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Abstract: Static and dynamic methods can be used to assess the way a foot is loaded. The research
question is how the pressure on the feet would vary depending on walking/running speed. This
study involved 20 healthy volunteers. Dynamic measurement of foot pressure was performed using
the Ortopiezometr at normal, slow, and fast paces of walking. Obtained data underwent analysis
in a “Steps” program. Based on the median, the power generated by the sensors during the entire
stride period is the highest during a fast walk, whereas based on the average; a walk or slow walk
prevails. During a fast walk, the difference between the mean and the median of the stride period
is the smallest. Regardless of the pace of gait, the energy released per unit time does not depend
on the paces of the volunteers’ gaits. Conclusions: Ortopiezometr is a feasible tool for the dynamic
measurement of foot pressure. For investigations on walking motions, the plantar pressure analysis
system, which uses the power generated on sensors installed in the insoles of shoes, is an alternative
to force or energy measurements. Regardless of the pace of the walk, the amounts of pressure applied
to the foot during step are similar among healthy volunteers.

Keywords: foot; biomedical engineering; gait; pedobarography; piezoelectric sensors

1. Introduction

The main techniques used to assess the relationship between the structure of a foot
and the biomechanics of its attached lower limb are kinematic tests (which examine the
movements of individual body segments), electromyography, and analysis of the foot
pressure on the ground (from both static and dynamic perspectives) [1]. These techniques
are used by, among others, researchers looking for commonalities among different gait
patterns [2].

Gait analysis is usually associated with a special room and apparatus. With this gait
laboratory, very accurate measurements can be obtained, but usually under artificial condi-
tions, e.g., on a flat surface and under observation. However, in an everyday environment,
people naturally walk at different speeds; for example, a calm walk can be interpreted
differently by different people. This is an important factor that should be considered in
research concerning foot motion.

Static and dynamic methods can be used to assess the way a foot is loaded. The
simplest static method is a pedobarographic examination, which requires standing in one
position on a mat with sensors for a certain amount of time [3–6]. However, this study does
not answer questions regarding how the foot walks. For this, dynamic methods must be
used, where subjects are often instructed to walk on long mat “pavements” with installed
sensors, and experiments are usually conducted in a gait laboratory [7,8]. Volunteers or
patients had to walk with various speeds [8]. However, during these tests, there may be
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patients who, under special conditions, e.g., while on a mat with installed sensors, walk
differently from their natural walking styles [9]. Therefore, it is important to be able to
easily examine a patient on the conditions of natural gait, which is normally sometimes
fast and sometimes slow [7,10].

The aforementioned methods of gait analysis sometimes also utilize sensors that are
installed in the insole of the shoe [10–12]. However, similar sensors can be used in various
items, e.g., seat covers for driver fatigue detection [13].

Therefore, the aim of this study is to present an analysis of foot pressure for people
walking at different speeds, using the new Ortopiezometr. The question to be answered is:
Does walking speed influence the energy generated from foot pressure on the ground as
measured by sensors inserted into the shoe?

2. Materials and Methods

This study involved 20 volunteers. Volunteers reported to research after an announce-
ment on the students’ intranet. The inclusion criteria for the study group were as follows:
no foot injuries, no diseases and/or congenital anomalies, and no surgical and/or ortho-
pedic treatments in relation to the foot. Flat foot and cavus foot were excluded as well.
There were 20 healthy participants, students from Poland, aged between 20 and 25 years.
They had normal BMI, their weight varied from 60 to 90 kg. Control of the correct pres-
sure of the foot was implemented using a Tekscan pressure sensor mat (MatScan Clinical
6.62 program).

The study was approved by the local Bioethics Committee no. 122.6120.73.2015.
Dynamic measurement of foot pressure was performed using the Ortopiezometr

(Polish Patent P.402006). Each measuring shoe insole contained 8 piezoelectric sensors,
placed in anatomical zones according to Blomgren and Lorkowski [14,15] (Figure 1a,b).
Volunteers used the same type of trainers (same model, only different sizes) to avoid any
influence of the shoes on the gait pattern [16].

Figure 1. (a) Placement of 8 piezoelectric sensors in the shoe insole. (b) Ortopiezometr—transducer
attached to the shoe.

The measured data were transmitted wirelessly to a computer [17–19]. The measure-
ments were performed in a 20-m long corridor, where each subject walked several times
at normal, slow, and fast paces. The velocity of the fast/slow walk depended on each vol-
unteer’s decision. The first three steps and last three steps during walking were excluded
from evaluation due to unstable gait patterns. The authors had only one ortopiezometr
system, so the data only from the one leg (right) could be collected.

Obtained data (for the right foot) underwent analysis in a “Steps” program (Visual
Basic for Applications, MS Excel). The system logged the output voltage (in volts) for each
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of the 8 transducers; this voltage was proportional to the applied force (linear relationship).
Subsequently, the energy E generated from the foot pressure on the ground during each
walk was calculated:

E =
n

∑
i = 1

(U2
i s) = s

n

∑
i = 1

U2
i ,

where E represents the energy, U the transducer voltage, i the sample number, and s the
sampling period (15.5 ms).

For a quantitative comparison of walking, slow walking, and running, the generated
power was calculated as follows:

P =
E
t

=
E
ns

=

s
n
∑

i = 1
U2

i

ns
=

n
∑

i = 1
U2

i

n
,

where P represents the power, n the total number of samples, and t the total measurement
time (t1, t2, t3, or t4, which are differentiated as follows). This way of presenting the
results allowed their quantitative assessment: power (described as energy generated in
transducers per time unit), taking into account not only the power of foot strike but also
the duration of foot contact with the ground.

Each step of the foot can be divided into several phases. The first phase, i.e., between
the heel’s contact with the surface and the moment when the heel pressure on the ground
is zero, is labeled t1. The energy produced on the transducers during this phase divided by
t1 is the average power for the “heel” phase. It equaled heel rocker according to Perry [20].
The second phase is from the moment when the heel pressure on the ground is zero (i.e.,
immediately following the end of the first phase) until the end of contact of the foot with
the ground. This is referred to as the “front” phase. This phase corresponds to the ankle
rocker and forefoot rocker phases according to Perry [20]. The third phase is a combination
of the first two phases, i.e., the entire period of contact between the foot and the ground. Its
duration is labeled as t3 = t1 + t2. This phase is referred to as the “stance” phase. The entire
period between the first heel contact with the ground and the next heel contact is referred
to as the “stride” phase and is labeled t4 (Figure 2).

Figure 2. Phases: t1, t2, t3, and t4 of the step.

The amounts of energy generated in the “stride” and “stance” phases are the same;
however, because the duration of the “stride” phase is longer (t4 > t3), the corresponding
power is lower.
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To answer the research questions and test the hypotheses, statistical analyses were
conducted using the IBM SPSS Statistics version 25 package. This software was used to
analyze basic descriptive statistics and to perform the Friedman test. The classic thresh-
old α = 0.05 was adopted as the level of statistical significance. In the first stage, basic
descriptive statistics were calculated, and the Shapiro–Wilk test was applied to examine
the normality of the distribution of variables measured on a quantitative scale. In the
next stage of statistical analysis, the Friedman test was performed to check whether there
were differences between the forces of foot pressure on the ground in the cases of running,
normal gait, and slow walking. A post hoc Dunn–Bonferroni test was then used to analyze
in detail the differences between the values measured for different gait rates.

3. Results
3.1. Basic Descriptive Statistics of Measured Quantitative Variables

Basic descriptive statistics were calculated first, and the distributions of all variables
were determined to be close to a normal distribution (Appendix A).

For a more accessible approach toward the measurement data, the dependence of
the average and median power for individual parts of the foot and the stride period on
different modes of movement, and the relationship of the mean and median with different
modes of movement, considering both the individual parts of the foot and the stride period,
are shown in Figures 3–6, respectively.

Figure 3. An average power considering both the individual parts of the foot and the stride period.

Figure 4. The median power for individual parts of the foot and the stride period on different modes
of movement.



Sensors 2022, 22, 3098 5 of 12

Figure 5. Mean power according to different modes of movement.

Figure 6. Median power according to different modes of movement.

The power of the “back of the foot” is the greatest during a fast walk, and the lowest
during a slow walk, whereas the power of the “front of the foot” is the lowest during a
normal walk. When the median is considered, power during walking fast is biggest during
heel and stance phases, whereas in front and stride phases differences between power
noted in various walking paces are smaller.

Based on the median, the power generated by the sensors during the entire stride
period is the highest during a fast walk, whereas based on the average, a walk or slow walk
prevails. During a fast walk, the difference between the mean and the median of the stride
period is the smallest.

3.2. Foot-to-Ground Pressure Applied with Respect to Pace of Walk

The next step was to conduct a Friedman test to examine if there were differences
between the forces of the foot pressing on the ground in the cases of fast walking, normal
walking, and slow walking. The test results show statistically significant differences:
χ2(11) = 88.67; p < 0.001; W = 0.67.

Post hoc Dunn–Bonferroni tests revealed that in the case of a normal gait, the only
notable differences were between the pressure force on the back of the foot and the pressure
force in the stride period. The pressure on the entire foot was much less than on the back of
the foot.

In contrast, for the running mode of movement, statistically significant differences
were observed between the pressure force during the stride period and the power during
loading of the hindfoot and in the stance phase of the foot. Thus, the pressure on the entire
foot during the stride period was much weaker compared to the pressure on the back of the
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foot and in the stance phase. On the other hand, for the slow walk (stroll), the pressure force
on the front of the foot was determined to be significantly greater than the force during
the stride period. The values of the significance of these post hoc tests are presented in
Table A2 (Appendix A). The mean ranks and medians for the variables are presented in
Table A3 (Appendix A).

A comparison of normal walking, fast walking, and slow walking in terms of the
pressure applied to the same part of the foot showed no statistically significant differences.
Regardless of the pace of gait, the pressure on a given part of the foot is similar, i.e., the
energy released per unit time does not depend on the pace of the volunteers’ gait. Table A4
in Appendix A lists the post hoc statistical significance values for these comparisons.

The differences depending on the different gait paces and pressure strengths for
different parts of the foot were then analyzed. First, the amounts of pressure applied for a
normal walking pace and the amounts of pressure applied to the various parts of the foot
during a walk and a fast walk were compared. Table A5 (Appendix A) lists the post hoc
significance values between a normal walk, and a fast walk and walk. In the next stage,
various types of walking were compared depending on the pressure of the foot on the
ground (Table A6 in Appendix A). The mean ranks obtained from the test and the medians
of the analyzed variables are presented in Table A3 (Appendix A). The power dissipated
on the sensors differed significantly between the individual phases of gait depending on
the pace of the walk. However, these differences did not add up to a coherent whole, e.g.,
the pressure during the stride period of a walk differed significantly from that during the
stance phase of a fast walk.

4. Discussion

The relationship between gait mechanics and the running ground-reaction forces is the
subject of many studies worldwide [7,21]. Initial efforts were focused on trying to explain
the rising edge of vertical force–time waveform phenomena. Solutions in the form of
lumped-element spring–mass systems have appeared [21]. The problem is quite complex,
however, because the total waveform corresponds to the acceleration of a body’s total mass
(including trunk and limbs). The studies by Ly et al., and Zadpoor and Nikooyan described
this part of the waveform quite well, but these models did not predict the falling edge of
the waveform [22,23]. The varying shapes of the curves in this range probably depend on
forefoot mechanics. Clark attempted to describe these dependencies at different speeds
of movement by creating a two-mass-component model. In an experimental study with
42 volunteers, he examined the predicted model and real-time force–time waveforms [21].
For their research, they adopted a foot movement model similar to the 3-rocker model [20].
This model has worked well: the results show that the mass quantities and force–motion
relationships do not differ across stride types. According to this model, waveforms can be
predicted for walks at different speeds [21]. Thus, certain data can be standardized into a
mathematical model regardless of the walking speed.

With regard to ground-reaction forces research, an important perspective to consider
is that from the field of pedobarography. A pedobarograph is a tool that measures the
pressure of the foot on the ground during standing or dynamic loading [24]. The obtained
data allow the detection of disturbances in the foot structure and subsequent disturbances
in its pressure [25]. Together with the insole creation program, it is a useful tool for reducing
loads, e.g., in diabetic or flat feet [24,26].

The traditional mid-gait technique is the method used in gait laboratories: the patient
walks across a walkway, and pressure data are collected from a single foot contact over a
sensor platform. A better solution to eliminate targeting and attempts by the patient to
modify their gait to hit the platform with their foot is to use insoles with pressure sensors
in their shoes [9,11]. The data are obtained when the person is walking with shoes (not
barefoot), which is, in fact, the usual way of walking. Moreover, it has been shown that
walking barefoot and walking in shoes differ significantly [27].
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Most pedobarographic studies assess changes in gait and/or foot load qualitatively or
semi-quantitatively. It is true that peak or average pressure, force, and area are measured,
but from the point of view of statics, the size of the sensor, resolution of the pressure
measurement systems, and the possibility of easy data interpretation are all very important.
Similarly, a relevant factor from the perspective of testing quality is the sampling frequency,
which is measured in cycles per minute or in hertz [9]. When testing is performed using
insoles, the resolution is usually lower, the sensors are more sensitive to mechanical damage,
and the transducer cables (between the sensors and transducer) can be bent or stretched.
In addition, a warm, humid environment adversely affects the condition of the device.
Thus, the authors of this work implemented a slightly different, new solution for their
experiment. The insert with Ortopiezometr sensors that we used is resistant to temperature
(below 80 ◦C) and humidity, and the connecting cables are relatively short and resistant to
mechanical damage.

Buldt emphasized that static foot posture disorders are a risk factor for lower limb
injuries [1]. The foot structure itself is sometimes assessed in a pedobarographic examina-
tion either qualitatively or quantitatively [1,28,29]. A static examination describes well the
anatomical abnormalities of the foot, e.g., a flat, hollow foot [30,31]. The person’s manner
of walking during the test may vary; either there is no mention of the pace that should be
used, or the patients are asked to walk or run at their own pace. In these tests, the walking
speed is seldom clearly defined [1,32–34]. Other authors precisely established the walking
speed [35].

The walking pace was not strictly measured in the study presented in this paper.
Three gait speeds were also measured: normal, slower than normal, and faster than normal,
similarly to Andriacchi or Fernandes [7,36]. The observations from this study indicate that
changes in the power output on the sensors vary with the pace of walking, but specific
patterns were not detected among these variables.

The forces and work performed by the foot and ankle while walking can be difficult to
analyze, especially in terms of a breakdown of the individual parts of the foot [37]. For this
purpose, multi-segment models can be used to describe the movement of individual parts
of the foot, i.e., kinematics [38–40]. These foot models based on markers on the skin of the
foot represent the movement of the footwell and are routinely used in gait laboratories [41].
However, the kinetics of the foot, as a description of forces, power, and work, remains a
challenge [37]. The multi-segment foot model seems to describe these phenomena better
compared to the one-segment model [42–45]. However, there is no single valid model,
because contemporary methods of dynamic rate assessment differ on many levels. Even
the dimensions that are measured among these models are different; the most commonly
used is the peak plantar pressure, which describes the maximum pressure value on a
specific area of the foot during the gait cycle [1]. The units in terms of which pressure is
measured are also different; sometimes, the unit used is N/cm2, or kPa, or may not even be
provided in the documentation [28,32]. Another value that is sometimes measured during
the analysis of foot loading is the maximum force recorded for a certain area it does not
depend on the magnitude of that area. An increased force was noted by Hillstrom at the
big toe for a hollow foot, whereas Chuckpaiwong described a lower lateral force on a flat
foot compared to that on a normal foot [28,46]. Most of these studies describe the change in
maximum force in terms of foot/knee pathology compared to that of healthy subjects [36].
These are comparative studies, and thus do not provide a standard range so the question of
the objective range of correct values at different speeds occurs. An attempt to answer this
question is the evaluation of the force–time integral, measured as the cumulative exposure
to force over time on a part of the foot [28,32,46].

It seems that the definition of plantar pressure used in this study, based on the mea-
surement of power as the value of energy exerted on a sensor per unit of time, is a means
of obtaining objective results that can be compared among individual patients and at
different walking paces. The amount of power in the range of the whole stride may have
been the greatest during a fast walk, but a slow walk also produced high measurements.
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This can be explained on the one hand by the large amount of energy released in a short
time during a fast walk and a very slow walk; although the time was longer for the latter,
the part of the step when the foot rested with its entire surface on the ground generated
considerable energy.

During a normal walk, the power generated by the sensors on the back of the foot is
lower than the power corresponding to the pressure on the entire foot, because the load
is exerted only on the heel for a short amount of time, during which the load exerted is
the entire body weight. This is the case when a person walks properly. On the other hand,
walking with an incomplete load on the heel, in the case of a plantar contracture of the foot,
should generate a different image; this is an area for further research. We know, that gait
speed can influence (somehow) the stability of walking and gait pattern [12,47–50].

In this study, it was difficult to interpret the differences in the power of the back of the
foot and of the entire foot when the subjects were walking fast. Authors suspected running
instead of fast walking. However, the pressure on the back of the foot was greater, which
should not be the case during a run (unless the amateur runs were not toe runs). This gait
pattern exactly matches a very fast walk. It corresponds with the results of Breine, who
emphasizes the different ways of running among runners [51].

The analysis of the relationship between the different gait phases and the different gait
rates did not provide clear results. Perhaps the lengths or durations of the walks during
the study, or the number of volunteers, were not sufficient for obtaining some pattern of
power output from the sensors. The observations in this study are consistent with those
from the studies by Hellstrom, who noticed certain dependencies in the results at different
walking [52].

We think that the future of foot pressure research is related to the analysis of a natural,
comfortable gait, but due to variability of peak plantar pressure at different walking speeds,
detailed measurement of speed may be necessary [35,53–55].

The limitations of the study are certainly the small number of volunteers and the
relatively short 20 m measuring section and not measured walking speed.

5. Conclusions

This research, therefore, arrives at the following conclusions:

1. Ortopiezometr is a feasible tool for dynamic measurement of foot pressure
2. For investigations on walking motions, the plantar pressure analysis system, which

uses the power generated on sensors installed in the insoles of shoes, is an alternative
to force or energy measurements;

3. Regardless of the pace of the walk, the amounts of pressure applied to the foot during
step are similar among healthy volunteers;

4. Further research is needed to investigate feet with abnormal anatomies.
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Appendix A

Table A1. Basic descriptive statistics with the results of Shapiro–Wilk test.

M Me SD Sk. Kurt. Min. Max. W p

Normal walk
Power: heel phase 486.74 442.40 285.30 1.64 3.87 134.50 1231.00 0.87 0.066
Power: front phase 354.06 381.95 134.13 −0.28 −1.36 142.30 539.00 0.94 0.451

Power: stance phase 406.05 407.05 161.74 0.15 −0.49 170.80 690.80 0.97 0.856
Power: stride phase 252.27 257.78 104.33 0.27 −0.08 100.78 456.84 0.97 0.923

Fast walk
Power: heel phase 789.37 755.70 311.53 0.01 −0.84 312.30 1319.10 0.97 0.862
Power: front phase 556.83 457.60 317.73 0.77 −0.48 192.40 1185.60 0.91 0.230

Power: stance phase 692.87 601.95 286.73 0.18 −1.24 309.70 1160.20 0.93 0.362
Power: stride phase 289.45 290.88 112.49 0.16 −0.79 141.69 493.71 0.93 0.412

Slow walk
Power: heel phase 420.54 386.55 206.07 0.38 −0.40 103.40 762.10 0.94 0.529
Power: front phase 572.89 443.30 404.96 1.01 0.16 151.70 1430.60 0.89 0.101

Power: stance phase 488.58 428.80 297.72 1.09 0.94 130.30 1147.80 0.91 0.182
Power: stride phase 313.52 272.91 192.43 1.15 1.33 82.10 755.49 0.90 0.181

M—mean; Me—median; SD—standard deviation; Sk.—skewness; Kurt.—kurtosis; Min and Max.—minimum and
maximum; W–result of Shapiro–Wilk test; p—significance level.

Table A2. Results of post hoc tests: the differences between the power values measured for different
gait rates.

Normal Walk Fast Walk Slow Walk

Heel phase vs. front phase 1.00 1.00 1.00
Heel phase vs. stance phase 1.00 1.00 1.00
Heel phase vs. stride phase 0.005 <0.001 0.841

Front phase vs. stance phase 1.00 1.00 1.00
Front phase vs. stride phase 1.00 0.024 0.037
Stance phase vs. stride phase 0.214 <0.001 0.147

Table A3. Mean ranks with medians for analyzed variables.

Mean Ranks Me

Normal walk

Power: heel phase 7.75 442.40

Power: front phase 4.42 381.95

Power: stance phase 6.25 407.05

Power: stride phase 1.92 257.78
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Table A3. Cont.

Mean Ranks Me

Fast walk

Power: heel phase 11.25 755.70

Power: front phase 8.33 457.60

Power: stance phase 10.42 601.95

Power: stride phase 3.08 290.88

Slow walk

Power: heel phase 6.50 386.55

Power: front phase 7.92 443.30

Power: stance phase 7.33 428.80

Power: stride phase 2.83 272.91

Table A4. Significance of post hoc tests for power measured for different gait rates.

Heel Phase Front Phase Stance Phase Stride Phase

Normal walk vs. fast walk 1.00 0.514 0.307 1.00
Normal walk vs. slow walk 1.00 1.00 1.00 1.00

Fast walk vs. slow walk 0.083 1.00 1.00 1.00

Table A5. Significance of post hoc tests for power measured for normal walk, run, and slow walk.

Normal Walk

Heel Phase Front Phase Stance Phase Stride Phase

Fast walk

Heel phase 1.00 <0.001 0.045 <0.001

Front phase 1.00 0.514 1.00 0.001

Stance phase 1.00 0.003 0.307 <0.001

Stride phase 0.122 1.00 1.00 1.00

Slow walk

Heel phase 1.00 1.00 1.00 0.122

Front phase 1.00 1.00 1.00 0.003

Stance phase 1.00 1.00 1.00 0.015

Stride phase 0.055 1.00 1.00 1.00

Table A6. Significance level of post hoc tests, comparing run and slow walk.

Fast Walk

Heel Phase Front Phase Stance Phase Stride Phase

Slow walk

Heel phase 0 1.00 0.514 1.00

Front phase 1.00 1.00 1.00 0.068

Stance phase 0.514 1.00 1.00 0.256

Stride phase <0.001 0.012 <0.001 1.00
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