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Abstract: Gyroscopes have been used in previous studies to measure the peak angular velocity of the
shoe or foot in the frontal plane (evVel). However, it is not clear whether different test conditions
(footwear hardness or locomotion speed) can influence the accuracy of evVel. The purpose of the
present study was to compare the accuracy of gyroscopes and electrogoniometers when measuring
evVel and the time until evVel (t_evVel) in 12 different conditions using a single axis gyroscope
attached to the heel cap. Twenty-four recreational runners were instructed to walk and run on a 15-m
indoor track at four locomotion speeds (1.5, 2.5, and 3.5 m/s, and individual running speed) and in
three footwear conditions (low to high hardness). The gyroscope data and electrogoniometer data
were sampled at a rate of 1000 Hz. Comparisons between both measurement devices showed small
mean differences up to 49.8 ± 46.9 deg/s for evVel and up to 5.3 ± 3.5 ms for t_evVel. Furthermore,
strong relationships between gyroscope and electrogoniometer data were found for evVel as well as
for t_evVel for all conditions. It can be concluded that gyroscopes can be used to accurately determine
evVel and t_evVel under a variety of conditions.

Keywords: peak eversion velocity; gyroscope; electrogoniometer; running speed; footwear;
material characteristics

1. Introduction

Foot pronation is a natural damping mechanism during walking and running, whereby the
eversion—a part of pronation—plays a crucial role in reducing the acting forces on the lower limbs.
Eversion velocity seems to be more decisive for critical loading than the maximum angular excursion.
In this context, studies have reported that high eversion velocities could be associated with medial
tibial stress syndrome [1–3]. Aside from investigating injuries, previous studies examined the influence
of footwear construction or foot orthoses [1,4–7], exhaustion [8], and running pace [9] on maximum
eversion velocity and the time until it occurs.

To investigate kinematics, optoelectronic systems (e.g., Vicon, Qualisys) have been established as
the gold standard [8,10,11]. However, time-intensive preparation of subjects, considerable laboratory
size, and high prices are the disadvantages of these systems. Furthermore, data capturing is restricted
to indoor laboratory measurements. Low sampling rates between 50 and 500 Hz and marker-artifacts
due to wobbling can also influence the accuracy of calculated parameters, especially when observing
kinematics in the frontal and transversal planes.

In comparison, electrogoniometers are considered an easy-to-use alternative when investigating
rearfoot motion in relation to the shank in the frontal plane [5,10,12]. The electrogoniometer is attached
to the heel cap of the shoe and at the posterior lower leg to accurately measure the rotation about
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the subtalar joint axis at distinctly higher sampling rates of up to 1000 Hz [5,12]. The disadvantage
of this system is the flexible arm between the shoe or foot and the attachment at the lower leg.
During long-term measurements in the field, the system’s mass can influence walking and running
gait. Furthermore, material wear of the flexible arm connections can occur due to the continuous
mechanical stress during prolonged runs.

The third option is to use micro-electromechanical sensors (MEMS). Wearable motion sensors
(e.g., gyroscopes and accelerometers) are an inexpensive alternative to optoelectronic systems [13].
These sensors are simple to handle, cost-effective, and suitable for field measurements [8,11,13].

A few studies investigated the accuracy of MEMS when comparing angles or angular velocities
with optoelectronic systems [8,10,14]. When examining the agreement of the maximum angular
velocity of the shoe in the frontal plane (eversion velocity), they found moderate [8], acceptable [10],
and good [14] agreement between the systems. Investigated running speeds were in a narrow range
between 3.2 ± 0.4 and 4.0 ± 0.2 m/s. The influence of locomotion speed (walking or running) or
footwear characteristics on the accuracy of the maximum angular velocity was not investigated.
However, this information is necessary to determine whether differences in angular velocities between
footwear conditions as well as between locomotion speeds are caused by measurement errors of the
gyroscopes or by the investigated conditions themselves.

Therefore, the aim of this study was to compare the accuracy of a gyroscope and an electrogoniometer
in quantifying peak eversion velocity (evVel) and the time until evVel (t_evVel). To avoid effects due
to different sampling rates and marker-artifacts, the gyroscope data in this study were compared to
the electrogoniometer data. Four locomotion speeds and three different footwear conditions were
investigated. We hypothesized that evVel measured with a gyroscope is related to evVel measured
with electrogoniometer (H1). Furthermore, we hypothesized that t_evVel with the gyroscope is related
to t_evVel with the electrogoniometer (H2).

2. Materials and Methods

2.1. Participants

Twenty-four recreational rearfoot runners (age: 24.7 ± 4.1 years; height: 178 ± 9.7 cm; weight:
74.0 ± 6.0 kg; running experience: 8.5 ± 3.9 years; training hours: 3.3 ± 2.0 h per week) participated in
this study. This study was approved by the Ethics Committee of the Faculty of Behavioural and Social
Sciences of the university (V-103-17-HS-CM-Bodenkontakt-25082015). The participants gave written
informed consent to their participation in the study.

2.2. Test Procedure

During the test, participants wore three different running shoes, which were provided by the
laboratory in men’s UK size 8: Adidas AdiStar (AD); Asics Gel Nimbus 12 (AS); PUMA Speed 600 (PU).
After an individual warm-up and familiarization with the measurement setup, five repeated running
and walking trials were recorded on a 15-m indoor running track at four different velocities (1.5 ± 0.1,
2.5 ± 0.1, 3.5 ± 0.1 m/s, and self-selected individual speed, close to their personal standard training
velocity) in each footwear condition. The three footwear conditions and the four velocities were
investigated in randomized order. Individual speed was in mean 3.63 ± 0.3 m/s. Velocities were
monitored using two light barriers placed eight meters apart.

2.3. Experimental Setup

To measure the angular velocity of the shoe in the frontal plane, a gyroscope (IDG-650, InvenSense,
TKD, Tokyo, Japan, measurement range ±2000 deg/s) in a small box was attached to the heel cap of
the right shoe. The positive peak eversion velocity (evVel_Gyro) was defined as the maximum positive
angular velocity from the gyroscope signal during ground contact.
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As reference, a light-weight electrogoniometer (Megatron MP10) was attached to the heel cap of
the right shoe (potentiometer), next to the gyroscope box, and at the posterior lower leg parallel to
the Achilles tendon (flexible arm) to measure the rearfoot motion of the shoe in relation to the shank
in the frontal plane [5,12]. The axis of rotation was adjusted to represent the approximate position
of the subtalar joint axis [5,12]. A neutral rearfoot angle was individually defined for each subject in
each footwear condition during a static trial on a calibration plate [12,15]. The angular velocity of the
goniometer signal was obtained by simple numerical differentiation of the goniometer signal during
ground contact. The maximum positive angular velocity was declared as evVel_Gonio. Furthermore,
the elapsed time between initial ground contact and evVel_Gonio and evVel_Gyro were determined
(t_evVel_Gonio and t_evVel_Gyro).

Gyroscope and goniometer operated synchronously and data were recorded at 1000 Hz by
a data logger, secured in a waist belt. Data logger and PC were connected via a 10-m cable.
To confirm rearfoot strike pattern, running was controlled visually according to Giandolini et al. [16].
The presence of the impact peak in vertical ground reaction data was checked. Ground reaction force
measurements were simultaneously recorded using a force plate (9287 BA, 0.6 × 0.9 m, 1000 Hz,
Kistler, Winterthur, Switzerland) that was synchronized with the gyroscope and electrogoniometer.
According to Laughton et al. [17], the threshold of the force plate was set at 10 N to determine foot
touchdown. To remove noise, raw data were filtered with a zero-lag Butterworth low-pass filter
(gyroscope and goniometer: 4th order at 50 Hz; force plate: 2nd order at 50 Hz). Data post-processing
was done using MATLAB R2016b (MathWorksTM, Natick, MA, USA).

2.4. Footwear Conditions

To quantify the differences of the materials of the rearfoot area, the three shoes were tested in
a servo-hydraulic testing device (HC10; Zwick GmbH & Co. KG; Ulm, Germany) as described in
Schwanitz & Odenwald [18] and Schwanitz et al. [19]. Each shoe was tested mechanically ten times.
We analysed the heel height (Heelheight) and the stiffness in the rearfoot area (stiffness) between
1000 and 1500 N as described in Schwanitz & Odenwald [18]. Footwear with high mechanical stiffness
could be described as relatively hard, and footwear with lower mechanical stiffness as relatively soft.

2.5. Statistical Analyses

For the footwear comparison of Heelheight and stiffness, the mean and standard deviations
(mean ± SD) were calculated. Given that parameters were normally distributed according to the
Shapiro–Wilk test, a one-way analysis of variance (ANOVA) followed by Bonferroni post-hoc tests were
used to determine whether differences existed between mechanical footwear characteristics. Effect
size (Cohen’s d) was calculated to quantify the magnitude of differences between shoe characteristics.
The coefficients were interpreted as trivial effect (d < 0.2), small effect (d < 0.5), medium effect (d < 0.8),
and large effect (d ≥ 0.8) [20]. For the comparison of gyroscope and goniometer data, mean differences
(MDs) and standard deviations (SDs) between evVel_Gonio and evVel_Gyro were calculated for evVel
as well as for t_evVel. For evVel, a positive MD would indicate greater evVel measured by gyroscope,
negative MD would indicate greater evVel measured by electrogoniometer. Furthermore, a positive
MD of t_evVel would indicate that evVel was measured earlier with the electrogoniometer than
with the gyroscope. Finally, evVel_Gyro was related to evVel_Gonio with correlation and regression
analyses for evVel and t_evVel. Pearson’s correlation coefficient was interpreted as trivial (r ≤ 0.1),
small (r ≤ 0.3), moderate (r ≤ 0.5), large (r ≤ 0.7), very large (r ≤ 0.9), and extremely large (r > 0.9) [21].
Statistical significance was set at α = 0.05 for all statistical analyses.
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3. Results

3.1. Footwear Characteristics

ANOVA revealed that rearfoot stiffness and Heelheight were influenced by footwear type,
with all pair-wise comparisons reaching statistical significance (p < 0.001). Cohen’s d showed large
effects in all pair-wise comparisons. The lowest rearfoot stiffness was found for AS (156.9 ± 0.1 N/mm)
and the highest was found for AD (210.3 ± 0.4 N/mm) (Table 1). Furthermore, the greatest Heelheight
was measured for AS (30.4 ± 0.0 mm) and the lowest Heelheight was found for AD (22.7 ± 0.0 mm).

Table 1. Group mean ± standard deviation (SD) for mechanical testing of the three footwear conditions
(Adidas AdiStar (AD); Asics Gel Nimbus 12 (AS); PUMA Speed 600 (PU)) for rearfoot stiffness and
heel height; statistical significance (p < 0.05) and large effects (d ≥ 0.8) were found between all shoe
conditions for both parameters.

Footwear Condition
Stiffness (N/mm) Heelheight (mm)

Mean SD Mean ±SD

AD 210.3 0.4 22.7 0.0
AS 156.9 0.1 30.4 0.0
PU 177.8 0.4 24.2 0.0

3.2. Peak Eversion Velocity

The largest evVel was found for the individual speed and the shoe with the hardest sole
configuration and the lowest heel height (footwear AD: evVel_Gonio: 526.7 ± 129.0 deg/s; evVel_Gyro:
565.1 ± 142.9 deg/s; Figure 1). Generally, the comparison of evVel_Gonio and evVel_Gyro revealed
an MD up to 49.8 ± 46.9 deg/s (Table 2: footwear AD at 3.5 m/s). Larger evVel was found in nine
conditions for evVel_Gyro. Only AS revealed lower evVel_Gyro for the three running conditions.
Pearson’s correlation coefficient showed very large positive correlations (0.7 < r ≤ 0.9) for PU (2.5,
3.5 m/s and individual speed), and extremely large positive correlations (r > 0.9) for all other conditions.
The regression analysis revealed that evVel_Gonio was strongly related to evVel_Gyro at all velocities
and all footwear conditions (p < 0.001).
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Table 2. Mean differences (MD) and standard deviations (SD) between evVel_Gonio and evVel_Gyro
of the four velocities and the three footwear conditions: Adidas AdiStar (AD), Asics Gel Nimbus
12 (AS), PUMA Speed 600 (PU); Pearson’s correlation coefficient was interpreted as trivial (r ≤ 0.1),
small (r ≤ 0.3), moderate (r ≤ 0.5), large (r ≤ 0.7), very large (r ≤ 0.9), and extremely large (r > 0.9).

Speed Footwear Condition MD (deg/s) SD (deg/s) r R2

1.5 m/s
AD 23.7 55.9 0.96 1 0.92 2

AS 10.4 49.3 0.94 1 0.87 2

PU 26.2 50.8 0.91 1 0.82 2

2.5 m/s
AD 30.3 26.0 0.93 1 0.86 2

AS −30.6 27.2 0.94 1 0.87 2

PU 20.5 30.5 0.89 1 0.79 2

3.5 m/s
AD 49.8 46.9 0.97 1 0.94 2

AS −30.9 35.8 0.91 1 0.83 2

PU 12.3 45.0 0.88 1 0.76 2

Individual speed
AD 38.4 44.3 0.92 1 0.84 2

AS −33.7 49.0 0.91 1 0.81 2

PU 23.7 58.8 0.88 1 0.77 2

1 Pearson’s correlation coefficient: p < 0.001; 2 Regression analyses: p < 0.001.

3.3. Time Until Peak Eversion Velocity

Peak eversion velocity occurred between 13.6 ± 4.5 ms (footwear AD: 3.5 m/s) and 27.8 ± 7.6 ms
(footwear AS: 2.5 m/s) after initial ground contact for evVel_Gonio, and between 16.8 ± 3.4 ms
(footwear AD: 3.5 m/s) and 29.4 ± 7.3 ms (footwear AS: 2.5 m/s) after initial ground contact for
evVel_Gyro (Figure 2). EvVel_Gyro was detected later than evVel_Gonio in all 12 conditions (Table 3).
The comparison of t_evVel_Gonio and t_evVel_Gyro revealed an MD of up to 5.3 ± 3.5 ms (footwear
PU at 1.5 m/s). Pearson’s correlation coefficient showed an extremely large positive correlation (r > 0.9)
for AD (3.5 m/s and individual speed) and AS (3.5 m/s). Very large positive correlations (0.7 < r ≤ 0.9)
were found for all other comparisons of t_evVel_Gonio and t_evVel_Gyro. Regression analysis revealed
that t_evVel_Gyro was strongly related to t_evVel_Gonio at all velocities and all footwear conditions
(p < 0.001).
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Table 3. Mean differences (MD) and standard deviations (SD) between t_evVel_Gonio and
t_evVel_Gyro of the four velocities and the three footwear conditions: Adidas AdiStar (AD), Asics Gel
Nimbus 12 (AS), PUMA Speed 600 (PU); Pearson’s correlation coefficient was interpreted as trivial
(r ≤ 0.1), small (r ≤ 0.3), moderate (r ≤ 0.5), large (r ≤ 0.7), very large (r ≤ 0.9), and extremely large
(r > 0.9).

Speed Footwear Condition MD (ms) SD (ms) r R2

1.5 m/s
AD 4.1 2.4 0.88 1 0.77 2

AS 5.2 4.4 0.78 1 0.60 2

PU 5.3 3.5 0.86 1 0.73 2

2.5 m/s
AD 3.4 3.4 0.89 1 0.77 2

AS 1.6 3.7 0.88 1 0.76 2

PU 1.0 6.6 0.71 1 0.49 2

3.5 m/s
AD 3.2 2.0 0.91 1 0.83 2

AS 2.8 2.2 0.92 1 0.84 2

PU 1.9 4.3 0.83 1 0.67 2

Individual speed
AD 3.3 1.8 0.94 1 0.87 2

AS 2.5 2.4 0.89 1 0.79 2

PU 1.3 4.0 0.85 1 0.72 2

1 Pearson’s correlation coefficient: p < 0.001; 2 Regression analyses: p < 0.001.

4. Discussion

The purpose of the present study was to compare the accuracy of gyroscopes and
electrogoniometers when measuring evVel and t_evVel.

The results of evVel revealed a small MD between 10.4 ± 49.3 and 49.8 ± 46.9 deg/s, which was
lower than the difference reported by Brauner et al. [10]. They compared angular velocities in
the frontal plane obtained from an optoelectronic system and a gyroscope and found an MD of
77.9 deg/s. The greatest MD found in our study (49.8 ± 46.9 deg/s) was distinctly lower than the
repeatability coefficient found by Oriwol et al. [7] when investigating within-subject variability of
the maximum eversion velocity (169.0 deg/s). This means that our MDs were within the limits
of total measurement variability, and therefore were considered non-relevant. Furthermore, high
standard deviations—in some cases higher than MD—show that there was also a high variability
within the subjects. One reason could be the individual walking and running gait of the subjects,
which can slightly influence the measurement of evVel_Gonio and evVel_Gyro. Additionally, footwear
conditions and locomotion velocities can influence rearfoot motion of subjects [4,5,9,12,22]. In our
study, the softest shoe (AS) showed the lowest evVel compared to the harder shoes (PU and AD).
This is in line with previous findings [4,5,23]. While MD was similar for the footwear conditions during
walking, there was a general trend of decreasing differences between evVel_Gyro and evVel_Gonio
seen for all running velocities with decreasing footwear stiffness (AD > PU > AS) (Table 2 and Figure 1).
MD was even negative for the softest shoe (AS), which means that higher evVel was measured
with the electrogoniometer than with the gyroscope. It seems that MD is influenced by footwear
conditions and locomotion velocities. We could not conclusively determine which measurement
device was influenced by which conditions. However, as mentioned, MD was small and within
the variability, and therefore, MD can be declared non-relevant, regardless of positive or negative
values. Furthermore, Pearson’s correlation coefficient showed a very large positive correlation of at
least r ≥ 0.88 for all tested footwear conditions and locomotion speeds between evVel_Gonio and
evVel_Gyro. The correlations in our study are larger than those reported in previous studies comparing
maximum angular velocities of gyroscopes with optoelectronic systems [8,10,14]. One reason for the
lower correlations in the mentioned studies may be marker-artifacts due to wobbling during initial
ground contact and the subsequent problematic foot model calculations by the respective software.
In our study, both devices were attached firmly to the heel cap of the right shoe to minimize wobbling,
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and the angular velocities were measured at this position in the frontal plane directly. However, the flex
arm of the goniometer—which was attached at the posterior lower leg—can be slightly influenced by
skin displacement during initial ground contact, especially at higher velocities and with harder shoes.
Furthermore, Brauner et al. [10], Shih et al. [8], and Lederer et al. [14] used lower sampling rates to
compare optoelectronic systems and gyroscopes, resulting in less data, which could have influenced
their results. In our study, data of both devices were recorded with a high sampling rate of 1000 Hz,
and an effect due to different or too low sampling rates can therefore be excluded. Due to the very
large and extremely large positive correlations, and the strong relationships between evVel_Gyro and
evVel_Gonio, we can confirm hypothesis H1.

T_evVel_Gyro was determined later than t_evVel_Gonio for all footwear conditions and
all locomotion speeds. This offset differs between footwear conditions and locomotion speeds.
Surprisingly, two trends were observed. First, the largest MD was found for the walking condition
(for all three footwear conditions). Second, the hardest footwear condition (AD) revealed the largest
MD and PU the lowest MD for all running velocities. Thus, this offset seems unrelated to rearfoot
stiffness or Heelheight, and another unknown factor must be influencing t_evVel_Gyro. In addition,
very large and extremely large positive correlations as well as strong relationships of t_evVel_Gyro
and t_evVel_Gonio were found. Therefore, our hypothesis H2 can be confirmed.

One limitation of the current study is that only rearfoot strike runners were investigated. Further
studies should also investigate midfoot and forefoot strikers. Especially during initial ground contact
with the forefoot first, the changed orientation of the gyroscope can lead to a crosstalk of the sensitive
axes. This can influence the subsequently derived maximum angular velocities.

In conclusion, the results of this study are necessary when interpreting peak angular velocities
for different footwear conditions and locomotion speeds which were measured with a heel-mounted
gyroscope in the frontal plane. The results of the present study showed strong relationships between
evVel_Gyro and evVel_Gonio for locomotion at 1.5, 2.5, 3.5 m/s, and at individual speed, and for three
different footwear conditions. Furthermore, strong relationships of t_evVel_Gyro and t_evVel_Gonio
were found for all 12 conditions. Based on our results, it can be concluded that gyroscopes can
accurately determine peak eversion velocity and time until peak eversion velocity during a variety of
conditions (e.g., to compare the influence of footwear conditions on evVel in prolonged field runs).
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