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Abstract: Aim: Study concurrent validity of a new sensor-based 3D motion capture (MoCap) tool to
register knee, hip and spine joint angles during the single leg squat. Design: Cross-sectional. Setting:
University laboratory. Participants: Forty-four physically active (Tegner ≥ 5) subjects (age 22.8 (±3.3))
Main outcome measures: Sagittal and frontal plane trunk, hip and knee angles at peak knee flexion.
The sensor-based system consisted of 4 active (triaxial accelerometric, gyroscopic and geomagnetic)
sensors wirelessly connected with an iPad. A conventional passive tracking 3D MoCap (OptiTrack)
system served as gold standard. Results: All sagittal plane measurement correlations observed were
very strong for the knee and hip (r = 0.929–0.988, p < 0.001). For sagittal plane spine assessment,
the correlations were moderate (r = 0.708–0.728, p < 0.001). Frontal plane measurement correlations
were moderate in size for the hip (ρ = 0.646–0.818, p < 0.001) and spine (ρ = 0.613–0.827, p < 0.001).
Conclusions: The 3-D MoCap tool has good to excellent criterion validity for sagittal and frontal
plane angles occurring in the knee, hip and spine during the single leg squat. This allows bringing
this type of easily accessible MoCap technology outside laboratory settings.

Keywords: validity; 3-D motion analysis; single leg squat; motion capture; clinical

1. Introduction

The evaluation of athletes’ kinematics in functional, sports-specific situations continues to
receive increasing attention [1,2]. Kinematic parameters like the range of motion (ROM), velocity and
acceleration are used to quantify so-called quality of movement [1]. Quality of movement is associated
with injury risk in athletes, and is evaluated in clinical practice to determine exercise progression and
assist in return to play decision making after injury [1,3,4]. In sports involving running, cutting and
jumping, decreased spine, hip and knee flexion have been linked to the development of patellofemoral
pain and increased strain of the anterior cruciate ligament (ACL) [5–7].

Three-dimensional (3D) motion capture (MoCap) systems using reflective markers are considered
the gold standard in measuring kinematics during functional performance tests [8,9]. However,
feasibility and financial considerations have forced clinicians to adopt two-dimensional (2D) rather
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than 3D analysis for commonly used functional performance tests, such as the single leg squat [10].
Even though it is considered a useful screening tool [9,11–14], most kinematic 2D analyses of the single
leg squat still require the use of multiple markers and devices like cameras and computers and its
use is still time consuming [3,9,14]. Like the single leg squat, most performance tests are executed in
a fixed position like single leg stance, and are thus easily reproducible. Movement quality is then
often judged visually, thereby lacking quantitative data. A huge step forward in movement quality
assessment would then be to track 3D movement outside the laboratory and in clinical settings with
easy-to-use, low cost and time efficient systems [4]. Obtaining larger data sets is then made possible by
the multi-site use of this technology [2].

Registration of 3D kinematics allows for a more comprehensive assessment of compensatory
movement patterns, incorporating all anatomical planes, thus resulting in a smaller loss of relevant
data [1,8,9,12,13,15]. Smart devices (tablets and phones) are now commonly equipped with cameras,
Bluetooth connectivity and data processing capacity. Wearable active sensors can communicate with
these devices, making 3D MoCap easily accessible for clinicians. A previous review on the reliability
of motion capture systems reported the highest reliability for hip and knee sagittal and frontal plane
measurements while it is lowest for the transverse plane measurements [16]. Reliability of wearable
active sensor systems is moderate to excellent when compared to optical tracking systems with sagittal
and frontal hip and knee measurement error between sagittal 8◦ and 1◦ [4,17,18]. Active sensors recently
proved to be useful and reliable in the assessment of squatting, jumping and walking in patients after
ACL reconstruction [19]. Currently, active sensor monitoring of movement is the subject of many
studies in the field of orthopedic and neurologic rehabilitation and sports injury populations [17,20–22].

This new field of rapidly emerging technologic possibilities however needs further evaluation
before it can be applied in the field by researchers and clinicians [23]. The aim of this study was to
determine the concurrent validity of a new 3D MoCap tool for sagittal and frontal plane angles of the
knee, hip and spine during a single leg squat.

2. Materials and Methods

A cross-sectional study design was used. The single leg squat task was analysed using both
conventional 3D motion analysis and a newly developed 3D MoCap tool. At the time of this study
this product was not yet available on the market. All procedures were carried out at the same time of
the day.

2.1. Subjects

Subjects were recruited from the local student population at the campus of De Haagse Hogeschool
(The Hague, The Netherlands). Subjects were included if they were aged between 18 and 45 years
and were physically active (activity level ≥5/10 on the Tegner activity scale [24] for at least of 60 min
per week).

Exclusion criteria were: (1) a history of knee surgery; (2) knee injuries or back, hip, knee or
ankle joint pain within 3 months prior to this study; (3) lower extremity symptoms at rest or
during sports participation; and (4) any neurological disorders that could affect gait. This study was
conducted according the Helsinki declaration of ethical principles for medical research involving human
subjects [25]. The Dutch Central Committee on Research Involving Human Subjects (CCMO) [26]
confirmed exemption from ethical approval as stated in the Dutch Medical Research Involving Human
Subjects Act [27]. All subjects signed informed consent before participating in this study.

2.2. Motion Capture

The primary outcome measures of this study were derived from conventional 3D motion analysis
and from a new 3D MoCap tool during a repeated single leg squat test.

An inert 3D motion analysis system consisting of 12 infrared cameras (OptiTrack Flex 13,
NaturalPoint Inc., Corvallis, OR, USA) was used as a reference tool. The positions of reflective
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markers in 3D space (x, y and z axes), were recorded by the infrared cameras at a frequency of 120 Hz.
Although radiostereometric analysis (RSA) is considered the gold standard in motion analysis, a major
disadvantage is its invasive character. RSA has highest accuracy, yet comparison with optical tracking
systems shows clinical acceptable validity and reliability [28,29]. Systems like Vicon (Vicon, Oxford,
UK) and OptiTrack are therefore commonly used in motion analysis [3,8,9]. OptiTrack systems were
found to be accurate when compared to Vicon in gait assessment with the deviations reported being
up to 2.2% maximum [30,31]. Hip and knee ROM data in the sagittal and frontal plane were reported
to differ 1◦ maximum [30].

The new 3D MoCap tool (SportsLapp, Factic BV, Enschede, The Netherlands [32]) used 4 active
(triaxial accelerometric, gyroscopic and geomagnetic) sensors (Hocoma AG, Volketswil, Switzerland),
attached with elastic therapeutic tape (Pinotape Pro Sport, Pino Pharmaceutical Products GmbH,
Hamburg, Germany). The sensors connected wirelessly by Bluetooth, to an iPad Air 2 (Apple Inc.,
Cupertino, CA, USA) with the SportsLapp software running on the iOS (Apple Inc., Cupertino, CA,
USA) platform. Joint angles were registered using the sensors (recording at 50 Hz) and video (recording
at 120 Hz). The lower sensor data capturing frequency was graphically aligned in the movement
curves with the video recording frequency by spherical linear interpolation. Data collected during
one single set of 3 trials was used for analyses. This protocol is similar to other protocols reported in
literature [13,15,33,34].

2.3. Testing Protocol

For the conventional motion analysis and the 3D MoCap tool, cluster markers and active sensors
respectively, were placed on the following anatomical landmarks: the sternal manubrium, the sacrum,
halfway on the lateral aspect of the thigh and halfway, anteromedial on the shank (bony aspect of the
tibia), see Figure 1.
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Figure 1. (A): The ventral view (left) and dorsal view (right) show the cluster marker and sensor
positions on the sternal manubrium, the sacrum, halfway on the iliotibial tract and halfway on the tibia.
(B): The single leg testing position with markers and sensors attached.

Prior to testing, subjects performed a standardised warming up consisting of 8 bipedal squats and
3 single leg squats on each leg. Then both systems were calibrated with the subjects standing in the
upright anatomical position, while all joint angle values on both systems were set to be zero.
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For the single leg squat test, the protocol as described by Dingenen et al. [3] was used. Subjects
had to stand on their dominant leg (defined as the preferred leg to kick a ball) and fold their arms
in front of their chest. They then squatted down in 2 s and returned to the upright position in 2 s,
while maintaining balance. This low movement speed was selected to minimize the chance for trajectory
gaps [31]. The non-supporting knee had to be kept parallel to the supporting knee, without touching
it. During the test, squat depth was not controlled, as this better reflects a clinical setting. It was
reported previously that subjects are able to produce consistent sagittal plane range of motion without
monitoring [35,36]. In order to reduce the effect of movement velocity on joint angles and lower limb
kinematics, a metronome was used to provide an audio cue for speed of movement [3,13,34].

2.4. Data Processing

All data from the conventional 3D motion analysis system were imported into MatLab R2015b
(The MathWorks Inc., Natick, MA, USA), and marker trajectories were filtered using a 4th order
low-pass Butterworth filter at 3 Hz, eliminating all signal noise with a frequency higher than 3 Hz.
A custom MatLab program—including a Euler rotation sequence resolving the sagittal, the frontal
and the transverse plane motion respectively—was used to calculate angles of the spine, hip and
knee. Euler angles of rotation describe complex 3D kinematics of a rigid body (i.e., a limb segment) by
decomposing movements into rotations about the 3 axes (x, y and z) of a fixed coordinate system that
serves as a reference [37]. Spine flexion and homolateral spine lateral flexion, and hip and knee flexion,
adduction and internal rotation were considered positive values.

For the new 3D MoCap tool, custom-made software (SportsLapp, Factic BV, Enschede,
The Netherlands) was used, analysing the collected kinematic data and converting it into real-time
joint angle curves. Both the curves and the video footage are available simultaneously in the app
(see Figure 2).
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Each of the sensors was assigned to a specific limb segment. As a joint consists of 2 segments, joint
angles were defined as the angular difference between 2 segments. From each sensor, a quaternion was
derived, expressing the orientation and rotation of its specific segment in the local coordinate frame of a
primary segment (generally the proximal adjacent segment). Quaternions are a way of mathematically
encoding the 3D orientation of a limb segment using 4 scalar numbers; 3 representing vectors on the
axes of rotation, and 1 providing the angle of rotation [38]. In this way, they are a means of overcoming
gimbal lock—a singular joint position in which 2 of the 3 axes of rotation align, and thus joint angles
and kinematics cannot be described accurately [39]. The additional dimension in a quaternion provides
more information on the orientation of a segment so that gimbal lock can be avoided.

For the new 3D MoCap tool, active sensors register joint angles. There is no calibration against fixed
x, y, and z-axes in 3D space. Thus all joint positions are based on data obtained from 2 adjacent segments,
relatively positioned against one another. To describe these 3D joint angles and movements, the 3D
MoCap tool employs a new kinematic system (3D Angles, Factic BV, Enschede, The Netherlands) [40]
consisting of 4 units of measurement: tilt, swing, sway and twist presented in the SportsLapp software.
The amount of tilt effectively quantifies the amount of movement of a (secondary) segment with respect
to its primary segment. Thus when performed in the sagittal plane, tilt describes flexion and extension
of the spine, hip and knee. By analogy, sway shows movement in lateral and in medial direction.
So when performed in the frontal plane, sway describes spine lateral flexion and hip abduction and
adduction. Twist quantifies rotation along the longitudinal axis of the segment (transversal plane).
For this study we applied sagittal plane (tilt) and frontal plane (sway) analyses (see Figure 3).
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2.5. Outcome Measures

The kinematic variables collected were: knee flexion (tilt), hip flexion (tilt) and abduction/adduction
(sway), spine forward flexion (tilt) and lateral flexion angles (sway). These were all presented in
degrees, rounded off to 1 decimal. Both 3D motion analysis systems registered the entire movement
trajectory during the single leg squat performed. In order to reduce eventual effects of velocity on joint



Sensors 2020, 20, 4539 6 of 14

angles registered, kinematic data at the time point of peak knee flexion were collected for analysis
by the following procedure: The SportsLapp software creates a graphical curve of the joint angles.
Moreover, the software allows selecting a certain part of the curve (depicting the moment where
peak knee flexion position occurred) and then provides the start time and end time of the interval.
By searching the raw IMU data corresponding to this interval, the magnitude of peak knee flexion and
the time point at which this occurred was determined.

2.6. Statistical Analysis

In order to determine characteristics of our sample, mean, standard deviation and range were
calculated for the subjects’ age, height, weight, hours of sport participation per week and activity level.
To investigate the concurrent validity of the new MoCap tool, correlations between outcomes on both
3D motion analysis systems were calculated. To test for normality of data distribution, Shapiro-Wilk
tests were conducted. In case of normally distributed data, Pearson’s r was calculated—in case of
non-normally distributed data, Spearman’s Rho (ρ) was used. Strength of correlations were expresses
as perfect (r or ρ = −1 or 1), very strong (0.8 ≤ r to ρ < 1), moderate (0.6 ≤ r to ρ < 0.8), fair (0.3 ≤ r to
ρ < 0.6) and poor (0 < r to ρ < 0.3) or inversely the negative values in case of negative correlations [41].
The alfa level for statistical significance was set at p < 0.05 for all analyses. Statistical analyses were
performed using IBM SPSS Statistics (v. 23.0, IBM Corp., Armonk, NY, USA).

3. Results

3.1. Subjects

Forty-four subjects (24 males and 20 females) took part in the experiment. Subject characteristics
are presented in Table 1.

Table 1. Subject Characteristics.

Total Group
(n = 44)

Female
(n = 20)

Male
(n = 24)

Age (yrs) 22.8 (3.3)
(18–30)

22.9 (3.6)
(18–30)

22.7 (3.2)
(18–30)

Height (cm) 175.3 (10.1)
(155.0–197.0)

167 (5.7)
(155–177)

182 (7.4)
(170–197)

Weight (kg) 72.1 (11.6)
(53.6–103.2)

64.1 (7.1)
(53.6–82.2)

78.9 (10.6)
(64.1–103.2)

Sport participation (hrs/wk) 5.4 (4.5)
(1–25)

6.9 (5.2)
(1–25)

3.1 (2.4)
(1–8)

Activity level (Tegner score) 6.5 (1.3)
(5–10)

5.8 (1.1)
(3–7)

7.0 (1.2)
(5–10)

Data are presented as mean (standard deviation) (range). Abbreviations: M = male; F = female; yrs = years;
cm = centimetre; kg = kilogram; hrs = hours; wk = week.

3.2. Concurrent Validity

All single leg squats were performed 3 times resulting in a total of 132 trials being available
for analyses. The data recorded per trial for both systems is presented in Table 2 as mean, standard
deviation (SD) and 95% confidence interval (CI). Pearson’s R (normally distributed data) or Spearman’s
Rho (non-normally distributed data) was calculated between data obtained with both systems including
the mean differences with accompanying 95% CI.

All sagittal plane measurement correlations observed were very strong for the knee and hip
(r = 0.929–0.988, p < 0.001). For sagittal plane spine assessment, the correlations were moderate
(r = 0.708–0.728, p < 0.001). Frontal plane measurement correlations were moderate in size for the hip
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(ρ = 0.646–0.818, p < 0.001) and spine (ρ = 0.613–0.827, p < 0.001). Correlation plots of all measurement
data combined (3 single leg squat trials) are presented in Figure 4.

Table 2. Correlations between measures with OptiTrack and SportsLapp motion capture systems for
sagittal and frontal plane angles of knee, hip and spine.

Trial 1 Knee
Flexion/Tilt *

Hip
Flexion/Tilt *

Hip Ab-
Adduction/Sway

Spine
Flexion/Tilt *

Spine Lateral
Flexion/Sway

OptiTrack (◦) 73.8 (9.1)
(71.1–76.6)

60.8 (14.7)
(56.3–65.3)

−8.1 (17.1)
(−13.3–−2.9)

13.8 (10.9)
(10.5–17.1)

3.8 (5.7)
(2.1–5.6)

SportsLapp (◦) 73.3 (9.1)
(70.6–76.1)

62.9 (13.4)
(58.9–67.1)

−8.5 (18.3)
(−13.9–−3.0)

18.1 (11.4)
(14.6–21.6)

4.6 (10.2)
(1.5–7.8)

Mean diff (◦)
(95%CI)

−0.5
(−1.5–0.5)

2.1
(1.3–2.9)

−0.4 (8.2)
(–2.5–0.3)

−4.3
(−6.8–−1.17)

0.8 (8.1)
(0.4–3.2)

Correlation r = 0.936 r = 0.985 ρ = 0.818 r = 0.713 ρ = 0.827

Trial 2 Knee
Flexion/Tilt *

Hip
Flexion/Tilt *

Hip Ab-
Adduction/Sway

Spine
Flexion/Tilt *

Spine Lateral
Flexion/Sway

OptiTrack (◦) 75.0 (8.6)
(72.4–77.6)

63.7 (14.7)
(59.2–58.2)

−13.2 (14.1)
(17.5–−8.9)

16.3 (12.1)
(12.6–20.0)

6.3 (5.0)
(4.7–7.8)

SportsLapp (◦) 73.8 (8.6)
(71.2–76.4)

64.9 (14.1)
(60.6–69.2)

−14.5 (14.0)
(−18.8–−10.3)

20.7 (11.9)
(17.1–24.4)

7.4 (11.0)
(4.0–10.7)

Mean diff (◦)
(95%CI)

−1.2
(−2.2–0.3)

1.2
(0.5–1.9)

−1.3
(−3.6–1.0)

−4.4
(−7.2–−1.6)

1.1
(−1.6–3.8)

Correlation r = 0.929 r = 0.988 ρ = 0.704 r = 0.708 ρ = 0.641

Trial 3 Knee
Flexion/Tilt *

Hip
Flexion/Tilt *

Hip Ab-
Adduction/Sway

Spine
Flexion/Tilt *

Spine Lateral
Flexion/Sway

OptiTrack (◦) 76.0 (9.2)
(73.1–78.8)

64.7 (13.6)
(60.6–68.9)

−14.9 (13.1)
(−18.9–−11.0)

14.7 (11.8)
(11.1–18.3)

5.5 (5.3)
(3.9–7.1)

SportsLapp (◦) 74.6 (8.8)
(71.9–77.3)

66.4 (13.0)
(62.4–70.3)

−16.4 (12.5)
(−20.2–−12.6)

19.8 (12.1)
(16.1–23.4)

9.1 (9.4)
(6.3–12.0)

Mean diff (◦)
(95%CI)

−1.4
(−2.3–−0.4)

1.7
(0.9–2.5)

−1.5
(−3.8–0.74)

−5.1
(−7.8–−2.4)

3.6
(1.3–5.9)

Correlation r = 0.944 r = 0.982 ρ = 0.646 r = 0.728 ρ = 0.613
Data are presented in degrees as mean (standard deviation) and (95% confidence interval). Abbreviations:
diff = difference; r = Pearson’s R correlation; ρ = Spearman’s Rho correlation. * = Normally distributed data.
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4. Discussion

4.1. Main Findings

We studied the concurrent validity of a new 3D MoCap tool during a single leg squat task
performed in a standing position. This validity was found to be good to excellent for all joint angles
registered in the sagittal and frontal plane during three single leg squat trials. The highest correlations
between systems were observed in the sagittal plane and were found to be most consistent. Hip and
knee measurements performed best with the lowest difference between both systems.

4.2. Practical Relevance

The ability of the new MoCap tool to objectively measure sagittal and frontal plane joint angles is
practically relevant: decreased spine, hip and knee flexion in single leg weight bearing and landing
activities have been associated with an increased risk for the development of patellofemoral pain
and anterior cruciate ligament knee (re)injury [5,7]. The new 3D MoCap tool can thus be applied in
injury prevention screening and in progress evaluation after exercise interventions, aimed to optimize
lower extremity kinematics. Parameters obtained are likely relevant to improve clinical outcomes.
An important advantage of this new tool is that it can be applied on the pitch (on field) and in rehab
and sports centre settings [19]. The kinematic data are then directly available in contrast with the more
time consuming conventional motion capture systems [3,9,14].

Speed to be elicited in specific actions is one of the major goals in most type of sports. The capability
of motion capture is unique in quantifying magnitude, timing and symmetry of segmental velocity.
This may help physicians and physiotherapists to screen for deficits in any of those parameters and
subsequently identify potential risk factors for future injury [42–44].

This study shows that easily accessible technology is likely to enter the market for a broad audience
of professionals from different fields. The recent research interest from orthopedic and neurologic
rehabilitation specialists in this type of technology shows that there is a loud call for quantification of
many parameters in their specific patient populations [2,4,9,17,19–21,31,34,45]. Every movement related
health problem would thus likely have its own clinical relevant movement parameters. Future studies
will show what these parameters will be. Affordable new 3D MoCap systems will accelerate the pace of
these developments. Larger datasets obtained at clinics as well as the pitch side are needed to further
develop new knowledge.
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4.3. Validity of Motion Capture Systems

Reliability of optimal tracking systems for gait analysis has been performed previously [16].
Optimal tracking systems show high reliability for pelvis, hip and knee ROM in the sagittal and frontal
plane with mean precision errors less than 6◦. Errors of 2◦ are considered acceptable, 2–5◦ reasonable
and over 5◦ misleading. Markers attached to the skin move with respect to the underlying joints they
intend to measure. This error is called soft tissue artefact (STA) and therefore invasive methods using
radiostereometry are considered the gold standard in investigating joint motion because of its high
accuracy [29]. A systematic review compared invasive methods against optimal tracking systems and
found STA arising from tissue deformation, individual physical characteristics, marker location, type of
segment and the nature of the performed tasks. The magnitude of STA measured was up to 40 mm at
the thigh [46]. Also MoCap systems can be expected to be subject to STA, still any comparison with
invasive methods seems to be lacking.

4.4. Other Studies

Recent studies investigating systems using inertial measurement units have found that these can
distinguish between abnormal and sufficient performance on lower limb exercises with moderate to
excellent accuracy. However, these studies assess movement patterns rather than specific joint angles,
and use visual observation as reference standard rather than conventional 3D motion analysis [47,48].
Similar to this study, other markerless 3D MoCap tools such as the Kinect V2, have demonstrated
stronger validity for sagittal plane kinematics than for the frontal plane during the single leg squat [45,49].
The difference in accuracy of sagittal plane versus frontal and transverse plane measurements can be
explained from a biomechanical point of view. As sagittal plane movements are the largest in terms
of ROM, a difference of some degrees between both methods will affect the distribution of outcomes
relatively less than in frontal and transverse plane movements, which display a smaller ROM.

Additionally, differences between both MoCap tools were expected beforehand, because of the
different manner in which joint angles are obtained. The conventional gold standard utilizes reflective
markers, while the new tool employs active sensors. To calculate osteokinematic joint angles from the
marker trajectories in 3D space, the conventional tool uses traditional Euler rotation sequences [37].
This method, however, suffers from gimbal lock and equations may be numerically unstable [38].
To express the orientation of a segment with respect to its primary segment (i.e., the joint angle) the new
3D MoCap tool uses quaternions that are derived directly from the sensors. This method overcomes
the problem of gimbal lock, and extracting angles and axes of rotation is simpler and requires less
computational steps [38].

In a comparable study, Zügner et al. found a measurement error of 2.8◦ for hip flexion/extension
with a moderate correlation (ICC 0.75) which was for knee flexion/extension an error of 0.2◦ with
a good correlation (ICC 0.83). Although these findings for the knee are comparable to our study,
differences in hip findings could be due to the different sensor positions and performance tasks [17].
Another study compared IMU with OptiTrack measuring knee motion during a dynamic task as in
our study [4]. They showed an error of measurement of 8◦ for flexion/extension (0.5◦ in our study)
and poor correlation (Pearson’s R = 0.58 against our Pearson’s R = 0.94). This being lower may be the
result of the dynamic jump task that influenced angle readings by eccentric gyroscopic fluctuations.
Leardini et al. found small differences between an IMU and Vicon measures reporting a 5.0◦ error for
knee flexion during a squat performance task which was between 0.5–1.5◦ in our study [18]. IMU and
optical tracking systems both suffer from STA, yet most studies showed accepted measurement errors
below the 5◦ bound. In our study, all hip and knee motion errors were lower than 2◦ and lower than 5◦

for spine measurements with good to excellent correlation.
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4.5. Strengths and Limitations

To better reflect a clinical setting, squat depth was not controlled for in the testing protocol. It was
previously reported that subjects are able to produce consistent sagittal plane range of motion without
monitoring [35,36]. Our findings are in line with those as indeed we found consistent peak hip and
knee flexion angles during the three trials of single leg squat. Spine flexion and lateral flexion however
were less stable on repeated single leg squatting. This is acknowledged in the clinic where aberrant
spine movements distract attention of the clinician. Although these spine positional changes are
present hip and knee angles remained consistent.

The application studied shows adequate validity for MoCap in a clinical and on-site test
setting. This type of assessment with easily accessible and low coast technology will likely offer new
opportunities for clinicians as well as researchers to capture data that where prohibited for scientists in
high laboratory setting.

The frequency of 50 Hz of the SportsLapp application is lower than the OptiTrack MoCap system.
The validity data obtained can thus not be generalized to higher speed movements. The velocity
threshold for adequate MoCap with this new system during higher speed movements should be
subject of future study.

Questions can be raised regarding the placement of markers and sensors. Units placed on muscular
areas, such as the lateral thigh, may have been subject to more artefacts due to muscle contraction and
skin displacement than others, which were placed on bony landmarks. Marker placement on less or
non-muscular areas like the lateral femoral condyle for the upper leg marker, may be considered to
further refine the current protocol. A previous study comparing inertial sensors with an optoelectronic
system reported lower errors on movement tracking when assessing a prosthesis when compared to a
healthy human leg [50]. On top of this, artefacts may have occurred as a result of the inertial sensors
were fixated with elastic tape over the cluster markers, prohibiting a rigid connection between the two.

5. Conclusions

This study shows that a new 3D MoCap tool utilizing active sensors has good to excellent
concurrent validity for sagittal and frontal plane knee, hip and spine angle measurements assessed
during a single leg squat task. Future studies are needed to investigate other variables like through
range movement angles and velocity parameters.
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