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Validity of the MarkWiiR for kinematic analysis during walking and
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ABSTRACT: The aim of this study was to validate the MarkWiiR (MW) captured by the Nintendo Wii-Remote
(100-Hz) to assess active marker displacement by comparison with 2D video analysis. Ten participants were
tested on a treadmill at different walking (1<6 km-h™") and running (10<13 km-h") speeds. During the test,
the active marker for MW and a passive marker for video analysis were recorded simultaneously with the two
devices. The displacement of the marker on the two axes (x-y) was computed using two different programs,
Kinovea 0.8.15 and CoreMeter, for the camera and MW, respectively. Pearson correlation was acceptable (x-axis
r>0.734 and y-axis r>0.684), and Bland—Altman plots of the walking speeds showed an average error of
0.24+0.52% and 1.5+0.91% for the x- and y-axis, respectively. The difference of running speeds showed
average errors of 0.67+0.33% and 1.260.33% for the x- and y-axes, respectively. These results demonstrate
that the two measures are similar from both the x- and the y-axis perspective. In conclusion, these findings
suggest that the MarkWiiR is a valid and reliable tool to assess the kinematics of an active marker during
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walking and running gaits.
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1INTRO D U C T 1O N 1500000000

Kinematics is the branch of classical mechanics which describes the
motion of points, bodies (objects) and systems of bodies (groups of
objects) without consideration of the causes of motion [1,2]. At the
laboratory, the study of kinematics is performed with instruments
such as optoelectronic devices that have the advantage of providing
high accuracy in tracking markers [3]. Nevertheless, they also have
the disadvantage of being expensive, with a complex configuration
and procedures that require an expert technician. Moreover, they
are not transportable and there are also conditions where optoelec-
tronic devices cannot be used, for example, when there are reflective
surfaces, when there is a lot of light in the environment, and when
the experiment can only be performed outside the laboratory. Motion
capture is an intensively used tool [4] that thanks to the techno-
logical innovation can generate video footage with high quality [5].

The disadvantage of this technique is the post-processing anal-
ysis which is time consuming and that requires a huge amount of
attention to track the markers [5]. Moreover, the technology used
for the recent video cameras providing high quality images comes
with an increased cost. Furthermore, the data processing “frame

to frame” after motion capture requires a long time for the re-
searcher to assess kinematic analysis [6]. Besides, walking [7,8]
and running [9-11] kinematics analysis is of interest for sport sci-
entists, in particular for those who work on gait [12] and rehabili-
tation [13]. Therefore, finding an easy, low-cost, time-efficient way
of analyzing such motion patterns would be worthwhile.
Nintendo® has, in recent years, introduced to the market a device
that is capable of tracking an active marker which emits light in the
infrared spectrum [14]. The device Wii-Remote ™ (Nintendo,
Kyoto -Japan) is commonly used in the field of video games. Previ-
ous research suggests the Wii-Balance-Board may also be suitable
for research purposes. Indeed it has been validated for: studying
jump performance [15], balance [16], rehabilitation [17], and even
for surgeon training [18]. Based on the many advantages of this
technology, this device can potentially be used to study kinematics
by inverting the way it is used. Indeed, the Wii-Remote™ can be
connected to an active marker fixed to a body part and give the pos-
sibility to study its kinematics. Hence, the aim of the present study
was to validate the MarkWiiR™ | comparing it with high-frequency
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video analysis, while studying the spatial displacement of the malle-
olus marker during walking and running at different speeds.

MATERIALS AND METHOD 'S 15
Participants. Ten male students took part in the study (age 24.7+3.9
years; body mass 60.1+7.6 kg, height 1.68+0.09 m; BMI
21.1+2.0 kg:m?). After being informed of the procedures, methods,
benefits, and possible risks involved in the study, each participant
reviewed and signed an informed consent form prior to participation
in the study, in accordance with the ethical standards. The investiga-
tion was approved by the Institutional Review Board Ethics Commit-
tee.

Experimental setting

All the participants were in good general health conditions at the
time of the study and they performed the test in only one session.
All participants wore running shoes and performed a standardized
8-min walking warm-up at 3.5 km-h! [19] on a treadmill (Techno-
gym XT Pro 600; Gambettola, Italy) at 0% slope. After the warm-up,
the experiment started with the subjects walking at different speeds
from 1 to 6 km-h (1, 2, 3, 4, 5, and 6 km-h!) and running from
10 to 13 km-h? (10, 11, 12, and 13 km-h!) on the treadmill at
zero level-slope with 1 minute of passive recovery between sets [20].
The exercise periods were of 1 min each and were performed in
a randomized order. Participants were asked to wear on the left mal-
leolus an MarkWiiR™ (MW) that was captured by the Nintendo
Wii-Remote™ fixed on a tripod at 0.6 m height and 1.4 m far from
the sagittal plane of the participant (Figure 1). Moreover, in the flat
surface the MW a reflective marker was fixed to be recorded by
a camera located on a tripod placed at 0.7 m height and 1.5 m far
from the sagittal plane of the subject [21].

Data collection and analysis

The reference marker displacement was detected by a High-Speed
Camera (Casio FH20, Japan) with an acquisition sampling frequen-
cy of 210-Hz and resolution of 480 x 360 pixels. This resolution
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has a spatial precision of about 25 millimetres (Error 1.26%) for the
x-axis and 19 mm (Error 0.95%) for the y-axis over a horizontal
plane of 2 m. The film sequences were analyzed off-line (~1.5 hours
for each subject) using the motion analysis software Kinovea™
0.8.15. Once the marker on the video was identified, the software
automatically tracked it and extracted the displacement in two di-
mensions.

The new instrumentation used to record the displacement con-
sisted of two parts: an MarkWiiR™ (Latina, Italy), and a Wii-Remote™
(Nintendo, Kyoto -Japan). The MW consisted of an infrared-LED
(model Vishay TSAL 6400), fed with two batteries (CR-2032) with
a total mass of about 40 g. It was tightly fixed to the left malleolus
of the participants with an secured band (Vetrap™) to eliminate the
MW independent swinging that allowed them to freely move for
walking or running. The Wii-Remote™, also known colloquially as
the Wii-mote (100 Hz), is the primary controller for Nintendo’s Wii
console. The Wii-Remote™ can be used as an accurate pointing
device up to 5 m away from the infrared light source. The data from
the MW were acquired in real time using customized CoreMeter™
based on CSharp™ software’s on the Windows platform [22]. The
necessary positioning calculations are based on basic trigonometry
to determine the distance between the Wii-Remote and the MW
emitter. The displacement of the marker on a Cartesian coordinate
system corresponds to a pixel distance on the sensor. Then from the
pixel distance, with inverse calculation, the real displacement was
derived [18].

The signal from the camera was down-sampled from 210 Hz to
100 Hz using 1-D data interpolation. Then, the two displacement
signals (x- and y-axes) from each device were synchronized with
Matlab™ 8 software on the first and the last detectable peaks. Fi-
nally, the signals were normalized with respect to the maximum
value of each signal because the two signals had a different order of
magnitude and were incomparable. A preliminary inspection of the
time-frequency characteristic (O to 5 Hz) of the data of each subject
was performed using the Fourier transformation and did not show
any particular difference among signals and speeds [23].

FIG. I. Experimental setup. A: The position of the camera, the Wii-RemoteTM, and the laptop with respect to the treadmill. B: One subject on
the treadmill. C: The infrared-LED MarkerWiiRTM and the passive marker attached to the subject’s ankle.
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Statistical analysis

To investigate the statistical agreement between the two devices the
Pearson product moment correlation and Bland-Altman plots were
used [24]. Moreover, the following variables were calculated: the
bias, defined as the mean difference between MW signal [25] and
the video signal; the imprecision, defined as the standard deviation
of the difference between the MW signal and the video signal; the
upper and lower limits of agreement, and the Z-score of the bias.
The statistical agreement between the two signals was fixed to 1.96,
which is the approximate value of the 97.5 percentile point of the
normal distribution used in probability and statistics. Subsequently
the same statistical approach was applied putting together the walk-

ing speeds and the running speeds and finally the same statistical
approach was performed adding together all the speeds. Standard
error of measurement (SEM) was calculated to assess the concurrent
validity between the MW and the video analysis. Moreover, the effect
size (Cohen's d) was computed [26] using the standard deviation of
the difference between signals over the standard deviation of the
video signal.

RIS U L TS 1500000000

All the participants were able to complete the experiment and the
results of the displacement of a marker on two axes (x and y) ex-
tracted from two different devices are reported in Tables 1 and 2.

TABLE I. Results of the displacement of a marker on x axis extracted from two different devices.

Velocity X axis
(km-h™") Correlation SEM SEM (%) ES Bias Imprecision LoA+ LoA- z
1 0.892 0.049 9.6% 0.008 0.181% 1.430% 2.985% -2.623% 0.422
2 0.965 0.042 8.4% 0.001 0.020% 0.669% 1.331% -1.291% 0.100
3 0.978 0.038 7.2% 0.028 0.725% 0.439% 1.585% -0.134% 5.511
4 0.764 0.093 18.3% 0.024 -0.651% 2.104% 3.474% -4.775% -1.031
5 0.957 0.056 10.9% 0.016 0.437% 0.395% 1.210% -0.337% 3.687
6 0.861 0.079 15.7% 0.026 0.711% 0.309% 1.316% 0.106% 7.680
Walking 0.903 0.060 1.7% 0.009 0.237% 0.518% 1.252% -0.778% 0.002
10 0.734 0.108 20.0% 0.034 0.876% 1.383% 3.587% -1.836% 2.110
11 0.911 0.075 14.2% 0.037 0.955% 0.344% 1.629% 0.281% 9.262
12 0.907 0.076 14.4% 0.009 0.225% 0.403% 1.015% -0.565% 1.861
13 0.854 0.091 17.6% 0.025 0.626% 0.635% 1.871% -0.619% 3.285
Running 0.851 0.088 16.6% 0.027 0.671% 0.328% 1.314% 0.027% 0.007
Locomotion 0.882 0.071 13.6% 0.016 0.411% 0.485% 1.361% -0.540% 0.003

Note: in the table are reported the Pearson product moment correlation (Correlation), the Standard Error of the Measure (SEM), The Percentage SEM
(SEM 8%) and the Effect Size (Cohen’s d) computed from the standard deviation of the difference between signals over the standard deviation of the

video signal. Percentage of bias, imprecision (standard deV|at|on of the bias), upper (LOA+)

speeds (1 to 13 km-h

lower (LoA-) limits of agreement, Z-score value for each

1), mean of walking (1 to 6 km-h'), running (10 to 13 km-h 1y and overall mean of speeds (Locomotion).

TABLE 2. Results of the displacement of a marker on y axis extracted from two different devices.

Velocity y axis
(km-h") Correlation SEM SEM (%) ES Bias Imprecision LoA+ LoA- z
1 0.875 0.066 25.5% 0.093 2.208% 0.962% 4.094% 0.322% 7.650
2 0.946 0.065 22.6% 0.104 2.689% 1.088% 4.821% 0.557% 8.240
3 0.945 0.066 22.1% 0.051 1.394% 0.669% 2.704% 0.083% 6.948
4 0.684 0.130 44.7% 0.042 1.175% 1.882% 4.863% -2.514% 2.080
5 0.945 0.068 21.6% 0.058 1.599% 1.075% 3.705% -0.508% 4.958
6 0.857 0.086 27.3% 0.001 0.062% 2.330% 4.628% -4.505% 0.088
Walking 0.875 0.080 27.3% 0.058 1.521% 0.906% 3.298% -0.256% 0.014
10 0.772 0.112 31.0% 0.057 1.605% 0.712% 3.001% 0.208% 7.508
1 0.922 0.078 21.9% 0.029 0.768% 1.255% 3.229% -1.692% 2.041
12 0.877 0.096 26.6% 0.047 1.298% 0.890% 3.041% -0.446% 4.863
13 0.868 0.094 27.4% 0.050 1.358% 0.913% 3.148% -0.432% 4.956
Running 0.860 0.095 26.7% 0.046 1.257% 0.352% 1.947% 0.568% 0.011
Locomotion 0.869 0.086 27.1% 0.053 1.415% 0.719% 2.824% 0.007% 0.010

Note: In the table are reported the Pearson product moment correlation (Correlation), the Standard Error of the Measure (SEM), The Percentage SEM
(SEM 8%) and the Effect Size (Cohen’s d) computed from the standard deviation of the difference between signals over the standard deviation of the

video signal. Percentage of bias, imprecision (standard deV|at|on of the bias), upper (LOA+)

speeds (1 to 13 km-h

lower (LoA-) limits of agreement, Z-score value for each

1), mean of walking (1 to 6 km-h™), running (10 to 13 km-h 1y and overall mean of speeds (Locomotion).
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FIG. 2. Bland-Altman plots of x and y dimensions of walking and running speeds. The continuous line represents the bias while the dashed lines
represent the upper and lower limits of agreement. For all the panels, the values of bias, imprecision, and Z-score are reported.

The Bland-Altman plots are provided in Figure 2. Both devices showed
excellent overlapping of the marker displacement across speeds (an
example is reported in Figure 3) with a modest to excellent correla-
tion (x-axis > 0.734; y-axis > 0.684), small bias (x-axis <1%; y-
axis < 2.7%) and small imprecision (x-axis < 2.1%; y-axis < 2.3%).
For each single speed except for 6 km-h! there was a difference
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FIG. 3. Example of displacement comparison from the passive markers
recorded by the camera (continuous line), and displacement recorded
by the MarkWiiRTM (dotted line). The displacement is reported on
two dimensions x-axis and y-axes for walking at 1 km-h! and running
at 13 km-h.

between signals (z>1.96) but, considering them together for the
walking, running, and general locomotion (walking plus running),
the z-value was less than 1.96, showing a statistical equivalence of
signals. The SEM of the x-axis ranged from 0.038 (7.2%) to 0.108
(20%), and for the y-axis from 0.065 (21.6%) to 0.130 (44.7%).
The ES of the x-axis ranged from 0.001 to 0.037 and for the y-axis
from 0.001 to 0.104.

DISCU 'S S 1O N 15
The present study provided a valid replacement method to the clas-
sical video analysis. The Wii-Remote™ and a new active marker
“MarkWiiR™” allow one to study the kinematics of a marker during
locomotion. In this regard, the MW exhibits excellent concurrent
validity with a video analysis. The criterion or construct validity [27]
assessed with the correlation between the two measurements was
higher than 0.7 and acceptable [23]. An overall 20% SEM gives an
idea of the accuracy of the mean and the effect size of the SEM was
very low (ES<0.1) [26]. These results show that the two measures
are similar and could therefore be used interchangeably.

The concurrent validity, examined with Bland-Altman plots,
showed a very low bias for each of the studied speeds (Figure 2).
This variability was very low considering together the walking (<
1.521%) and running (< 1.257%) speeds and obviously stayed very
low considering all together the studied speeds (< 1.415%). The
excellent concurrent validity when compared with 2D video analysis

26 .
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suggests that it is a satisfactory device for assessing a marker dis-
placement during locomotion (from walking to 13 km-h speed
running). The imprecision between the two measurements was low
(< 2.3%) and the z-value of each speed, except three speeds (1 and
2 km-h! for the x-axis, and 6 km-h'! for the y-axis), was up to one
standard deviation; hence the two measures were different even
when the bias was very small. Comparing these results with the
spatial error of the video analysis (x-axis = 1.26% and y-axis =
0.96%) for the x-axis the MW error was lower while for the y-axis it
was 2.8 times bigger. This disagreement between measures can be
justified considering the error introduced by the spatial resolution of
the video analysis. Indeed, the x bias between measures was less
than 1.26%, while for the y bias it was a little higher than 0.95%.
Besides, the time spent by the researcher (with expertise of 5 years)
related to the data analysis of each subject was about 1.5 hours.
This is time-consuming with respect to the real-time method pro-
vided by the MW, which does not require any post-exercise analysis.
Therefore, the MW showed also the advantage of decreasing the
data analysis process.

This kinematic measurement tool should also be validated against
optotronic instruments. It should also be validated for potential use
with more than one active marker. In essence, the use of this technol-
ogy opens up new possibilities for research, lowering the cost of the
equipment and thereby increasing the accessibility to technicians
and operators. Therefore, it is suggested that the MW device fulfils
the following needs: being transportable, easy to use, of low cost,
and presenting a good accuracy. These characteristics warrant the

promising use of such tools in the field. This provides the impetus
for further research into sport and clinical applications in the clinical
setting with a wide range of populations.

CONCLU ST N S 1550000
In conclusion, the results of the present study are promising. Indeed,
the MW is inexpensive and it is accurate in measuring the marker
displacement in locomotion. This allows a number of new applica-
tions in the field of kinematics, in rehabilitation and any field where
it is required to track the displacement of a segment. The MW has
the potential to ‘bridge the gap’ between laboratory testing and field
testing. Many physical therapists, trainers, sports coaches and ath-
letes require devices that can measure kinematics in 2D (i.e., walk,
race-walk, run, pedalling, clean and jerk). Consequently, the MW
and the custom-made software are useful to visualize the kinematics
during some training activities, which could engender improvements
in evidence-based training. This new methodological “real time / live”
approach shortens data collection times; therefore MW is favourable
compared to a simple video analysis.
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