals 2-5 and under the toe 1.

In the case of the subject from Figure 2d,
the middle area of the right foot does not come
into contact with the support surface while
walking, which indicates a high arched foot. The
pronounced outward orientation of the toe 1 is
also observed. The displacement curve of the
center of gravity is lateral to the longitudinal
axis of the foot. For the left foot it is positioned
outside the longitudinal axis, and for the right
foot it is located inwards. The highest-pressure
points are observed on the left foot, in the area
of the metatarsals 2-3, and on the right foot,
under the big toe, the metatarsals 1-3 and in the
area of the heel. Each foot has a movement close
to the normal gait pattern.

Figure 3 shows the impulse exerted on
the foot during the walking phases. Impulse
is the product of force and time, measured in
percentages. The longer the period of time in
which a pressure is applied to a particular area,
the greater the risk.

3l Bl 5 x| &

Shometet [ 15 [ 5 Samefigt| | Gavk [ 18
ol tacephae [ 95 % | |Fomeviac [ 00| |TotlTeveleh (G358 o[ GH2 Tol Tene B | G [T o 23150 man ¥

Revista de Pielarie Incaltaminte 21 (2021) 4



M. COSTEA, A. SEUL, A. MIHAI

7

v;\v i

L

i BT

(it

n
=

\)nunnm ‘a

5 | | sFamesten [ 48 cor [T o

1585

] Time | 03

momcepme [ 70 %

T shana R st

Famesiec | 500 | [TotTime o4 [ 0038 5[ 0358 Tetal TmaRigh| | Grae maxsana

m ]

o 2 W o] o 3 Bl 5] A A

lm

em

Time [0a60 s | # Frmestet [ 303

BT eFamesRight | | GrorX [0 mer

o [0 | [Tota TimeLet [ 0766+ 0789 Toto Tne gh{ | Gy [20578 mom

Figure 3. Impulse analysis (a-normal foot, b-high arched foot, c-flat foot, d-hallux-valgus foot)

In the case of the subject presented in
Figure 3a, the risk areas are the metatarsal 3 and
the toe 1; while from Figure 3b, the risk areas are
the metatarsal 1 and the toe 1; for the subject
in Figure 3c, these are the metatarsals 2-5 and
the lateral-medial area of the foot; the subject
presented in Figure 3d shows high pressures in
the area of the metatarsal 2, for the right foot

o 4 o 4 4

B
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and the toe 1, respectively, the metatarsals 1, 2
and 3 for the left foot.

If from the previous figure (Figure 3), the
risk areas have been established based on the
impulse, using Pressure / Time graphs presented
in Figure 4 the values of the pressures for each
area can be calculated exactly.
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Figure 4. Variation of pressure as a function of time

(a-normal foot, b-high arche
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d foot, c-flat foot, d-hallux-valgus foot)
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The line of net force, the purple line, in
Figure 5 represents the variation of the force
as a function of time and it can be seen that it

s A

consists of the loads which appear in heel, medial
and rear area of the foot and the times at which
these loads occur.

Figure 5. Variation of force as a function of time (a-normal foot, b-high arched foot, c-flat foot,
d-hallux-valgus foot)

For each of the four categories of foot
studied, the walking patterns show that in the
impact phases, both for the right foot and for
the left foot, the pressures exerted by the foot
in the heel area have values that would require
the presence of additional elements in the shoe
structure with shock damping role. For these
subjects, the force-time curve does not have a
normal shape due to high pressures under the
heel and under the metatarsals, in the case of

the left foot and the heel and toe 1, in the case
of the right foot.

From Figure 6 can be observed the
percentage values of the plantar surface
corresponding to the heel, medial and rear-foot
areas and the associated impulse. Based on
these values, the category in which the foot is
placed is automatically identified: normal (Figure
6a), flat (Figure 6b) or high arched (Figure 6c).
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Figure 6. Percentage value of rear-foot, medial and heel areas. Percentage value of the impulse
(a-normal foot, b-high arched foot, c-flat foot, d-hallux-valgus foot)

In Figure 7, the white line indicates the
direction of movement, the pink line represents
the longitudinal axis of the foot, and the black
curve, following the movement of the point of
gravity. The value of the angle formed between

the direction of movement and the longitudinal
axis of the foot indicates the abduction position
of the foot if it has a positive sign, and the
adduction position if it has a negative sign,
respectively.

ﬂ

Left Foot Right Foot

oot Axis ncte €3

Foot axes direction relted to mavement direction
‘Subtatr it Anote 1

Subtaiarjoint axes related t the oot xex e | 613

Subtata ot nesmamy 1

274

w 7
‘ -
e
M
e

o i

Right Foot

| PN 244
[ an

Subtatar it exibity €1

= 23

Leather and Footwear Journal 21 (2021) 4



BIOMECHANICAL FOOT ANALYSIS IN CASE OF FOUR TYPOLOGIES: NORMAL FOOT, PES CAVUS, PES PLANUS AND HALLUX VALGUS

H
| |

Left Foot

Subtatarjoint axes relsted 1o the foot axes. | e
Mac | van
‘St i exibiite C) Ha

c)

Figure 7. Foot axis direction and direction of movement
(a-normal foot, b-high arched foot, c-flat foot, d-hallux-valgus foot)

In the case of the subjects presented in
Figures 7a, c, d, the right foot has an angle of
abduction greater than the left foot.
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Figure 8. Walking phases and time (ms) corresponding to each phase
(a-normal foot, b-high arched foot, c-flat foot, d-hallux-valgus foot)

For the subject with a normal foot, Figure
83, it can be seen that the time required for the
left foot to complete a step is 10 ms less than that
for the right foot (810 and 820 ms, respectively).
Even if the right foot needs only 52 ms for the
initial contact, compared to 72 ms in the case of
the left foot, the push off phase is longer on this
foot, thus explaining the high pressure on the
toes.

In the Figure 8 the times to complete a
step are shown.
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In the case of the high arched foot, Figure
8b, the time required for the left foot to complete
a step is 4 ms longer than that for the right foot
(854, respectively 850), even if these values are
very close, in areas they differ very much, the
right foot needs 120 ms for the initial contact,
compared to 106 ms for the left foot; 56 ms for
metatarsal area contact on the left foot and 234
ms on the right foot; 379 ms for mid-stance on
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the entire plantar surface for the left foot and
71 ms for the right foot and the push off phase
is longer on the right foot, 439 ms compared to
299 ms for the left foot, thus explaining the high
pressure on the toes, in this case, the toe 1.

Regarding the flat foot, Figure 8c, it can be
seen that the time required for the left foot to
complete a step is 66 ms less than that for the
right foot (892 and 958 respectively), in some
areas the values differ greatly, the right foot
needs 28 ms for the initial contact, compared
to 26 ms for the left foot; 40 ms for medial area
contact on the left foot and 72 ms on the right
foot; 556 ms for mid-stance on the entire plantar
surface for the left foot and 350 ms for the right
foot; the push off phase is longer on the right
foot, 508 ms compared to 270 ms for the left
foot, thus explaining the high pressure on the
toe area, in this case, the toe 1.

® Kl K

For the subject with the hallux-valgus
anomaly, Figure 8d, it can be seen that the time
required for the left foot to complete a step
is 26 ms less than that for the right foot (766,
respectively 792), in some areas the values differ
greatly, the right foot needs 44 ms for the initial
contact, compared to 46 ms for the left foot; 62
ms for medial area contact on the left foot and
30 ms on the right foot; 194 ms for mid-stance
on the entire plantar surface for the left foot and
321 ms for the right foot; the push off phase is
longer on the left foot, 466 ms compared to 395
ms for the right foot, thus explaining the high
pressure on the toes.

In all analysed cases, the balance graph for
the heel movement shows that the left foot is
loaded less than the average in the mid-stance
phase, suggesting a possible supination of the
heel (Figure 9).

d)

Figure 9. Heel hysteresis (a-normal foot, b-high arched foot, c-flat foot, d-hallux-valgus foot)

For subjects with normal, high arched, and
flat feet, the balance graph for the rear-foot area
shows that both feet (left and right) are loaded
less than normal in the mid-stance phase on the
entire plantar surface, thus suggesting a possible
supination of them (Figures 10 a, b, c).

For the hallux-valgus foot, Figure 10d, the
balance graph for the rear-foot area shows that
the right is loaded more than normal in the mid-
stance phase on the entire plantar surface, thus
suggesting a possible pronation of it, and the left
is loaded less than normal values, in the phase of

276
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mid-stance, suggesting supination in that area.

Towards the push off phase, the loads increase

»

1]

c)

due to the high pressure that is exerted on the
toe 1.

d)

Figure 10. Rear-foot hysteresis (a-normal foot, b-high arched foot, c-flat foot, d-hallux-valgus foot)

Taking into account the contact areas of
the foot while walking, the value of the impulse
in those areas and the calculations made to
obtain equilibrium graphs, orthotic devices may
be recommended (Figure 11).

For the normal foot, the recommendation
is to lift the left foot outward to prevent
supination. With regard to the high arched foot,
it is recommended to use a custom orthosis on

the inside of the hollow area, especially on the
right foot, being more severely affected. In the
case of the flat foot, it is suggested to insert the
orthoses in the heel area for both feet and in the
outer part of the middle area of the left foot. For
the foot with hallux-valgus, the recommendation
is an orthosis in the heel area but also for the
release of the metatarsal areas 1-3.
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c)

CONCLUSIONS

In the stage of modelling and designing
the component parts of the bottom assembly of
footwear (insole, sole), it is necessary to consider
balancing the distribution of plantar pressures
by the shape of the component parts and by
the type of materials used. The analysis of the
distribution of plantar pressures on the surface
of the sole of the foot showed for both categories
of subjects, women and men, the presence of
pressure peaks under the metatarsals 2 and 3
and in the heels. These areas were considered
risk areas, and in the modelling and design of
the bottom assembly, solutions were proposed
to balance the pressures on the plantar surface
by choosing the appropriate dimensional and
shape characteristics of the components of this
assembly.

For the biomechanics studies within this
research, the RSScan plantar pressure recording
system was used. Modern computer-aided

d)
Figure 11. Areas of application of orthotic devices
(a-normal foot, b-high arched foot, c-flat foot, d-hallux-valgus foot)

equipment, assisted by specialised recording,
measurement and analysis software, offers
multiple advantages in terms of the possibility
of integrating information obtained from simple
analysis of plantar footprint configuration with
exact values of plantar pressures and forces
exerted on foot, in static and dynamic.

A direction for further research initiated in
this article is the design of models to validate the
results recorded for each of the analysis steps
mentioned above through simulation models
and techniques. Currently, through specialized
studies undertaken by various research teams, it
has been possible to simulate on simple models
of the foot and validate the pressures and forces
recorded on the plantar surface in a position of
bilateral orthostatic support. The simulation of
dynamic conditions and the validation of other
parameters for characterizing gait is a topic for
future studies, this paper initiating new research
directions in this regard.
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