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Abstract: This study aimed to determine the minimum number of repetitions for a high reliability of
movement timing in fundamental physical fitness exercises using inertial sensors. Fifteen young men
and fifteen women performed eight exercises (two-leg hop, forward lunge, squat, sit-up, shoulder
abduction, hip abduction, back extension, and push-up) (preferred tempo, 3 trials, 20 repetitions
per trial). The movement timing (cycle of movement in seconds and its phases in seconds and
%tcycle) was tested for intra- and inter-trial reliability (SPSS 28.0, p < 0.05). Just two repetitions
were adequate for excellent intra- and inter-trial relative reliability (ICCs > 0.75, isolated exceptions
only for durations expressed as %tcycle, in only three out of the eight exercises: hip abduction, back
extension, and push-up), as well as for high absolute intra- and inter-trial reliability (average SEM%
at 5.9%, respectively, and 6.8% and average MDC95% at 13.7% and 15.9%, respectively, which was
consistently higher than the upper boundary limit of SEM%, and a rather low CV% ranging from
1.5% to 4.9% and averaging at 3.1%). A total of four repetitions, excluding the initial and the final
one, appears adequate for high overall reliability of movement timing in the eight physical fitness
exercises examined.
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1. Introduction

The temporal analysis of rhythmic movement patterns provides a valuable insight
into timing, coordination, and neuromuscular control during movement execution [1-7].
In the context of exercise and sports, understanding the temporal dimensions of repetitive
exercise movement patterns is crucial for optimizing performance, ensuring participant
safety, and maximizing training benefits. Temporal analysis aims at the movement timing
using variables such as the duration of the whole cycle of movement and the duration
of the movement phases (the latter is expressed in seconds as well as by a percentage of
the cycle of movement duration). Force plates [8-11], and motion capture systems [11,12]
have traditionally been used in laboratory testing, whereas wearable inertial sensors have
emerged as a portable and affordable tool for assessing human movement patterns in a
field setting [1-6,13].

Inertial sensors typically contain three-axis accelerometers, gyroscopes, and magne-
tometers. The acceleration, velocities, and displacements of rhythmic movement patterns
comprise periodic signals that are suitable for detecting movement events as well as for
defining the temporal pattern of the acting body segments [1-7]. Their small size and
weight enable unencumbered movement; these features, coupled with their ease of use and
their capacity to capture data from numerous subsequent movement cycles, make them
a promising, affordable, and friendly tool for assessing everyday activities, exercise, or
sports routines.
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There has been a growing body of research concerning the validity and reliability of in-
ertial sensors in movement analysis [3,5,7,14,15]. Regarding reliability, the findings suggest
that inertial sensors can be reliably employed for repeated measurements of movements
across various contexts. However, it is essential to recognize that their reliability depends
on the specific movement being evaluated [2,14]. Thus, the movement-specific reliability of
the inertial sensing is crucial for consolidating its use in field settings, such as for exercises
that are fundamental in fitness modalities or sports routines, where a repetitive movement
execution is typically applied. In the temporal analysis of rhythmic movements, the number
of repetitions significantly influences the accuracy and reliability of the results [9-12,15-17].

The repetitions within a single trial or within the trials in the same session constitute
measures applied at different time points to the same subjects, and their stability over time
defines their temporal reliability [18]. The equivalence of items from the same test (i.e., the
different temporal measures used to evaluate the timing of a movement when a motor task
is evaluated) represents the internal consistency of the temporal reliability [18].

Both a small and a large number of repetitions can lead to variations in the tem-
poral movement patterns corresponding to external or internal factors. External factors
introduce measurement errors, while internal factors reflect inherent variability due to
repetition-to-repetition differences or individual disparities [16]. Collecting data from
multiple movement repetitions typically overcomes these variations. However, many
repetitions can be impractical in real-world fitness settings as they can potentially induce a
learning or fatigue effect as well as result in a progressive decrease or increase in natural
behavior variability [16,17]. It is worth noting that the existing literature on this topic is
restricted to movement patterns such as walking [9], running [11], swimming [12], con-
tinuous countermovement jumping [10], and repetitive squatting [17], and it does not
specifically address the temporal features of movement through inertial sensing. To the
best of our knowledge, there appears to be a lack of information about the reliability of
the inertially sensed movement timing during fundamental physical fitness and sports
exercises, highlighting a gap in the inertial sensors” applicability across various functional
movement patterns in the fitness field.

Therefore, this study aimed to assess the minimum number of repetitions that allows
high temporal reliability of the movement timing in a variety of fundamental physical
fitness exercises using inertial sensors.

2. Materials and Methods
2.1. Participants

Thirty active men (n = 15) and women (n = 15) (age: 24.8 £ 3.3 and 28.9 + 6.6 yrs;
body height: 1.8 £ 0.1 and 1.7 £ 0.04 m; body mass: 80.2 £ 8.5 and 59.3 £ 6.3 kg;
BMI: 24.3 4 2.1 and 21.8 + 2.0 kg/m?, for the men and the women, respectively) with
various sports backgrounds (i.e., basketball, football, gymnastics, and weightlifting) and at
least two years of strength training experience (all right-handed and right-footed) partici-
pated in the study. All the participants were physically active (at least two times per week
over the last six months and at least 60 min per fitness session). During a familiarization
session, they were evaluated by an experienced examiner with regard to their ability to
perform ten consecutive repetitions in each movement pattern with the correct technique
(Appendix A—Figure Al). The inclusion criteria also required that there was no history of
vestibular, orthopedic, and neurological disorders within the previous 12 months, as these
may have potentially negatively affected their movement patterns.

2.2. Experimental Procedure

The participants were required to perform eight different exercise movement patterns
at their preferred, most comfortable tempo. The eight movement patterns were: two-
leg hop in place, forward lunge (right-foot forward stepping by all participants), squat,
sit-up, shoulder abduction (right arm), hip abduction (right leg), back extension, and push-
up (Figure 1). The participants completed 3 trials of 20 consecutive repetitions for each
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movement per trial, with a 2 min rest between trials of the same movement to avoid the
inducing of fatigue [19]. A rotation order was applied to randomize the movements across
the participants, i.e., the sequence of movements was kept the same, and each participant
started with the movement following the initial one of the preceding participant. Before
data collection, the instructions for movement execution were provided both verbally and
visually to ensure proper technique. During each trial, all the participants were visually
monitored for their technique by the same examiner who had evaluated them in the
familiarization session.
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Figure 1. Exemplary filtered angular velocity trajectories (middle) in each movement pattern (left, the
sensor position on the body is noted). Schematic definition of the cycle duration (right) as the time
taken between 2 consecutive zero—crossing points (circle markers), indicating the same directional
change. For the two—leg hop only, the cycle duration was defined between two consecutive dips
(triangle markers) while phasel (flight) and phase2 (contact) were defined between dip to peak and
peak to dip, respectively.
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2.2.1. Data Collection and Analysis

Inertial sensors (Xsens MTw Awinda (Movella, Henderson, NV, USA), sampling at
100 Hz, including triaxial accelerometer, gyroscope, and magnetometer) placed on the
participant’s body segments were used to record the angular velocity trajectories. The
inertial sensors were secured tightly to the body segments with elastic straps. A total of
6 sensors were placed on the participant’s body; however, only 1 sensor was used for
each movement evaluation (Appendix A—Figure A2). Specifically, for each exercise, the
segment associated with the greatest range of motion at the movement’s plane of motion
was selected for further analysis as it provided the most representative angular velocity
trajectory (Figure 1). These angular velocity trajectories demonstrated a clear periodic
waveform (sine wave) consisting of two regions, one of positive and one of negative
angular velocity, corresponding to the two basic phases of each motion pattern. Figure 1
illustrates the angular velocity for a representative participant in each movement. The
zero-crossing points, the peaks, and the dips indicate critical movement events (initiation,
termination, and direction changes). Prior to the extraction of the variables, all the angular
velocity trajectories were filtered (4th-order Butterworth low-pass filter; cut-off frequency
2 Hz, MATLAB R2022b, MathWorks, Inc., Natick, MA, USA, https:/ /www.mathworks.
com/help/matlab/math/basic-spectral-analysis.htm, accessed on 1 October 2023). The
2 Hz cut-off frequency was chosen after examining the frequency power spectrum of all
the signals (Appendix A—Figure A3) that indicated the highest signal intensity below 2 Hz
in all the exercises and across all the participants.

2.2.2. Temporal Variables

For all the movements, in each one of the trials, the 1st and 20th repetitions were
excluded to eliminate the effects of the trial initiation and termination. Thus, 18 repetitions
were retained for further analysis (except for the push-up exercise, where 10 repetitions
were retained as, in all three trials, the participants completed only 10 repetitions). In all
the movements, the whole cycle of movement (cycle) and its two phases (phasel, phase2)
(Figure 1) were defined using the zero-crossing points of the angular velocity trajectory
(a total of three zero-crossing points were used to define each cycle of movement and its
two phases). The cycle duration (tcycle) was defined as the time interval between two
consecutive zero-crossing points in the same direction, either positive to negative (forward
lunge, shoulder abduction, and hip abduction) or negative to positive (squat, sit-up, back
extension, and push-up), depending on the sensor’s orientation) (Appendix A—Figure A3).
Only for the two-leg hop was tcycle defined as the interval between two consecutive
dips (Figure 1). The duration of phasel was determined as the time interval between
the zero-crossing point indicating the initiation of tcycle (1st point) and the consecutive
one, where angular velocity transitioned the zero baseline towards the opposite direction
(2nd point) (Figure 1). Thus, phase2 was defined as the time interval between the 2nd
zero-crossing point and the one indicating the termination of the cycle of movement (3rd
point) (Figure 1). In the continuance, in each trial, and for each one of the 18 retained
repetitions (10 repetitions for the push-up trials), 5 temporal variables were calculated:
the absolute movement durations expressed in seconds (tcycle, tphasel, tphase2) and the
relative movement durations expressed as a percentage of tcycle (%phasel, %phase2).
The zero-crossing points of the angular velocity signals were detected using the zero-
crossing detection MATLAB techniques (https:/ /www.mathworks.com/help/dsp/ref/
dsp.zerocrossingdetector-system-object.html#d126e359250, accessed on 1 October 2023),
while, for the two-leg hop peaks and dips, the peak detection (https://www.mathworks.
com/help/signal/ref/findpeaks.html, accessed on 1 October 2023) MATLAB techniques
were used (MATLAB R2022b software, MathWorks, Inc., Natick, MA, USA). For the intra-
trial reliability (that is, the agreement of the subsequent repetitions within the same trial),
the value of each repetition was inserted into the statistical analysis, for each one of the
five defined temporal variables (tcycle, tphasel, tphase2, %tphasel, and %tphase2). For
the inter-trial reliability (that is, the agreement between trials), the repetition average (for
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each subsequent accumulation of the 18 retained repetitions in each trial) was inserted into
the statistical analysis, for each one of the five defined temporal variables (tcycle, tphasel,
tphase2, %tphasel, and %tphase2).

2.3. Statistical Analysis

The statistical analysis aimed at relative (intraclass correlation coefficient—ICC) as well
as absolute (standard error of measurement—SEM, minimal detectable change—MDC, and
coefficient of variation—CV) reliability measures [20,21], as described in the continuance.
The recommended number of repetitions was determined based on a combination of a high
ICC coefficient (>0.75) [22], an acceptable SEM% value (<15%) [14,23], an MDC95% above
the upper boundary limit of SEM% [14,23], and a CV% below 10% [20,21]. All the statistical
analyses were carried out using IBM SPSS Statistics (v. 28.0), with the significance level
set at alpha < 0.05. Initially, all the analyses were conducted separately for the male and
female groups. However, following the observation of a consistently similar behavior of all
the reliability indices in both genders, the results were presented with the men and women
combined into a single group.

2.3.1. Relative Reliability

Relative reliability was evaluated using the ICC with a 95% confidence interval
(95% CI). Relative reliability refers to the magnitude of the association of the repeated
measurements, which is derived by quantifying the correlation among them. It forms the
ratio of total variability (between subjects) and individual variability (within subjects),
which produces the ICC [20,21]. Various forms of ICC exist [24], but as this study fo-
cused on assessing the agreement of the average measures across repetitions and trials in
a random sample of individuals, the two-way random effects, absolute agreement, and
average measures models were deemed the most appropriate. The interpretation of ICC
was by Fleiss [22] ICC > 0.75: excellent; ICC between 0.40 and 0.75: moderate to good;
ICC < 0.40: poor).

2.3.2. Absolute Reliability

Absolute reliability refers to the within-subject variability, and it is not sample-
dependent because the range of individual scores is not accounted for [20,21].

SEM%. To avoid the influence of the same factors also influencing the ICC (e.g., the
model and the variability of scores) [20,21], the SEM was calculated from the square root of
the mean square error term (Serror) in ANOVA. For the SEM to be independent of the units
of measurement [25], it was expressed as a percentage (SEM%), according to Equation (1),

where SEM = +/ 82error and X is the mean for all the observations.

SEM% = < % 100 (1)

SEM )

The SEM% values were categorized as low (<10%), acceptable (between 10% and
15%), or high (>15%) and corresponded to the interpretations of absolute reliability as good,
acceptable, or poor, respectively.

MDC95%. The statistical index of MDC95% denotes the smallest change that can be
95% confidently attributed to a real change beyond random measurement error [15,23]. An
MDC95% value above the upper boundary limit of the SEM% suggests that the changes
or differences in the measured parameter are greater than what could be attributed to
random measurement error. The MDC95% was estimated using the SEM, and to make it
independent of the units of measurement, it was calculated using Equation (2), where X is

the mean value of all observations and MDC = SEM (1.96 X \/§> .

MDC95% = (MDC/X) x 100 )
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CV%. The coefficient of variation (CV) is an estimate of the amount of variation in the
data that is attributed to differences between the participants, reflecting how much each
individual’s data points deviate from the overall grand mean [20,21]. In the context of relia-
bility analysis, understanding this between-subject variability helps assess the consistency
of measurements within individuals compared to the overall variability across different
subjects [20,21]. For a unitless estimate, CV was expressed as a percentage (CV%) using
Equation (3), which defines the “between-subject” or “inter-individual” variability [20,21],
where SD is the total standard deviation and ¥ is the total mean (total refers to all the
individual data points across the conditions),

CV% = % x 100, where CV = % 3)

Two estimates of CV were used in the study, the single trial CV and the average trial
CV. In the estimation of the single trial CV%, total refers to the subsequent number of
repetitions used in each step of the analysis, for the particular trial. In the estimation of
the average trial CV%, total refers to the number of trials used in each step of the analysis,
for the specific number of repetitions concerning each subsequent accumulation of the

18 repetitions.

3. Results

Overall, for the eight physical fitness exercises, the reliability indices (relative and
absolute) indicate that a minimum of two repetitions is adequate for achieving excellent
temporal reliability, either within the same single trial (intra-trial) or among multiple trials
(inter-trial). The adequacy of just two repetitions to provide excellent temporal reliability
concerns both the movement measures expressed in seconds (tcycle, tphasel, tphase2) and
those expressed as a percentage of tcycle (%tphasel and %tphase). Isolated exceptions
concerning the ICC limits for excellent relative reliability are noted for the phases of
movement only when these are expressed as a percentage of tcycle and only for three out
of the eight physical fitness exercises examined in the study. The results for each specific
reliability index (ICC, SEM%, MDC95%, and CV%) are presented in the continuance and
are accompanied by additional tables (see Appendix C) and figures (see Appendix B).

3.1. Relative Temporal Reliability

ICC. Figure 2 presents the intra- and inter-trial relative reliability with the ICC (95% CI)
values concerning the movement durations expressed in seconds (tcycle, tphasel, and tphase2).
Overall, across all the exercises, the results highlight two repetitions as adequate for excellent
intra- and inter-trial temporal reliability (ICC > 0.75, p < 0.001), with ICCs ranging from 0.78
to 1.00 for the intra-trial reliability (ICC = 0.98 averaged across all eight exercises and all
repetition accumulations) and from 0.76 to 0.99 (ICC = 0.94, averaged across all eight exercises
and all repetition accumulations) for the inter-trial reliability. Detailed ICC numerical statistics
for tcycle, tphasel, and tphase2 are provided in Appendix C—Table Al on the intra-trial
reliability and in Appendix C—Table A2 on the inter-trial reliability.

As with tphasel and tphase2, %tphasel and %tphase2 also revealed that two repetitions
were adequate for excellent intra- and inter-trial relative reliability (ICC > 0.75, p < 0.001),
except for the hip abduction, the back extension and the push-up exercises, where more
repetitions were required to reach an ICC of excellent intra-trial (Appendix B—Figure A4,
Appendix C—Table A1) as well as inter-trial (Appendix B—Figure A4, Appendix C—Table A2)
reliability.
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Figure 2. Graphical representation of intraclass correlation coefficient (ICC) for movement durations
expressed in seconds (tcycle, tphasel, tphase2) in all accumulated repetitions, for intra-trial reliability
(each trial separately: T1, T2, T3) and inter-trial reliability (averages of 2 and 3 trials: T1-T2 and
T1-T2-T3, respectively). The error bars indicate the lower and upper bound of the 95% confidence
intervals (95% CI).

3.2. Absolute Temporal Reliability

SEM%. Figure 3 presents the intra- and inter-trial SEM% indices concerning the
temporal absolute reliability of the movement durations expressed in seconds (tcycle,
tphasel, and tphase2). Overall, consistently across the exercises (Figure 3), the SEM%
values were within the acceptable SEM% limit (<15%, and in most cases within the range
of a low SEM%, that is, <10%), which also highlights the fact that two repetitions are
adequate for good intra- and inter-trial reliability and absolute temporal reliability (across
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all exercises and all repetitions, average SEM%: 5.9 and 6.8%, respectively). Detailed SEM%
numerical results for tcycle, tphasel, and tphase2 are provided in Appendix C—Table A1l
on the intra-trial reliability and in Appendix C—Table A2 on the inter-trial reliability.
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Figure 3. Graphical representation of standard error of measurement (SEM%) for movement durations
expressed in seconds (tcycle, tphasel, tphase2), in all accumulated repetitions, for intra-trial reliability
(each trial separately: T1, T2, T3) and inter-trial reliability (averages of 2 and 3 trials: T1-T2 and
T1-T2-T3, respectively). The error bars indicate the lower and upper bound of the 95% confidence
intervals (95% CI).

As with tphasel and tphase, %tphasel and %tphase2 also revealed that two repetitions
were adequate for good intra- and inter-trial absolute temporal reliability, consistently
across all the exercises, with rather low SEM% values (average at 4% and 2.5%, respectively,
for intra- and inter-trial SEM%) (Appendix B—Figure A5, Appendix C—Tables A1l and A2).
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MDC95%. Figure 4 presents the intra- and inter-trial MDC95% indices concerning
the temporal absolute reliability of the movement durations expressed in seconds (tcycle,
tphasel, and tphase2). The MDC95% had an average of 13.7% (range: 6.4-39%) for the
intra-trial observed values and an average of 15.9% (range: 5.4-31%) for the inter-trial
values. Overall, consistently across all the exercises, the intra- and inter-trial MDC95% was
well above the upper boundary limit of the SEM% (Figure 5). Detailed MDC95% numerical
results for tcycle, tphasel, and tphase2 are provided in Appendix C—Table A1l on the
intra-trial reliability and in Appendix C—Table A2 on the inter-trial reliability.
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Figure 4. Graphical representation of minimal detectable change (MDC95%) for movement durations

expressed in seconds (tcycle, tphasel, tphase2) in all accumulated repetitions, for intra-trial reliability

(each trial separately: T1, T2, T3) and inter-trial reliability (averages of 2 and 3 trials: T1-T2 and
T1-T2-T3, respectively).
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Figure 5. Mean (SD) intra-trial (top, across the 3 single trials) and inter-trial (bottom, across T1-T2
and T1-T2-T3) MDC95% units above the SEM% upper boundary limit, for the temporal measures
expressed in seconds (tcycle, tphasel, tphase2) and the temporal measures expressed as %tcycle
(%tphasel, %tphase2). The MDC95% units above the SEM% upper boundary limit give a magnitude
of how much the MDC95% exceeds the upper boundary limit of the SEM%, i.e., how much the
observed changes go beyond what would be expected due to random measurement error alone.

As with tphasel and tphase, %tphasel and %tphase2 indicated that two repetitions
were adequate for MDC95% and well above the upper boundary limit of SEM% (Figure 6),
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consistently across all the exercises, with an average MDC95% at 9.5% (range: 4.4-20.5%)
for the intra-trial reliability (Appendix B—Figure A6, Appendix C—Table Al) and at
5.7% (range: 2.3-15.5%) for the inter-trial reliability, respectively (Appendix B—Figure A6,
Appendix C—Table A2).

Absolute Va riability (CV%) 2 repetitions are adequate for low CV%
well below 10% even with just a single
trial (average: 3.1%, range: from 1.5% to

o _mtra- tr_lal e T - T1-T2 4.9%). Detailed numericals in Appendix
--&- inter- trial --e--T2 --m-- T1-T2-T3 C-Tables Al and A2.
--@--T3
tcycle tphasel tphase2
Two-leg hop y p P
10 101 Up 101 Down
8 81 8
6 61 s-'/.
4 4 4
g r;'0-O---o-o-o-o-'&ow-c-o-'o-o-’o ;‘; ®e0000000 6068000 (2, $80000.000000000
2345678 9101112131415161718 23456738 9101112131415161718 2345678 9101112131415161718
Lunge
10 10 Down 1041 Up
8 81 8
6 61 61
4 44 — S e g 4 = i i = g
2 : 21 s 5 S e T -
t*——— nH————————— +v—————————
2345678 9101112131415161718 2345678 9101112131415161718 2345678 9101112131415161718
Squat
10 10{Pown 104 Up
8 81 8
6 61 61
4 L . 41 - —— i 41 ’ i
i =& = = = = Fihde & = = = = w4 —a—a—a—a—a—a—a 2| 5= —a—u—8 o
5 - T = 2 — L
2345678 9101112131415161718 2345678 9101112131415161718 2345678 9101112131415161718
Sit-up
10 104 Up 104 Down
8 81 8
6 61 6
4 4{ pgguuuuu SRy 4{aggaeeeeees
. e S = -l | S SR
o+ o L e e T
2345678 9101112131415161718 2345678 9101112131415161718 2345678 9101112131415161718
Shoulder abduction
10 104 Up 104 Down
8
6
4 . ——
2| e s s s et M
- -
2345678 9101112131415161718 2345678 9101112131415161718 2345678 9101112131415161718
Hip abduction
10 104 Up 1041 Down
8
6
4
2
0
2345678 9101112131415161718 2345678 9101112131415161718 2345678 9101112131415161718
Back extension
10 101 Up
8 81
6 61
4 4 ———8—u—a—=8 —3 Z—a
2 z~k"‘.-‘l-=‘-*‘-n-...-.-.
0 - 01 — . — : 0L — . - . .
2345678 9101112131415161718 2345678 9101112131415161718 2345678 9101112131415161718
Push-up
10 104 Up
8 81
6 61
4 : ‘ 4
Ihlaa s = ===l 21 V-
2345678 9101112131415161718 2345678 9101112131415161718 2345678 9101112131415161718
Accumulated Repetitions Accumulated Repetitions Accumulated Repetitions

Figure 6. Graphical representation of coefficient of variability (CV%) for movement durations
expressed in seconds (tcycle, tphasel, tphase?) in all accumulated repetitions for intra-trial reliability
(each trial separately: T1, T2, T3) and inter-trial reliability (averages of 2 and 3 trials: T1-T2 and
T1-T2-T3, respectively). The error bars indicate the lower and upper bound of the 95% confidence
intervals (95% CI).
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CV%. Figure 6 presents the intra- and inter-trial CV% concerning the movement
durations expressed in seconds (tcycle, tphasel, and tphase2). Overall, consistently across
the exercises (Figure 5), the low CV% values indicate that two repetitions were adequate
for excellent absolute temporal reliability (averaged at 1.3% and 2.2%, for the intra- and the
inter-trial CV%, respectively) (Appendix C—Tables Al and A2).

As with tphasel and tphase, %tphasel and %tphase2 also revealed that two repetitions
were adequate for good intra- and inter-trial absolute temporal reliability, consistently
across all exercises, with rather low CV% values (averaged at 0.4% and 0.6%, respectively,
for intra- and inter-trial CV%) (Appendix B—Figure A7, Appendix C—Tables A1 and A2).

4. Discussion

This study aimed to assess the minimum number of repetitions that allow a high
reliability of inertially sensed movement timing in a variety of fundamental movement
patterns used in physical fitness modalities. Eight fundamental and commonly used physi-
cal fitness exercises (two-leg hop, lunge, squat, sit-up, shoulder abduction, hip abduction,
back extension, and push-up), and five temporal variables were used (movement durations
expressed in seconds: tcycle, tphasel, tphase2, and movement durations expressed as tcycle
percentage: %tphasel, %tphase2)). For repetition accumulation and separately for each
exercise, the reliability assessment was conducted within each single trial (intra-trial) and
among multiple trials (inter-trial).

Across the eight physical fitness exercises, the overall reliability indices highlight the
fact that a minimum of two repetitions is adequate and sufficient for achieving excellent
temporal reliability, either within the same single trial (intra-trial) or among multiple trials
(inter-trial). This is shown by the ICC values >0.75, alongside the SEM% values within the
low (<10%) or the acceptable (<15%) SEM% limits, the rather low CV% (well below the
widely accepted CV% limit of 10%) [20,21], and the even lower CV% criterion of <5% for
defining motor stability [26], as well as an MDC95% that consistently exceeded the upper
boundary limit of SEM.

4.1. Relative Temporal Reliability

The relative temporal reliability consistently demonstrated a high level for the move-
ment durations, both when expressed in seconds (tcycle, tphasel, and tphase2) and as a
percentage of tcycle (%tphasel and %tphase2), with the movement measures expressed
in seconds emerging as the most reliable temporal variables in terms of relative reliability
(higher ICC values). The adequacy of just two repetitions to provide excellent relative
temporal reliability applies to both the movement measures expressed in seconds (tcycle,
tphasel, tphase2) and those expressed as a percentage of tcycle (%tphasel and %tphase2).
Isolated exceptions regarding the ICC limits for excellent relative reliability are noted for
the phases of movement only when these are expressed as a percentage of tcycle, and this
is observed for only three out of the eight physical fitness exercises examined in the study.
Specifically, the movement durations expressed as a percentage of tcycle exhibited slightly
lower ICC values only in the hip abduction, back extension, and push-up, where achieving
excellent reliability required more than two repetitions. However, the number of required
repetitions was not consistent across the single trials or among the multiple trials.

The different optimum repetition numbers concerning the above-mentioned exercises
may be attributed to specific demands inherent in these movement patterns, such as the
increased need for postural stability in hip abduction [27] or varying muscle mass engage-
ment and strength requirements in the back extension and push-up exercises [28]. These
factors may contribute to a less stable temporal pattern across the repetitions and trials.
The nuanced interpretation of reliability within the context of specific exercises empha-
sizes the importance of considering factors like subtle execution variations, individual
biomechanics, and participant-specific characteristics influencing reliability. However, it
is crucial to recognize that this variability in performance over time reflects the natural
inherent challenges in these movements [29], such as those of postural stability and muscu-
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lar strength, that may undermine proper technique. Considering the increased demands
of postural stability and strength in the abovementioned exercises, it is important to note
that achieving consistently excellent reliability (ICC > 0.75) may be challenging even with
increased repetition numbers. Furthermore, we caution against using excessive repetitions
as they may compromise the correct execution of movements, particularly in exercises
demanding significant postural stability and strength. In the present study, an example
of this was the push-up exercise, where, despite being well-trained, almost 2/3 of the
participants completed only 10 repetitions in each trial, in contrast to the 20 repetitions in
all the other exercises.

Comparison with the previous literature on inertial sensor reliability is challenging
due to methodological differences between studies, especially in the assessed movement
patterns and variables. The study by Cudejko and collaborators [2], which focused on accel-
erations and orientations of body segments in multiple functional activities, provided initial
insights into the potential use of inertial sensors in the fitness field; however, it did not
specifically address movement timing, which is the focus in the present study. The present
findings align with studies assessing inertial sensor data in gait patterns [5-7,15]. The ICC
values observed in this study were similar to those observed in gait assessments using
body-worn inertial sensors (ICC > 0.75) [5-7]. One question that arises when using the
ICC for reliability assessment (an index that inherently reckons on the variability among
individuals) is whether this index reflects the degree of agreement between repetitive
measurements [25,30]. High ICC values may result from sample variability rather than
real agreement between measurements if the variance between individuals is sufficiently
high [30]. However, the inter-individual variability across all the accumulated repetitions,
trials, and exercises was below 10%, which was well below the 35% limit value for ho-
mogeneity [21]. Therefore, it can be safely concluded that the data presented excellent
relative reliability.

4.2. Absolute Temporal Reliability

An additional factor that can influence the reliability is the measurement error, as any
observed change represents a combination of true change and error. When a measurement
test is repeatedly applied, the responses are likely to exhibit slight variations from repetition
to repetition, or trial to trial, which are attributed to measurement error [30]. Human
movement that is repeated over time inherently displays natural behavior variability [29].
Thus, a certain amount of variability is natural and will be reflected in the measurement
error. Regarding reliability, the less the error varies around the mean, the more reliable
the measurement will be. The standard error of measurement (SEM and SEM%) serves
as an indicator of the reliability of the test response and measures absolute reliability,
independently of the between-individual variability compared to ICC. However, SEM is
not consistently reported in reliability studies, and to the best of our knowledge, there are
no standardized criteria specifically outlining SEM classifications. According to Atkinson
and Nevill [20], the lower the SEM%, the higher the absolute reliability and the higher the
precision of the obtained results.

In our study, the consistently low SEM% values, across all the variables for intra-
and inter-trial assessments, underscored the good absolute reliability for inertial sensor-
based movement timing in the variety of examined fitness exercises. Occasionally, the
non-consistent exceptions, which fell within acceptable limits (10-15%) [15,23], affirmed
the overall robustness of the measurements, indicating the stability and reproducibility
of the temporal variables over time and the precision of the individual temporal mea-
surements using inertial sensors [20]. The phase durations expressed as a percentage of
tcycle (%tphasel, %tphase2) consistently exhibited lower SEM% values in the intra- and
inter-trial assessments, with SEM% being approximately one-third lower than the durations
expressed in seconds, across all eight exercises and all repetition accumulations. This result
suggests better absolute reliability for the phases of movement when these are expressed as
a percentage of tcycle, in contrast to the opposite observation in relative reliability. This
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observation may be attributed to the increased variation in the duration values expressed in
seconds, which may not be solely due to measurement error but also to the between-subject
variability. On the other hand, the rather low variation when the phase durations are
expressed as %ftcycle, allows the assumption that, although the movement durations when
expressed in seconds vary among individuals due to different preferred tempos, the timing
of the movement does not vary between individuals.

Another indicator of measurement error and variability is the minimal detectable
change. MDC95% is used to estimate the smallest change required to exceed the measure-
ment error of an assessment; it acts as a threshold for determining whether an observed
change is likely to be meaningful as a “real” one or whether it falls within the expected
range of measurement error [7,15,20]. The consistently low MDC95% values for the abso-
lute (average: 13.7% for intra-trial and 15.9% for inter-trial) and relative durations (average:
9.5% for intra-trial and 5.7% for inter-trial) provided valuable insights into the interpretation
of meaningful changes in temporal measures across a spectrum of physical fitness exercises
(MDC95% was consistently above the upper bound limit of SEM%). MDC95% is crucial
for distinguishing the changes that surpass inherent natural variability and are influenced
by significant external factors [7,15,20,29]. The consistently low overall MDC95% values
underscore the reliability of the measurements obtained through inertial sensors across a di-
verse range of fitness exercises. In the hip abduction, back extension, and push-up exercise,
the MDC95% was higher than that of the other exercises, which most likely implies that
one should be more careful when interpreting minor changes in these movement patterns.

4.3. Required Repetitions for Reliable Temporal Measures

The study emphasizes the pivotal role of repetition numbers in analyzing rhythmic
movements, in alignment with prior research [9-12,16,17].

Both too few or too many repetitions and trials can introduce variations in temporal
movement patterns. These variations are attributed to external factors causing measure-
ment errors and internal factors reflecting inherent variability arising from repetition-to-
repetition differences or individual disparities [16]. While collecting data from multiple
repetitions during precise measurements has been advocated to overcome variations, the
practicality of many repetitions in real-world fitness settings presents challenges due to
potential learning or fatigue effects and progressive changes in natural variability over
time [16,17]. The existing literature has primarily focused on movement patterns like
walking (10 cycles recommended [9], 25 cycles recommended [26]), running (25 cycles
recommended [11]), swimming (6 cycles recommended [11], continuous jumping (4 to
11 cycles recommended [10]), and repetitive squatting (9 cycles recommended [17]). Impor-
tantly, these studies have not addressed the temporal analysis of movement using inertial
sensors, making the current study’s contribution novel. It provides valuable insights into
optimal repetition numbers for reliable temporal data in fitness-related movements.

The findings indicate that a minimum of two repetitions is adequate and sufficient for
achieving excellent temporal reliability across all exercises, either within the same single
trial (intra-trial) or within multiple trials (inter-trial). This finding contrasts with the gait
studies that suggest that a higher number of movement cycles is necessary for reliable
temporal data (10 cycles [9] or >25 cycles recommended [11,26]). However, it is essential
to note that these studies do not use inertial sensors for temporal analysis. Hammil
and McNiver [9] used running ground reaction force data recorded with a force plate,
while Oliveira and Pirscoveanu [11] also used running ground reaction forces recorded
with a force plate as well as optical motion data recorded with an eight-camera system.
Kribus-Shmiel and coworkers [26] recorded their gait data with a motion capture system as
well as with an inertial sensor-based system whose purpose was to detect the heel strike
event. Our results align with the findings of Ader and colleagues [5,6], who demonstrated
excellent reliability in temporal variables during gait using inertial sensors, with only three
repetitions for healthy older individuals [6] and people with multiple sclerosis [5].
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4.4. Practical Application

The study’s outcomes have practical implications for fitness professionals, trainers,
and athletes. The data collected from wearable inertial sensors provide a portable and cost-
effective solution compared to large or fixed equipment such as force plates and motion
capture systems. The periodic signals observed from the measured accelerations, velocities,
and displacements during the rhythmic movement patterns are suitable for detecting events
and defining the temporal pattern of the body segments involved in and constituting those
movements. [1-3,5,6]. Understanding the minimum number of repetitions required for
reliable analysis of the movement timing may streamline data collection and analysis
processes, making it more feasible to integrate temporal assessment into fitness routines
and training programs.

4.5. Limitations

While this study offers valuable insights into inertial sensor-based temporal analysis in
fitness modalities, several limitations should be acknowledged. Firstly, the study primarily
focused on healthy, physically active participants, which may restrict the generalizability of
the findings to individuals with varying fitness levels or clinical populations. Additionally,
the study specifically examined a set of movement patterns, and it is essential to recognize
that optimal repetition numbers may vary for other exercises or activities, as shown by the
higher number of movement cycles necessitated in gait studies (23-25 strides, [26]).

5. Conclusions

In conclusion, this study provides comprehensive insights into the temporal reliability
of inertially sensed movement timing across a variety of fundamental fitness exercises
performed by young, trained adults. The findings suggest that inertial sensors offer a
reliable and practical tool for capturing temporal data in various exercises, with a minimum
of two repetitions proving adequate for the achievement of excellent reliability. Notably,
a single inertial sensor, strategically placed on a segment indicative of the particular
movement pattern, effectively yielded reliable temporal parameters, which were derived
from angular velocity trajectories. The outcomes affirm that inertial sensors provide a
feasible and practical tool for assessing movement timing in physical fitness exercises,
particularly within the context of young, trained adults. Finally, the study establishes a
foundation concerning the evaluation of the temporal aspects of human movement using
inertial sensors and thus encourages further exploration and refinement of methodologies
that may be applied not only in the laboratory but also in field settings.
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The participant should adhere to the following proper execution key points that focus on the maintenance

Appendix A

List of proper execution key points checked by the experienced examiner

of proper body form and body alignment and the avoidance of common mistakes.

Two-leg Hop:

Forward Lunge

*Maintain an upright stance with feet hip-width apart.
*Keep hands on hips during the entire exercise duration.
*Bend both knees gently and hop repetitively with both legs.
¢ Maintain within the same landing area.

(right leg):

eStart with an upright stance, feet hip-width apart, and hands on hips.

*Take a big step forward with the right foot.

*Lower the body until the right thigh is parallel to the floor (90 deg knee angle).
* Avoid the right knee going past the right toe.

Straight torso and engaged core during knee bending while lowering the body.
*Push with the right heel to return to the starting position.

¢Stand with feet shoulder-width apart.

*Keep hands on hips throughout the movement.

*Bend knees and press hips back while keeping the upper body straight.
*Lower into a squat, ensuring not to go deeper than a 90-degree angle.
*Press heels to the floor to return to the initial position.

eLie on the mat with the back and hips inside the force plate.
*Keep feet firmly planted on the floor, hip-width apart.

ePlace hands behind the neck or to the sides.

eContract abs and lift head, neck, and shoulder blades off the floor.

Shoulder Abduction (right arm):

Back Extension:

Knee Push Up:

%
-
-

eStand with feet hip-width apart on the force plate.

*Keep arms hanging at the sides with elbows straight.

*Raise the right arm to the side until reaching 90 degrees of lateral shoulder abduction.
* Avoid shrugging shoulders or tilting the trunk during the movement.

(right leg):

eStand with feet hip-width apart on the force plate.

*Place hands on hips.

*Keep the back and spine neutral, raise your toes slightly, and swing the right leg out
sideways.

eLie on the mat in a prone position with hips inside the force plate.

e Straighten your legs behind you and place your hands behind the neck or to the sides.

eLift upper back, raise shoulders off the mat (spinal extension).
*Keep the head and neck neutral during the movement.

eStart at the top of the push-up position on hands and knees.
*Keep hands shoulder-width apart inside the force plate.
*Engage glutes and brace the core.

*Bend elbows to lower the chest as close to the floor as possible.
*Push hands into the floor to return to the starting position.

Figure Al. List of proper execution key points observed by the experienced examiner who ensured

that participants fulfilled the inclusion criteria for the study and monitored proper technique during

data collection trials.
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the eight physical fitness exercises. The frequency spectrum of the raw signal clearly indicates the
intensity of the signal below 2 Hz, the latter defined as cut-off frequency for the applied 4th-order
Butterworth low-pass filter (MATLAB R2022b, MathWorks, Inc., Natick, MA, USA).
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Appendix B
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--e--T3 Tables A1 and A2.
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Figure A4. Graphical representation of intraclass correlation coefficient (ICC) for the phases of
movement expressed as %tcycle (%tphasel and %tphase2) in all accumulated repetitions for intra-
trial reliability (each trial separately: T1, T2, T3) and inter-trial reliability (averages of 2 and 3 trials:
T1-T2, T1-T2-T3, respectively). The error bars indicate the lower and upper bound of the 95%
confidence intervals (95% CI).
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Absolute Reliability (SEM%)
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--B- inter-trial -@-~"T2. m-- T1-T?- trial. Detailed numericals in
ter-tria --®--T3 SRS Appendix C-Tables A1 and A2.
o o
Two-leg hop %phasel %phase2
151 Down
101
51 0 2900080 B: 01 0::0::9:: 9
OM Sh!t!!!!!!ﬂ!!!l
2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

151 Down
10
5-
oA 2§ - vt
2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Squat
151 Down 151 Up
10 10
2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Sit-up
151 Up 151 Down
10 10
B et sl 7 B il Bl
2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Shoulder abduction
151 Up 151 Down
10 10
5‘ Py s L 5‘
(1 I e O R T < - = O s~ O . . A e =~ S~ O O — T
2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Hip abduction
154 15 Down
10 101 1.
5 R _EET IR RRY IR ER¥ TRRT FRY X8 ) 5 m’::!::gaz;.::g;:.::.x;.;l.'::.-,::.::.:::.Hg::.
0 = 0-
2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Back extension
151 Down
" o 7 0L TEY T e Wil 101 i o ailreuei @ s
RTYRIPIIT ToF ST Hhp 344 fF HiE 3% BRR AN 5/ M!.......,;;g;:3;;3::3..3...,8”3..:8:;;;1
- 0- - - - -——au
2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Push-up
151 Down 151 Up
10 10
51 54
(1, el s S A S | - T -~ i~ A —
2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Accumulated Repetitions AEcimp]ateH Repeatons
Figure A5. Graphical representation of standard error of measurement (SEM%) for the phases of
movement expressed as %tcycle (%tphasel%tphase?) in all accumulated repetitions for intra-trial
reliability (each trial separately: T1, T2, T3) and inter-trial (averages of 2 and 3 trials: T1-T2, T1-T2-T3,
respectively).
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Figure A6. Graphical representation of the minimal detectable change (MDC95%) for the phases of
movement expressed as %tcycle (%tphasel%tphase?) in all accumulated repetitions for intra-trial
reliability (each trial separately: T1, T2, T3) and inter-trial reliability (averages of 2 and 3 trials: T1-T2,
T1-T2-T3, respectively).
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--o--T3 Appendix C-Tables A1 and A2.
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Figure A7. Graphical representation of the coefficient of variability (CV%) for the phases of movement
expressed as %tcycle (%tphasel%tphase2) in all accumulated repetitions for intra-trial reliability
(each trial separately: T1, T2, T3) and inter-trial reliability (averages of 2 and 3 trials: T1-T2, T1-T2-T3,
respectively).
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Appendix C

Table A1. INTRA-Trial Temporal Reliability Indices. Required number of repetitions for the repetition
subsequent accumulation within the same single trial (T), separately for each one of the three trials
(T1,T2,T3) to achieve an intraclass correlation coefficient (ICC) > 0.75, a standard error of measure-
ment (SEM%) < 15%, a minimal detectable change (MDC95%) above the SEM% upper boundary
limit, and the 2-repetition coefficient of variation CV% for the movement measures expressed in
seconds (tcycle, tphasel, tphase2) (top part of the table) and the movement measures expressed as a
percentage of tcycle (%tphasel, %tphase2) (bottom part of the table).

Number of
Intra-Trial Repetitions ICC (95% CI) SEM% MDC95% CV%
Measures (ICC/SEM%/MDC95%/CV %)
T1 T2 T3 T1 T2 T3 T1 T2 T3 T1 T2 T3 T1 T2 T3
Movement Measures Expressed in Seconds (tcycle, tphasel, lphaseZ)
Two-le teycle 2/2/2/2 2/2/2/2 2/2/2/2 0.92 (0.82 0.96) 0.93 (0.85 0.97) 0.92 (0.82 0.96) 4.8 4.5 5.7 112 104 133 1.6 1.7 2.0
ho g tphasel 2/2/2/2 2/2/2/2 2/2/2/2 0.86 (0.75 0.93) 0.92 (0.83 0.96) 0.86 (0.75 0.94) 4.1 4.8 6.4 9.6 112 14.9 1.1 1.7 1.7
P tphase2 2/2/2/2 2/2/2/2 2/2/2/2 0.93 (0.85 0.97) 0.96 (0.91 0.98) 0.93 (0.84 0.97) 7.0 5.6 7.3 16.3 13.0 17.0 2.6 26 2.7
teycle 2/2/2/2 2/2/2/2 2/2/2/2 0.99 (0.98 1.00) 0.99 (0.98 1.00) 0.99 (0.97 0.99) 29 29 3.5 6.7 6.7 8.1 2.7 26 2.7
Lunge tphasel 2/2/2/2 2/2/2/2 2/2/2/2 0.98 (0.96 0.99) 0.98 (0.97 0.99) 0.98 (0.96 0.99) 4.0 37 45 94 8.6 10.5 28 27 3.0
tphase2 2/2/2/2 2/2/2/2 2/2/2/2 0.98 (0.96 0.99) 0.98 (0.97 0.99) 0.98 (0.96 0.99) 4.5 37 39 10.6 8.7 9.2 2.8 27 27
teycle 2/2/2/2 2/2/2/2 2/2/2/2 0.98 (0.97 0.99) 0.97 (0.93 0.99) 0.99 (0.96 0.99) 34 47 3.0 7.8 11.0 6.9 25 2.6 27
Squat tphasel 2/2/2/2 2/2/2/2 2/2/2/2 0.97 (0.95 0.99) 0.94 (0.87 0.97) 0.98 (0.94 0.99) 4.6 6.6 3.8 10.7 15.5 8.9 2.6 25 27
tphase2 2/2/2/2 2/2/2/2 2/2/2/2 0.96 (0.91 0.98) 0.95 (0.90 0.98) 0.98 (0.95 0.99) 6.2 6.4 45 14.4 15.0 104 2.8 29 29
teycle 2/2/2/2 2/2/2/2 2/2/2/2 0.99 (0.98 0.99) 0.99 (0.98 1.00) 0.99 (0.98 1.00) 4.6 3.8 3.7 10.7 8.9 8.6 3.8 3.7 39
Sit-up tphasel 2/2/2/2 2/2/2/2 2/2/2/2 0.99 (0.98 0.99) 0.99 (0.97 0.99) 0.99 (0.98 1.00) 44 47 3.6 103 11.0 85 4.0 35 4.0
tphase2 2/2/2/2 2/2/2/2 2/2/2/2 0.98 (0.96 0.99) 0.99 (0.97 0.99) 0.98 (0.96 0.99) 6.0 47 59 14.1 11.0 13.7 4.0 39 3.9
Should teycle 2/2/2/2 2/2/2/2 2/2/2/2 0.98 (0.96 0.99) 0.98 (0.97 0.99) 0.99 (0.98 1.00) 44 3.2 2.7 103 7.4 6.4 29 25 26
ouder tphasel 2/2/2/2 2/2/2/2 2/2/2/2 0.94 (0.87 0.97) 0.97 (0.93 0.99) 0.99 (0.97 0.99) 6.9 3.8 3.3 16.1 8.9 7.6 2.6 23 2.5
Abduction tphase2 2/2/2/2 2/2/2/2 2/2/2/2 0.98 (0.97 0.99) 0.98 (0.97 0.99) 0.98 (0.95 0.99) 46 3.9 48 107 9.1 111 33 28 29
Hi teycle 2/2/2/2 2/2/2/2 2/2/2/2 0.90 (0.78 0.95) 0.98 (0.96 0.99) 0.91 (0.80 0.96) 7.7 42 10.1 17.9 9.8 23.6 24 2.8 32
lp_ tphasel 2/2/2/2 2/2/2/2 2/2/2/2 0.78 (0.43 0.87) 0.86 (0.69 0.93) 0.78 (0.53 0.89) 14.3 11.3 14.8 334 26.3 29.0 29 29 37
Abduction tphase2  2/2/2/2  2/2/2/2  2/2/2/2  095(0.89098)  0.88(074094) 090 (0.79 0.95) 64 116 102 148 27.1 238 27 33 31
teycle 2/2/2/2 2/2/2/2 2/2/2/2 0.98 (0.95 0.99) 0.99 (0.98 1.00) 1.00 (0.99 1.00) 7.4 4.5 3.1 17.4 10.4 7.3 43 4.5 4.7
Back tphasel 2/2/2/2 2/2/2/2 2/2/2/2 0.94 (0.88 0.97) 0.96 (0.92 0.98) 0.99 (0.97 0.99) 103 9.3 57 239 218 133 41 45 44
Extension tphase2 2/2/2/2 2/2/2/2 2/2/2/2 0.98 (0.96 0.99) 0.99 (0.98 1.00) 0.99 (0.98 0.99) 7.6 5.3 6.3 17.8 123 148 48 47 54
teycle 2/2/2/2 2/2/2/2 2/2/2/2 0.95 (0.90 0.98) 0.97 (0.94 0.99) 0.98 (0.95 0.99) 7.2 5.7 5.0 16.8 134 11.7 31 32 29
Push-up tphasel 2/2/2/2 2/2/2/2 2/2/2/2 0.89 (0.78 0.95) 0.99 (0.98 1.00) 0.95 (0.89 0.98) 129 3.1 8.0 30.2 7.2 18.6 3.8 33 3.2
tphase2 2/2/2/2 2/2/2/2 2/2/2/2 0.99 (0.97 0.99) 0.92 (0.83 0.96) 0.98 (0.96 0.99) 33 9.7 41 7.7 22.7 9.5 2.6 32 2.7
Movement Measures Expressed as %tcycle (%tphasel, %tphase2)
Two-leg Y%tphasel 2/2/2/2 2/2/2/2 2/2/2/2 0.89 (0.76 0.95) 0.96 (0.91 0.98) 0.75 (0.47 0.89) 3.6 29 5.1 8.5 6.8 119 1.1 1.4 1.1
hop %tphase2 2/2/2/2 2/2/2/2 2/2/2/2 0.89 (0.76 0.95) 0.96 (0.91 0.98) 0.77 (0.49 0.90) 33 27 4.8 7.6 6.3 11.1 1.0 1.3 1.1
Lunge %tphasel 2/2/2/2 2/2/2/2 2/2/2/2 0.81 (0.60 0.91) 0.92 (0.83 0.96) 0.91 (0.82 0.96) 2.8 21 23 6.5 4.8 53 0.6 0.7 0.7
8 %tphase2 2/2/2/2 2/2/2/2 2/2/2/2 0.81 (0.60 0.91) 0.92 (0.83 0.96) 0.91 (0.82 0.96) 3.2 23 25 74 54 59 0.7 0.8 0.8
Squat %tphasel 2/2/2/2 2/2/2/2 2/2/2/2 0.81(0.59 0.91) 0.80 (0.26 0.83) 0.80 (0.58 0.90) 39 4.1 27 9.1 94 6.3 09 0.7 0.6
q %tphase2 2/2/2/2 2/2/2/2 2/2/2/2 0.81(0.59 0.91) 0.80 (0.26 0.83) 0.80 (0.58 0.90) 39 4.0 27 9.2 9.3 6.2 0.9 0.7 0.6
Sit-u %tphasel 2/2/2/2 2/2/2/2 2/2/2/2 0.94 (0.87 0.97) 0.88 (0.74 0.94) 0.82 (0.62 0.92) 20 25 27 4.8 57 6.3 0.8 0.7 0.6
P %tphase2 2/2/2/2 2/2/2/2 2/2/2/2 0.94 (0.87 0.97) 0.88 (0.74 0.94) 0.82 (0.62 0.92) 20 2.4 2.7 47 55 6.3 0.8 0.7 0.6
Shoulder %tphasel 2/2/2/2 2/2/2/2 2/2/2/2 0.78 (0.59 0.88) 0.84 (0.66 0.92) 0.80 (0.59 0.91) 28 2.0 29 6.5 4.6 6.6 0.6 0.5 0.6
Abduction Y%tphase2 2/2/2/2 2/2/2/2 2/2/2/2 0.78 (0.54 0.90) 0.84 (0.66 0.92) 0.80 (0.59 0.91) 2.7 19 2.7 6.2 45 6.4 0.6 0.5 0.6
Hip Y%phasel 4/2/2/2 8/2/2/2 6/2/2/2 0.77 (0.59 0.88) 0.77 (0.77 0.93) 0.78 (0.63 0.88) 6.3 8.8 7.3 14.8 20.5 17.1 1.3 1.2 1.1
Abduction %phase2 4/2/2/2 8/2/2/2 6/2/2/2 0.77 (0.59 0.88) 0.77 (0.77 0.93) 0.78 (0.63 0.88) 5.8 8.1 7.0 13.6 189 16.3 1.2 1.1 1.0
Back %phasel 5/2/2/2 15/2/2/2 4/2/2/2 0.75 (0.58 0.87) 0.75 (0.60 0.93) 0.76 (0.57 0.87) 6.7 6.8 53 15.7 15.9 12.3 1.2 0.9 1.0
Extension Y%phase2 5/2/2/2 15/2/2/2 4/2/2/2 0.75 (0.58 0.87) 0.75 (0.60 0.93) 0.76 (0.57 0.87) 6.1 6.4 5.1 14.2 14.8 119 1.1 0.9 1.0
Push-u Y%phasel 5/2/2/2 4/2/2/2 8/2/2/2 0.75 (0.57 0.87) 0.75 (0.40 0.82) 0.76 (0.60 0.87) 3.8 32 33 9.0 7.5 7.7 0.7 0.5 0.5
; P Y%phase2 5/2/2/2 4/2/2/2 8/2/2/2 0.75(0.57 0.87) 0.75 (0.40 0.82) 0.76 (0.60 0.87) 4.1 33 35 9.5 7.7 8.1 0.7 0.5 0.6
ICC: Excellent (>0.75), Moderate to Good (0.40-0.75), Poor (<0.40) (classification following Fleiss [22]), SEM%:
Low (£10%), Acceptable (10-15%), High (>15%) [15,23], CV% < 10% [20,21].
Table A2. INTER-Trial Temporal Reliability Indices. Required number of repetitions for the repetition
subsequent accumulation between trials (averages of 2 and 3 trials: T1-T2, T1-T2-T3, respectively) to
achieve an intraclass correlation coefficient (ICC) > 0.75, a standard error of measurement (SEM%)
< 15%, a minimal detectable change (MDC95%) above the SEM% upper boundary limit, and the
2-repetition coefficient of variation CV% for the movement measures expressed in seconds (tcycle,
tphasel, tphase2) (top part of the table) and the movement measures expressed as a percentage of
teycle (%tphasel, %tphase2) (bottom part of the table).
Number of cc
Inter-Trial Repetitions (95% CI) SEM% MDC95% CV%
Measures (ICC/SEM %/MDC95%/CV %)
T1-T2 T1-T2-T3 T1-T2 T1-T2-T3 T1-T2 T1-T2-T3 T1-T2 T1-T2-T3 T1-T2 T1-T2-T3
Movement Measures Expressed in Seconds (tcycle, tphasel, tphase2)
teycle 2/2/2/2 2/2/2/2 0.96 (0.91 0.98) 0.96 (0.92 0.98) 33 42 7.6 9.8 1.6 27
Two-leg hop tphasel 2/2/2/2 2/2/2/2 0.76 (0.75 0.89) 0.87 (0.76 0.94) 6.3 59 14.7 13.7 14 2.6
tphase2 2/2/2/2 2/2/2/2 0.97 (0.92 0.98) 0.96 (0.92 0.98) 49 6.3 114 147 25 3.6
teycle 2/2/2/2 2/2/2/2 0.91 (0.75 0.96) 0.93 (0.85 0.97) 75 7.5 17.6 174 27 19
Lunge tphasel 2/2/2/2 2/2/2/2 0.91 (0.72 0.96) 0.94 (0.85 0.97) 76 76 17.7 17.7 27 19
tphase2 2/2/2/2 2/2/2/2 0.90 (0.78 0.96) 0.93 (0.86 0.97) 8.4 8.3 19.6 19.3 2.8 23
teycle 2/2/2/2 2/2/2/2 0.95(0.75 0.93) 0.97 (0.91 0.93) 4.8 4.8 11.1 111 2.5 27
Squat tphasel 2/2/2/2 2/2/2/2 0.90 (0.75 0.93) 0.95 (0.88 0.93) 6.8 6.2 15.8 14.4 2.5 27
tphase2 2/2/2/2 2/2/2/2 0.95(0.86 0.93) 0.97 (0.93 0.93) 55 55 129 12.9 2.8 29
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Table A2. Cont.
Number of 1cc
Inter-Trial Repetitions (95% CI) SEM% MDC95% CV%
Measures (ICC/SEM %/MDC95%/CV %) °
T1-T2 T1-T2-T3 T1-T2 T1-T2-T3 T1-T2 T1-T2-T3 T1-T2 T1-T2-T3 T1-T2 T1-T2-T3
teycle 2/2/2/2 2/2/2/2 0.94 (0.89 0.97) 0.94 (0.89 0.97) 9.3 114 21.6 26.6 3.7 32
Sit-up tphasel 2/2/2/2 2/2/2/2 0.94 (0.88 0.97) 0.95(0.91 0.98) 9.4 10.5 219 244 3.8 33
tphase2 2/2/2/2 2/2/2/2 0.94 (0.870.97) 0.92 (0.85 0.96) 10.5 133 245 31.0 3.9 35
teycle 2/2/2/2 2/2/2/2 0.80 (0.41 0.92) 0.88 (0.73 0.95) 104 9.5 243 222 2.8 29
Shoulder tphasel 2/2/2/2 2/2/2/2 0.79 (0.34 0.92) 0.88 (0.70 0.95) 94 87 219 203 25 31
Abduction tphase2 2/2/2/2 2/2/2/2 0.81 (0.48 0.92) 0.89 (0.75 0.95) 11.8 108 275 253 32 3.1
. teycle 2/2/2/2 2/2/2/2 0.89 (0.70 0.95) 0.93 (0.85 0.97) 8.0 8.0 18.6 18.6 2.6 3.6
Hip tphasel 2/2/2/2 2/2/2/2 0.82 (0.59 0.92) 0.87 (0.75 0.93) 10.7 121 249 282 27 38
Abduction tphase2 2/2/2/2 2/2/2/2 0.88 (0.73 0.94) 0.93 (0.84 0.97) 9.6 8.2 25 192 29 38
teycle 2/2/2/2 2/2/2/2 0.97 (0.91 0.99) 0.98 (0.96 0.99) 74 76 17.3 17.8 44 35
Back tphasel 2/2/2/2 2/2/2/2 0.95 (0.91 0.98) 0.96 (0.94 0.98) 94 104 219 242 42 37
Extension tphase2 2/2/2/2 2/2/2/2 0.96 (0.87 0.98) 0.97 (0.95 0.99) 93 92 21.8 21.4 47 3.7
teycle 2/2/2/2 2/2/2/2 0.96 (0.87 0.98) 0.96 (0.93 0.98) 5.6 7.0 13.0 16.4 3.1 31
Push-up tphasel 2/2/2/2 2/2/2/2 0.92(0.78 0.97) 0.95(0.90 0.97) 9.2 9.3 21.5 21.8 35 31
tphase2 2/2/2/2 2/2/2/2 0.93 (0.86 0.97) 0.95 (0.91 0.98) 75 7.6 17.5 17.6 2.8 3.5
Movement Measures Expressed as %tcycle (%tphasel, %tphase2)
Two-leg Y%phasel 2/2/2/2 2/2/2/2 0.86 (0.70 0.94) 0.90 (0.80 0.95) 44 4.3 10.3 10.1 1.2 0.9
hop Y%phase2 2/2/2/2 2/2/2/2 0.86 (0.70 0.94) 0.89 (0.79 0.95) 4.0 4.1 9.3 95 1.1 0.8
L Y%phasel 2/2/2/2 2/2/2/2 0.86 (0.71 0.93) 0.91 (0.83 0.95) 24 24 5.5 5.6 0.6 0.8
unge 9%phase2 2/2/2/2 2/2/2/2 0.86 (0.71 0.93) 0.91 (0.83 0.95) 27 27 63 63 07 09
Squat Y%phasel 2/2/2/2 2/2/2/2 0.80 (0.70 0.86) 0.83(0.75 0.91) 3.8 3.2 8.8 75 0.7 0.9
qua 9%phase2 2/2/2/2 2/2/2/2 0.80 (0.70 0.86) 0.83 (0.75 0.91) 37 32 87 74 07 09
Sit-u Y%phasel 2/2/2/2 2/2/2/2 0.79 (0.55 0.90) 0.85(0.72 0.92) 3.4 3.1 7.9 7.3 0.7 09
P %ophase2 2/2/2/2 2/2/2/2 0.79 (0.55 0.90) 0.85(0.72 0.92) 3.3 3.1 7.7 71 0.7 0.9
Shoulder %phasel 2/2/2/2 2/2/2/2 0.83 (0.64 0.92) 0.89 (0.79 0.94) 21 22 4.8 5.1 0.5 0.9
Abduction Y%phase2 2/2/2/2 2/2/2/2 0.83 (0.64 0.92) 0.89 (0.79 0.94) 2.0 2.1 4.6 49 0.5 0.9
Hip Y%phasel 5/2/2/2 2/2/2/2 0.75 (0.47 0.89) 0.80 (0.63 0.90) 55 53 12.8 124 1.0 0.9
Abduction Y%phase2 5/2/2/2 2/2/2/2 0.75 (0.47 0.89) 0.80 (0.63 0.90) 5.1 5.0 11.8 11.6 0.9 0.9
Back Y%phasel 13/2/2/2 5/2/2/2 0.77 (0.52 0.89) 0.76 (0.56 0.88) 6.7 6.0 15.5 139 0.9 0.9
Extension Y%phase2 12/2/2/2 5/2/2/2 0.79 (0.57 0.90) 0.76 (0.56 0.88) 6.1 5.6 142 13.0 0.8 0.9
Push- Y%phasel 5/2/2/2 5/2/2/2 0.75 (0.28 0.83) 0.78 (0.59 0.89) 39 3.1 9.1 7.3 0.5 0.9
ush-up 9%phase2 5/2/2/2 5/2/2/2 0.75 (0.28 0.83) 0.78 (0.59 0.89) 41 33 95 76 05 0.9
ICC: Excellent (>0.75), Moderate to Good (0.40-0.75), Poor (<0.40) (classification following Fleiss [22]), SEM%: Low
(<10%), Acceptable (10-15%), High (>15%) [15,23], CV% < 10% [20,21].
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