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Background

Running shoes act as an interface between the foot and the ground and play a central role in
running. Running shoes are constantly evolving [1, 2], as is the research on running
biomechanics and footwear [3-5]. Experts agree that comfort, injury prevention, and
performance are important factors to consider in the design and manufacturing of running
footwear [6]; however, these topics are often complex to investigate due to their multifactorial
[7-9], individualised [10, 11], or subjective [7] nature with no clear evidence-based direction

for footwear prescription [3, 12].

The running footwear literature seems in a constant state of debate, whether with regards to the
role of footwear in enhancing performance [13], reducing the risk of injury [3], or promoting a
more natural style of running [1]. In addition, the inconsistency in footwear taxonomy and how
footwear properties are measured and reported [14] make it challenging to derive strong or

meaningful inferences from the running biomechanics and footwear literature.

It is nonetheless clear that footwear can affect running biomechanics with performance [15-17]
and injury [16, 18] ramifications. It is also clear that there is a replication and confidence of
results crisis in exercise science and sports biomechanics [19, 20], again challenging our
capability as scientists to make strong inferences from the scientific literature. Transparent and
clear reporting of methods and adopting strong methodological procedures are part of the
solution. The Standardization and Terminology Committee of the International Society of
Biomechanics (ISB) has published several recommendations regarding definitions and
reporting standards to guide the biomechanics community and enhance communication among
researchers and practitioners [21-25]. The Editorial Board of Sports Biomechanics endorses
and encourages all authors to consult these recommendations. The purpose of this editorial is
not to supersede the ISB recommendations. Rather, our purpose is to highlight some key
considerations for running biomechanics and footwear research involving three-dimensional
(3D) motion capture technology. Although the considerations here focus on 3D motion capture
technology specifically, these principles extend to other kinematics or kinetics data collection
methods, which can be used as general methodological and reporting guidelines for running
biomechanics and footwear research. The scope of this editorial is not to prescribe
methodological approaches, market sets, models, or data processing approaches. Rather, our

aim is to outline a series of considerations and recommendations for running biomechanics and
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footwear research involving 3D motion capture with regards to the transparent and clear
reporting of methods, to encourage opportunities for replication studies in this topical area of
research. Replication studies are needed to build standards of cumulative evidence, especially

in the areas of footwear prescription and injury prevention [26].

Sampling rates

The Nyquist sampling theory recommends using sampling rates that are at least twice the
highest frequency of the signal of interest. In practice, researchers in biomechanics typically
sample at 5 to 10 times the highest frequency of the signal of interest to ensure the entire signal
content is captured whilst minimising noise and data redundancy. For running, the
recommended sample rates for the 3D kinematics are 100 to 200 Hz [27], although sampling
rates of 240 Hz [28, 29], 250 Hz [30], and 300 Hz [17] have been reported, as well as up to 500
Hz to examine soft tissue vibration whilst running [31]. The same theory applies to the
measurement of ground reaction forces (GRFs), where a minimum sampling rate of 500 Hz
has been recommended for sporting movements involving impacts [32]. A sampling rate of
1000 Hz is a more common choice than 500 Hz in sports [33] and is typically used in running
biomechanics and footwear research [34-37], although higher sampling rates (e.g., 2000 — 2400
Hz) have also been reported [18, 31, 38]. Generally, the sampling rate of GRF data is a multiple
of the sampling rate of the kinematic data, often set at four times that of the kinematic one. We
recommend researchers confirm their minimum sampling frequency requirements before
starting data collection, and if the selected equipment does not support the minimum sampling
requirements, to select more suitable measurement equipment. Up sampling data is not advised,
although validated signal processing techniques can be used to reconstruct specific missing
features related to higher frequency parameters of signals, for example, rearfoot motion or
impact peak of the GRF [39]. If such signal processing techniques are applied, it is important
that this is clearly stated in the manuscript, and that the processed data meet the prerequisite

assumptions (e.g., circular continuity).

Data processing

There is no standard data filtering approach used across the biomechanics literature, with the
selection shown to affect biomechanical data and their interpretation [21, 40-43]. Among the

many data processing methods, such as spline, polynomial, and time domain filtering, the
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Butterworth digital filter is one of the most commonly used for gait analysis. Typically, running
kinematic data are filtered using a low cut-off frequency (6 to 10 Hz), although it is argued that
relevant events take place at frequencies in the 12 to 20 Hz range [27]. The latter justifies the
presence and use of higher kinematic data cut-off frequencies in running research [44, 45]. Cut-
off frequencies no lower than 15 Hz are recommended for the 3D motion capture of running
biomechanics and footwear to avoid attenuating high-frequency impact phenomena
components of signals [46, 47], especially when the more distal segments of the lower
extremities are of interest where frequencies are higher. In addition, when calculating moments,
some researchers recommend using the same cut-off frequencies for kinematic and kinetic data
filtering [40, 48, 49]. However, depending on the research question and variables of interest,
such as when examining impact forces or peak joint moments, matching kinematic and kinetic
cut-off frequencies might be inappropriate [21, 50]. In such instances, employing higher cut-
off frequencies for kinetic than kinematic data or examining unfiltered GRF data can be
warranted. Filtering on running data is generally reasonable as the motion is very rhythmic,
harmonic, and repeatable, and we can assume that sudden spikes, troughs, and signals outside
the expected range are unwanted noise. However, the appropriateness of filtering sprinting
biomechanics data, particularly when the start is involved, needs careful consideration.
Filtering might remove sudden spikes and troughs that are biomechanically relevant and

representative of the sprinting movement.

There are various approaches to selecting data processing parameters, with none consistently
outperforming others when applied across a range of datasets or research applications [51].
Examples include, but are not limited to, noise identification through power analyses,
frequency selection corresponding to a specific percentile of the cumulative power of the
original signal, use of regression models based on sampling frequencies [52], or simply the
selection of data processing methods to be consistent with previous studies. Common
approaches in gait analysis to selecting cut-off frequencies include selecting one that maintains
99% of the data [53] or performing a residual analysis [54]. In the latter approach, differences
between filtered and unfiltered signals across a range of cut-off frequencies are examined, with
the frequency that minimises both signal distortion and noise being chosen [54]. Ultimately, it
is important for authors to provide a justification for their choice of filters and cut-off

frequencies.
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Sometimes, running biomechanical data clip due to limitations in the measurement range of
the equipment, which is not ideal as signal clipping suggests that the equipment is unable to
fully capture the underlying movement. Removing clipped trials or steps is one approach
commonly applied to deal with this issue, and authors are encouraged to transparently indicate
how many trials and steps were disregarded for this reason. Another approach to dealing with
clipped signals involves using curve-fitting techniques to estimate the missing data points,
which should be clearly stated in the methods section and accompanied by analysis of the

validity of the approach confirmed on unclipped data.

Reliability

Reliability of running 3D kinematic measures are superior within-days than between-days due
to variations in marker placement in addition to system errors, biological variability, and skin
movement artefacts [55]. The additional variability in 3D kinematics data observed between
days has implications for comparing the effect of footwear on running biomechanics within
individuals. Hence, most studies examining the effect of footwear on running biomechanics
perform data collection on the same day to limit between-day variability in marker positioning.
More recent studies, however, indicate good to excellent between-day reliability of discrete
kinematic measures from 3D motion analysis of treadmill running gait except at toe off, with
sagittal and frontal kinematics generally more reliable than transverse plane kinematics [56]. It
can therefore be justifiable and possible to assess the effect of footwear on different days when
marker placement is consistent, particularly when the same experienced investigator places
markers [57] or a marker repositioning device is used [36]. There are numerous benefits of
conducting testing on different days, such as longitudinal tracking of running form over time
and minimising fatigue if several pairs of running shoes, intense running, or prolonged running
bouts are examined. These reliability studies provide insights regarding the minimal detectable
change from 3D motion analysis of running gait with ramifications towards data interpretation
as well. For example, based on a between-day repeatability study, the minimal detectable
change for knee flexion/extension, abduction/adduction, and internal/external rotation angles
at touch-down is 6.9°, 2.5°, and 8.1°, respectively [56]. Hence, authors should consider these
factors when designing and interpreting results from studies examining the effect of footwear
(or any other intervention) on running biomechanics. In the presence of repeated trials, authors
are encouraged to report within-day reliability of measures, both in absolute (e.g., standard

error of measurement) and relative (e.g., intraclass correlation coefficients) terms. Readers are
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directed to other published work for more information on reliability and minimal detectable

change measures in sport science and medicine [58-61].

Calibration, marker, and model considerations

The reliability of kinematic waveforms from running trials is comparable between anatomical
and functional calibration methods [62], although calibration methods themselves can
considerably affect running kinematic waveforms and discrete parameters [38, 63]. Hence,
authors should describe their calibration methods. Similarly, marker sets and models used can
affect biomechanical measures [64-67]. For example, using a one-segment compared to a
multi-segment foot model can lead to opposite ankle kinematic results [68]. There are close to
40 multi-segment foot models reported in over 100 studies examining clinical populations, but
few have undergone validation [63]. When modelling the foot, it is crucial that researchers
clearly define the bony landmarks used for modelling, which segments are being modelled and
how, the reference system or systems in use, the foot position during calibration, and any off-
sets used in calculating kinematic parameters [23]. Researchers should also include definitions
of joint centres and marker clusters, ifused, to track the dynamic motion of the foot. In addition,
consistency in the terminology and clear definitions of the reported joint angles is crucial for
further interpretation of results, such as specifying whether computations are based on Cardan
angles with a certain order of rotation, helical angles, or projection angles. Authors are
encouraged to consult the ISB recommendations for further detail on skin marker-based multi-
segment foot kinematics [23]. Similarly, when reporting joint kinetic parameters, authors
should endeavour to employ appropriate mechanical terms and report their modelling approach

[69], including body segment inertial parameter or anthropometric data sources [21].

Marker placement in the foot region is a topic that all running biomechanics and footwear
researchers need to consider carefully. In running research involving footwear, researchers

have two main options:

1) Position markers directly onto the skin, which typically involves modifying footwear

and/or cutting holes in shoes; or

2) Position markers directly onto the shoes based on the underlying bony landmarks of the

foot.
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In either case, researchers and clinicians alike should understand that neither skin nor shoe
markers reflect the underlying bone movements. Both skin [70] and shoe [71, 72] markers tend
to overestimate motion compared to bone-pin markers. Moreover, markers placed on shoes
have been reported to both underestimate [37, 73, 74] and overestimate [75, 76] motion
compared to markers placed on the skin. Hence, contrasting the biomechanical parameters
obtained using different marker placement methods, such as skin versus shoe marker
kinematics, should be done with caution. Altogether, these results indicate that shoe markers
primarily describe how the shoe moves; and although skin markers might provide a better
indication of the underlying bone movement [37, 75], skin markers are susceptible to skin
movement artefacts and errors [70, 77]. Readers interested in the topic of shoe versus skin

mounted markers are encouraged to consult Arnold and Bishop’s [81] broad review.

Again, our purpose is not to recommend specific calibration methods, marker sets, or models
for use in running and footwear research, but rather to raise awareness regarding the impact
that variations in calibration methods, marker sets, or models can exert on biomechanical
outcomes. If these aspects are unreported or incompletely reported, it becomes quasi
impossible to replicate studies, make valid inferences, or generalise findings. Authors should
select calibration methods, marker sets, and models based on their needs, study aims,
population, key outcome measures, and cost-benefit analysis of the various available options.
In all cases, authors are encouraged to clearly describe the calibration method, marker set, and
models used, provide a scientific justification, and ideally, present reliability and validity

information.

Footwear considerations

Modifying footwear to place the markers on the skin instead of the shoe can compromise the
integrity and properties of shoes [78, 79]. Studies in this area indicate that holes larger than 1.7
x 2.5 cm affect shoe integrity [79], yet holes smaller than 2.5 cm can restrict marker movement
[80]. Researchers cutting holes in footwear to place markers directly onto the skin must do so
with extreme care and precision, and should report hole size and shape as well as attempt to
assess footwear properties and integrity pre and post modifications. Noteworthy is that none of
this research considers the effect of hole size on the integrity of different footwear types (e.g.,

minimal versus maximal shoes) or shoe size. Given that foot anthropometry is highly
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individualised [81-83], holes cut in footwear on the basis of one participant’s foot anatomy is
likely unsuitable for another participant. Furthermore, researchers and clinicians often examine
biomechanics of runners wearing their own shoes [10, 84, 85], wherein it becomes
inappropriate to cut holes in shoes. Researchers placing markers on shoes can do so with
relatively good accuracy and precision when palpating the underlying bony landmarks [86],
although must pay particular attention to repositioning markers at the exact location between
trials or footwear conditions given how small differences in marker positioning can
substantially affect outcomes [35]. Furthermore, it is worth acknowledging that shoe type and
technology can compromise the accuracy of marker positioning. For example, conventional
running shoes usually contain a heel post, making it difficult to palpate the underlying
calcaneus (heel) bone and position markers accurately. In addition, the fit of the shoe and the

lacing will play a role in how well the motion of the shoe represents the motion of the foot.

Recommendations for three-dimensional motion capture reporting standards

Submissions to Sports Biomechanics in the area of running biomechanics and footwear using
3D motion capture technology are encouraged to include the following information in original

research submissions to the journal:

e Data sampling frequency and processing procedures (e.g., interpolation, smoothing,

and filtering), ideally with justification, including gait cycle event definitions;

e Motion capture system and software (version, model, company, origin), number of
cameras, system calibration method, and measurement volume. Authors are encouraged
to provide information regarding the accuracy of their set-up, such as the average

residual and standard deviation of a known measurement length;

e Marker placement, 3D biomechanical model or models, participant-specific calibration
method (e.g., static vs functional), coordinate systems, and methods for obtaining
biomechanical parameters, such as joint centres, body segments, joint angles, and body
segment inertial parameters. Any modifications or adaptations to original marker sets,
models, conventions, or definitions should be justified and explained in sufficient detail

to enable replication. If holes are cut in shoes or footwear are modified to place makers
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directly on the skin, authors should provide a figure of the shoes with holes and
foot/shoe marker placements, report hole dimensions and shapes, as well as the

potential influence of modifications on footwear properties and integrity;

e Reliability and validity of methods, such as the minimal detectable change of key

parameters. Examining the reliability of marker placement and kinematics (and other

biomechanical) data in-house is encouraged to support findings.
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