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Abstract: In recent years, interest in finding alternatives for the evaluation of mobility has increased.
Inertial measurement units (IMUs) stand out for their portability, size, and low price. The objective
of this study was to examine the accuracy and repeatability of a commercially available IMU under
controlled conditions in healthy subjects. A total of 36 subjects, including 17 males and 19 females
were analyzed with a Wiva Science IMU in a corridor test while walking for 10 m and in a threadmill
at1.6 km/h,2.4km/h, 3.2 km/h, 4 km/h, and 4.8 km/h for one minute. We found no difference
when we compared the variables at 4 km/h and 4.8 km/h. However, we found greater differences
and errors at 1.6 km/h, 2.4 km/h and 3.2 km/h, and the latter one (1.6 km/h) generated more error.
The main conclusion is that the Wiva Science IMU is reliable at high speeds but loses reliability at
low speeds.

Keywords: accuracy; repeatability; inertial

1. Introduction

In recent years, there has been increased interest in finding alternatives for the evalua-
tion of mobility, among which inertial measurement units (IMUs) stand out because of their
portability, size, and relatively low price [1]. Most publications that include a validation of
an IMU compare its performance with optical motion-capture systems [2-6]. So far, the gold
standards for gait analysis are optical motion capture systems, force platforms, and plantar
pressure platforms, but these systems are expensive, space limited, and time consuming
due to the placement of markers on the test subject. IMUs solve all of these problems.

Recent investigations on gait and posture assessment analysis show that an IMU could
provide a new perspective for these functional tests as it allows for detailed space, time,
and kinematic measurements of human motion on a continuous basis [7]. Mobile motion
analysis systems are a promising element in aiding clinical decisions regarding the patient
and could provide objective and quantifiable measures of gait, even for physicians with
little experience in motion capture [8]. IMUs are increasingly being used for gait analysis
because of their validity in healthy patients [9]. IMUs are also being used to study the
spatial and temporal parameters of walking as predictors of falls [10] and as predictors of
neurological diseases [11].

However, when used as a method of analysis, IMUs must comply with the principles
of validity, objectivity, and repeatability [12]. Reliable repeatability is a prerequisite for
the evolution of a patient over a period of time. Repeatability is necessary to differentiate
between inaccurate measurements and actual changes in a patient’s gait [12]. So far,
research shows excellent repeatability for the analysis of gait [13,14], although there are
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some limitations, such as the calculation of parameters that depend on a spatial relationship
of both feet, such as the width or length of the step [15]. Fariboz et al. provided information
on the evaluation of the effects of medication in Parkinson’s disease and demonstrated
the applicability of inertial sensors to evaluate the disease [16]. The main purpose of this
study was to evaluate the accuracy and repeatability of space-time parameters of walking
with an IMU, called Wiva science, which is currently marketed, is simple to use and has
a relatively low cost. Comparing it to other IMUs also marketed such as The Rehagate
system, Physilog GaitUp and APDM Opal, our research team chose this device because it
currently has few published studies and we believe that this study will be a novelty and
will contribute to improving people’s quality of life.

Therefore, we pose the following question: Are IMUs accurate for assessing gait in
healthy patients without gait pathology?

2. Methods

In total, 36 healthy subjects participated in the present study. The exclusion criteria
were recent and significant ligament damage, surgery, bone fractures, muscle damage in
the lower extremities, abnormal gait patterns, contraindications to exercise, or other health
conditions that could negatively affect the results of the study. A case-control study was
done based on the guidelines of Strengthening the Reporting of Observational Research in
Epidemiology (STROBE) [17]. The Declaration of Helsinki and human experimentation
rules were followed [18]. This study was approved by the ethics committee of the Univer-
sidad Rey Juan Carlos de Madrid (internal registration number 2102201803818), and all
participants signed an informed consent form before participating.

The accuracy and repeatability of a Wiva Science sensor (Wiva Science-LetSense Srl,
Bologna, Italy; Figure 1) was tested by a subject walking on a treadmill and on normal
ground. The treadmill was used to minimize the variability of walking among people
between days [19]. For each condition, the IMU was placed in the sacral area of each
subject, which was determined by palpation of the area by the investigator.

Figure 1. Wiva Science IMU. (Inertial Measurement Unit).
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Intra-rater reliability (intraclass correlation coefficient (ICC) 0.91-0.98) and inter-rater
reliability (ICC 0.80-0.87) have been established [20].

The subjects walked on the treadmill at 0.44 m/s (1.6 km/h), 0.67 m/s (2.4 km/h),
0.89 m/s (3.2 km/h), 1.11 m/s (4 km/h), and 1.33 m/s (4.8 km/s) for one minute at each
speed. Subjects were given 15 s to adjust to each speed. In order to measure the repeatability
of the IMU, the subjects returned for a second test. The protocol and the investigator were
the same in both data-collection sessions. Subjects also performed several timed 10 m
walking tests while wearing the IMU on normal ground. The subject walked for 10 m in
a straight line, which included the subject’s acceleration and deceleration distance. The
subjects” normal speeds were estimated using the Wiva Science system and the 10 m
distance. The subjects walked the 10 m three times at their normal speed, and the average
was used in the statistical analysis.

The walking parameters of the IMU sensors were extracted using Biomech software
(Version 1.6.1.14687, LetSense Group srl., Bologna, Italy, http:/ /letsense.net (accessed on
11 December 2019)). The IMU measurements collected for the tests were validated with
the speed data collected from the treadmill. The parameters studied were speed (m/min),
step cadence (steps/min), stride length (m), stride length /height (%), average length (Emi)
of step 1 (%), average length (Emi) of step 2 (%), average duration of step 1 (%), average
duration of step 2 (%), position duration (% walking cycle), oscillation duration (% walking
cycle), left foot bearing time (% gait cycle), right foot bearing time (% gait cycle), left foot
swing time (% gait cycle), right foot swing time (% gait cycle), and surface speed (10 m).
The measurements were taken as clinical standards. All participants did two tests separated
by two days. All measurements were recorded by the same researcher.

2.1. Sample Size

A heterogeneous study sample was chosen since the measurement instrument is
intended for different conditions. With an ICC of 0.90 and a confidence interval of + 0.1,
a sample of 35 participants was considered sufficient to perform the statistical calcula-
tions [21]. When testing reliability according to application in individual subjects and for
use in clinical practice, a high ICC of 0.9 or 0.95 is recommended to increase the probability
of measurement reliability [22,23].

We compared the sample size of this study with other research carried out to date.
The RehaGait system was evaluated with 22 healthy subjects at different speeds on a
treadmill [24], and Physilog GaitUp was evaluated with 14 individuals with stroke and
25 non-disabled elderly subjects using the “Up and Go” test [25]. The Valedo system was
evaluated with 20 healthy subjects [26], the IMU Xsens MTx was evaluated with 10 subjects
with Parkinson’s disease in a walking test [27], and the InertiaCube3 was evaluated with
4 participants who had suffered strokes [28]. The IMU Shimmer3 sensor was evaluated
with 4 subjects with Parkinson’s disease and 11 healthy subjects [15], and the APDM Opal
IMUs was evaluated on a treadmill with 19 healthy subjects and on regular ground with
14 healthy subjects [29].

2.2. Statistical Analysis

To interpret the ICC values, we used reference points proposed by Landis and
Knoch [30] to indicate the following: 0.20 or less: mild; 0.21-0.40: fair; 0.41-0.60: mod-
erate; 0.61-0.80: substantial; and 0.81 or greater: almost perfect. We followed Portney
and Watkins’ guidance that clinical measurements with reliability coefficients greater than
0.90 increase the probability of measurement reliability [23]. For each test within the ses-
sion and between sessions, the ICC [31,32] was used to evaluate the reliability of each
gait parameter.

All data analyses were performed in SPSS for Windows version 22 (SPSS Inc., Chicago,
IL, USA). A Kolmogorov-Smirnov test was carried out to assess the normal distribution
of the data. A descriptive statistical analysis was performed using the mean + standard
deviation (SD) and the 95% confidence interval. In addition, paired t-tests were performed
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to evaluate systematic differences in gait parameters between sessions. For the intersession
evaluation, the mean value of the 14 measurements was analyzed.

The coefficients of variation (CVs) were calculated for absolute parameter comparison.
The CV was calculated to measure the reliability of each session as the mean normalized
to the SD. This value represents the variation between the tests normalized to the mean
for each variable. A high CV value shows a greater heterogeneity of variable values. The
statistical analysis was performed using the data from both feet.

Standard errors of the mean (SEMs) were calculated to measure the range of error
for each gear parameter. The SEM was calculated between sessions from the ICC and SD
as SEM = s,./1 — ryyx, Where sy is the SD of the test data set, and 7y, is the confidence
coefficient for these data, which is ICC in this case. Finally, the normality values (NVs)
of the sample were defined for all the variables obtained with the Wiva Science system
(NV = mean =+ 1.96 * SD). From the result of each variable, NV was used to calculate the
95% confidence interval. A p-value < 0.05 with a 95% confidence interval was considered
statistically significant for all tests.

Moreover, Bland and Altman plots were calculated to check agreement and het-
eroscedasticity [33].

3. Results

There were 36 subjects, including 17 males and 19 females with a mean age of
35.19 & 11.79 years (19-64 years), mean weight of 74.83 £ 16.91 kg (47-107 kg), mean height of
171.69 £ 7.49 cm (157-192 cm), and mean body mass index (BMI) of 25.23 £ 4.34 (18.4-33.4). We
found statistically significant differences in weight, height, and BMI (kg/cm?) [34], as shown
in Table 1.

Table 1. Demographic data of the sample.

Variable Men (n =17) Women (n =19) Total (n = 36) p Value
Mean =+ SD (Range) Mean + SD (Range) Mean + SD (Range)

AGE (years) 35.64 & 13.19 (19-64) 34.78 £ 10.73 (22-62) 35.19 £ 11.79 (19-64) 0.8311

WEIGHT (kg) 86.29 + 13.40 (60-107) 64.57 + 12.70 (47-90) 74.83 + 16.91 (47-107) 0.0000 *

SIZE (cm) 177.05 £ 5.58 (169-192) 166.89 + 5.47 (157-177) 171.69 £+ 7.49 (157-192) 0.0000 *

BMI 27.44 + 3.55 (20.76-33.4) 23.25 + 4.08 (18.4-31.14) 25.23 £ 4.34 (18.4-33.4) 0.0025 *

Abbreviations: cm: centimeters; kg: kilograms; BMI: body mass index; SD: standard deviation; 95% CI: 95% confidence interval; *:
significant differences, p < 0.05.

High reliability was observed in all measurements in the first session (Table 2) with
ICC > 0.81 except for the following variables: the average duration of step 1 at normal
speed (ICC 0.41), 1.6, 2.4, 3.2 and 4 km/h (ICC: 0.28, ICC 0.73, ICC 0.39, and ICC 0.73,
respectively); the average duration of step 2 at all speeds, which had low reliability (normal,
1.6,2.4,3.2 and 4 km/h had ICCs of 0.24, 0.22, 0.73, 0.37, and 0.75, respectively); the variable
position duration at 1.6 km/h (ICC 0.72); the variable oscillation duration at 1.6 km/h
(ICC 0.77); the variable left foot bearing time at 1.6 km/h and 3.2 km/h (ICC 0.38 and
ICC 0.58 respectively); the variable right foot bearing time at normal speed (ICC 0.69)
and 1.6 km/h (ICC 0.54); the variable left foot swing time at 1.6 km/h (ICC 0.49); and the
variable right foot swing time at 1.6 km/h (ICC 0.48). The SEM was low except at normal
speed, 1.6 and 2.4 km/h.

High reliability was observed in all measurements in the second session (Table 3) with
ICC > 0.81 except for the following variables: the variable average duration of step 1 at
all speeds (1.6 km/h, 2.4 km/h, 3.2 km/h, 4 km/h, 4.8 km/h: ICC 0.51, ICC 0.35, ICC
0.66, ICC 0.67, and ICC 0.31, respectively); the variable average duration of step 2 at all
speeds (ICC 0.59, ICC 0.47, ICC 0.50, ICC 0.60, ICC 0.72, and ICC 0.34 respectively); the
variable average duration of step 2 4.8 km/h (ICC 0.34); the variable oscillation duration at
1.6 km/h (ICC 0.78); the variable left foot bearing time at 1.6 km/h (ICC 0;63); the variable
right foot bearing time at 1.6 km/h and 2.4 km/h (ICC 0.53 and ICC 0.80, respectively); the
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variable left foot swing time at 1.6 km /h (ICC 0.63); and the variable right foot swing time
at 1.6 km/h (ICC 0.56). SEM was low except at normal speed, 1.6 km/h, and 2.4 km/h.

Table 2. Reliability analysis within the variables studied for the first session.

1—4.8 km/h

. o o ICC (2.1) 95% Normality
Variables Mean (DS) 1C95% CV (%) (1C95%) SEM MDC Values
Normal speed 7368 (12.63)  (69.56-77.81)  17.14 0.93 3.18 8.81 (48.93-98.44)
Speed 1.6 km/h 3430 (7.16)  (31.96-36.64)  20.87 0.93 1.77 492 (20.27-48.33)
Speed 2.4 km/h 43.09 (6.63)  (40.93-4526)  15.38 0.98 0.99 2.29 (30.10-56.09)
Speed 3.2 km/h 5451(820)  (51.83-57.19)  15.05 0.98 0.99 2.36 (38.42-70.59)
Speed 4 km/h 67.39(9.29)  (6436-70.43) 1378 0.98 0.99 3.18 (49.18-85.61)
Speed 4.8 km/h 79.27 (1047)  (75.85-82.69)  13.21 0.98 0.99 3.17 (58.74-99.79)
Step cadence normal speed 55.74 (4.29) (54.34-57.14) 7.70 0.87 1.53 4.26 (47.32-64.16)
Step cadence 1.6 km/h 37.04 (794)  (34.44-39.64) 2145 0.93 1.98 5.50 (21.46-52.62)
Step cadence 2.4 km/h 4237 (4.83)  (40.80-43.95)  11.40 0.98 0.59 1.64 (32.90-51.84)
Step cadence 3.2 km/h 4926 (3.99)  (47.96-5057) 8.1 0.99 0.30 0.83 (41.43-57.10)
Step cadence 4 km/h 5541 (341)  (54.30-56.53)  6.17 0.98 048 1.34 (48.71-62.12)
Step cadence 4.8 km/h 50.76 (3.14)  (58.7 -60.79) 5.26 0.98 037 1.02 (53.59-65.94)
Stride length normal speed 1.32 (0.25) (1.25-1.39) 15.50 0.96 0.04 0.11 (0.92-1.72)
Stride length 1.6 km/h 0.94 (0.17) (0.89-1.00) 18.04 0.92 0.04 0.12 (0.61-1.28)
Stride length 2.4 km/h 1.02 (0.15) (0.97-1.07) 14.95 0.98 0.01 0.05 (0.72-1.32)
Stride length 3.2 km/h 1.10 (0.15) (1.05-1.15) 13.96 0.98 0.01 0.04 (0.80-1.41)
Stride length 4 km/h 1.21 (0.16) (1.16-1.27) 13.48 0.98 0.01 0.05 (0.89-1.54)
Stride length 4.8 km/h 1.32(0.18) (1.26-1.38) 13.62 0.99 0.01 0.04 (0.97-1.68)
Stride length/height 79.16 (1331)  (74.81-8351) 1681 0.96 2.33 6.46 (53.07-105.26)
normal speed
Stride length/height 56.82 (13.30)  (5248-61.17)  23.41 0.98 158 438 (30.75-82.90)
1.6 km/h
Stride length/height
ok 61.50 (12.13)  (57.53-65.46)  19.72 0.99 1.04 2.90 (37.72-85.27)
Stride length/height 6652 (11.91)  (62.63-70.42)  17.91 0.99 1.04 2.90 (43.16-89.89)
3.2 km/h
Stride length/height 4 km/h ~ 73.07 (12.37)  (69.02-77.11) 1693 0.99 1.09 3.02 (48.81-97.32)
Stride length/height 7972 (13.76)  (75.22-8422)  17.27 0.99 1.02 2.82 (52.73-106.71)
4.8 km/h
Average length of step 0.66 (0.10) (0.62-0.69) 15.98 0.95 002 0.06 (0.45-0.86)
1—normal speed
Average length of step
B e 0.47 (0.08) (0.44-0.49) 17.64 0.95 0.01 0.04 (0.30-0.63)
Average length of step
RPN 0.51 (0.08) (0.48-0.54) 16.07 0.98 0.01 0.03 (0.35-0.67)
Average length of step 0.55 (0.08) (0.52-0.57) 15.16 0.98 0.01 0.03 (0.38-0.71)
S e 55 (0. 52-0. . . . . 38-0.
Average length of step
AP 0.60 (0.08) (0.58-0.63) 13.95 0.97 0.01 0.03 (0.44-0.77)
Average length of step 0.66 (0.09) (0.63-0.69) 14.20 0.98 0.01 0.03 (0.48-0.85)
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Table 2. Cont.

. o o ICC (2.1) 95% Normality
Variables Mean (DS) 1C95% CV (%) (1C95%) SEM MDC Values
Average length of step 0.66(0.10)  (0.62-0.69) 15.89 0.94 0.02 0.06 (0.45-0.86)
2—normal speed
Average length of step N ~
AP, 0.47 (0.08) (0.44-0.49) 17.12 0.95 0.01 0.04 (0.31-0.62)
Average length of step 0.50 (0.07) (0.48-0.53) 15.16 0.97 0.01 0.03 (0.35-0.65)
AP 50 (0. 48-0. . . : . 35-0.
Average length of step 055(0.07)  (0.53-0.58) 13.80 0.98 0.01 0.03 (0.40-0.70)
O e 55 (0. 53-0. . . . . 40-0.
Average length of step
o 0.61 (0.08) (0.58-0.63) 13.78 0.97 0.01 0.03 (0.44-0.77)
Average length of step 0.66 (0.09) (0.63-0.69) 13.57 0.98 0.01 0.02 (0.48-0.83)
B e 66 (0. 63-0. . . . . 48-0.
Average duration of step 49 45 5 10y (49.17-5060) 437 0.41 1.66 462 (45.61-54.17)
1—normal speed
Average duration of step
Lt o 4942 (236)  (48.65-5020) 477 0.28 2.00 5.55 (44.79-54.05)
Average duration of step
3 o o 50.09 (1.58)  (49.57-50.69)  3.16 0.73 0.82 2.28 (46.98-53.20)
Average duration of step 4982 (1.14)  (4945-50.19)  2.29 0.39 0.89 246 (47.58-52.06)
2 e kool 82 (1. 45-50. . . . . 58-52.
Average duration of step
4979 (1.17)  (49.40-50.17)  2.35 0.73 0.60 1.68 (47.49-52.08)
1—4 km/h
Average duration of step 4997 (0.91)  (49.67-50.27) 1.83 0.88 0.31 0.87 (48.17-51.76)
2 B ol 97 (0. 67-50. . . . . 17-51.
Average duration of step 50.29 (2.53)  (49.46-51.12) 5.04 0.24 2.20 6.12 (45.31-55.27)
2—normal speed
Average duration of step
AP 50.63 (2.28)  (49.88-51.38) 451 0.22 2.01 5.58 (46.15-55.11)
Average duration of step
AP 4992 (1.60)  (49.39-50.44) 3.1 0.73 0.82 227 (46.77-53.06)
Average duration of step 50.18 (1.14)  (49.80-50.55) 228 0.37 0.90 2.50 (47.93-52.42)
APPSR 18 (1. .80-50. . . . . 93-52.
Average duration of step 5021 (1.17)  (49.83-50.62) 233 0.75 0.58 1.62 (47.92-52.51)
SR 21 (L. 83-50. . ‘ ‘ . 92-52.
Average duration of step 50.03 (0.91)  (49.73-50.33) 1.83 0.88 0.31 0.88 (48.23-51.83)
AP 03 (0. 73-50. . . . . 23-51.
Position duration 63.67 (2.63)  (62.81-64.53) 414 0.91 0.75 2.10 (58.50-68.84)
normal speed
Position duration 1.6 km/h 6239 (2.56)  (61.55-63.22)  4.11 0.72 1.34 3.72 (57.35-67.42)
Position duration 24 km/h 6292 (2.31)  (62.16-63.67)  3.67 0.88 0.77 2.13 (58.39-67.45)
Position duration 3.2 km/h  61.80 (1.99)  (61.14-62.45) 3.2 0.94 0.46 1.29 (57.88-65.71)
Position duration 4 km/h 60.98 (2.01)  (60.32-61.64)  3.30 0.98 0.28 0.78 (57.03-64.94)
Position duration 48 km/h  60.09 (1.83)  (59.48-60.69)  3.05 0.98 0.23 0.64 (56.48-63.69)
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Table 2. Cont.

. o o ICC (2.1) 95% Normality
Variables Mean (DS) 1C95% CV (%) (1C95%) SEM MDC Values
Oscillation duration 3434 (272)  (3345-3523)  7.93 0.93 0.67 1.85 (29.00-39.68)
normal speed
Oscillation duration
AN 36.46 (241)  (35.67-37.25) 661 0.77 1.14 3.16 (31.74-41.19)
Oscillation duration
e 35.65(233)  (34.89-36.41) 653 0.88 0.78 217 (31.08-40.22)
Oscillation duration 3655(2.03)  (35.89-3721) 555 0.94 0.46 127 (32.57-40.53)
e 55 (2. 89-37. . . . . 57-40.
Oscillation duration 4 km/h 3714 (2.02)  (36.48-37.80) 543 0.98 0.27 0.76 (33.18-41.10)
Oscillation duration
P, 3791(1.80)  (37.32-3850) 476 0.98 0.23 0.64 (34.37-41.45)
Left foot bearing time 63.62 (3.48)  (62.48-64.76) 5.47 091 0.99 2.74 (56.79-70.45)
normal speed
Left foot bearing time 6188 (3.68)  (60.67-63.08) 595 0.38 2.89 8.01 (54.65-69.10)
1.6 km/h
Left foot bearing time
e 6293 (2.43)  (62.13-6372)  3.82 0.89 0.80 223 (58.16-67.69)
Left foot bearing time
et 62.12(3.62)  (60.94-6330) 5.3 0.58 232 6.45 (55.02-69.22)
Left foot bearing time 60.85(2.42)  (60.06-61.64)  3.97 0.94 0.57 1.59 (56.11-65.60)
4 km/h
Left foot bearing time
A 59.84(223)  (59.11-60.57)  3.73 0.94 0.50 1.40 (55.46-64.22)
Right foot bearing time 6372 (2.75)  (62.82-64.62) 432 0.69 1.53 424 (58.32-69.11)
normal speed
Right foot bearing time 6290 (343)  (61.78-64.03) 545 0.54 231 6.41 (56.18-69.63)
1.6 km/h
Right foot bearing time 6291 (289)  (61.96-63.85)  4.59 0.83 1.17 3.24 (57.24-68.57)
2.4 km/h
Right foot bearing time 61.75(2.10)  (61.06-62.44) 3.41 0.86 0.77 2.14 (57.62-65.88)
3.2 km/h
Right foot bearing time 6112(227)  (60.38-61.87) 371 0.92 0.62 1.74 (56.67-65.58)
4 km/h
Right foot bearing time 6034 (2.02)  (59.67-61.00) 335 0.91 0.59 1.65 (56.36-64.31)
4.8 km/h
Left foot swing time normal
e 3437 (354) (3321-3553) 1031 0.94 0.80 224 (27.42-41.32)
Left foot swing time 37.02(333)  (3593-38.11)  9.00 0.49 237 6.57 (30.48-43.56)
Pl 02 3. 93-38. . . . . 48-43.
Left foot swing time 35.65 (2.43)  (34.85-3645)  6.83 0.89 0.80 223 (30.87-40.43)
PP, 65 (2. 85-36. . . . . 87-40.
Left foot swing time 3651 (2.40)  (35.72-37.29) 6.58 0.93 0.59 1.66 (31.80-41.22)
AP 512 72-37. . ‘ ‘ . 80-41.
Left foot swing time 4 km/h 3729 (242)  (36.49-38.08)  6.49 0.94 0.57 1.59 (32.54-42.03)
Left foot swing time 38.16 (220)  (37.44-38.87) 5.76 0.94 0.50 1.40 (33.84-42.47)

4.8 km/h
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Table 2. Cont.

. o o ICC (2.1) 95% Normality
Variables Mean (DS) 1C95% CV (%) (1C95%) SEM MDC Values
Right foot swing time 3418 (2.71)  (3330-35.07)  7.94 0.90 0.83 232 (28.86-39.51)
normal speed
Right foot swing time 3581 (3.60)  (34.64-36.99)  10.06 0.48 2.58 7.15 (28.75-42.88)
1.6 km/h
Right foot swing time
e 35.65(292)  (34.69-36.60) 8.19 0.83 1.19 331 (29.92-41.37)
Right foot swing time
32 o 3659 (2.14)  (35.89-37.29)  5.86 0.87 0.76 211 (32.39-40.80)
Right foot swing time 37.01(227)  (36.27-37.75) 6.14 0.92 0.62 1.72 (32.56-41.47)
4 km/h
Right f:gtlfr‘:l’/‘;‘g time 37.62(201)  (37.01-3833) 535 0.91 0.59 1.65 (33.71-41.62)

Abbreviations: km/h (kilometers per hour); IC (confidence interval); CV (coefficient of variation); ICC (coefficient of intraclass correlation);

SEM (standard error of mean); MDC (minimum detectable change).

Table 3. Reliability analysis within the variables studied for the second session.

. ICC (2,1) 95%
Variables MEAN (DS) 1C95% CV(D) o5y SEM MDC  NORMALITY
VALUES
NORMAL SPEED 7621 (11.86)  (72.34-80.08)  15.56 0.96 2.32 6.44 (52.96-99.45)
SPEED 1.6 km/h 3477 (6.50)  (32.64-36.89)  18.70 0.93 1.71 475 (22.01-47.52)
SPEED 2.4 km/h 4311 (652)  (40.98-45.24)  15.12 0.93 1.66 460 (30.33-55.89)
SPEED 3.2 km/h 55.03 (7.07)  (52.72-57.34)  12.85 0.98 0.74 2.06 (41.16-68.90)
SPEED 4 km/h 6761 (9.14)  (64.62-70.59)  13.52 0.99 0.90 2.50 (49.68-85.53)
SPEED 4.8 km/h 79.79 (10.79)  (76.26-83.31)  13.52 0.98 1.15 3.18 (58.63-100.95)
I\STE)%I;/IC:LDSEIZEED 56.90 (3.80)  (55.66-58.14) 6.68 0.96 0.67 1.86 (49.45-64.35)
STEP CADENCE1.6km/h 3473 (6.15)  (32.72-36.74)  17.72 0.90 1.89 5.25 (22.66-46.80)
STEP CADENCE 24 km/h 4074 (531)  (39.00-42.48)  13.04 0.88 1.82 5.06 (30.32-51.16)
STEP CADENCE3.2km/h  48.62(3.63)  (47.43-49.81) 7.47 0.98 0.42 1.16 (41.50-55.74)
STEP CADENCE 4 km/h 55.13(3.29)  (54.05-56.21) 5.97 0.99 0.25 0.70 (48.67-61.59)
STEP CADENCE48km/h 5957 (3.07)  (58.57-60.58) 5.16 0.96 0.54 1.50 (53.55-65.60)
ig‘é&i?ggg 1.34 (0.19) (1.27-1.40) 14.64 0.97 0.03 0.09 (0.95-1.72)
STRIDE LENGTH 1.6 km/h  1.01 (0.16) (0.95-1.06) 16.42 0.98 0.02 0.05 (0.68-1.33)
STRIDE LENGTH 24km/h  1.058 (0.13) (1.01-1.10) 12.97 0.98 0.01 0.04 (0.78-1.32)
STRIDE LENGTH3.2km/h  1.13(0.14) (1.08-1.18) 12.55 0.99 0.01 0.03 (0.85-1.41)
STRIDE LENGTH 4 km/h 1.23(0.17) (1.17-0.28) 13.80 0.99 0.01 0.04 (0.89-1.56)
STRIDE LENGTH 48km/h  1.34(0.18) (1.28-1.40) 14.02 0.99 0.01 0.04 (0.97-1.71)
STRIggIEE/II\fLTS}II,g%GHT 80.32 (12.34)  (76.29-84.35)  15.36 0.97 1.86 5.16 (56.13-104.51)
STRIDE LENGTH/HEIGHT 76 15 73)  (5664-6495) 2093 0.99 1.16 3.24 (35.84-85.75)
1.6 km/h
STRIDE LENGTH/HEIGHT (3 51 (11 59)  (59.80-67.20) 1778 0.99 0.87 2.43 (41.37-85.65)

2.4 km/h
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Table 3. Cont.
_ ICC (2,1) o
Variables MEAN (DS)  [C95% CVC®  qcosy SEM  MDC  NORMALITY
VALUES
STRIDE LENGTH/HEIGHT (¢ ) (10.93)  (6445-7159)  16.07 0.99 0.79 2.19 (46.59-89.45)
3.2 km/h
STRIDELENGIHHEIGHT 7367 1237)  (e9.63-7771) 1679 0.99 087 243 (49.43-97.92)
STRIDELENGTH/HEIGHT o5 (13090)  (75.95-85.04)  17.29 0.99 0.85 2.37 (53.20-107.79)
4.8 km/h
ﬁ‘;‘iﬁ“}%&;ﬁfg&g 0.67(010)  (0.63-070) 1500 0.96 0.02 0.05 (0.47-0.86)
AVERACELENGTHOR  051008)  (048-053)  17.09 0.97 0.01 0.04 (0.33-0.68)
AVERAGELENGTHOT om0 (050055 1373 0.96 0.01 0.04 (0.38-0.67)
AVERASELENGTHOR 056007 (053-058) 1346 0.98 0.01 0.02 (0.41-0.71)
A LANGTHOF  061(008)  (058-064) 1408 098 001 0.02 (0.44-0.78)
AV ENCTHOT 07009 (064070) 1435 0.99 0.01 0.02 (0.48-0.86)
é’}‘;‘i)I‘ZAI\%RL&ngE%FD 0.67(0.10)  (0.63-0.70) 15.12 0.96 0.02 0.05 (0.47-0.87)
AVERACPLENGIIOT  0s0008)  (47-052) 1707 097 001 003 (0.33-0.66)
AV LENGTH O om0 (050058 1368 0.96 0.01 0.03 (0.38-0.66)
AVERASELENCTHOR 05700 (054-059) 1251 0.97 0.01 0.02 (0.43-0.70)
A i T HOF  061008)  (058-064) 1439 098 001 002 (0.44-0.78)
A LTI OT 066009 (063-070) 1432 0.98 0.01 0.02 (0.48-0.85)
T Ry 4993(23))  (49.16-5071) 474 051 165 457 (45.29-54.58)
AVERASLDURATIONOE 5005 (298) (19085109 596 035 239 664 (4420-5591)
AVERASEDURATIONOT 49750167 49205030) 337 0.66 0.97 2.69 (46.47-53.04)
AVERACEDURATIONOT 4998(131)  (4955-5041) 263 0.60 0.82 2.29 (47.39-52.56)
AVER‘;(T;EPTRAS/LON OF  1984(1.07) (4948-50.19)  2.15 0.67 0.61 1.69 (47.73-51.94)
AVERACE DURATIONOF 5005112)  (49.68-5041) 223 0.31 0.92 256 (47.85-52.24)
T Ry 5031(209)  (49.62-5099) 416 0.59 133 369 (46.20-54.42)
AVERAGE DURATION OF g7 (314 (48755080) 631 0.47 228 6.33 (43.61-55.94)

STEP 2 1.6 km/h
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Table 3. Cont.
ICC (2,1) 95%
Variables MEAN (DS) 1C95% CVO)  icoss, SEM  MDC  NORMALITY
? VALUES
AVERAGE DURATION OF
Py 5008 (2.01)  (49.43-5074) 402 0.50 141 3.9 (46.13-54.03)
AVERAGE DURATION OF
Pt 5001 (1.30)  (49.58-5044) 261 0.60 0.82 2.8 (47.44-52.57)
AVERAGE DURATION OF
ety 5015(1.07)  (49.80-5050)  2.14 0.72 0.56 157 (48.04-52.25)
AVERAGE DURATION OF
P 4995(1.11)  (49.59-5031)  2.22 0.34 0.90 2.49 (47.77-52.13)
POSITION DURATION
N ORMAL oo 63.63(2.86)  (62.69-6456) 450 0.93 0.72 2.02 (58.00-69.25)
POSITION DURATION o3 05304y (6226-6425)  4.81 0.82 128 3.56 (57.28-69.23)
1.6 km/h
POSITION DURATION (5 09 0 78)  (62.19-64.00)  4.41 0.90 0.85 235 (57.64-68.55)
2.4 km/h
POSITION DURATION (4 77 5 05y (61.05-6248)  3.56 0.98 0.30 0.84 (57.45-66.08)
3.2 km/h
POSITION DURATION (53 008y (60.29-61.78)  3.73 0.98 0.26 0.72 (56.56-65.50)
4 km/h
POSITION DURATION 13 4 ggy  (59.51-60.74)  3.13 0.98 0.24 0.68 (56.44-63.82)
4.8 km/h
OSCILLATION DURATION
NORMAL SoEnD 3428 (272)  (3339-35.17)  7.96 0.95 0.56 155 (28.93-39.63)
OSCILLATION DURATION 55 57 3 15y (345536.59) 877 0.78 144 4.00 (29.45-41.69)
1.6 km/h
OSCILLATION DURATION - 55 10 0 70y (345936.37)  7.67 0.92 0.75 2.08 (30.14-40.82)
2.4 km/h
OSCILLATION DURATION 50 o1 094y (3588-37.34) 6.1 0.98 0.30 0.85 (32.22-41.00)
3.2 km/h
OSCILLATION DURATION 5, 50 5 59)  (36.33-37.83)  6.19 0.97 0.35 0.99 (32.58-41.58)
4 km/h
OSCILLATION DURATION 5, ) 1 39)  (37.02-3846)  5.00 0.97 031 0.85 (34.13-41.56)
4.8 km/h
LEFT FOOT BEARING
T o A O 6345(358)  (6225-6463) 565 0.92 0.99 2.75 (56.42-70.49)
LEFT FOOT BEARING
TIMEL e 6353 (441)  (62.09-6497)  6.94 0.63 265 7.35 (54.88-72.18)
LEFT FOOT BEARING
TINE gt 63.06(279)  (6214-6397) 442 0.87 0.98 2.73 (57.59-68.52)
LEFT FOOT BEARING
TIME s 6199 (243)  (61.20-6279)  3.92 0.96 0.45 124 (57.22-66.76)
LEFT FOOT BEARING
T i 60.87 (2.60)  (60.02-61.72) 427 0.95 0.52 146 (55.77-65.96)
LEFT FOOT BEARING
TInE g 5998 (2.40)  (59.20-60.77) 400 0.91 0.69 1.92 (55.27-64.69)
RIGHT FOOT BEARING 50 » 61y (62.93-64.66)  4.15 0.83 1.06 295 (58.60-68.99)

TIME NORMAL SPEED
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Table 3. Cont.
ICC (2,1) 95%
Variables MEAN (DS) 1C95% VR 959 \ SEM MDC NORMALITY
¢ VALUES
RIGHT FOOT BEARING
TIME 1.6 lm/h 62.99 (4.50)  (61.51-64.43) 7.15 0.53 3.07 8.52 (54.15-71.82)
RIGHT FOOT BEARING
TIME 2.4 km/h 63.08 (3.56)  (61.92-64.25) 5.65 0.80 1.58 439 (56.09-70.08)
RIGHT FOOT BEARING
TIME 3.2 kim/h 61.58 (2.65)  (60.71-62.44) 4.30 0.94 0.62 1.73 (56.38-66.77)
RIGHT FOOT BEARING
TIME 4 kea/h 61.20 (2.48)  (60.39-62.01) 4.06 0.97 0.40 1.12 (56.32-66.07)
RIGHT FOOT BEARING
TIME 4.8 km/h 60.27 (1.96)  (59.63-60.91) 3.25 0.91 0.59 1.63 (56.42-64.12)
LEFT FOOT SWING TIME
NORMAL SPEED 3454 (342)  (33.33-35.57) 9.94 0.95 0.72 2.01 (27.73-41.16)
LEFT FOOT SWING TIME 35.29 (4.24)  (33.90-36.62) 12.02 0.63 257 7.14 (26.97-43.61)
1.6 km/h
LEFT FOOT SWING TIME 35.46 (2.91)  (34.51-36.41) 8.21 0.83 1.19 3.30 (29.75-41.16)
2.4 km/h
LEFT FOOT SWING TIME 36.38 (2.44)  (35.58-37.18) 6.72 0.96 0.45 1.27 (31.58-41.17)
3.2 km/h
LEFT FOOT SWING TIME 37.28 (259)  (36.43-38.12) 6.95 0.95 0.53 1.47 (32.19-42.36)
4km/h
LEFT FOOT SWING TIME 38.03(237)  (37.25-38.80) 6.25 0.91 0.69 1.91 (33.37-42.68)
4.8 km/h
RIGHT FOOT SWING
TIME NORMAL SPEED 34.13 (2.60)  (33.28-34.98) 7.64 0.84 1.01 2.80 (29.02-39.24)
RIGHT FOOT SWING
TIME 1.6 ken/h 35.83 (4.70)  (34.30-37.37) 13.13 0.56 3.11 8.62 (26.61-45.06)
RIGHT FOOT SWING
TIME 2.4 kn/h 35.57 (3.38)  (34.46-36.68) 9.52 0.84 1.31 3.64 (28.93-42.21)
RIGHT FOOT SWING
TIME 3.2 ken/h 36.84 (2.63)  (35.98-37.70) 7.15 0.95 0.56 1.55 (31.67-42.00)
RIGHT FOOT SWING
TIME 4 kn/h 36.95(2.48)  (36.13-37.76) 6.73 0.97 0.42 1.16 (32.07-41.82)
RIGHT FOOT SWING
TIME 4.8 kn/h 37.72(1.94)  (37.09-38.36) 5.16 0.90 0.59 1.63 (33.90-41.54)

Abbreviations: km/h (kilometers per hour); IC (confidence interval); CV (coefficient of Variation); ICC (intraclass correlation coefficient);
SEM (standard error of mean); MDC (minimum detectable change).

Comparing the differences between first and second session (Table 4), we observed a
significant difference between the first and second sessions at normal speed (p = 0.05).
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Table 4. Systematic differences between the first and second session.
Variables Fli\f;agegi?n 1C95% Selc\gflilns(?sssi)on 1C95% LoA p VALUE
Normal speed 73.68 (12.63)  (69.56-77.81) 76.21 (11.86) (7234-8008) jé5_27_ g 00050
Speed 1.6 km/h 3430 (7.16)  (31.96-36.64) 34.77 (6.50) (3264-3689) - 3(,)9'%; % 058
Speed 2.4 km/h 4300 (6.63)  (40.93-45.26) 4311 (6.52) (1098-4524) 5.’12952.12) 0.969
Speed 3.2 km/h 5451 (820)  (51.83-57.19) 55.03 (7.07) (2725734 6_1%_5521 5 0.287
Speed 4 km/h 67.39(9.29)  (64.36-70.43) 67.61 (9.14) (64627059 _ 422'_2;'01) 0.556
Speed 4.8 km/h 7927 (1047)  (75.85-82.69) 79.79 (10.79) (7626-8331) 4’725’5 63) 0.154
f(:‘:g:i“:;‘e‘zg 55.74 (4.29) (54.34-57.14) 56.90 (3.80) (5566-5814) 4;19’_126.17) 0.000 *
Step cadence .6 km/h  37.04 (7.94)  (34.44-39.64) 34.73 (6.15) (32.72-36.74) (_7.523%}2.1 6 0009
Step cadence 24 km/h 4237 (4.83)  (40.80-43.95) 40.74 (5.31) (39.00-4248) 3.&6_3627) 0.000 *
Step cadence 32km/h 4926 (399)  (47.96-50.57) 48.62 (3.63) (47.43-49.81) (72.(1)46_43. g 00107
Step cadence 4 km/h 5541 (341)  (54.30-56.53) 55.13 (3.29) (54.05-56.21) (_1'(6)'92_82'2 ) 0.101
Step cadence 48km/h 5976 (3.14)  (58.73-60.79) 59.57 (3.07) (857-6058) 22'31_92. 1) 0.368
:(t)ﬂfﬂl:;i}é 1.32 (0.25) (1.25-1.39) 1.34 (0.19) (127-140) 0._1(31?5.1 0 0.069
Stride length 1.6 km/h 0.9 (0.17) (0.89-1.00) 1.01 (0.16) 095-106)  _ 032?5.11) 0.000 *
Stride length 2.4 km/h  1.02 (0.15) (0.97-1.07) 1.058 (0.13) Q0-110) o]%f]g. 09 00057
Stride length 3.2 km/h  1.10 (0.15) (1.05-1.15) 113 (0.14) 108-118) 0.‘1%{]31 p 002
Stride length 4 km/h 1.21 (0.16) (1.16-1.27) 1.23(0.17) 117-128) 053'_03.07) 0.117
Stride length 4.8 km/h ~ 1.32 (0.18) (1.26-1.38) 1.34 (0.18) (128-140) O})g'_o(} o) 0.056
S“ifsrirel‘;lggl‘)/ehejght 79.16 (1331)  (74.81-83.51) 80.32 (12.34) (76.29-84.35) (_8;19’_166.37) 0.079
Stridell.zq(g;lxlheight 56.82 (13.30)  (52.48-61.17) 60.79 (12.73) (56.64—64.95) (71;231'9_227) 0.000 *
S”idezl'fl‘fl;%height 6150 (12.13)  (57.53-65.46) 63.51 (11.29) (9.82-67.20) 9;326'_051.8 y 0005
Stride;“;‘;(gl;l;aheight 6652 (1191)  (62.63-70.42) 68.02 (10.93) (6445-7159) 9’62_52 6y 0036
Stride iel‘(‘rg;/hh/height 73.07 (12.37)  (69.02-77.11) 73.67 (12.37) (6963-77.71) 5;(;'_641'1 5) 0.143
Stride ;g‘f;%height 7972 (13.76)  (75.22-84.22) 80.50 (13.92) (75.95-65.04) 5;05'_7 38 %0) 0.060
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Table 4. Cont.

Variables Fli\f;agegi?n 1C95% Selc\gflilns(?sssi)on 1C95% LoA p VALUE
A"e;j;‘i‘::;‘sg;‘e‘essep L 066010 (0.62-0.69) 0.67 (0.10) 063-070) s 05 0058
A"eraf%l‘;l‘l"(‘;%/t:l‘ step 1 0.47 (0.08) (0.44-0.49) 0.51 (0.08) (048-053) 0102'_061'0 y 000"
A"erag;:i‘l‘rglfﬁ step 1 0.51 (0.08) (0.48-0.54) 0.53 (0.07) (0.50-055) 01)%?(?. 0g 0004
Average lengihstep 1 55 (0.08) (0.52-0.57) 056 (0.07) 053-058) oo 05 00267
A"e“‘gz llf;“%;h step 1 0.60 (0.08) (0.58-0.63) 0.61 (0.08) (058-064)  _ OI)(;'?&O " 0.140
A"“*‘i‘f;i‘:ﬁ;ﬁ step 1 0.66 (0.09) (0.63-0.69) 0.67 (0.09) 0.64-070) O.’ng& 04) 0.103
Ave;a(i‘z:;‘sg;le‘:;ep 2 066(0.10) (0.62-0.69) 0.67 (0.10) 063-070) oD g 0156
A"eragl‘f;‘;‘;gjﬁ step 2 0.47 (0.08) (0.44-0.49) 0.50 (0.08) (0.47-0.52) (_0102'_08'0 g 00017
A"eragz‘j‘;(‘:;éfﬁ SteP2 050 (0.07) (0.48-0.53) 0.52 (0.07) 050054 ol)gflg. 06 0019*
A"era%":;i';%m step 2 0.55 (0.07) (0.53-0.58) 0.57 (0.07) (054059 0._0%'_0&05) 0.061
A"eragz llf;%h step 2 0.61 (0.08) (0.58-0.63) 0.61 (0.08) (058-0.64) 0.85—00.03) 0.202
Average lengihsieP 2 66 (0.09) (0.63-0.69) 0.66 (0.09) (0.63-0.70) (_05293_03) 0.070
;’;‘é;rifo‘:;’;ﬁs‘;‘;:j 49.89 (2.18) (49.17-50.60) 49.93 (2.36) (49.16-50.71) (_2;(1?25.3 " 0.811
A":;“fi ‘;Zrlii;‘;ﬁ of 4942 (236)  (48.65-50.20) 50.05 (2.98) (49.08-51.03) 4'_609'_6; 13) 0.078
A":tfl;c’:‘i ‘;:rlii‘;‘ﬁ of  5009(158)  (49.57-50.69) 49.75 (1.67) (4920-5030) 12?_42.48) 0.075
A":tr:pg‘i g‘;rli:;"/‘ﬁ of 49.82 (1.14) (49.45-50.19) 49.98 (1.31) (49.55-50.41) (_1;2’_116.29) 0.208
A"esr;gpeld:{:ﬁ/‘]’n“ of 4979 (1.17)  (49.40-50.17) 49.84 (1.07) (49.48-50.19) (_1;01'_015 71) 0.739
A":tfl;c’:i j};ﬁ;‘;‘ﬁ of 49.97 (0.91) (49.67-50.27) 50.05 (1.12) (49.68-5041) 1;2?525) 0.481
;’;‘é;‘f;i‘;‘;’;‘i‘;‘;e"; 50.29 (2.53)  (49.46-51.12) 50.31 (2.09) (49.62-50.99) (_2;(;?22. 1) 0.932
A":;af; ‘;Zrliﬁx of 50.63 (2.28)  (49.88-51.38) 49.78 (3.14) (48.75-5080) 3'(6)'98_55' 39 00347
A":tfl;é; ‘;:rlii‘;ﬁ of 49.92 (1.60)  (49.39-50.44) 50.08 (2.01) (4943-50.74) 2_52_127 21 0.415
A":tr:pg‘; g‘;rli:;"/‘ﬁ of 50.18 (1.14) (49.80-50.55) 50.01 (1.30) (49.58-50.44) (_12’21_71.55) 0.165
Avesiziezdr{:ﬁ/‘]’n“ of 5021 (1.17)  (49.83-50.62) 50.15 (1.07) (49.80-50.50) (712’30_71'%) 0.680
AV:t?f; duiation of 5003091 49.73-5033) 49.95 (1.11) (49.59-50.31) (_122’_81_42) 0507
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Table 4. Cont.

Variables Fli\f;agegi?n 1C95% Selc\gflilns(?sssi)on 1C95% LoA p VALUE
P°Ifitri;‘;1ds‘;r:et;°“ 63.67 (263)  (62.81-64.53) 63.63 (2.86) (62.69-64.56) (71.%)_41.88) 0.780
Position duration 6239 (256)  (61.55-63.22) 63.25 (3.04) (62266425 e oy ~ 0010%
P°5it2iznk‘rtl“/fti°“ 62.92 (2.31) (62.16-63.67) 63.09 (2.78) (6219-6400) 3*0(;_15 67) 0.467
P““;.‘;“k‘il‘/ftion 61.80 (1.99)  (61.14-62.45) 61.77 (2.02) (61.05-62.48) (7125_31. sy 0852
P““Z"Ei}ﬁaﬁ"“ 60.98 (2.01)  (60.32-61.64) 61.03 (2.28) (60.29-61.78) (_1'_509'_015' 1) 0.695
Position duration 60.09 (1.83)  (59.48-60.69) 60.13 (1.88) (59.51-60.74) (_1;(;?;1.30) 0.723

Osclil::g‘;‘s‘:)‘;’f;m“ 34.34 (2.72) (33.45-35.23) 34.28 (2.72) (33.39-35.17) (71.25_61.80) 0.684
Oscillation duration 3646 41)  (35.67-37.25) 35.57 (3.12) (34.55-36.59) (_22'98_94'08) 0.002 *
Oscillation duration 3565 233)  (34.89-36.41) 35.48 (2.72) (3459-36.37) (_2.2;51_72.88) 0478
Oscillation duration 3655 203)  (35.89-37.21) 36.61 (2.24) (35.88-37.34) (71;(;?16.83) 0721
Oscillation duration 3714 0.02)  (36.48-37.80) 37.08 (2.29) (36.33-37.83) (_1'3'30_61' 6 063
0““‘:2"1?“3;‘1“&0“ 3791 (1.80)  (37.32-38.50) 37.84 (1.89) (37.22-38.46) (_1.250_71.51) 0.585
Leftlfz‘r’;‘;;";’;‘e‘fdﬁme 63.62(348)  (62.48-64.76) 63.45 (3.58) (62.28-64.63) (_1.8'91_72.32) 0367
Leftfootbearing time 61 88 3.68)  (60.67-63.08) 63.53 (4.41) (62.09-64.97) (_7;16'_645:'25) 0.002 *
Left fogf4blfré;lf/il?g ime 603043  (6213-63.72) 63.06 (2.79) (62.14-63.97) (—3._63.—1??.38) 0.667
Left f°gj‘2blf$l‘1‘g ime 12362  (6094-6330) 61.99 (2.43) (61.20-62.79) (_32;_34.13) 0715
Leftfootbeating time 6085 242)  (60.06-61.64) 60.87 (2.60) (60.02-61.72) (_21)06'_022'02) 0918
Leftfoot bearing time 5084 223)  (59.11-6057) 59.98 (2.40) (9.20-6077) s p 0403
Ei%:;f)‘;f;;esﬁzg 63.72(275)  (62.82-64.62) 63.80 (2.64) (62.93-64.66) (_Z;g’?; 6) 0.730
Riﬁﬁ:‘;?; Ele;/rtilng 62.90 (3.43) (61.78-64.03) 62.99 (4.50) (6151-6443) 5'_9%'_058'82) 0.873
Right foot hearing 6291 (289)  (61.96-63.85) 63.08 (3.56) (6192-6425) 3._62'_138.28) 0547
R‘iﬁ:‘;"; o 8 61.75(210)  (61.06-62.44) 61.58 (2.65) (60.71-62.44) (—2.261—72.81) 0.442
Riggs:ztk‘iﬁ;‘;i“g 61.12 (2.27) (60.38-61.87) 61.20 (2.48) (60.39-62.01) (72'_23'_028'09) 0.686
Right foot beating 60.34 (2.02)  (59.67-61.00) 60.27 (1.96) (59.63-6091) 1.%_71.88) 0670
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Table 4. Cont.
Variables Fli\f;agegi?n 1C95% Selc\gfl;“sgssi)on 1C95% LoA p VALUE
Left foot sw ipnegegme 3437(354)  (33.21-35.53) 34.54 (3.42) (33.33-35.57) (72._3%?;18) 0.698
Leftfootswingtime 3700333 (3593-38.11) 35.29 (4.24) (3.90-3662) 3;37_36'78) 0.000¢
Leftfootswingtime 3565243  (34.85-36.49) 35.46 (2.91) (4513641 saan en 0516
Leftfootswingtime 3651 (240)  (35.72-37.29) 36.38 (2.44) (35.58-37.18) (71.2'71_32.1 y 03
Left foztksn‘:f/il?g time 37.29 (2.42) (36.49-38.08) 37.28 (2.59) (36.43-38.12) (_2'840}2'05) 0.961
Leftfootswingtime 38162200  (37.44-388) 38.03 (2.37) (37.25-38.80) (_1.2'91_32.1 gy 0456
Rig‘:::;;“;’;gfdﬁme 3418 271)  (33.30-35.07) 34.13 (2.60) (33.28-34.98) (72.82)_52.17) 0.771
Right footswing time 3561 (3.60)  (34.64-36.99) 35.83 (4.70) (3430-37.37) 6'_305'_062'31) 0971
Rightfootswing ime 3565 292)  (34.69-36.60) 35.57 (3.38) (3446-36.68) o o 0769
Right f;gfksl:/il?g time 36.59 (2.14) (35.89-37.29) 36.84 (2.63) (35.98-37.70) (4?3%?3 1) 0.273
Rightfootswingime 3701 27)  (36.27-37.75) 36.95 (2.48) (36.13-37.76) (_2'(1)'00_72'23) 0.724
Rightfootswing ime 3763 01)  (37.01-38.39) 37.72 (1.94) (37.09-38.36) (_1;3%?15 7 0733

Abbreviation: km/h (kilometers per hour); CI (confidence interval); SD (standard deviation); * (paired t-test significant differences, p < 0.05):

LoA (limit of agreement).

4. Discussion

Assessing the reliability of any IMU or gait analysis system is essential to ensure
the reliability of the measurements made by analyzing the gait parameters, a lack of
errors in the operation of the devices, and a lack of human error. This study shows that
the Wiva Science IMU has high reliability in its measurements, but we must mention
that the reliability is reduced at lower speeds. At 4 km/h, no errors are observed in the
measurements, and at 1.6 km/h, the results are most affected. This may be due to changes
in the speed of the subject’s walking and errors between both days of the test.

Furthermore, if we compare our study with others, we agree that ICCs are lower at
slower speeds and higher ICCs at higher speeds or with normal gait velocity [24,35].

According to the validation research of the gait parameters studied with the IMU
Free4Act [36] which could be classified as the predecessor of Wiva Science, they obtained
lower ICC results the lower the study speeds were.

Comparing our investigation with the reliability and repeatability study of the IMU
MTw sensors (MTw sensors, Xsens Technologies B.V., The Netherlands) [37] they performed
the gait tests at a comfortable speed for the patient, 25 m for 1 min in 19 subjects. They
obtained an ICC > 0.8 in all measurements including intrasession and intersession, being
in agreement with our study by having good reliability and repeatability at a speed
comfortable for the patient.

Furthermore, we believe that since the worst results were isolated and occurred at 1.6,
2.4 and 3.2 km/h speeds, they are not significant. Compared to other studies with high
reliability results ICC > 0.81, it has the worst scores in stance time and swing time as our
study [15]. With regard to the reproduction of the study, the subjects did not use footwear
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or clothing that could bias the measurements, such as socks or stockings, since they could
alter the biomechanics of the participant.

The results of our research are similar to other researches where they have used
inertial measurement units placed on the lower back [38,39] and having greater difficulty
in measuring the parameters related to stance and swing times [40,41]. It is possible that
this is due to the fact that they are more accurate in their measurements the more proximal
their placement is to the foot [42]. However, the placement of the inertial measurement
units in the sacral area, according to some authors, can reduce residual errors related to
pelvic rotations and errors in gait measurements [43].

All of the research revealed positive results in terms of accuracy and repeatability, so
we believe that using a sample of 36 healthy subjects for our research was sufficient. We
must emphasize that we first placed the IMU in the subject’s sacral area with an elastic belt
supplied by the manufacturer, but it was not useful, and it even skewed the measurements
during the repetition of the tests. Therefore, the device was held with hypoallergenic
adhesive bandages. Another important limitation was the impossibility of limiting the
tests from the Biomech software (Version 1.6.1.14687, LetSense Group srl., Bologna, Italy,
http:/ /letsense.net (accessed on 11 December 2019)), which was not able to eliminate the
acceleration and deceleration times from the tests performed in a 10 m-long corridor at
normal speed. A few studies have quantified events occurring at the initiation of gait using
IMUs [44,45]. The total time spent between the two days of the test was approximately one
and a half hours per subject, which was a source of fatigue for the participant.

5. Conclusions

We found no difference when we compared the variables between the first and second
sessions at higher speeds (4 and 4.8 km/h). However, we found greater differences and
errors at lower speeds of 3.2, 2.4 and 1.6 km/h, and the latter one generated more error.
Based on the results of this study, we leave open future lines of investigation related to
comparison between morphotypes of the foot and the behavior for walking evaluated with
IMUs. In addition, we must test Wiva Science IMU at different walking speeds and find
whether it is effectively unreliable at lower speeds. We must also evaluate its behavior at
higher speeds.
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