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This paper describes the method of measuring and assessing the pressure distribution under typical feet and the feet of patients with
deformities such as: planovalgus, clubfoot, and pes planus using a pedobarograph. Foot pressure distribution was measured during static
and walking at individual normal walking speed. Time-series pressure measurements for all sensors were grouped into five anatomical
areas of human foot. In typical subjects, the heel was the first part of the foot receiving the loading of the body. Then it moved to the toe
through the midfoot and the metatarsal area. The highest mean pressure in typical subjects was found under the heel and the metatarsal
heads. The lowest pressure distribution was under the cuboid bone. In the planovalgus subjects, a higher pressure distribution was found
under cuboid bone compared to typical one. In the pes cavus subjects, the pressure distribution was lower under all parts of foot. In the
clubfoot subjects, the pressure distribution, the contact area of each mask, and the time of foot contact area in left and right foot are re-

spectively different.

Key words: locomotion, pressure distribution, planovalgus, pes cavus, clubfoot

1. Introduction

One of the most commonly discussed topics in pe-
diatric practice are the static and dynamic postural
changes of the feet. The foot deformity is the most
common condition seen in the clinical practice (around
70-80% of human population) [1]. For many people it
is recognized as a cause of foot pain and fatigue.
Diagnosis of foot dysfunction must go beyond clinical
observation and visual inspection [2]. There are many
additional methods for foot posture assessment such
as: radiological examination, contour graphic, anthro-
pometry, force plates, and pedobarograph. Most of the
techniques are labour-intensive, time consuming, and
insufficient for collecting reliable data. In the last
years, the information about the plantar pressure dis-

tribution in static and during walking is considered to
be an important basis for the practice of neurology
and pediatric. It was accepted as a good tool for an
assessment of normal and abnormal foot posture, be-
cause it provides a useful information to diagnose foot
deformities. The high plantar foot pressure is an im-
portant risk factor for the development of foot, which
has been associated with callus, foot deformities, re-
duced plantar tissue thickness, and limited joint mo-
bility. The reduction of peak plantar pressure on the
forefoot during walking has become a primary focus of
the prevention and treatment of this condition [14].
However, the effect of foot structure characteristics on
plantar pressure in different kinds of foot dysfunctions
is not clearly defined. The objective of the present
work is to monitor the plantar pressure distribution
during human walking in typical foot and in patho-
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logical conditions such as: the planovalgus, the club-
foot, and the pes cavus with the aim of exploring foot
load abnormality due to foot complication by com-
paring the results between the groups examined.

2. Material and methods

2.1. Subjects

The evaluation was carried out on 37 schoolchil-
dren with foot deformities (20 planovalgus, 10 pes
cavus, and 7 clubfoot) and 20 age-matched children as
a control group taken from a total population of 450
primary schoolchildren. The local ethics committee
approved the study. All parents received full informa-
tion about the study before giving signed consent. The
sample group was between the ages of 10-15 years.
All subjects were screened with a detailed medical
history. Clinical diagnosis of planovalgus was based
on the observation of valgus position of the heel and a
poor formation of the foot arch. Clinical diagnosis of
clubfoot and pes cavus was based on heel position,
calf wasting, foot size, bimalleolar angle and the range
of motion in triplane. Inclusion criteria were: age
range of 10—15, arch height of bilateral feet, skin con-
dition, knee and hip position, and body symmetry.
Exclusion criteria were any other disorders that may
have impact on subject’s plantar pressure distribution
such as those suffering from cerebral palsy, etc.

2.2. Measurement protocol

Plantar pressure distribution was performed with
a pedobraograph (T&T medilogic Medizintechnik,
GmbH Munich, Germany) based on shoe insoles with
capacitive sensors with static and dynamic data collected
for both feet. Dynamic data were collected with the pa-
tient walking at their natural self-selected speed. The
data for each sensor were sampled with the frequency of
60 Hz and transferred to a computer via a wireless con-
nection. To assess plantar pressure spatial distribution,
the time-series of the measured pressure amplitudes of
all sensors were grouped into five anatomical masks [12]
(figure 1). These masks corresponded to the following
anatomical areas: the toes; the metatarsal heads; the na-
vicular bone; the cuboid bone; and the heel.

During the experiment the pressure distribution,
the contact area of each mask, and the time of surface
contact of each anatomical area were measured. The

pressure distribution value P’ is a quantitative pa-
rameter that depends on body mass, a real contact area
of foot with the surface with time as below:

Ptocf(m,s,t), (1)

where:

P’ — the instantaneous value of plantar pressure,

m — the body mass,

s — the surface contact of each anatomical area,

t — the time of surface contact of each anatomical
area.

Fig. 1. Anatomical areas of human foot

The pressure value should fit to the full range from
zero to the absolute maximum determined by the body
mass and the contact area of one sensor [11], [12].
Maximum pressure was defined as the greatest pres-
sure in each anatomical area of foot in a single step,
and these values were averaged separately for each
mask over 10 steps.

The center of pressure was found by a ratio of the
sum of products of the element values to the radius-
vector, which depended on their coordinates, versus the
sum of these values. This center specifies the point of
projection onto the pressure vector plane. The configu-
rations may be in the form of spots, graphic primitives
or isobaric lines. The anatomic phase of a step is a se-
quence of the sets of instantaneous values of the plantar
pressure during one step limited by the appearance of
certain configurations within the frames of anatomic
representations [11], [13]. Step is considered to be
a sequence of the sets of instantaneous values of the
plantar pressure constrained by reiteration of certain
element configurations from the moment ¢1 till £2:
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where:

S — the step;

P’ — the instantaneous value of plantar pressure.

Mean time of contact area and the mean contact
area of foot were defined as the average of all acti-
vated sensors for each mask over 10 steps.

2.3. Statistical analysis

The differences in pressure distribution, the con-
tact area of each mask, and the time of surface contact
of each anatomical area were tested with #-test. Means
and standard deviations were calculated for the total
subject sample for the data from the pedobarograph.

3. Results

The average body mass was 52.246.6 kg and
50.4+6.7 kg, respectively, for children with foot dys-
functions and control subjects. Figure 2 presents the

a)

Fig. 2. Pressure distribution under typical feet:
a) during walking; b) in static standing

pressure distribution in typical subjects. The foot pres-
sure distribution is mainly shared by central part of
heel, the metatarsal heads and big toe. A significant
part of the load is taken by forefoot, but the peak pres-
sure is located in the central part of the heel. The pres-
sure values under the metatarsal heads are more or
less the same as that under central heel. The medial
part of the foot takes a very small part of a load due to
skeletal structure of the foot.

Figure 3 presents the average pressure distribution
(P) and foot contact area (S) for typical, planovalgus,
pes cavus, and clubfoot subjects under anatomical
parts of children’s foot in static standing.
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Fig. 3. The data obtained from pedobarograph in static standing
for typical, planovalgus, pes cavus, and clubfeet:
a) the average pressure distribution;
b) the average foot contact area

Table 1 summarized the pressure distribution ex-
tracted from pedobarograph insoles during walking
for control, planovalgus, pes cavus, and clubfeet sub-
jects. For control subjects, the highest pressure am-
plitudes were found under the heel and the metatarsal
heads, while the lowest pressure distribution was un-
der the cuboid bone and navicular bone. The pressure
distribution in anatomical area related to toe (mask 1)
was the lowest in pes cavus subjects (2.8 + 0.7 N/cm®
in pes cavus subjects vs. 4.8 + 2.8 N/cm® in typical
subjects, p < 0.05). Additionally, the pressure distri-
bution in anatomical area related to the navicular bone
(mask 3) was reduced, on average, by 59.4% in pes
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Table 1. The pressure distribution for control, planovalgus, pes cavus,
and clubfeet subjects during walking (+SD)

. Clubfeet

Foot area Typical Planovalgus Pes cavus Left Right
1 48+28 42+22 2.8£0.7 3.8£0.9 32+£0.7
2 16.0£2.6 14.8+2.7 149£0.9 16.1 £0.8 18.7£0.7
3 64£1.6 32+1.1 2.6 0.8 34+1.1 5.8+£0.9
4 2.7£0.6 42+1.5 1.5£0.7 2.7+0.8 2.5£0.7
5 21.6+2.3 18.0+ 1.8 16.7£0.9 17.3£0.5 18.7£0.6

Table 2. The foot contact areas for control, planovalgus, pes cavus,
and clubfeet subjects during walking (£SD)

Foot area Typical Planovalgus Pes cavus Left Clubfeet Right
1 183+24 134+14 1628 +2.7 16.5£1.5 152+14
2 39.1£1.8 35.7+£2.1 347+5.5 36.2+24 36.3£2.6
3 178+ 1.7 345+£13 15.1£3.6 17.1£1.9 164+2.2
4 123£13 385+£24 145£1.9 13.5£1.2 139+14
5 20.0+ 1.4 25.6 1.1 19.8£33 20.3+23 219+25

Table 3. The time of foot contact area for control, planovalgus, pes cavus,
and clubfeet subjects during walking (+=SD)

Foot area Typical Planovalgus Pes cavus Left Clubfeet Right
1 0.12 £0.05 0.08 £ 0.04 0.44 £0.02 0.42 £0.04 0.46 £ 0.04
2 0.33 £0.07 0.30 £ 0.08 0.59 £0.03 0.58 £0.03 0.61 £0.05
3 0.32£0.12 0.53+0.15 0.38 £0.03 0.46 £ 0.03 0.49 £0.04
4 0.18 +0.04 042 £0.12 0.47 £0.03 0.45 £0.04 0.47 £0.04
5 0.34 £0.03 0.28 £ 0.04 0.40 £ 0.02 0.42 £0.02 0.37£0.03

cavus subjects (6.4 + 1.6 N/em® in typical group vs.
2.6 = 0.8 N/cm? in pes cavus subjects, p < 0.05). The
pressure distribution was higher, on average, by 55.5%
for the cuboid bone (mask 4) in planovalgus subjects
than in typical group (4.2 £ 1.5 N/ecm® in planovalgus
subjects vs. 2.7 + 0.6 N/em® in typical subjects,
p <0.05).

In table 2, there are presented the values of foot con-
tact area for typical, planovalgus, pes cavus, and club-
feet subjects. The foot contact area was smaller, on
average, by 213% under the cuboid bone in typical
subjects than in planovalgus subjects (12.3 + 1.3 cm?
in typical subjects vs. 38.5 + 2.4 cm” in planovalgus
subjects, p < 0.05, vs. 14.5 £ 1.9 cm” in pes cavus
subjects vs. around 13.5 + 1.2 cm? (for the left foot) and
13.9 + 1.4 cm? (for the right foot) in clubfoot subjects).
Additionally, the larger of foot contact area was found
under navicular bone (mask 3), on average, by 93.8%
in planovalgus group (17.8.0 £ 1.7 cm® in typical
subjects vs. 34.5 = 1.3 cm’ in planovalgus, p < 0.05,
vs. 15.1 + 3.6 cm” in pes cavus subjects vs. around
17.1 £ 1.9 ecm’ (for the left foot) and 16.4 £ 2.2 cm’
(for the right foot) in clubfoot subjects, p > 0.05). No
statistically significant differences were observed

between all groups in the foot contact area under the
toes (mask 1), the metatarsal heads (mask 2), and heel
(mask 5).

Table 3 summarizes the time of foot contact area
in typical, planovalgus, pes cavus, and clubfeet
groups. No statistically significant differences were
observed between control, planovalgus, pes cavus,
and clubfoot subjects for the time of foot contact (7")
in anatomical area related to navicular bone (mask 3)
and the heel (mask 5). The time of foot contact was,
on average, by 266% longer under toes (mask 1) in
pes cavus and clubfoot subjects (0.12 = 0.05 sec. in
typical subjects vs. 0.44 £ 0.02 sec. in pes cavus
group, vs. around 0.42 + 0.04 sec. (for the left foot)
and 0.46 + 0.04 sec. (for the right foot) in clubfoot
subjects, p < 0.05). Finally, the time of foot contact was,
on average, by 133% longer under cuboid bone (mask 4)
for planovalgus subjects (0.18 £+ 0.04 sec. in typical
subjects vs. 0.42 £ 0.12 in planovalgus subjects,
vs. 0.47 £ 0.03 sec. in pes cavus group, vs. around
0.45 + 0.04 sec. in clubfoot subjects, p < 0.05).
Among the clubfoot subjects, no significant variations
in the pressure, foot contact area, and time of foot
contact area of right and left foot were found. In
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pathological subjects, the pressure varied depending
upon the type and location of the pathology. The pa-
rameters in clubfoot subjects were similar to those in
other subjects with foot dysfunctions such as: the pla-
novalgus and the pes cavus. In the clubfoot subjects,
the maximal pressure was observed under the metatar-
sal heads (mask 2) and the heel (mask 5), the lowest
pressure was under the cuboid bone (mask 4).

4. Discussion

Pedobarografic method shows the changes in the
distribution of plantar pressure with the increases and
decreases of pressure in certain regions of the foot.
Several studies have reported that plantar pressure
distribution is useful to determine the abnormal
walking pattern [3], [6], [10], [15], [17], [20], [21] in
such foot dysfunction as: rheumatoid foot, diabetic
neuropathy, cerebral palsy, and foot deformities: flat
foot, clubfeet [3], [23], [24]. Most of the previous
studied were conducted on adults, still little is known
about the plantar pressure distribution in children suf-
fering from foot complication. The parameters of hu-
man plantar contact with a surface and the character-
istics of gait were studied by WALCZAK et al. [7],
SVIRIDENOK et al. [8], DUKWORTH et al. [9], and
CAVANAGH at al. [4], [5]. The authors indicate the
difference in the distribution of pressure on the sur-
face of the sole of correctly arched feet and of flat feet
as well. Our results suggest that flat-feet, planovalgus,
pes cavus and clubfoot children as well as aged-
matched control subjects show rather similar pattern
of spatial distribution of plantar pressure during nor-
mal walking in the anatomical part of the foot, in-
cluding metatarsal heads and toes. However, the prop-
erties of plantar pressure distribution in the area of
contact as well as the amplitude of pressure were sig-
nificantly different between planovalgus and typical,
clubfoot and pes cavus children. The most significant
difference was observed in the contact area of cuboid
bone, which was, on average, by 213% larger in pla-
novalgus group. This increase suggests that in plano-
valgus children, a higher pressure is localized under
cuboid bone compared with age-matched children.
This finding is confirmed by the results reported by
SzCzZYGIEL et al. [21], who analyzed the difference in
the distribution of pressure on the surface of the sole
of a correctly arched feet and flat feet in 22 subjects
aged between 10 and 20 years. They demonstrated
that the pressure distribution on the soles of planoval-
gus subject was concentrated in the middle of the foot.

CYTOWICZ-KARPILOWSKA and KARPIEOWSKI [16] by
measuring plantar pressure in 25 children suggested
that the amplitude of the pressure under the first
metatarsal was significantly lower in planovalgus
children. This confirms our findings that the plantar
pressure amplitude is lower under metatarsal heads in
plano-valgus, pes cavus, and clubfoot groups.
LEDOUX and HILLSTROM [19] have a different opin-
ion. They analyzed the pressure distribution in 19
subjects and reported that the pressure distribution
under the first metatarsal head was higher in plano-
valgus than in control subjects. Our findings show that
in pathological subjects pressure varied, depending
upon the type and location of pathology. In pathologi-
cal groups, we found a lower pressure distribution
under the toes, the metatarsal heads, navicular bone,
and under the heel compared to typical children.
These findings are the same as the results of another
studies [4], [7], [18]. We did not observe such differ-
ences between two lower limbs in typical group. The
same opinion is expressed by ALVAREZ et al. [26],
who analyzed 146 typical subjects aged between 1.6
and 14.9. No significant differences were found by
comparing of right and left foot data. However, such
differences we observed in clubfeet group. HERD at al.
[22], who studied 13 children with 6 idiopatic clubfeet
aged between 26 months and 13.5 years, shared this
opinion. They found the differences in pressure distri-
bution between affected and unaffected feet. We sug-
gest that pressure distribution varied, depending upon
the type and location of the pathology. We found the
highest pressure distribution under the metatarsal heads
and under heel in clubfeet subjects. Our findings are in
agreement with those of ARANSON and PUSKARICH
[25], who found an increased pressure under metatarsal
heads in the treated group of clubfeet.

5. Conclusion

The measurement of foot pressure distribution
proves to be useful for the assessment of foot and gait
pathologies. The analysis gives a quantitative estima-
tion of pressure distribution values and compares
them to those of the significant and critical levels. The
dynamic plantar pressure distribution seems to be an
important parameter which provides information
about changes in human posture during walking. The
pressure measurement during subject’s standing gives
also an important information on the loading of hu-
man body on foot in persons that suffer from various
postural deformities. The analysis of barometric data



34 J. PAUK et al.

is aimed at describing subject’s motion in space and
the functioning of their movement system. It could be
used in clinical practice or shoe making.
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