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Abstract: Accelerometry is becoming a popular method to access human movement in outdoor
conditions. Running smartwatches may acquire chest accelerometry through a chest strap, but little
is known about whether the data from these chest straps can provide indirect access to changes in
vertical impact properties that define rearfoot or forefoot strike. This study assessed whether the
data from a fitness smartwatch and chest strap containing a tri-axial accelerometer (FS) is sensible
to detect changes in running style. Twenty-eight participants performed 95 m running bouts at
~3 m/s in two conditions: normal running and running while actively reducing impact sounds (silent
running). The FS acquired running cadence, ground contact time (GCT), stride length, trunk vertical
oscillation (TVO), and heart rate. Moreover, a tri-axial accelerometer attached to the right shank
provided peak vertical tibia acceleration (PKACC). The running parameters extracted from the FS
and PKACC variables were compared between normal and silent running. Moreover, the association
between PKACC and smartwatch running parameters was accessed using Pearson correlations. There
was a 13 ± 19% reduction in PKACC (p < 0.005), and a 5 ± 10% increase in TVO from normal to silent
running (p < 0.01). Moreover, there were slight reductions (~2 ± 2%) in cadence and GCT when
silently running (p < 0.05). However, there were no significant associations between PKACC and the
variables extracted from the FS (r < 0.1, p > 0.05). Therefore, our results suggest that biomechanical
variables extracted from FS have limited sensitivity to detect changes in running technique. Moreover,
the biomechanical variables from the FS cannot be associated with lower limb vertical loading.

Keywords: running-related injuries; outdoors running; tibial acceleration; wearables; shock absorption

1. Introduction

Accelerometry has become a popular method to assess human movement in natural
conditions, being used in investigations dedicated to improving the quality of life and per-
formance in various populations [1,2]. However, running biomechanical variables extracted
from accelerometers might differ from those extracted from gold-standard laboratory equip-
ment [3]. Tibial acceleration is a good surrogate for running impact properties, such as
vertical ground reaction forces [3,4], with the advantage of allowing data acquisition in
ecological running conditions [5]. Improvements in accelerometry data accuracy are still
necessary, as non-standardized sensor location and placement might introduce undesired
data variability [6,7]. Studies using accelerometry have revealed reduced vertical tibial
acceleration during indoor treadmill/overground running when compared to outdoor
conditions, such as grass or asphalt [3], and has been used as an alternative assessment tool
of vertical loading rates [4]. Furthermore, peak tibial acceleration is a useful parameter for
the assessment of running-related injuries [8,9]. Therefore, tibial acceleration is a highly
relevant method to assess a runner’s impact properties in natural conditions.

The use of accelerometers has been popularized through commercial products such
as wearable tracking monitors [5,10,11]. In-built accelerometers in smartwatches and/or
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external chest straps allow measuring running biomechanical parameters [12,13]. The
popularity of the technology has grown, since more than 66% of runners use wearable
devices to quantify their running performance, such as Garmin® watches that are used
by ~44% of runners [11,14,15]. Interestingly, whereas most runners track basic training
parameters such as running time, speed, and heart rate, less than 9% track biomechanical
parameters such as cadence [16]. One reason for the low adherence to using such metrics
is the lack of understanding of their meaning [17–19]. Assessing running biomechanics
outdoors through wearable devices has been shown to be valid and reliable, although
small variations in reliability could be present between different devices [20]. Therefore,
evaluating whether the running biomechanical parameters provided by commercial smart-
watches are capable of tracking changes in running technique may help runners to adopt
such metrics to evaluate their training progression.

An example of using biomechanical data to assess performance can be found in gait
re-training, which is a relevant method to prevent running-related injuries through modifi-
cations in running technique [21,22]. It has been widely shown that vertical impact loading
is associated with some types of running-related injuries, such as stress fractures [21,23,24],
patellofemoral pain, and plantar fasciitis [25]. Running coaches can teach novice runners
to minimize their impact forces by listening to the sounds runners produce [26]. Run-
ning with lower footfall sounds reduces peak vertical forces and loading rates, as well as
changing the runner’s foot strike technique [27–29]. Achieving ideal reductions in vertical
impact loading while naturally performing a running workout may be facilitated through
objective measurements such as accelerometry. Therefore, it is highly relevant to establish
whether current smartwatches that offer assessment of running biomechanics are sensi-
tive to detect changes in vertical impact loading. Such sensitiveness can be attested by
comparing results from traditional vertical tibial acceleration to the results extracted from
a commercially available smartwatch, which uses chest accelerometry to derive running
biomechanical parameters.

In this study, a commercial smartwatch paired with a chest strap and a tibial-worn
accelerometer were used during normal and silent running bouts. The purpose was to
investigate whether the changes in running technique (normal vs. silent running) could be
detected by variables extracted from the smartwatch and chest strap combination (further
referred to as a wearable sensor [WS]). Moreover, we investigated whether there was an
association between tibial acceleration and the variables from the WS. Our main hypothesis
was that the running biomechanical data provided by the WS are sensitive to detect changes
in running technique and can also be associated with tibial acceleration.

2. Methods
2.1. Participants

Twenty-eight recreational runners (21 male, 7 female), right foot dominant (age:
25 ± 2.5 years, height: 181.7 ± 9.1 cm, weight 77.1 ± 12.7 kg, 10 ± 4 years running
experience, 21 ± 13 km weekly running volume) agreed to participate in the study. Initial
contact technique based on heel contact (e.g., rearfoot running) was part of our inclusion
criterion. Participants were injury-free for a minimum of 6 months before the test, as
well as avoided performing any strenuous exercise 24 h before participating in this study.
Additionally, participants were asked to avoid consuming any product containing caffeine
and alcohol for at least 12 h before the test. Participants were informed about the experi-
mental procedure and provided verbal and written informed consent to participate in this
study. The procedures applied in this study were approved by the local ethical committee
(Region Nordjylland, Denmark). All methods were carried out in accordance with relevant
guidelines and regulations from the Declaration of Helsinki (2004).

2.2. Experimental Setup

In a single session, participants were asked to run using two different running styles
(normal and silent) on an outdoor 400-m running track using their preferred regular
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running shoes. Previous studies have shown that silent running is predominantly achieved
by changing running technique towards forefoot strike [26,29], allowing the comparison
between different types of running techniques in this study. For both conditions, runners
were asked to perform 2 × 95-m running bouts at 3 m/s. This running speed was chosen
as it is a commonly used speed in running biomechanical studies [30]. The running speed
was continuously measured through the embedded GPS on the smartwatch. Moreover, the
consistency of the running speed throughout the test was assured by the experimenters
checking if the runner was within ±2 s of the expected time to complete the 95 m bouts. If
the running speed was not within ±2 s, the trial was excluded, and another running bout
was performed. The running bouts started 10 m prior to the straight lines on the running
track, allowing runners to achieve a constant speed throughout the ~85 m straights. After
running 95 m, runners were asked to walk during the turn on the track until reaching the
mark to start running again (see Figure 1A for illustration). The sequence for executing
running conditions (normal or silent) was randomized for each runner. Silent running
was defined as running with the lowest impact sound by minimizing landing noises.
Participants were instructed to run as they normally do, but with the lowest impact sound
possible at the pre-established speed [26–28]. Therefore, runners were not instructed on
how to change their running technique to reduce impact sounds.
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Figure 1. Illustration experimental setup used for the acquisition of overground running impact
sounds (A), Overview of the data acquisition setting (B).

Prior to data recording, all participants were provided with a warm-up session con-
sisting of run-throughs, walking lounges, running with high knees, and leg swings [26,29].
Subsequently, a minimum 10-m familiarization period was specifically conducted for silent
running at the running track. Participants were considered familiarized when they could
consistently generate low-impact sounds, qualitatively assessed by the experimenter, at the
target running speed [29].

2.3. Data Acquisition and Analysis

The fitness smartwatch (Garmin Forerunner 735XT, Garmin International, Kansas City,
MO, USA) was located on the right wrist and provided the running speed through the
embedded GPS. A compatible chest strap containing a tri-axial accelerometer acquired the
heart rate and cadence, vertical oscillation, stride length, and ground contact time through
the embedded accelerometer. All WS data were sampled at 1 Hz. The data from this type
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of device had been previously validated for the assessment of heart rate [13,31], as well as
running cadence, ground contact time, and vertical oscillation [32,33].

All data processing in this study was performed using custom-made scripts (Matlab
2020b, The Mathworks Inc., Natick, MA, USA). The data were imported into Matlab and
the sectors representing running were manually selected, by identifying the periods of
nearly constant running speed at 3 m/s. The heart rate of each runner was normalized by
their predicted maximum heart rate, following the equation HR = 208 − (0.7 × Age) [34].
The heart rate and spatio-temporal running parameters from each runner were represented
by averaging all data from such variables across the two bouts of running. In addition, we
defined the variability in the heart rate and spatio-temporal running parameters variables
using the coefficient of variation (CV, defined as the ratio of the standard deviation to
the mean). In Figure 2, data from a representative runner is shown for running speed
(Figure 2A), trunk vertical oscillation (Figure 2B), and heart rate (Figure 2C) during a full
lap on the 400-m track consisting of two bouts of running and two bouts of walking periods.
The shaded gray areas indicate the two bouts of normal running (blue line) and silent
running (red line). In Figure 2D mean (solid line) and ±1 standard deviation (shaded area)
vertical right tibial acceleration during normal (92 steps) and silent running (93 steps).
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Vertical tibial acceleration was captured from the right limb using a wearable tri-
axial inertial measurement unit sensor (Shimmer3, ShimmerSensing, Dublin, Ireland),
sampled at 1024 Hz. The sensor was strapped to the antero-medial side of the right tibia
at 1/3 length from the knee joint. The accelerometer was oriented in such a way that
the vertical axis of the accelerometer coincided with the longitudinal axis of the tibia
(Figure 1B). Data was stored on a memory card in the accelerometer and downloaded
offline for further processing.

The vertical shank accelerometer data were firstly lowpass filtered (60 Hz) and con-
verted from linear acceleration (m/s2) to g force. The data sectors representing running
were manually selected, by identifying the periods of nearly constant peak acceleration.
Subsequently, the peak acceleration events related to foot contact with the floor were de-
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fined during the running bouts at constant running speed. For each runner, a total of 90 ± 8
and 91 ± 14 peak vertical acceleration (PKACC) events were included for normal and silent
running, respectively. In addition, we calculated the intra-subject CV across the single-trial
PKACC data. Figure 2D illustrated a typical comparison between PKACC from normal and
silent running.

The rate of perceived exertion (arbitrary unit [a.u.]) was assessed using the Borg rate
of perceived exertion (RPE) scale (intensity starting at 6 ‘easy’ to 20 ‘maximal exertion’)
after every 95 m running bout [35]. A 100 cm × 60 cm scale was fixed at a 1.80 m height
beside the track in the collecting points. Participants were instructed to say the number
from the Borg scale that represented their current effort level.

2.4. Statistical Analysis

All statistical analyses were performed using custom-made scripts (Matlab 2020b,
The Mathworks Inc., Natick, MA, USA). The normality of the dependent variables was
assessed using Kolmogorov-Smirnov tests. Differences between normal and silent running
on the dependent variables (e.g., running speed, vertical tibial acceleration, trunk vertical
oscillation, cadence, ground contact time, stride length, heart rate, and rate of perceived
exertion) were assessed using two-tailed, paired t-Student tests. Cohen’s D effect size was
computed for all comparisons, where a value of 0.2 was considered small, 0.5—medium,
and 0.8—large [36]. Pearson correlations were calculated using PKACC across all runners
between normal versus silent running. In addition, Pearson correlations were calculated
between PKACC and trunk vertical oscillation, cadence, ground contact time, stride length,
and heart rate for both normal and silent running. Finally, the delta between normal and
silent running (as % difference) was calculated from PKACC and the running biomechanical
variables (trunk vertical oscillation, cadence, ground contact time, stride length). Subse-
quently, Pearson correlations were calculated between the delta PKACC and the delta from
the biomechanical variables. An alpha level of significance p < 0.05 was selected for all
statistical tests.

3. Results

No differences in running speed were found between normal (3.0 ± 0.1 m/s) and
silent running (3.0 ± 0.2 m/s). In addition, the RPE was greater during silent running
(9.7 ± 1.7 a.u.) when compared to normal running (8.4 ± 1.1 a.u.; p < 0.01, effect size = 0.38).

3.1. Tibial Acceleration and Spatio-Temporal Running Parameters

Running silently reduced the PKACC from 8.1 ± 2.3 g to 7.1 ± 2.9 g (13 ± 19% reduction,
p < 0.005, effect size = 0.40, Figure 3A). Moreover, vertical oscillation was increased from
normal running (0.102 ± 0.017 m) to silent running (0.107 ± 0.07 cm, 5 ± 10% increase,
p < 0.01, effect size = 0.30, Figure 3B). Regarding other running mechanical parameters,
silent running was achieved with reduced cadence (1.3 ± 3.1% reduction, p < 0.05, effect
size = 0.22, Figure 3C) and reduced ground contact time (1.8 ± 4.7% reduction, p < 0.05,
effect size = 0.23, Figure 3D). However, no changes in stride length were found between
conditions (p > 0.05, effect size = 0.01, Figure 3E). The heart rate during silent running was
higher (71.7 ± 8.4% max) when compared to normal running (69.5 ± 8.5% max, 3.3 ± 5.6%
increase, p < 0.01, effect size = 0.25, Figure 3F).

The PKACC presented the expected reduction during silent running for 23 out of
28 runners (~82% of runners). In contrast, the trunk vertical oscillation, cadence, and
ground contact time presented inconsistent inter-subjects data patterns. Trunk vertical
oscillation was increased for 65% of runners, whereas running cadence and ground contact
time were reduced for 56% and 65% of runners, respectively.
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Figure 3. Mean (bar) and ±1 standard deviation (shade) tibial acceleration (A), vertical oscillation
(B), cadence (C), ground contact time (D), stride length (E), and heart rate (F). Colored points and
traces represent individual data and trend between conditions. * Denotes significant difference in
relation to silent running (p < 0.05).

3.2. Inter-Subject Variability

The intra-subject variability analysis demonstrated a greater CV during silent running
when compared to normal running for PKACC (p < 0.001, Table 1) and running speed
(p < 0.05). In addition, the CV for heart rate was reduced during silent running when
compared to normal running (p < 0.05). No differences in CV were found for cadence, trunk
vertical oscillation, stride length, and ground contact time.

Table 1. Coefficient of variation (%) from variables extracted during normal and silent running.

Variables Normal Silent p

Peak tibial
acceleration 14.2 ± 3.71 17.64 ± 3.45 * <0.0001

Heart rate 7.04 ± 3.53 5.60 ± 2.12 * 0.02
Cadence 2.38 ± 1.60 3.09 ± 2.70 0.24
Running speed 3.81 ± 1.23 4.75 ± 2.43 * <0.05
Trunk vertical
oscillation 5.23 ± 3.11 5.89 ± 3.26 0.38

Stride length 6.79 ± 3.58 6.98 ± 2.60 0.81
Foot contact time 3.98 ± 4.03 5.68 ± 4.97 0.18

* Denotes a significant difference in relation to normal running (p < 0.05).

3.3. Association Tibial Acceleration vs. Spatio-Temporal Running Parameters

The PKACC from normal and silent running were highly correlated (Figure 4A). How-
ever, there were no significant associations between PKACC and the variables extracted
from the WS (p > 0.05, Figure 4B–F).
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Figure 4. Pearson correlations between tibial acceleration in normal vs. silent running (A). Other
panels illustrate Pearson correlations between peak vertical tibial acceleration and vertical oscillation
(B), cadence (C), ground contact time (D), stride length (E), and heart rate (F) in normal (blue)
and silent (red) running. Correlation coefficients (r) and significance levels (p) are described in the
separate panels.

The delta change in PKACC between normal and silent running was poorly correlated
to trunk oscillation (r = 0.003, p > 0.05, Figure 5A), cadence (r = 0.02, p > 0.05, Figure 5B),
ground contact time (r = 0.23, p > 0.05, Figure 5C), and stride length (r = 0.23, p > 0.05,
Figure 5D).
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4. Discussion

The main purpose of this study was to determine whether running biomechanical data
acquired through a popular commercially available fitness smartwatch (Garmin Forerunner
735XT®, Olathe, KS, USA) and compatible chest strap are sensitive to detecting within-
subject changes in running technique, potentially corroborating results provided by shank
accelerometry. Silent running is predominantly achieved by modifying running technique
from rearfoot to forefoot strike [26,29], a change previously correlated with reduced peak
tibial shocks [4]. Therefore, our main assumption was that tibial acceleration would provide
relevant benchmarking regarding reductions in vertical impact loading between normal
and silent running, and the spatio-temporal variables from the smartwatch and chest strap
were compared to the benchmark measurement.

Our main results showed that vertical tibial acceleration was reduced by ~13% across
all runners when attempting to reduce footfall sound volume. However, the significant
differences between normal and silent running in other variables only reached a marginal
2–5% difference. Therefore, variables such as cadence and ground contact time present
statistical differences, but are not meaningful for determining differences in running tech-
nique. Moreover, none of the variables extracted from the smartwatch and chest strap
demonstrated an acceptable association to the shank acceleration data (see Figure 4), both



Sensors 2023, 23, 2928 9 of 12

in isolated conditions (normal or silent running) and when expressed as delta changes from
normal to silent running (see Figure 5). In addition, runners could reduce their vertical
tibial acceleration by 13% during silent running at a similar speed, but heart rate increased
from ~69% to ~72% maximum heart rate, and the Borg scale increased by ~1.4 points.
This result demonstrated the increased effort to modify running style at a fixed running
speed. Therefore, our results suggested detectable physiological changes and perceived
effort parameters when modifying running style from normal to silent running. However,
running biomechanical parameters extracted from the smartwatch and chest strap does not
offer information that can be associated with shank vertical impact loading.

Lower leg accelerometry can provide a more accurate representation of the vertical
impact loading sustained by distal lower limb segments, as the measurement is closer to
the bone strain and stresses sustained through repeated ground impacts [35]. Conversely,
chest accelerometry acquired with smartwatches can be influenced by the kinetic chain
(lower legs, pelvis, and spine), which can provide shock attenuation and, as such, influence
the level of oscillations captured [37]. Moreover, the data extracted from the chest-mounted
accelerometer in this study were processed by the smartwatch software, and the data
output for the relevant biomechanical variables was expressed at 1 Hz. It is noteworthy
that there was a discrepancy in data processing between tibial accelerometry and the biome-
chanical data extracted from the smartwatch and chest strap, which is a strong limitation in
determining the true quality of the smartwatch and chest strap accelerometer data.

Although chest and wrist-worn accelerometers are reliable and present low sensitivity
to sensor error positioning [38], tibial acceleration may provide the ideal method to assess
impact loading and its magnitude [37]. Our study corroborates such suggestions, as
the tibial acceleration was the most sensitive variable to differentiate between the two
investigated running techniques, and there was no association between tibial acceleration
and the variables extracted from the smartwatch and chest strap. In addition, the observed
statistical differences in biomechanical variables extracted from the smartwatch and chest
strap were only marginal, and might not provide meaningful information to runners.
Altogether, our results revealed that silent running is more demanding, but it does not
induce dramatic changes within short bouts. Therefore, it may be possible to add short
bouts of silent running into running training routines as a form of improving running
performance. Further studies are necessary to demonstrate whether prolonged periods of
silent running may cause more relevant changes in the investigated variables.

Runners can naturally achieve self-optimization during their training sessions to run
longer and faster [5]. However, silent running bouts seem to disrupt the natural variability
of their running gait, as demonstrated by an increased CV for tibial acceleration and
running speed. Interestingly, the CV for the tibial acceleration was almost twice as great as
any other variable during both running conditions. The higher CV from tibial acceleration
may suggest a greater sensitivity to running-related changes when compared to other
variables. Interestingly, this greater variability may be a positive factor, as it may indicate
the continuous adaptability of the lower segments to vertical impacts. The observed
changes in CV may indicate that altering running techniques during training increases the
difficulty of maintaining a stable running speed. Furthermore, Milner et al. [3] reported that
tibial acceleration is susceptible to changes in running conditions from indoors to outdoors,
making it plausible that tibial acceleration variability could be greater during silent running.
Moreover, the CV for heart rate was significantly lower during silent running, suggesting
that the effort required to silently run may be more consistent across the activity, stabilizing
the heart rate.

Running while minimizing footfall sound volume induces reductions in vertical
impact forces [27,29], as runners adjust their leg stiffness to accommodate mechanical
demands [39]. However, the impact forces generated during initial contact are dissipated,
especially through the pelvis and the spine [36]. Therefore, runners use a combination
of passive elements (ligament deformation, muscular oscillations, increased knee flexion,
and some degree of foot pronation) as well as active elements, such as increased muscle
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activation, to dissipate the impact load that moves through the kinetic chain [36]. Thus,
trunk stability during running is strictly related to the runner’s ability to control and adjust
those elements [36]. Therefore, the higher trunk vertical oscillation during silent running
may suggest that the runners actively work to perform against gravity, likely reducing
their running economy [40]. This assumption is further supported by the increased heart
rate and RPE during silent running in our study. Nevertheless, our tibial acceleration
results indicated that runners may increase the stability of their lower bodies as they focus
on their performance. This fact could limit their shock absorption abilities to the legs to
achieve lower impact sounds, while disregarding the rest of the kinetic chain involved in
running [41]. Therefore, mastering running while minimizing footfall sounds may require
more training to stabilize trunk position towards attenuating trunk vertical oscillations.
This is supported by the fact that trunk vertical oscillation is one of the five kinematic
aspects linked to performance and running economy [40].

Despite the execution of only 2 × 95 m short bouts of exercise in our study, the
continuous data acquisition throughout these bouts allowed the extraction of data from
~90 strides from each runner for the comparison between conditions. The recording of
~ 90 running strides is superior to most studies conducted in running biomechanics, and
conforms to recent recommendations on running biomechanical analyses [30]. Running
speed may also be a relevant limitation in this study, since runners were instructed to
perform at their preferred speed. Therefore, extrapolating our results to running speeds
greater or lower than those executed in our experiment must be done with caution. Another
limitation is that running technique (rearfoot or forefoot strike) was not quantified in this
study, limiting the accuracy in stating that silent running was achieved by changing the
running technique for all participants. Furthermore, it has been shown that running surface
influences accelerometer variability [3]. Our results were acquired from running on a
running track made of synthetic rubber/polyurethane, limiting the extrapolation of our
results to other indoors or outdoors conditions. Finally, the results related to running
smartwatches and chest straps are limited to the models used in this experiment. However,
it is noteworthy that the computation of running variables from the chest strap is universal
for all the smartwatches of a certain manufacturer that support pairing with the chest strap.

5. Conclusions

Our results suggested that modifying the running technique from normal to silent
running demanded increased heart rate and perceived effort. In addition, the peak ver-
tical tibial acceleration was reduced to achieve silent running. However, the running
biomechanical variables extracted from the smartwatch/trunk acceleration (trunk vertical
oscillation, cadence and ground contact time) were marginally sensible to detect differences
in running technique when considering the group analysis. More importantly, there is a
lack of association between the biomechanical parameters extracted from the smartwatch
and peak vertical tibial acceleration. Therefore, data from trunk accelerometry accessed
through smartwatches may not be adequate to monitor changes in running techniques.

Author Contributions: Experimental Conceptualization, A.S.O.; methodology, C.-I.P. and A.S.O.; soft-
ware, A.S.O.; data collection, C.-I.P. and A.S.O.; data analysis, C.-I.P. and A.S.O.; data interpretation,
C.-I.P. and A.S.O.; writing—original draft preparation, C.-I.P. and A.S.O.; writing—review and editing,
C.-I.P. and A.S.O. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Ethical review and approval were waived for this study after
initial screening from the Ethical Committee of North Jutland (Region Nordjylland), since the testing
did not involve interventions or invasive testing of participants.

Informed Consent Statement: Informed consent was obtained from all participants involved in
this study.

Data Availability Statement: Raw data are available from the authors upon request.



Sensors 2023, 23, 2928 11 of 12

Acknowledgments: The authors thank Frederik Fuglsang Torp, Magnus Østergaard Nielsen and
Rasmus Bering Neve Jensen for their contributions to data recordings in this study.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Jarchi, D.; Pope, J.; Lee, T.K.M.; Tamjidi, L.; Mirzaei, A.; Sanei, S. A Review on Accelerometry-Based Gait Analysis and Emerging

Clinical Applications. Rbme 2018, 11, 177–194. [CrossRef]
2. Spartano, N.L.; Lyass, A.; Larson, M.G.; Tran, T.; Andersson, C.; Blease, S.J.; Esliger, D.W.; Vasan, R.S.; Murabito, J.M. Objective

physical activity and physical performance in middle-aged and older adults. Exp. Gerontol. 2019, 119, 203–211. [CrossRef]
3. Milner, C.; Hawkins, J.; Aubol, K. Tibial Acceleration during Running Is Higher in Field Testing Than Indoor Testing. Med. Sci.

Sport. Exerc. 2020, 52, 1361–1366. [CrossRef] [PubMed]
4. Tenforde, A.S.; Hayano, T.; Jamison, S.T.; Outerleys, J.; Davis, I.S. Tibial Acceleration Measured from Wearable Sensors Is

Associated with Loading Rates in Injured Runners. PMR 2020, 12, 679–684. [CrossRef] [PubMed]
5. Moore, I.S.; Willy, R.W. Use of wearables: Tracking and retraining in endurance runners. Curr. Sport. Med. Rep. 2019, 18, 437–444.

[CrossRef] [PubMed]
6. Gindre, C.; Lussiana, T.; Hebert-Losier, K.; Morin, J. Reliability and validity of the Myotest® for measuring running stride

kinematics. J. Sport. Sci. 2015, 34, 664. [CrossRef]
7. Lucas-Cuevas, A.G.; Encarnación-Martínez, A.; Camacho-García, A.; Llana-Belloch, S.; Pérez-Soriano, P. The location of the tibial

accelerometer does influence impact acceleration parameters during running. J. Sport. Sci. 2017, 35, 1734–1738. [CrossRef]
8. Camelio, K.; Gruber, A.H.; Powell, D.W.; Paquette, M.R. Influence of prolonged running and training on tibial acceleration and

movement quality in novice runners. J. Athl. Train. 2020, 55, 1292–1299. [CrossRef]
9. Izquierdo-Renau, M.; Queralt, A.; Encarnación-Martínez, A.; Perez-Soriano, P. Impact Acceleration During Prolonged Running

While Wearing Conventional Versus Minimalist Shoes. Res. Q. Exerc. Sport 2021, 92, 182–188. [CrossRef]
10. Bamberg, S.; Benbasat, A.Y.; Scarborough, D.M.; Krebs, D.E.; Paradiso, J.A. Gait Analysis Using a Shoe-Integrated Wireless Sensor

System. Titb 2008, 12, 413–423. [CrossRef] [PubMed]
11. Janssen, M.; Scheerder, J.; Thibaut, E.; Brombacher, A.; Vos, S. Who uses running apps and sports watches? Determinants and

consumer profiles of event runners’ usage of running-related smartphone applications and sports watches. PLoS ONE 2017,
12, e0181167. [CrossRef] [PubMed]

12. Claes, J.; Buys, R.; Avila, A.; Finlay, D.; Kennedy, A.; Guldenring, D.; Budts, W.; Cornelissen, V. Validity of heart rate measurements
by the Garmin Forerunner 225 at different walking intensities. J. Med. Eng. Technol. 2017, 41, 480–485. [CrossRef]

13. Støve, M.P.; Haucke, E.; Nymann, M.L.; Sigurdsson, T.; Larsen, B.T. Accuracy of the wearable activity tracker Garmin Forerunner
235 for the assessment of heart rate during rest and activity. J. Sport. Sci. 2019, 37, 895–901. [CrossRef] [PubMed]

14. Feng, Y.; Agosto, D.E. From health to performance. Aslib J. Inf. Manag. 2019, 71, 217–240. [CrossRef]
15. Karahanoglu, A.; De Freitas Gouveia, R.H.; Reenalda, J.; Ludden, G.D.S. How Are Sports-Trackers Used by Runners? Running-

Related Data, Personal Goals, and Self-Tracking in Running. Sensors 2021, 21, 3687. [CrossRef]
16. Janssen, M.A.; Walravens, R.; Thibaut, E.; Scheerder, J.; Brombacher, A.C.; Vos, S.B. Understanding different types of recreational

runners and how they use running-related technology. Int. J. Environ. Res. Public Health 2020, 17, 2276. [CrossRef]
17. Emig, T.; Peltonen, J. Human running performance from real-world big data. Nat. Commun. 2020, 11, 4936. [CrossRef]
18. Witt, D.R.; Kellogg, R.A.; Snyder, M.P.; Dunn, J. Windows into human health through wearables data analytics. Curr. Opin.

Biomed. Eng. 2019, 9, 28–46. [CrossRef] [PubMed]
19. Ahamed, N.U.; Kobsar, D.; Benson, L.; Clermont, C.; Kohrs, R.; Osis, S.T.; Ferber, R. Using wearable sensors to classify subject-

specific running biomechanical gait patterns based on changes in environmental weather conditions. PLoS ONE 2018, 13, e0203839.
[CrossRef]

20. Smith, C.P.; Fullerton, E.; Walton, L.; Funnell, E.; Pantazis, D.; Lugo, H. The validity and reliability of wearable devices for the
measurement of vertical oscillation for running. PLoS ONE 2022, 17, e0277810. [CrossRef]

21. Bowser, B.; Fellin, R.; Milner, C.; Pohl, M.; Davis, I. Reducing Impact Loading in Runners: A One-Year Follow-up. Med. Sci. Sport.
Exerc. 2018, 50, 2500–2506. [CrossRef]

22. Morris, J.B.; Goss, D.L.; Miller, E.M.; Davis, I.S. Using real-time biofeedback to alter running biomechanics: A randomized
controlled trial. Transl. Sport. Med. 2020, 3, 63–71. [CrossRef]

23. Davis, I.S.; Bowser, B.J.; Mullineaux, D.R. Greater vertical impact loading in female runners with medically diagnosed injuries: A
prospective investigation. Br. J. Sport. Med. 2016, 50, 887–892. [CrossRef] [PubMed]

24. Sheerin, K.R.; Besier, T.F.; Reid, D.; Hume, P.A. The one-week and six-month reliability and variability of three-dimensional tibial
acceleration in runners. Sport. Biomech. 2018, 17, 531–540. [CrossRef] [PubMed]

25. Johnson, C.D.; Tenforde, A.S.; Outerleys, J.; Reilly, J.; Davis, I.S. Impact-Related Ground Reaction Forces Are More Strongly
Associated With Some Running Injuries Than Others. Am. J. Sport. Med. 2020, 48, 3072–3080. [CrossRef]

26. Phan, X.; Grisbrook, T.L.; Wernli, K.; Stearne, S.M.; Davey, P.; Ng, L. Running quietly reduces ground reaction force and vertical
loading rate and alters foot strike technique. J. Sport. Sci. 2017, 35, 1636–1642. [CrossRef] [PubMed]

http://doi.org/10.1109/RBME.2018.2807182
http://doi.org/10.1016/j.exger.2019.02.003
http://doi.org/10.1249/MSS.0000000000002261
http://www.ncbi.nlm.nih.gov/pubmed/31913243
http://doi.org/10.1002/pmrj.12275
http://www.ncbi.nlm.nih.gov/pubmed/31671242
http://doi.org/10.1249/JSR.0000000000000667
http://www.ncbi.nlm.nih.gov/pubmed/31834174
http://doi.org/10.1080/02640414.2015.1068436
http://doi.org/10.1080/02640414.2016.1235792
http://doi.org/10.4085/1062-6050-0491.19
http://doi.org/10.1080/02701367.2020.1726271
http://doi.org/10.1109/TITB.2007.899493
http://www.ncbi.nlm.nih.gov/pubmed/18632321
http://doi.org/10.1371/journal.pone.0181167
http://www.ncbi.nlm.nih.gov/pubmed/28732074
http://doi.org/10.1080/03091902.2017.1333166
http://doi.org/10.1080/02640414.2018.1535563
http://www.ncbi.nlm.nih.gov/pubmed/30326780
http://doi.org/10.1108/AJIM-07-2018-0170
http://doi.org/10.3390/s21113687
http://doi.org/10.3390/ijerph17072276
http://doi.org/10.1038/s41467-020-18737-6
http://doi.org/10.1016/j.cobme.2019.01.001
http://www.ncbi.nlm.nih.gov/pubmed/31832566
http://doi.org/10.1371/journal.pone.0203839
http://doi.org/10.1371/journal.pone.0277810
http://doi.org/10.1249/MSS.0000000000001710
http://doi.org/10.1002/tsm2.110
http://doi.org/10.1136/bjsports-2015-094579
http://www.ncbi.nlm.nih.gov/pubmed/26644428
http://doi.org/10.1080/14763141.2017.1371214
http://www.ncbi.nlm.nih.gov/pubmed/29171352
http://doi.org/10.1177/0363546520950731
http://doi.org/10.1080/02640414.2016.1227466
http://www.ncbi.nlm.nih.gov/pubmed/27594087


Sensors 2023, 23, 2928 12 of 12

27. Pirscoveanu, C.; Dam, P.; Brandi, A.; Bilgram, M.; Oliveira, A.S. Fatigue-related changes in vertical impact properties during
normal and silent running. J. Sport. Sci. 2021, 39, 421–429. [CrossRef]

28. Tate, J.J.; Milner, C.E. Sound-intensity feedback during running reduces loading rates and impact peak. J. Orthop. Sport. Phys.
Ther. 2017, 47, 565–569. [CrossRef]

29. Pirscoveanu, C.; Oliveira, A.S. The use of multi-directional footfall sound recordings to describe running vertical impact properties.
J. Sport. Sci. 2021, 39, 267–274. [CrossRef]

30. Oliveira, A.S.; Pirscoveanu, C.I. Implications of sample size and acquired number of steps to investigate running biomechanics.
Sci. Rep. 2021, 11, 3083. [CrossRef]

31. Hader, K.; Rumpf, M.C.; Hertzog, M.; Kilduff, L.P.; Girard, O.; Silva, J.R. Monitoring the Athlete Match Response: Can External
Load Variables Predict Post-match Acute and Residual Fatigue in Soccer? A Systematic Review with Meta-analysis. Sports
Med.—Open 2019, 5, 48. [CrossRef]

32. Li, S.N.; Hobbins, L.; Morin, J.; Ryu, J.H.; Gaoua, N.; Hunter, S.; Girard, O. Running mechanics adjustments to perceptually-
regulated interval runs in hypoxia and normoxia. J. Sci. Med. Sport 2020, 23, 1111–1116. [CrossRef]

33. Price, K.; Bird, S.R.; Lythgo, N.; Raj, I.S.; Wong, J.Y.L.; Lynch, C. Validation of the Fitbit One, Garmin Vivofit and Jawbone UP
activity tracker in estimation of energy expenditure during treadmill walking and running. J. Med. Eng. Technol. 2017, 41, 208–215.
[CrossRef]

34. Tanaka, H.; Monahan, K.D.; Seals, D.R. Age-predicted maximal heart rate revisited. J. Am. Coll. Cardiol. 2001, 37, 153–156.
[CrossRef] [PubMed]

35. Sheerin, K.R.; Reid, D.; Besier, T.F. The measurement of tibial acceleration in runners—A review of the factors that can affect tibial
acceleration during running and evidence-based guidelines for its use. Gait Posture 2019, 67, 12–24. [CrossRef] [PubMed]

36. Simoni, L.; Pancani, S.; Vannetti, F.; Macchi, C.; Pasquini, G. Relationship between Lower Limb Kinematics and Upper Trunk
Acceleration in Recreational Runners. J. Healthc. Eng. 2020, 2020, 8973010. [CrossRef]

37. Folland, J.; Allen, S.; Black, M.; Handsaker, J.; Forrester, S. Running Technique is an Important Component of Running Economy
and Performance. Med. Sci. Sport. Exerc. 2017, 49, 1412–1423. [CrossRef]

38. Van Hooren, B.; Goudsmit, J.; Restrepo, J.; Vos, S. Real-time feedback by wearables in running: Current approaches, challenges
and suggestions for improvements. J. Sport. Sci. 2019, 38, 214. [CrossRef] [PubMed]

39. Derungs, A.; Amft, O. Estimating wearable motion sensor performance from personal biomechanical models and sensor data
synthesis. Sci. Rep. 2020, 10, 11450. [CrossRef]

40. Van den Berghe, P.; Lorenzoni, V.; Derie, R.; Six, J.; Gerlo, J.; Leman, M.; De Clercq, D. Music-based biofeedback to reduce tibial
shock in over-ground running: A proof-of-concept study. Sci. Rep. 2021, 11, 4091. [CrossRef] [PubMed]

41. Schütte, K.H.; Aeles, J.; De Beéck, T.O.; van der Zwaard, B.C.; Venter, R.; Vanwanseele, B. Surface effects on dynamic stability and
loading during outdoor running using wireless trunk accelerometry. Gait Posture 2016, 48, 220–225. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1080/02640414.2020.1824340
http://doi.org/10.2519/jospt.2017.7275
http://doi.org/10.1080/02640414.2020.1816288
http://doi.org/10.1038/s41598-021-82876-z
http://doi.org/10.1186/s40798-019-0219-7
http://doi.org/10.1016/j.jsams.2020.04.001
http://doi.org/10.1080/03091902.2016.1253795
http://doi.org/10.1016/S0735-1097(00)01054-8
http://www.ncbi.nlm.nih.gov/pubmed/11153730
http://doi.org/10.1016/j.gaitpost.2018.09.017
http://www.ncbi.nlm.nih.gov/pubmed/30248663
http://doi.org/10.1155/2020/8973010
http://doi.org/10.1249/MSS.0000000000001245
http://doi.org/10.1080/02640414.2019.1690960
http://www.ncbi.nlm.nih.gov/pubmed/31795815
http://doi.org/10.1038/s41598-020-68225-6
http://doi.org/10.1038/s41598-021-83538-w
http://www.ncbi.nlm.nih.gov/pubmed/33603028
http://doi.org/10.1016/j.gaitpost.2016.05.017
http://www.ncbi.nlm.nih.gov/pubmed/27318455

	Introduction 
	Methods 
	Participants 
	Experimental Setup 
	Data Acquisition and Analysis 
	Statistical Analysis 

	Results 
	Tibial Acceleration and Spatio-Temporal Running Parameters 
	Inter-Subject Variability 
	Association Tibial Acceleration vs. Spatio-Temporal Running Parameters 

	Discussion 
	Conclusions 
	References

