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Abstract

Objectives Artistic gymnastics is a sport where most athletes start at an early age and training volumes are high.
Hence, overuse and acute injuries are frequent due to the load endured during landing tasks. During landing, the
ground reaction force (GRF) is up to 15.8 times the body weight and therefore reliable GRF measurements are crucial.
The gold standard for GRF measurements are force plates. As force plates are mostly used in a constrained laboratory
environment, it is difficult to measure the GRF in representative training settings. Textile insoles (novel GmbH, Munich,
Germany) exist, which can be used to measure dynamic GRF. Hence, the motivation of this study is to test the validity

subjects and compared to concurrent force plate data.

and reliability of these insoles during landing tasks. GRF was measured during four different exercises, in two test

Results Twelve out of 16 statistical parametric mapping plots showed no significant difference between the meas-
ured force curves of insoles and force plates. Across conditions, the root mean square error of the maximal vertical
GRF was 21 N/kg and an impulse 0.4 Ns/kg. The intraclass correlation coefficient (ICC 2,1) ranged from 0.02 to 0.76
for maximal vertical GRF and from — 0.34 to 0.76 for impulse. The insoles are a valid measurement tool for GRF curve
progression and impulse during landing but underestimate the maximal vertical GRF.

Keywords Ground reaction force, Impulse, Landings, Force—time curve, Statistical parametric mapping, Root mean
square error, Intraclass correlation coefficient, Bland-Altmann diagrams

Introduction

Gymnastics is a sport with various disciplines and many
people of all ages and levels practice it [1]. Most athletes
start at an early age and engage in high volume training
[1]. Therefore, overuse and acute injuries are prevalent,
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especially due to high impacts during landing [2]. The
injury rate is 10.7% for female and 8.3% for male elite
gymnasts during recent Olympic Games [3]. The most
frequently affected body parts are the lower limbs, which
account for 36-70% of all injuries [4]. Here, more than
half of the lower limb injuries occur during landing,
where the ground reaction force (GRF) has been meas-
ured at 7.1-15.8 times the body weight [4, 5].

To measure GRF, force plates are the gold standard
for laboratory settings [4] and are producing valid data
over years [6]. The transfer to a training setting is chal-
lenging, especially due to the damping materials in the
gymnastics hall. As a different measurement technology,
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accelerometers are used to assess the acceleration of the
lower limbs or other parts of the body [7]. Here, a major
limitation is the fact that the results are highly influenced
by the wobbling mass and the fixation of the sensors [7].
Recently, a new textile insole to measure plantar pres-
sure based on the GRF was introduced (novel GmbH,
Munich, Germany). Insoles can easily be used in different
settings [8].

Therefore, the goal of this study is first to test the valid-
ity of these insoles in terms of maximal vertical GRF and
impulse during different landing tasks. The second goal
is to assess the reliability of the insoles. The motivation
for this study is to identify a method for measuring the
load caused by landing during physiotherapy exercises
and gymnastics training. This information will allow the
gymnast to evaluate whether the landing tolerance dur-
ing rehabilitation is sufficient to execute a certain gym-
nastic jump respectively element.

Main text

Materials and methods

Study design and ethics

The study was conducted as an observational single-cen-
tred study. The measurements were taken during several
days between May and July 2022 in Magglingen (Switzer-
land). In total, two recreational athletes (Participant 1:
25 years, 1.70 m, 57 kg, female and Participant 2: 24 years,
1.85 m, 90.8 kg, male) were involved in this study.
Included were participants who were healthy, between 18
and 45 years, and had no acute injuries of lower extremi-
ties or lower back. This study was approved according to
the guidelines of the internal review board of the Swiss
Federal Institute of Sport Magglingen (SFISM). All study
procedures were conducted in accordance with the Dec-
laration of Helsinki and a written informed consent was
obtained from all participants.

Validity and reliability measurements

Plantar pressure measurements were performed using
novel loadsol® pro insoles (loadsol® pro medial lat-
eral posterior, novel GmbH, Munich, Germany) with
a measurement frequency of 200 Hz. The insole data
were recorded on the associated application “loadsol-
s” on a tablet (iPad Pro 11”7 (2021), Apple Corporation,
Cupertino, CA, USA). The insoles were fixated on the
soles of the feet during all measurements, because gym-
nasts normally train barefoot and the measurements
should be specific to artistic gymnastics. First, each
foot was cleaned with ethanol and the insole was then
attached with elastic adhesive bandage (see Additional
file 1: Fig. S1). To zero the insoles, the participants bal-
anced on one foot, then the other. Additionally, force
plates (Type Kistler 9260A A6, Kistler Instrumente AG,
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Winterthur, Switzerland) were used concurrently for all
measurements. Measurements with Participant 1 were
carried out with one force plate. For the Participant 2
an experimental setting with two force plates was used,
where a left/right comparison would be possible. How-
ever, in this work the total landing force was of inter-
est. The validity and reliability measurements included
the following exercises: countermovement (CMJ), squat
(S]), drop jumps (DJ) and drop landings (DL). The DJ
and DL were executed from 20, 40 and 60 cm height.
Each exercise was repeated five times. In order to famil-
iarise themselves with the exercises, all participants had
at least one test run for each task.

Data analysis and statistics

Data analysis was conducted using spreadsheet soft-
ware (Microsoft Excel 2016, Microsoft Corporation,
Redmond, WA, USA), R Studio (Version 2022.02.2,
R Studio, Boston, MA, USA) and MATLAB (Version
R2017b, MatWorks, Natick, MA, USA). The data of
the force plate(s) were downsampled to 200 Hz, allow-
ing better comparison with the insole data. A jump
was considered to be invalid when the novel loadsol®
pro insole measurements had multiple dropouts, which
would lead to inaccurate data.

To assess the validity and reliability of the insoles,
the force—time curve progression, maximal vertical
GRF and impulse were analysed. The maximal vertical
GRF was defined at the landing point where the left and
right insole, respective to the force plate, had the high-
est combined value. In order to synchronise the insoles
and force plate, the maximal vertical GRF was used.
The impulse was calculated according to the maximal
vertical GRF and only values greater than the partici-
pant’s body weight were included.

To compare the force—time curve of the two meas-
urement technologies, the maximal vertical GRFs were
superimposed and the curves were then compared in a
force—time graph in Microsoft Excel. Additionally, sta-
tistical parametric mapping (SPM) was performed in
MATLAB, where the analysed time interval was from
0.04 s before to 0.2 s after the maximal vertical GRF
(maximal vertical GRF at 0.04 s, which means on the
x-axis at x =9) [9]. The root mean square error (RMSE),
intraclass correlation coefficient (ICC 2,1) with a 95%
confidence interval and Bland-Altmann diagrams of
the maximal vertical GRF and impulse were generated
[10-12]. The RMSE and Bland-Altmann diagram were
created in Microsoft Excel. The ICC was calculated in
R Studio and the following categorisation scheme was
used:<0.5 poor, 0.5-0.75 moderate, 0.75-0.9 good
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Fig. 1 Ground reaction force (GRF) of one DL 20 cm of Participant
2.The maximal vertical GRF is marked in red. The force plate and
insole measurement are labelled in dark blue, respectively dark
orange. The impulse is highlighted in light blue for the force plate
and light orange for the insole measurement. DL: drop landing

and > 0.9 excellent [11]. The level of statistical signifi-
cance was set to p<0.05.

Results

In total, 66 valid jumps were included in the analy-
sis. A force—time graph of a single jump (Participant 2,
DL 20 cm) is shown in Fig. 1, where the maximal verti-
cal GRF and impulse are marked. In the supplement,
other force—time graphs are included, demonstrating
that curves are generally similar to curves of force plate
measurements (see Additional file 1: Fig S2). The SPM
plots of all exercises of both participants are presented
in the supplement, with higher variation at the begin-
ning (x=0 to 15) of the analysed time frames (Additional
file 1: Fig. S3). Twelve out of 16 plots demonstrated no
significant difference between the insole and force plate
curves. Additionally, in Table 1, the force plate and insole
(mean =+ standard deviation (SD)), RMSE and ICC values
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Fig. 2 Ground reaction force (GRF) of a counter movement jump
(CMJ). The maximal vertical GRF of one countermovement jump
on the force plate is recorded by 1000 Hz which corresponds to
five reading points (labelled in red). In contrast, the insoles have a
sampling rate of 200 Hz that would lead to only one reading point in
the same time period of 0.005 s. CMJ countermovement jump

Page 3 of 6

of maximal vertical GRF and impulse are presented. The
RMSE of maximal vertical GRF deviated from the force
plate values by 32% and those of impulse differed by 10%.
Most ICC values for maximal vertical GRF and impulse
both denoted a poor association between the novel
loadsol® pro insoles and force plate except for DJ 40 cm
in maximal vertical GRF, CMJ and DJ 60 cm in impulse
measurements. Detailed tables of all RMSE and ICC val-
ues for both variables of interest are attached in the Addi-
tional file 1: Tables S1-S4). The Bland-Altmann diagrams
for maximal vertical GRF and impulse of both partici-
pants are added in the Additional file 1: Figs. S4 and S5).

Summary of statistical analysis

Discussion

This pilot study is the first to evaluate the validity and
reliability of the novel loadsol® pro insoles for GRF meas-
urements during landing tasks. Differences were noted
between the recorded forces of insoles and force plate
in some force—time graphs, indicating that the insoles
generally underestimate the GRF (see Additional file 1:
Figs. S2 and S5). Such an underestimation was also
observed in another study with a pressure insole (Moti-
con Science Pro Sensor) as well [13]. There are many dif-
ferent studies, not specifically for gymnastics, that have
reported mixed results [14—16].

Secondly, in the SPM plots, the data between x=0
and x=15 show a higher variation (see Additional file 1:
Fig. S3). Consequently, the area around the maximal ver-
tical GRF deviates because the maximal vertical GRF is at
x=9. Moreover, the maximal vertical GRF occurs within
the first 0.1 s after touchdown of the foot, which would
mean that the variation in the first milliseconds after
landing is higher. This finding is in line with the literature,
which suggests that errors occur mainly at the beginning
of the touchdown of the foot [17]. Additionally, twelve
SPM plots showed no significant difference in the force
curves, which means that in 75% of the measurements
the novel loadsol® pro insoles measure the GRF well.

Concerning the validity, the RMSE values of the maxi-
mal vertical GRF are inferior to those of the impulse and
they do not correlate with the mean force measured by
the force plate. Furthermore, the lower limit of the ICC
95% confidence intervals was below 0.5 for all exercises
(see Additional file 1: Tables S3 and S4). All p values
(see Additional file 1: Table S3 and S4) were non-signif-
icant except for the impulse calculation of CM]J of Par-
ticipant 2 (p=0.01). Thus, the relationship between the
novel loadsol® pro insoles and force plates is poor and
the insoles are not reliable when measuring the maxi-
mal vertical GRF or impulse of jumps. These findings are
not consistent with the current literature on the novel
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loadsol® pro insoles during declined, level and inclined
walking and running [18]. In that paper, the validity of
peak force and impulse was excellent and the ICC values
were above 0.6, which indicates good to excellent reliabil-
ity [18]. However, the categorisation scheme (>0.75 excel-
lent, 0.6—0.74 good, 0.4—0.59 fair and <0.4 poor) for the
ICC values was different and the peak force, respectively
impulse were determined during walking and running,
where the forces are generally lower than during landing
tasks [18]. Therefore, it is difficult to directly compare the
results of this paper with our findings. However, a pos-
sible reason for the poor results of our study could be the
low sampling rate of the insole (200 Hz). This would lead
to an inaccurate measurement of the maximal vertical
GRF because the insoles could miss the maximal verti-
cal GRF of a jump since it occurs in a short time period
(approximately 0.002—0.004 s). This is supported by the
Nyquist criterion, where the signal could be distorted if
the sampling rate is too low. For the impulse calculation,
the sampling rate has a lower impact because a longer
time period is analysed, where 200 Hz is sufficient for
an appropriate force recording for impulse calculation.
Figure 2 illustrates this problem of a low sampling rate.
With the limitations of the insole measurement and the
fact that the use of force plates is difficult in the gymnas-
tic setting, musculo-skeletal modeling and simulations
might be an alternative option.

As seen in the Bland-Altmann diagrams, mean maxi-
mal vertical GRF below 50 N/kg has a deviation of less
than 25 N/kg between the force plate and insoles; how-
ever, for a mean maximal vertical GRF above 50 N/kg, the
differences are higher. Thus, the novel loadsol® pro insole
is only a useful analytical tool for GRF measurements up
to 50 N/kg. Considering the literature, this appearance is
common as the accuracy and precision of another insole
vary across the level of applied pressure as well [19]. In
the Bland-Altmann diagrams of impulse, the values vary
little and across the whole range in a similar way. Hence,
the novel loadsol® pro insole and force plate measure-
ments are comparable only when considering the impulse
of a jump.

To conclude, the insoles are a valid measurement tool
for GRF curve progression and impulse during landing
but underestimate the maximal vertical GRF. However,
not only the validity and reliability of a measurement
device but also the practicality is important. The insoles
are easy to use, portable, time-efficient and inexpensive
compared to force plates.

Limitations
One limitation of this study is the attachment of the
insoles to the feet with elastic adhesive bandage, as
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normally the novel loadsol® pro insoles are worn in shoes.
Secondly, the small sample size would lead to a lack of
generalisability of the data and therefore future studies
with more athletes are needed. One more limitation are
the dropouts of the insole measurements, which led to an
exclusion of measurement runs. This may be improved
by reducing interfering signals in the measurement room,
or the force—time curves could be interpolated before
evaluating the data. The here used landings after CM]J,
SJ, DJ and DL are much less demanding comparted to a
landing after a gymnastic jump. Lastly, a major limitation
is the low sampling rate of the insole (200 Hz) since the
force—time curve is less accurate and thus the maximal
vertical GRF less precise. Consequently, in future high
impact landing studies, the use of an insole with a higher
sampling rate is suggested for a precise determination of
the maximal vertical GRFE.

Abbreviations

GRF Ground reaction force

SFISM Swiss Federal Institute of Sport Magglingen
CMmJ Countermovement jump

SJ Squat jump

DJ Drop jump

DL Drop landing

SPM Statistical parametric mapping

RMSE Root mean square error

ICC Intraclass correlation coefficient

SD Standard deviation

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513104-023-06328-9.

Additional file 1: Figure S1 The novel loadsol® pro insoles are attached
to the foot with elastic adhesive bandage because gymnasts normally
train barefoot and the measurements should be specific to artistic gym-
nastics. Figure S2. The force plate and insole measurements are labelled
in blue respectively orange. a) participant 1, DJ 40cm; b) participant 1, DJ
60cm; ¢) participant 1, DL 20cm; d) participant 2, CMJ; e) participant 2, DJ
20cm; ) participant 2, DL 20cm CMJ: countermovement jump, DJ: drop
jump, DL: drop landing. Figure S3 SPM plots of all exercises of both par-
ticipants (participant 1: a-h, 2: i-p). The x-axis is the time frame axis where
the maximal vertical GRF is normally at x=9. a,i) CMJ; b,j) SJ; ¢ k) DJ 20cm;
d,l) DJ 40cm; e,m) DJ 60cm; f,n) DL 20cm (in f the maximal vertical GRF is at
x=6); g,0) DL 40cm (in g the maximal vertical GRF is at x=8); h,p) DL 60cm
CMJ: countermovement jump, SJ: squat jump, DJ: drop jump, DL: drop
landing. Table S1 RMSE of maximal vertical GRF of different exercises of
both participants CMJ: countermovement jump, SJ: squat jump, DJ: drop
jump, DL: drop landing. Table S2 RMSE of impulse of different exercises of
both participants CMJ: countermovement jump, SJ: squat jump, DJ: drop
jump, DL: drop landing. Table S3 ICC values of maximal vertical GRF of
the different exercises of both participants CMJ: countermovement jump,
SJ: squat jump, DJ: drop jump, DL: drop landing. Table S4 ICC values of
impulse of the different exercises of both participants; * indicates signifi-
cant correlation CMJ: countermovement jump, SJ: squat jump, DJ: drop
jump, DL: drop landing. Figure S4 Bland Altmann diagrams comparing
force plate and insole measurements of maximal vertical GRF (a, ¢) and
impulse (b, d) of both participants. For the difference the insole values are
subtracted from the force plate values. The mean of all values is displayed
in green and the limits of agreement are labelled in grey. Figure S5 Bland
Altmann diagram comparing force plate and insole measurements of
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maximal vertical GRF of both participants (n=66). For the difference the
insole values are subtracted from the force plate values. The mean of all
values is displayed in green and the limits of agreement are labelled in
grey. Generally, the insoles underestimate the GRF. Therefore, a formula
was developed for a force range of 28.5 to 90N/kg to calculate the real
GRF value: Real GRF value in N/kg = 28.5 4 (measured GRF value in N/
kg - 28.5) * 1.65.
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