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Comparison of the optoelectronic BTS Smart system
and IMU-based MyoMotion system
for the assessment of gait variables
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Purpose: Although inertial measurement unit (IMU)-based systems have been validated against optoelectronic systems for recording
joint kinematics, the accuracy of each system must be evaluated, and measurements from different systems cannot be easily compared.
Therefore, this study compared the joint angles recorded using the IMU-based MyoMotion system and the optoelectronic BTS Smart-DX
700 system during Nordic walking. Methods: The study subject, a long-time Nordic walking instructor, was assigned to walk 12 m/trial
(14 trials with 5 sampled gait cycles) at a velocity preferred for Nordic walking. The trials were simultaneously recorded by both systems.
The instantaneous lower (ankle, knee, hip) and upper (shoulder, elbow, wrist) limb joint angles were recorded. Results: The joint angles from
MyoMotion were significantly larger or smaller (depending on the joint and plane) than those from BTS. Conclusions: Joint angles measured
by MyoMotion are not interchangeable with values from BTS, and IMU-recorded values should be interpreted carefully. However, MyoMotion
can still provide information about intra-individual changes based on the joint angle profiles, e.g., following Nordic walking training.
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1. Introduction

As the basic element of human locomotion, correct
human gait is necessary to maintain an adequate level
of comfort of life [16]. Nordic walking (NW) is a kind
of gait with properly designed poles that uses a special
technique developed to preserve a natural, biomechani-
cally correct gait and posture. Through gait analysis,
the gait phase can be identified, the kinematic and ki-
netic variables of human gait events can be determined,
and the musculoskeletal functions can be quantitatively
evaluated [30]. However, it is challenging to accu-
rately evaluate multiple joints of both the lower and
the upper limbs in multiple planes of movement when
an individual is performing a dynamic functional ac-

tivity. Currently, studies related to biomechanical analy-
ses present two possibilities for measuring data: the
optoelectronic-based measurement system and the in-
ertial measurement unit-based system.

The gold standard in motion capture is the optoelec-
tronic measurement system (OMS) [4]. Optical motion
capture systems use passive or active reflective mark-
ers and a series of fixed cameras to track the marker
positions by detecting (infrared) light, and they use
this detection to estimate the 3D position of these
markers via time-of-flight triangulation. Despite being
more accurate than other systems, their accuracy de-
pends on the maximum number of cameras and the
field of view of each camera (they must be relative to
each other); the distance between the cameras and the
markers; the position, number, and type of the mark-
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ers in the field; and the motion of the markers within
the capture volume [14]. Additionally, OMSs are highly
sensitive to alterations in the setup, which means that
the data output will be interrupted when the cameras
accidentally shift or lose sight of the markers [27], [32].
There is also a relationship between camera resolution
and sampling rate that affects the quality of the data
obtained because of the software. Therefore, OMSs can
acquire data only in a restricted area of a specialist
biomechanical analysis laboratory, which results in sig-
nificant practical difficulties regarding cost, portabil-
ity, calibration, synchronization, labor, and set-up.

Inertial measurement units (IMUs) have been widely
recognized as a means to overcome the disadvantages
of existing OMSs by aiming to offer a low cost and by
being portable, real-time and relatively easy to use
[30]. IMUs are devices capable of measuring various
kinematic variables, such as object orientation and
velocity, using accelerometers, gyroscopes and mag-
netometers [1]. Because no cameras are needed when
working with IMUs and the system is wireless, it is
possible to perform experiments outside the labora-
tory, which is especially interesting for collecting
measurements during field sports [3], [23] and those
related to locomotion in patient populations [12], [20].
However, IMUs are not without flaws, e.g., drifting of
the gyroscope or metallic disturbances of the magne-
tometer, which can contaminate the data. Different
algorithms (e.g., Kalman filter) are used to adjust the
measurement signals to keep each sensor’s disadvan-
tages as small as possible [30].

Even if the validity of joint kinematic variables re-
corded with IMU systems has been confirmed with
respect to the OMS [15], [24], [34], the measurement
validity of each system (different manufacturers) needs
to be independently evaluated and cannot be easily
compared to another IMU or OMS systems. Validity
refers to the ability of a measurement tool to reflect
what it is designed to measure. However, a measure
cannot be valid without being reliable. Reliability
refers to the reproducibility of values of a measure-
ment in repeated trials on the same individuals. Better
reliability implies better precision of single measure-
ments and better tracking of changes in measure-
ments [10]. The comparison of measurement systems
is best performed at high velocities of movement,
when the probability of measurement error is quite
high. Portable measuring devices perform much bet-
ter when measuring slow movements than fast ones.
However, normal walking or the gait of people with
movement disorders are usually slow. Therefore, we
wanted to test MyoMotion under possibly fast (ex-
treme) walking conditions. If MyoMotion is valid dur-

ing NW gait, it most probably is to be valid during
slower walking.

Therefore, the aim of this study was to compare
the values of joint angles during the Nordic walking
gait recorded using the IMU-based MyoMotion Re-
search measurement system (Noraxon U.S.A. Inc.,
Scottsdale, Arizona) and an optoelectronic BTS Smart-
DX 700 measurement system (BTS Bioengineering
Corp., Garbagnate Milanese MI, Italy). To our knowl-
edge, no previous studies have compared the meas-
urements obtained using BTS and MyoMotion. We also
investigated the intrasession reliability of the joint angle
values obtained from both measurement systems.

2. Materials and methods

Participant characteristics

The subject of the study was a long-time Nordic
walking instructor (woman) who had a body height of
1.73 m and a body mass of 68.8 kg. The subject (n = 1)
was recruited using the following criteria: age be-
tween 25 and 30 years; healthy with no known neu-
rological, cardiovascular, or musculoskeletal condi-
tions; and a minimum of 5 years of NW instructor
experience. The selection of one person for testing
was to avoiding measurement errors related to signifi-
cantly different inter-individual variations in NW gait
techniques, body length proportions, and placement of
markers and sensors on the subject’s body. The study
was carried out in the Biomechanical Analysis Labo-
ratory (with PN-EN ISO 9001:2009 certification) at
the Wroclaw University of Health and Sport Sciences,
Poland. The research project was approved by the
Senate’s Research Bioethics Committee, and the pro-
cedures complied with the Declaration of Helsinki
regarding human experimentation. The participant
agreed to participate in the study and provided written
informed consent.

Subject and equipment preparation

The task in the experiment was to cover a distance
of 12 meters (14 attempts with 5 gait cycles) at a ve-
locity preferred for the NW gait style (2.1 ± 0.1 m/s,
chosen by the participant). Three initial (starting gait)
and three final steps (ending and braking steps) were
omitted in the analysis due to the lack of proper NW
gait velocity during these steps, analogous to work by
Fusca et al. [8]. As it has been confirmed, gait velocity
significantly influences kinematic and kinetic gait pat-
terns [18]. Therefore, 5 central NW gait cycles per-
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formed all at a similar gait velocity were included in
the analysis. The trials were simultaneously recorded
by the IMU-based MyoMotion model 680 (Research)
measurement system (Noraxon U.S.A. Inc., Scottsdale,
Arizona) and an optoelectronic BTS Smart-DX 700
measurement system (BTS Bioengineering Corp., Gar-
bagnate Milanese MI, Italy).

To compare BTS and MyoMotion, we chose a num-
ber of variables regarding the angles in the joints calcu-
lated by the software of these systems; additionally,
these variables were obtained in both systems. The
following kinematic gait variables were recorded: hip
flexion-extension, hip abduction-adduction, hip internal-
-external rotation, knee flexion-extension, ankle dorsi-
-plantar flexion, shoulder flexion-extension, shoul-
der abduction-adduction, elbow flexion-extension and
wrist abduction-adduction. MyoMotion can also reg-
ister ankle abduction-adduction and ankle inversion-
eversion, but they cannot be directly compared with
BTS foot progression. Wrist flexion-extension has
been omitted because for proper NW gait technique, it
should appear only in the minimum range of motion.

At the start, for BTS, 22 retroreflective markers
(6 mm in diameter) were placed on the participant
according to the Davis-Heel protocol [5]. Slight modi-
fications were introduced to the protocol by adding
4 additional markers on the upper limbs (lateral side
of elbow joint – humeral head and styloid process of
ulna) and 4 on the NW poles. Anthropometric meas-
urements that provided input data for the kinematic
gait analysis were taken by the BTS with the partici-
pant in a standing position on two force plates (9286A,
Kistler Group, Winterthur, Switzerland). Body weight
was recorded using the same plates. These measure-
ments were taken before the experiment.

The MyoMotion IMU sensors were placed at
14 segments according to the body model, as suggested
in the MR3 software instructions (Noraxon Inc.,
Scottsdale, AZ, USA). The sensors were attached with
special fixation straps (for the pelvis) and elastic straps.
For the upper limbs, the sensors were placed on the
upper arms (lateral attachment at the midpoint of the
humerus), forearms (on the distal section of the seg-
ment where the muscle belly was minimal), hands (at
mid-portion of upper hand) and C7. For the lower
limbs, sensors were attached to the shoes (top of the
upper surface of the foot, slightly below the ankle),
shanks (frontal surface of the tibia bone), thighs
(frontal attachment to the lower quadrant of the quad-
riceps, slightly above the kneecap at the area of the
lowest muscle belly displacement during motion) and
bony area of the sacrum. The location of BTS markers
and IMU sensors is shown in Fig. 1. An IMU sensor

calibration for the body in a standing position was per-
formed before measurements were collected. After the
initial calibration, there were no differences in the joint
angle values recorded using the BTS and MyoMotion
in the standing position before the NW gait task.

Fig. 1. The location of BTS markers and IMU sensors
on the subject’s body and sticks

Equipment characteristic

The MyoMotion Research 3D motion analysis sys-
tem was used to investigate the kinematic variables in
the NW gait. The MyoMotion IMU sensors (model 610)
include a 3D accelerometer, gyroscope, and magne-
tometer that measure the 3D rotation angles of each
IMU sensor in absolute space. By placing individual
IMU sensors on two neighboring body segments, one
can evaluate the range of motion in the joint placed
between these segments. This principle might be ex-
tended from an individual movement of a joint to si-
multaneous measurements of the motion of the whole
body in individual major joints. The sampling frequency
for the inertial sensors was set at 200 Hz. Individual
sensors are identical in functionality but are identified
by a unique serial number. The angular orientation of
the sensor is determined by an efficient data merging
algorithm (Kalman filter) combining 15 parametric
sensor readings in 4 element values expressed using
quaternions. These calculations take place within the
sensor with an accuracy of +1 degree in the frontal
and sagittal plane and +2 in the transverse plane. The



A. BARTOSZEK et al.106

second type of sensors used during the test have an an-
gular velocity measuring range in 3 axes at +2000°/sec
with a noise level of 0.03°/sec/ .Hz  The internal sam-
pling rate for angular velocity is set at 220 Hz. The ac-
celeration measuring range is +16 g with a maximum
internal sampling rate of 800 Hz and a noise level of
110 ug/ .Hz  The magnetic field sensor located in the
MyoMotion sensor has a range of +1.9 Gauss with
a maximum internal sampling rate of 800 Hz. The
dimensions of a single sensor are 37.6 mm × 52 mm
× 18.1 mm (length × width × height), and the sensor
mass is 34 g. The MyoMotion sensors transmit the
motion of the human body directly to the MyoMo-
tion receiver, whose module provides wireless com-
munication with IMU sensors at 2.4 GHz and has
a typical working range of 30 m. The receiver mod-
ule dimensions are 100 mm × 108 mm × 25.4 mm
(length × width × height), and the mass is 215 g. As
mentioned above, MyoMotion is completely wireless
and does not require calibration of the measurement
space.

The BTS Smart-DX 700 3D motion analysis sys-
tem is a system for 3D motion analysis, which, in this
study, consists of six TC IR optoelectronic cameras
(up to 16 TvCs for each workstation) enabling track-
ing of the position in the measurement space of pas-
sive markers placed on the body of the examined per-
son in a model strictly defined by the selected test;
thus, this method allows for an evaluation of the con-
dition of the patient's musculoskeletal system based
on a completed motor task. The main tools responsi-
ble for collecting data are the aforementioned IR
cameras, which have a maximum acquisition fre-
quency of 1000 Hz (in our study, we used a setup
of 250 Hz) and a sensor resolution of 1400 × 1000.
The accuracy of the cameras is less than 0.2 mm on
a volume of 4 × 3 × 3 m. The cameras have inter-
changeable lenses of type C-mount with a fixed focal
length of 4.5–8 mm and zoom lenses 6–12/25 mm. The
LED illuminator wavelength is 850 nm. Of course,
equally important for the operation of the system
are markers with spatial characteristics of 0 from 3 to
20 mm, which reflect infrared light. The obtained gait
data allow for the calculation of kinematic and dy-
namic quantities that will be used to develop a model
based on the centres of the joints, whose locations are
determined in relation to the external reference system
of the laboratory.

Data management

Collected data were exported as .mdx files for BTS
and .dat files for MyoMotion. The operation of both

systems is based on Euler angles. The BTS makes
calculations based on 3 markers on a given segment to
build a reference system related to a given segment.
For example, if we have a minimum of two reference
systems (e.g., knee-thigh and knee-lower leg), the use
of Euler angles gives us the ability to determine the
angle between these two segments. MyoMotion works
on the same principle except that each of the sensors
has its own reference system associated with the gyro-
scope.

For data collected using BTS, the reconstruction
and auto-labelling of marker trajectories was first per-
formed in BTS Smart Tracker. Each trial was then
visually inspected, and unmarked trajectories were
manually labelled. Gaps in trajectories of up to 5 sam-
ples were joined with linear interpolation filtered. The
operations led to the correct 3D model of gait. In the
next step, the .mdx files from BTS Smart Tracker were
implemented in BTS Smart Analyzer, where custom
analysis scripts and protocols were created and re-
sulted in kinetic and kinematic data that were saved in
.mdx and .xls files. For MyoMotion, there was no
post-processing performed on the data provided by
this system.

For each NW gait attempt (14 in total), five central
strides were used for the analysis. Movement cycles
were defined using data from BTS as from the first
right-foot heel strike to the subsequent heel strike on
the same side. A heel strike was determined as the
local minimum in the anterior-posterior position of the
heel relative to the sacrum. Gait cycles (as a whole)
were normalized with respect to time and averaged
separately for each lower limb. Then, the mean angle
profiles were calculated with standard deviations.
Therefore, the curve shapes were normalized with
respect to time (relative time expressed as a percent-
age). Additionally, for each registered joint move-
ment, the following values were determined: maxi-
mum angle (MAX), minimum angle (MIN) and range
of motion (ROM).

Statistical analysis

Concurrent validity was analyzed through a Hopkins
[11] spreadsheet to quantify the relationship between
the practical (MyoMotion) and criterion (BTS) meas-
ures (based on angle profiles). The validity spread-
sheet uses simple linear regression to derive a calibra-
tion equation, a typical error of the estimate and an
r-Pearson correlation coefficient. The criterion was
the dependent variable, and the practical was the pre-
dictor in a consecutive pairwise manner. The usual
scale for correlation coefficients was used for inter-
pretation of r values: 0.0–0.1 – trivial; 0.1–0.3 – small;
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0.3–0.5 – moderate; 0.5–0.7 – large; 0.7–0.9 – very
large; and 0.9–1 – nearly perfect. The typical error of
the estimate was standardized (SEE) by dividing by
the SD of the criterion. The SEE was evaluated
using half the thresholds of the modified Cohen scale:
<0.1 – trivial; 0.1–0.3 – small; 0.3–0.6 – moderate;
0.6–1.0 – large; 1.0–2.0 – very large; and >2.0 – ex-
tremely large. Uncertainty in the estimates was ex-
pressed as the 90% confidence limits. To complement
the correlation analysis, Bland–Altman plots were
used to visualize the mean of the difference (bias) and
the limits of agreement (95% confidence intervals).
Intrasession reliability (i.e., the reliability of the joint
angle values across the 14 NW gait attempts) of the
BTS and MyoMotion was assessed with the intraclass
correlation coefficient (ICC) [11]. The standardized
typical error (STE) was also determined. Based on the
angle profiles, the means of the instantaneous angle
values over the 5 gait cycles from each attempt were
analyzed. The STE should be doubled to interpret
its magnitude using the thresholds for interpretation of
the change in the mean (<0.2 – trivial; 0.2–0.6 – small;
0.6–1.2 – moderate; 1.2–2.0 – large; 2.0–4.0 – very
large; and >4.0 – extremely large) [26]. The Shapiro–
Wilk and Lilliefors tests were used to examine the dis-
tribution of individual variables. It was assumed that
the data are not normally distributed. Therefore, to
evaluate the differences in the peak joint angles (MIN,
MAX, ROM) between the values obtained from the
two different measurement systems (BTS and Myo-
Motion), a nonparametric Wilcoxon test was used. In
all tests performed, the level of significance was set at
 = 0.05. Statistical calculations were made using the
Statistica 13.3 software package (TIBCO Software Inc.,
Palo Alto, CA). Furthermore, the remaining calcula-
tions were made using a Microsoft Excel 2016 spread-
sheet (Microsoft Corporation, Redmond, WA).

3. Results

In Figure 2, the joint angle profiles for the right
side of the body obtained from BTS and MyoMotion
for the ankle (dorsi-plantar flexion), knee (flexion-exten-
tension), hip (flexion-extension, abduction-adduction and
internal-external rotation), shoulder (flexion-extension
and abduction-adduction), elbow (flexion-extension)
and wrist (abduction-adduction) during the NW gait
are presented. In Figure 3, similar profiles for the left
side of the body are shown. Depending on the joint
and plane, positive values of the angle (direction) cor-
respond to flexion, abduction, external rotation, and

dorsiflexion. All MyoMotion joint angle profiles pre-
sented in Figs. 2 and 3 appear to be similar to the pat-
terns provided by BTS.

The correlation coefficients r (Table 1) showed nearly
perfect relationships between BTS and MyoMotion
instantaneous joint angle values for ankle dorsi-plantar
flexion, knee flexion-extension, hip flexion-extension,
hip abduction-adduction (only for right joint), shoulder
flexion-extension and elbow flexion-extension (only
for left joint); a very large relationship for shoulder
abduction-adduction (only for right joint) and wrist
abduction-adduction (only for right joint); and large
relationships for hip abduction-adduction (left joint),
shoulder abduction-adduction (left joint) and elbow
flexion-extension (right joint). The relationships were
moderate in the case of hip internal-external rotation
and wrist abduction-adduction (left joint).

However, for joint angle profiles in planes other
than the sagittal, the values of SEE ranged from large
to extremely large (hip abduction-adduction, hip in-
ternal-external rotation, shoulder abduction-adduction
and wrist abduction-adduction). When the SEE is
large, the predicted y values are scattered widely
above and below the regression line. Therefore, high
bias values, some even greater than 10°, occurred
(Table 1). The joint angle values obtained using
MyoMotion were significantly higher or lower (de-
pending on the joint and plane) than the joint angle
values obtained using BTS (Table 1).

Bland–Altman plots are presented in Figs. 4 and 5.
For any measurement system to be valid, most of the
paired differences should lie within the 95% limits of
agreement, while their mean can help identify whether
any system underestimates or overestimates meas-
urements relative to the criterion (bias). The results
indicate that MyoMotion overestimated or underesti-
mated the measurements of joint angles (depending on
the joint and plane). In Figures 4 and 5, most of the
100 analyzed instantaneous joint angle values are
within the limits of agreement.

Additionally, in Table 2, the mean values of peak
joint angles (MAX, MIN, ROM) are contained. The
significant differences for almost all variables from
Table 2 confirm that MyoMotion overestimated or
underestimated the measurements of joint angles (de-
pending on the joint and plane).

In Table 3, the mean ICC and STE values for the
intrasession reliability of the joint angles are contained.
For most joint movements, the ICC values were very
large or nearly perfect, with trivial or small errors.
The STE was large only for BTS shoulder flexion-
extension, which indicates substantial within-subject
variation of the angle values for this movement.
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(a) (b)

(c) (d) (e)

(f) (g)

(h) (i)

Fig. 2. Instantaneous changes (mean ± SD) of the right side of the body joint angles during NW gait
obtained from BTS (black) and MyoMotion (red) for: (a) ankle dorsi-plantar flexion,

(b) knee flexion-extension, (c) hip flexion-extension, (d) hip abduction-adduction,
(e) hip internal-external rotation, (f) shoulder flexion-extension,

(g) shoulder abduction-adduction,
(h) elbow flexion-extension, and (i) wrist abduction-adduction



Comparison of the optoelectronic BTS Smart system and IMU-based MyoMotion system for the assessment of gait variables 109

(a) (b)

(c) (d) (e)

(f) (g)

(h) (i)

Fig. 3. Instantaneous changes (mean ± SD) of the left side of the body joint angles during NW gait
obtained from BTS (black) and MyoMotion (red) for: (a) ankle dorsi-plantar flexion,

(b) knee flexion-extension, (c) hip flexion-extension, (d) hip abduction-adduction,
(e) hip internal-external rotation, (f) shoulder flexion-extension, (g) shoulder abduction-adduction,

(h) elbow flexion-extension and (i) wrist abduction-adduction
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(a) (b)

(c) (d) (e)

(f) (g)

(h) (i)

Fig. 4. Bland–Altman plots of the BTS and MyoMotion joint angles for the right side of the body:
(a) ankle dorsi-plantar flexion, (b) knee flexion-extension, (c) hip flexion-extension,

(d) hip abduction-adduction, (e) hip internal-external rotation, (f) shoulder flexion-extension,
(g) shoulder abduction-adduction, (h) elbow flexion-extension, and (i) wrist abduction-adduction
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(a) (b)

(c) (d) (e)

(f) (g)

(h) (i)

Fig. 5. Bland–Altman plots of the BTS and MyoMotion joint angles for the left side of the body:
(a) ankle dorsi-plantar flexion, (b) knee flexion-extension, (c) hip flexion-extension, (d) hip abduction-adduction,

(e) hip internal-external rotation, (f) shoulder flexion-extension, (g) shoulder abduction-adduction,
(h) elbow flexion-extension, and (i) wrist abduction-adduction
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Table 1. Within-rater (between systems) comparison of instantaneous joint angle values (profiles)

Joint movement Body side Bias [°] SEE r 95% LoA
Right –6.0 0.23 0.98 14.6Ankle flexion-extension Left –8.9 0.48 0.90 10.7
Right 2.8 0.25 0.97 9.1Knee flexion-extension Left –19.0 0.43 0.92 17.0
Right –9.4 0.08 1.0 4.3Hip flexion-extension Left –19.9 0.17 0.99 8.8
Right 10.7 0.27 0.97 3.0Hip abduction-adduction Left 7.3 1.19 0.64 8.3
Right 0.3 2.99 0.32 14.2Hip internal-external rotation Left 8.4 3.09 0.31 16.5
Right –8.2 0.13 0.99 10.8Shoulder flexion-extension Left –9.4 0.19 0.98 9.4
Right –31.7 1.03 0.70 8.8Shoulder abduction-adduction Left –32.8 1.46 0.57 9.2
Right 23.7 1.12 0.67 9.8Elbow flexion-extension Left 23.8 0.39 0.93 7.9
Right 25.2 0.74 0.80 34.6Wrist abduction-adduction Left 20.8 2.34 0.39 31.8

Bias – the mean of the difference between the angle values measure by the two systems; a negative (–)
bias result means that BTS shows a higher value than MyoMotion; SEE – standardized error of esti-
mate; r – Pearson correlation coefficient; 95% LoA – the 95% limits of agreement.

Table 2. Within-rater (between systems) comparison of the peak joint angle values
(MAX – maximum angle, MIN – minimum angle and ROM – range of motion)

Right side Left side
Joint movement MIN

[°]
MAX

[°]
ROM

[°]
MIN
[°]

MAX
[°]

ROM
[°]

BTS –50.1 ± 3.1 30.1 ± 6.0 80.2 ± 5.8 –27.2 ± 2.5 25.1 ± 5.4 52.4 ± 5.8
MyoMotion –36.2 ± 2.2 17.1 ± 2.8 53.2 ± 3.5 –37.5 ± 3.3 10.8 ± 2.7 48.3 ± 3.0Ankle

flexion-extension Δ 13.9 ± 4.1* –13.1 ± 6.8* –27.0 ± 6.0* –10.2 ± 4.3* –14.3 ± 5.7* –4.1 ± 4.7*
BTS –4.5 ± 4.2 55.0 ± 4.6 59.4 ± 3.0 13.6 ± 3.0 81.4 ± 3.6 67.8 ± 1.9

MyoMotion 1.7 ± 1.9 63.9 ± 2.5 62.2 ± 2.8 –4.7 ± 0.8 65.9 ± 3.4 70.6 ± 3.2Knee
flexion-extension Δ 6.2 ± 5.2* 9.0 ± 6.5* 2.7 ± 4.5* –18.3 ± 3.2* –15.5 ± 3.6* 2.8 ± 3.1*

BTS –6.5 ± 1.1 75.8 ± 2.0 82.3 ± 2.2 9.5 ± 2.5 86.1 ± 2.6 76.7 ± 4.2
MyoMotion –14.9 ± 0.9 63.6 ± 2.4 78.6 ± 2.8 –11.0 ± 1.0 67.6 ± 3.0 78.5 ± 2.8Hip

flexion-extension Δ –8.4 ± 1.6* –12.1 ± 3.0* –3.7 ± 3.1* –20.4 ± 2.4* –18.6 ± 3.2* 1.9 ± 3.5
BTS –17.6 ± 1.4 1.5 ± 1.0 19.1 ± 1.8 –12.7 ± 1.5 5.8 ± 1.3 18.5 ± 1.4

MyoMotion –8.3 ± 1.2 13.0 ± 2.2 21.3 ± 2.8 –3.8 ± 1.5 13.4 ± 1.1 17.2 ± 1.8Hip
abduction-adduction Δ 9.3 ± 1.7* 11.5 ± 1.7* 2.2 ± 2.6* 8.9 ± 2.0* 7.5 ± 1.3* –1.4 ± 2.0*

BTS –3.0 ± 2.8 27.8 ± 2.8 30.8 ± 2.1 –29.0 ± 5.1 1.9 ± 4.5 30.9 ± 4.8
MyoMotion 5.1 ± 2.2 23.3 ± 2.3 18.1 ± 1.2 –15.9 ± 4.0 4.3 ± 5.1 20.2 ± 1.9

Hip
internal-external
rotation Δ 8.1 ± 3.6* –4.5 ± 3.4* –12.7 ± 2.8* 13.1 ± 6.5* 2.4 ± 6.4 –10.7 ± 4.9*

BTS –44.8 ± 6.1 44.2 ± 7.2 89.0 ± 7.8 –42.6 ± 11.1 41.4 ± 10.3 84.0 ± 11.6
MyoMotion –49.8 ± 8.1 50.4 ± 3.3 100.2 ± 9.4 –33.8 ± 8.8 43.5 ± 3.7 77.3 ± 10.2Shoulder

flexion-extension Δ –5.0 ± 6.3 6.1 ± 5.2* 11.1 ± 6.7* 8.8 ± 10.9* 2.1 ± 10.1 –6.7 ± 8.3*
BTS 23.7 ± 7.1 43.1 ± 4.1 19.4 ± 5.9 20.6 ± 14.6 42.8 ± 2.7 22.2 ± 16.2

MyoMotion –10.1 ± 3.7 13.9 ± 3.0 24.0 ± 6.1 –5.1 ± 1.7 15.8 ± 6.8 20.8 ± 6.7Shoulder
abduction-adduction Δ –33.8 ± 9.0* –29.2 ± 3.0* 4.6 ± 9.1* –25.7 ± 15.4* –27.1 ± 7.0* –1.4 ± 17.3

BTS 22.9 ± 2.6 48.6 ± 5.3 25.7 ± 4.9 21.2 ± 2.8 57.1 ± 8.5 35.9 ± 9.0
MyoMotion 52.8 ± 1.1 71.3 ± 4.8 18.5 ± 5.0 52.9 ± 1.9 77.5 ± 5.5 24.6 ± 4.5Elbow

flexion-extension Δ 29.9 ± 2.4* 22.7 ± 6.3* –7.2 ± 6.1* 31.7 ± 3.2* 20.3 ± 7.8* –11.4 ± 8.3*
BTS –51.7 ± 8.7 17.1 ± 3.5 68.8 ± 9.2 –40.5 ± 11.5 20.2 ± 6.6 60.7 ± 14.2

MyoMotion –27.1 ± 2.9 –7.6 ± 5.7 19.5 ± 4.7 –31.2 ± 3.6 –4.8 ± 3.5 26.4 ± 2.7Wrist
abduction-adduction Δ 24.6 ± 10.0* –24.7 ± 7.4* –49.3 ± 7.8* 9.1 ± 12.6* –25.1 ± 8.9* –34.3 ± 13.9*

Δ – the mean of the difference between the systems angle values; a minus (–) means that BTS shows a higher value than MyoMotion;
* – significant differences.
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4. Discussion

This study aimed to compare two technologically
different ways of collecting data by IMU (MyoMotion)
and OMS (BTS) motion analysis systems for measuring
joint angles in complex motion tasks, such as the NW
gait. We chose to compare OMS to the Davis–Heel
protocol of gait as the “gold standard” against the IMU-
-based system with a conventional gait model, which is
commercially implemented in Noraxon software. The
BTS and MyoMotion systems showed moderate to
nearly perfect relationships (Table 1) for the measure-
ment of the instantaneous joint angle values of the upper
and lower limbs. Based on the Bland–Altman plots
(Figs. 4, 5), most of the 100 analyzed instantaneous
joint angle values were within the limits of agreement.
However, despite the good similarity in joint angle
waveforms (Figs. 2, 3), the results given by the bias,
SEE or calculated peak values of MIN, MAX and
ROM (Table 2) had many discrepancies. The differ-
ences between the BTS and MyoMotion joint angles
(bias) were often greater than 10° (Table 1). Addition-
ally, for the joint angle profiles in planes other than the
sagittal, the values of SEE were large to extremely large.
Therefore, the joint angle values obtained using Myo-
Motion were significantly higher or lower (depending on
the joint and plane) than the joint angle values obtained
using BTS. As a NW gait is a complex movement char-

acterized by high velocity reaching up to 2.1 m/s and
based on the literature [9], [13], [22], it was recognized
that, if the discrepancy between the measurements was
within ±10°, the measurement was still valid. However,
the results related to the range of the compliance interval
and bias between BTS and MyoMotion (Table 1) raised
question about this assumption.

A possible explanation for the differences in the
BTS and MyoMotion joint angle values is likely
attributable to differences in the biomechanical models
or biomechanical definitions between the software of
these two systems. Despite the fact that both system
operations are based on Euler angles, BTS makes cal-
culations based on 3 markers on a given segment to
build a reference system related to a given segment. For
example, if in this system there are a minimum of two
reference systems (e.g., knee-thigh and knee-lower leg),
the use of Euler angles gives us the ability to determine
the angle between these two segments. MyoMotion
works on the same principle, except that each of the
sensors of this system has its own reference system
associated with the gyroscope.

Additionally, the differences in the BTS and Myo-
Motion joint angle values may be the result of different
data filtering used in both systems. MyoMotion uses
the Kalman filter for estimating the internal-state of
a linear dynamic system from a series of noisy meas-
urements. No additional filters were applied to smooth
the angular waveforms recorded by MyoMotion. In

Table 3. Intrasession reliability of the joint angle values (based on the angle profiles)
of the BTS and MyoMotion

BTS MyoMotion
Joint movement Body

side ICC STE ICC STE
Right 0.92 0.29 0.94 0.25Ankle flexion-extension Left 0.95 0.23 0.96 0.21
Right 0.97 0.18 0.97 0.18Knee flexion-extension Left 0.98 0.14 0.98 0.14
Right 0.99 0.09 0.99 0.11Hip flexion-extension Left 0.99 0.09 0.99 0.09
Right 0.95 0.22 0.93 0.26Hip abduction-adduction Left 0.92 0.28 0.93 0.26
Right 0.92 0.29 0.71 0.54Hip internal-external rotation Left 0.87 0.37 0.90 0.33
Right 0.98 1.41 0.98 0.15Shoulder flexion-extension Left 0.82 1.35 0.98 0.13
Right 0.73 0.52 0.80 0.45Shoulder abduction-adduction Left 0.81 0.44 0.68 0.56
Right 0.73 0.52 0.78 0.47Elbow flexion-extension Left 0.75 0.50 0.81 0.44
Right 0.96 0.20 0.82 0.43Wrist abduction-adduction Left 0.86 0.38 0.91 0.31

ICC – intraclass correlation coefficient; STE – standardized typical error.
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BTS, the reconstruction of marker trajectories was
performed using linear interpolation. Additional signal
smoothing was done according to the BTS protocol
(smooth track) by using a triangular window filter, of
input order (the length of the window is 2*order+1).

When measuring the wrist abduction-adduction
angles, we expected that there might be differences
between systems because in BTS, we used a virtual
marker to measure this angle, which was created by
subtracting from the calculated values of 90° resulting
from the BTS method of determining the angle on
four points that were analogous to the angle between
two lines. However, in this case, there were moments
during the NW gait when the stick hit the ground,
which may have disturbed the MyoMotion sensors. In
Figure 6, an example of a wrist abduction-adduction
angle profile disturbance that may occur when the
stick is hit hard on the ground is shown. The artefact
is visible between 20 and 30% of relative time. This
profile disturbance was obtained by another person
who has not yet fully mastered the proper NW gait
technique. Fortunately, the NW gait technique of the
examined instructor did not cause such a disturbance,
as seen in Figs. 2i and 3i.

Fig. 6. Instantaneous changes (mean ± SD)
in wrist abduction-adduction angles

during proper execution of the NW gait technique (black)
and during the NW gait technique
with a hard hit with a stick (red)

The examples discussed above may have caused
differences in the observed measurements. It is rather
unlikely that these differences resulted from errors in
sensor placement or deviation of the body position
(posture) during calibration from the one required by
MyoMotion or technical issues, such as magnetic field
or other data transfer disruptions. However, MyoMo-
tion sensors are attached with elastic straps that are
susceptible to muscle movement and can be subject to
undesirable displacement.

The biggest advantage of IMU systems over station-
ary laboratory devices is the possibility to use them

widely in various conditions. This allows, for example,
for assessing the gait-related disorders of a patient
in their home or measuring during an athlete’s high-
-velocity sport movement on a court [2], [3], [23], [28],
[29]. Wearable sensing and feedback systems are port-
able and effective for different types of real-time human
movement training and thus may be suitable for home-
based or clinic-based rehabilitation applications [33].
However, the very high measurement accuracy of labo-
ratory devices cannot be forgotten. Therefore, based on
our results, the IMU systems should be used carefully
when interpreting the recorded values. Both laboratory
and portable devices must be valid and reliable to prop-
erly use the information they obtain [19], [25], [35].

Limitations

One limitation of this study may be the number of
participants. However, this approach has strengths
mentioned earlier. Additionally, the NW gait technique
suggested by the International Nordic Walking Asso-
ciation requires specific criteria: moving the arms
respecting the range of movement of natural walking,
maintaining a backward pole position during the
loading phase, using the poles actively and dynami-
cally and controlling the poles by hand gripping with
a grasp/release pattern. The execution of the correct
NW gait technique is not obvious and automatic [17].
Different poling strategies influence the lower limb gait
mechanics [31]. The motion of the lower limbs and the
use of the poles often vary from those recommended
[6], [21]. These deviations from the suggested NW gait
technique may be caused by poor motor abilities or
insufficient training, self-learning or impairments at
musculoskeletal or neuromuscular level [7]. As men-
tioned above, deviations in the NW gait technique are
noticed by both NW instructors and researchers [17].
That is why careful selection of the examined person in
this study was so important so that the NW gait per-
formed by the subject was as repetitive as possible and
technically correct. Analysis of the intrasession reli-
ability of the joint angle values (Table 3) confirmed the
high repeatability of the movements performed by the
examined instructor. Therefore, this analysis specifi-
cally reflects the technique of an NW expert (master’s
technique).

5. Conclusions

OMSs are widely considered to be more accurate,
but one cannot ignore the advantages of IMU systems,
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such as the low cost, portability and real-time feed-
back. In addition, because there is no need to use
cameras and because the systems are wireless, it is
possible to perform experiments outside the labora-
tory, which is especially applicable for performing
measurements during field sports and patient locomo-
tion. The IMU system allows the assessment of a pa-
tient’s gait-related disorders in any location (e.g., at
home), without the need to be in the laboratory, which
is an advantage of MyoMotion. However, although
there was similarity in the joint angle waveforms be-
tween the BTS and MyoMotion systems for lower and
upper limb joints during the NW gait, the reported
angle values were significantly different. The joint angle
values obtained using MyoMotion were significantly
higher or lower (depending on the joint and plane)
than the joint angle values obtained using BTS. We
assume that this difference is because an offset exists
between these two systems, and this offset is likely
a result of the different biomechanical models em-
ployed. Therefore, the MyoMotion joint angles are
not interchangeable with respect to the values ob-
tained from BTS. However, MyoMotion can still
provide information about intra-individual changes
based on the joint angle profiles, e.g., following NW
training.
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