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Differences in pediatric vertical ground reaction force
between planovalgus and neutrally aligned feet

JOLANTA PAUK*, JOANNA SZYMUL

Białystok University of Technology, Białystok, Poland.

Ground reaction forces (GRF) reflect the force history of human body contact with the ground. The purpose of this study was to ex-
plore human gait abnormalities due to planovalgus by comparing vertical GRF data between individuals with planovalgus and those with
neutrally aligned feet. Second we estimated associations between various measurements and vertical GRF parameters in a pediatric
population. Boys and girls between the ages of 4 and 18 years (72 planovalgus feet and 74 neutrally aligned feet) took part in this
study. Ground reaction forces were recorded by two Kistler platforms and normalized to body weight. Comparison of vertical GRF
between planovalgus and neutrally aligned feet suggests that the first and the second peaks of vertical force (Fz1, Fz2) are most af-
fected by planovalgus. The results also indicate that neutrally aligned feet display a different ground reaction force pattern than pla-
novalgus, and that differences between boys and girls may be observed. The shape of the vertical GRF curve can help in clinical
interpretation of abnormal gait.
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1. Introduction

Locomotion is defined as bipedal, biphasic for-
ward propulsion of the center of gravity of the human
body in which there are alternating sinusoidal move-
ments of different segments of the body with expen-
diture of energy. Walking is one of infant’s greatest
achievements. Development of balance and locomo-
tion of children depends on age [1], [2], [6], [13]. The
dynamics of human body segments during locomotion
are affected by muscle activity, joint position, and the
ground reaction force [18]. The forces acting on the
foot by the ground are known as ground reaction
forces (GRF) [8] and reflect the force history of the
human body contact with the ground. A person
standing motionless on the ground exerts a contact
force on it and at the same time an equal and opposite
ground reaction force is exerted by the ground on the
person [37]. The GRF is quantified by three vectors in

vertical, anterior-posterior and medial-lateral planes
[25], [33]. The vertical force can be characterized by
a double bump pattern. Body mass and acceleration
play a role on the first peak whereas ankle plantar-
flexors play a role on the second peak of GRF [36].
The maximum amplitude of the vertical ground reac-
tion force is about 120% of body weight (BW) during
the double stance phase and about 80% BW during
the single stance. The anterior-posterior reaction force
is a shear force exerted by force platforms on foot that
starts as a braking force from the onset of the stance
phase to midstance, and it turns into the propulsion
force. The amplitude of the anterior-posterior shear
force is usually about 25% BW. It represents two
phases: braking phase (approximatelly 50% of the
contact time) and propulsion phase. Medial-lateral
forces are related to balance during gait. It acts in
medial direction with a maximum amplitude about
10% BW and then acts laterally during the rest of the
stance phase [17]. In recent decades researchers have
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analyzed the ground reaction force in relation to dif-
ferent factors [2], [31] such as: age, style of walking,
stepping surfaces and footwear type. Greer et al. [13]
observed ground reaction force patterns during
walking in children. The results indicate that 3 to 4
year old children contact the ground with greater
vertical force measures relative to body mass than
adults. Additionally, the minimum vertical force was
lower, and the transition from braking to propulsion
occurred earlier. However, the mediolateral force
excursions were higher in children than in adults.
They also found differences between genders; boys
exhibited a greater difference in the vertical peak
forces, a lower minimum force, a greater braking
force, and a higher mediolateral force excursion
value [13]. Many investigators presented data on
GRFs during running and walking [4], [5], [14], [16],
[20], [22], [26], [35] in healthy adults [14], [28], [35]
and also in subjects with pathology [5], [15].

The purpose of this study was first to explore gait
abnormality due to planovalgus by comparing the
vertical GRF data between planovalgus individuals
and neutrally aligned feet and second to estimate the
associations between various measurements and verti-
cal GRF parameters in a pediatric population.

2.Method

2.1. Subjects diagnostic

Seventy two planovalgus and seventy four neu-
trally aligned feet (men and women, ages 4–18 years)
were studied. All participants filled out a history
form which included questions about their history of
knee and ankle injuries, age, and gender. Inclusion
criteria for planovalgus subjects were: age range
4–18 years, arch height below 42 degrees of Clarke
angle, ankle valgus above 5 degrees. Subjects with
any current musculoskeletal complaint or if they had
any health problems that would affect their gait were
excluded from the study. Clinical diagnosis was
based on observation of ankle dorsiflexion and plan-
tarflexion, rearfoot, midfoot, and forefoot ranges of
motion in triplane. Gait observation was conducted
with the child barefoot. Control subjects were de-
fined as individual having no known musculoskeletal
disease or abnormality and having not had any prior
musculoskeletal manipulation, such as a surgical
procedure. All subjects were from Podlasie province
and gave written consent to participate in this study.

The protocol was approved by the local Ethical
Committee.

2.2. Measurement protocol

Criteria for diagnoses of planovalgus

Subject’s height and weight were measured using
a physician’s scale. Participants were screened with
the use of podoscope (QMS-396) for inclusion of the
planovalgus or neutrally aligned feet. We assessed
both feet at the same time. The Clarke angle was cal-
culated from a photo taken with an SLR camera and
defined as the angle between the tangent at the medial
margin of the foot print and the line connecting the
greatest depression and the point at which the medial
tangent crosses the margin of the front foot (Fig. 1a).
Foot prints, de-identified, were tested in random order
to minimize memory recall. During this experiment
the Clarke angle was assessed from one image per
foot and analyzed once. The accuracy for Clarke angle
and ankle valgus was 1 degree. The valgus was cal-
culated from a photo and defined as the angle between
the line through the middle of the calf and the center
of the heel (Fig. 1b). Deviation of up to 5 degrees was
considered as normal. Criteria for planovalgus were as
follows: Clarke angle < 42 degrees and ankle valgus
> 5 degrees [30], [32].

a)    b) 

Fig. 1. Foot arch measurement:
(a) Clarke angle, (b) ankle valgus

Measuring ground reaction force (GRF)

Ground reaction forces were recorded by two Kis-
tler platforms (model 9286AA-A, Kistler Instruments,
Switzerland), and processed and plotted on a PC com-
puter using the SMART Workstation and software
(BTS, Italy) as a function of time, at a sampling fre-
quency of 1000 Hz (Fig. 2).
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Fig. 2. Ground reaction force measurement with force platforms

The platforms were hidden from the subject’s view
so that the children would not attempt to alter their gait
as they stepped on the platform. Before conducting any
tests with subjects present, the platforms were cali-
brated using special markers. Subjects were asked to
walk barefooted across the lab at their comfortable
(normal) walking speed over force platforms. Before
the data acquisition session, subjects executed several
trials to get used to the procedures. The children had to
step entirely on the force platforms with one foot only.
If the subject missed the force platform completely or
partially, or had contact of both feet on the force plat-
form, the measurement was not included in the study.
The data included walking speed and GRF parameters
for individual lower limbs. Subjects walked a minimum
of 9 steps at a self-paced velocity across Kistler force
platforms for 5 trials [23]; the force platforms was reset
before each trial. Any trial that generated indiscernible
oscillations was excluded from our analysis. Conse-
quently, after visual inspection, approximately 3 trials
for each subject were accepted for further analysis. The
forces were normalized to body weight. Figure 3 repre-
sents a typical pattern of vertical ground reaction force.
The z-axis is normal to the floor.

Fig. 3. Typical pattern of vertical ground reaction force
normalized to body weight

The vertical force can be characterized by a double
bump pattern. The first peak is related to body weight
loading and the second peak is due to push off [14],
[17], [24]. The events were taken at the first peak
(Fz1), second peak (Fz2), and at the minimum vertical
ground reaction force (Fz0). Force data were low-pass
filtered at 50 Hz. Reliability of measurements of GRF
magnitude had correlation coefficient (ICC) of 0.89.
Average walking speed for each subject was calcu-
lated using the time recorded from the three selected
trials.

2.3. Statistical analysis

Analysis of the measurements included values
obtained from the three trials for each subject. Means
and standard deviations were calculated for the total
subject sample for the data from the Kistler plat-
forms. Several graphs were generated to uncover
trends in the neutrally aligned feet and planovalgus
data and determine appropriate statistical tests to
analyze the data. The correlations between Clarke
angle, ankle valgus and vertical GRF were examined
using Spearman’s rank correlation. The normality of
the data was verified using the Shapiro–Wilk test.
Gender differences were assessed by parametric in-
dependent t-test. A paired t-test was also used to
determine differences between GRFs in particular
trials. Statistical significance was set to p < 0.05.
Computer software Statistica 10 (StatSoft, Tulsa,
OK, USA) was used for computations.

3. Results

3.1. Subjects demography

Table 1 summarizes the demography of partici-
pants. Subjects were classified as planovalgus or neu-
trally aligned feet based on Clarke angle and ankle
valgus. Feet with Clarke angles between 25 and 42 de-
grees and ankle valgus above 5 degrees were assumed as
planovalgus [32]. No significant difference was ob-
served between planovalgus and neutrally aligned feet
for age, body mass, height, and gender ratio ( p >
0.05).

There were no differences between groups in height
(neutrally aligned feet = 1.52 m, planovalgus = 1.39 m,
or weight (neutrally aligned feet = 41.6 kg, planovalgus
= 37.8 kg). Table 2 summarizes Clarke angles and
ankle valgus for each group.
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Table. 1. Demography of participants

Group
Neutrally
aligned

feet
Planovalgus

Comparison of neutrally
aligned feet vs.

planovalgus
Number 74 72 Difference p-value

Age, years
Mean(SD)

11.5
(4.5)

10.8
(3.6) 0.7 0.17

BMI
Mean(SD)

19.4
(3.9)

19.7
(4.2) –0.3 0.34

Height,
cm Mean(SD)

152.1
(19.2)

139.5
(10.8) 12.6 0.08

Gender ratio
(% female) 52.7% 55.5% –2.8 0.12

Table 2. Foot posture assessment
using Clarke angle and ankle valgus

Group Neutrally
aligned feet Planovalgus

Comparison
p-value

Clarke angle,
deg
Mean (SD)

45.8
(1.9)

31.7
(4.6) p < 0.05

Ankle valgus,
deg
Mean (SD)

2.9
(1.3)

7.4
(1.2) p < 0.05

Average Clarke angle was 45.8 ± 1.9 and 31.7
± 4.6 for neutrally aligned feet and planovalgus re-
spectively, whereas ankle valgus was 2.9 ± 1.3 for
neutrally aligned feet and 7.4 ± 1.2 for planovalgus.

3.2. Assessing vertical ground
reaction force during walking

The Shapiro–Wilk tests showed that the data were
normally distributed allowing the use of  parametric

statistics methods. Results showed that the planoval-
gus subjects walked at a natural speed of 1.14 m/s
± 0.09 whereas the subjects with neutrally aligned feet
walked at 1.24 m/s ± 0.15. There was moderate cor-
relation between the Fz1, Fz2, and Fz0 for each subject
in three trials according to the Pearson correlations
(r > 0.8, p < 0.05). The mean value of vertical GFR
for neutrally aligned and planovalgus feet is presented
in Table 3.

Table 3. Vertical GRF for neutrally aligned and planovalgus feet

VGRF
[N/Body weight]

Neutrally aligned
feet Planovalgus Comparison

p-value
Fz1
Mean(SD)

1.202
(0.106)

1.142
(0.213)

Fz0
Mean(SD)

0.772
(0.073)

0.849
(0.196)

Fz2
Mean(SD)

1.147
(0.072)

0.993
(0.169)

p < 0.05

The magnitudes of first and second peak vertical
GRF were both smaller in planovalgus subjects com-
pared to neutrally aligned feet. Force absorption causes
an amplitude reduction for the second peak compared
to the first one for both planovalgus and neutrally
aligned feet (average reduction value was 13% for pla-
novalgus, p < 0.05 and about 5% for neutrally aligned
feet, p < 0.05). Table 4 presents VGRF according to
age. The subjects were divided into four age groups:
4–6 years; 7–10 years; 11–13 years; 14–18 years. The
difference between the four groups was statistically
significant ( p < 0.05).

It was found that the young children produce rela-
tively larger vertical GRF maxima during walking

Table 4. Verical GRF according to age

Group Age (y)
Fz1

[N/Body weight]
Mean (SD)

Fz0
[N/Body weight]

Mean (SD)

Fz2
[N/Body weight]

Mean (SD)
p

4–6 1.242
(0.11)

0.775
(0.08)

1.160
(0.07)

7–10 1.190
(0.08)

0.754
(0.07)

1.149
(0.06)

11–13 1.170
(0.07)

0.752
(0.06)

1.139
(0.07)

Neutrally
aligned

feet

14–18 1.083
(0.05)

0.738
(0.05)

1.124
(0.04)

p < 0.05

4–6 1.221
(0.13)

0.759
(0.09)

1.155
(0.06)

7–10 1.182
(0.07)

0.746
(0.08)

1.142
(0.09)

11–13 1.161
(0.06)

0.738
(0.05)

1.135
(0.08)

Planovalgus

14–18 1.059
(0.08)

0.730
(0.06)

1.121
(0.08)

p < 0.05
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than older children ( p < 0.05). The analysis showed
that males demonstrate greater Fz1 and Fz2 of VGRF
and lower Fz0 than females with neutrally aligned and
planovalgus feet (Table 5), ( p < 0.05).

4. Discussion

Despite of many investigations in the area of ground
reaction forces during walking, little is known about
the ground reaction force in children with planovalgus
feet. Most of the measurements presented in the lit-
erature are connected to GRFs measured during run-
ning [4], [16], [20], [26].

Walking velocity has previously been shown to af-
fect temporal and spatial parameters [27], and the
magnitudes of peak and mean GRF during walking
[4], [11], [12]. Nilsson and Thorstensson [22] investi-
gated the variation in GRF parameters with respect to
adaptations to speed, mode of progression and type of
foot-strike. The study found that the Fz peak in walk-
ing and running increased with speed, Fy peak ampli-
tude and that Fx peak-to-peak time doubled with speed
in walking and increased 2–4 times in running. How-
ever, White et al. [34] compared Fz walking over-
ground with vertical foot-belt forces during walking.
In this study, 24 subjects were asked to walk over-
ground at three velocities: slow, normal and fast
speeds, and at similar cadences and stride lengths at
each of the speeds. The study found that the patterns
of reaction forces were similar. However, small but
significant differences (5–9%) in force magnitude for
the two forms of locomotion were detected during
midstance for normal and fast walking speeds and in
late stance for normal and fast trials. The researchers
concluded that the patterns of the vertical reaction
forces for the two forms of locomotion were nearly
identical. In addition, authors [19] hypothesized that
the neuromuscular locomotor system is best stabilized
at the usual walking speed. Subjects walked at a self-
paced velocity across force platforms in the present

study, so the differences in walking speed compared
to previous studies have not affected the GRF ( p >
0.05). Also, the results presented in [34] show that
velocity has no effect on the GRF. In our opinion, the
differences in FZ1, FZ0 and FZ2 between the neutrally
aligned and planovalgus feet are caused by gait pa-
rameters such as kinematics or foot anatomy.

Few studies have examined the three-dimensional
trajectory of GRF during walking in children with
flatfeet. Bertani et al. [3] studied 20 children (aged
between 9–14 years) with idiopathic flatfeet. They
suggest that children with flatfeet tend to walk with
a reduced compliance in the loading response phase
due to the impaired function of the hindfoot. We ob-
served that the peak of the vertical force appeared
earlier in planovalgus children than in neutrally
aligned feet. Neely [21] observed that pronation and
supination play a vital role in decreasing forces during
foot contact. Our results suggest that the pattern of
vertical ground reaction force during normal walking
is almost similar between planovalgus and neutrally
aligned feet. In a previous paper [24], we observed no
significant difference between the second peak verti-
cal GRF. Moreover, in the anterior-posterior plane,
the amplitude of the force in the posterior direction
was significantly lower for the flatfooted group. Our
results show that the magnitudes of first and second
peak vertical GRF are both smaller in planovalgus
subjects compared to neutrally aligned feet. This is in
agreement with previous findings [7] that peak verti-
cal GRFs are lower in the low-arched group compared
to high arched group.

Age of the test subjects is a factor which should be
considered because the younger children produce
larger vertical GRF maxima during walking than older
children. It is similar to [35], they observed that
younger age group walk faster and produce larger
vertical GRF maxima during level walking than the
middle and older aged groups. In study [29], authors
suggest that age influences vertical ground reaction
forces and it should be considered when comparing
normal subjects with patients.

Table 5. Vertical GRF according to gender

Group Males/
Females

Fz1
Mean(SD)

Fz0
Mean(SD)

Fz2
Mean(SD) p

Males 0.196
(0.11)

0.760
(0.08)

1.144
(0.07)Neutrally

aligned
feet Females 1.150

(0.09)
0.782
(0.08)

1.127
(0.07)

p < 0.05

Males 1.149
(0.21)

0.843
(0.19)

1.022
(0.16)Planovalgus

Females 1.100
(0.20)

0.885
(0.21)

0.835
(0.12)

p < 0.05



J. PAUK, J. SZYMUL100

Although kinematic lower body differences be-
tween genders have been documented [9], [10] gen-
der-related force differences in children with plano-
valgus have yet to be established. This study found
that vertical ground reaction forces in both neutrally
aligned and planovalgus feet for males demonstrated
greater Fz1 and Fz2 VGRF and lower Fz0. This is simi-
lar to [13], where differences were observed between
boys and girls. Boys exhibited a greater difference in
the vertical peak forces and a lower minimum force.

5. Conclusion

This study explored human gait abnormalities due
to planovalgus by comparing the vertical GRF data
between individuals with planovalgus and individuals
with neutrally aligned feet. We also estimated asso-
ciations between various parameters such as: age,
gender and vertical GRF components in a pediatric
population. Comparison in vertical GRF between
planovalgus children and neutrally aligned feet sug-
gest that GRF parameters, which reflect more GRF
modification due to planovalgus are Fz1, Fz0 and Fz2.
The results indicate that neutrally aligned feet display
a different ground reaction force pattern than plano-
valgus, and that differences between boys and girls
may be observed. The shape of the vertical GRF curve
demonstrates gait abnormalities, and can helpful in the
clinical interpretation of gait and lead to more effec-
tive treatment of gait disorders.
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