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Abstract

In the field of biomechanics, Inertial Measurement Units play an increas-
ingly important role in the kinematic analysis of human movement. The
sensors are often instrumented with magnetometers, which give information
about the alignment in an external reference frame. Since many users cannot
guarantee magnetically homogeneous conditions in their facilities, the use of
inertial motion capture technology is hereby limited. Researches and engi-
neers face the challenge of developing easy-to-use calibration methods, which
rely on the information of gyroscopes and accelerometers, to overcome this
restriction.

In this study, two of those calibration methods are described. The pro-
cedures, developed by Noraxon Inc, follow different functional, two step ap-
proaches. The methods were validated against an optical reference system
for movements of the lower limbs in gait and squat. Different data sets with
initial pose calibrations in an assumed magnetically homogeneous and in an
assumed magnetically inhomogeneous spot were evaluated.

Both examined Functional Calibration Methods show promising results for
movements in sagittal and coronal plane. The methods correct heavily spoiled
data in the inhomogeneous spot and increase Range of Motion and Root
Mean Square Errors (RMSE) relative to the optical reference. The RMSE of
sagittal movements stayed below 3° for all angles. Movements in the coronal
plane show the highest errors for the original data in the disturbed magnetic
spot and can be reduced to moderate RMSE below 5°. Qualitative analyzes
of gait cycles confirm the findings. The results demonstrate the increased
usability of the system, since they are comparable to common protocols for
gait analysis. In the transversal plane, IMU data shows higher deviations to
the reference up to RMSE of 7.96°. The deviations to the reference were high
for both calibration spots, which shows the limitations of IMU technology for
movements in this plane. The proposed Functional Calibration methods do
not fundamentally increase nor deteriorate the quality of the signal in this
plane.

Further investigation should focus on analysis of movements in the transver-
sal plane and the offset between the IMU data of different calibration methods.
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1 Introduction

1.1 Problem Definition

The usage of wearable inertial motion capture systems in the field of biomechan-
ics has spread widely over the last years. Technological development made Inertial
Measurement Units (IMU) a suitable application for human movement analysis such
as the investigation of lower limb joint angles during gait (Tosa et al. 2016). Yet,
despite their benefits over more expensive optical/markerbased systems, which are
location-bound and often come with a laborious set up (W. Y. Wong, M. S. Wong,
and Lo 2007), inertial sensor systems have other limitations.

While the sensor specific problems of accelerometers and gyroscopes, which are in-
tegrated noise and drift errors (Shull et al. 2014), can be dealt with in sensor fusion
algorithms, integrated three-dimensional magnetometers are prone to disturbances
of the earth magnetic field. This type of sensor is commonly used to define the initial
alignment of the IMUs in a stationary, earth fixed reference frame (Favre et al. 2009)
in a calibration process. With the known initial orientation of different sensors fixed
to body segments, the IMUs are able to measure the movement of limbs and joint
angles in between them.

However, inhomogeneous magnetic field conditions, which occur for example in in-
door environments and in the proximity of ferromagnetic material, spoil the initial
orientation of the sensors and lead to inaccurate or even completely wrong results
(Laidig, Schauer, and Seel 2017). This decreases the usability of inertial motion
capture systems, as it implies mapping the measurement volume to determine its
ferromagnetic characteristics prior to the use of the system (De Vries et al. 2008),

which is difficult to implement for clinics and motion labs.

1.2 Current Solutions

Since the use of magnetometer-instrumented IMUs is limited in the mentioned en-
vironment, researches and developers tried to implement Functional Calibration
procedures, which require only IMU data (Favre et al. 2009; Laidig, Miiller, and
Seel 2017; Cooper et al. 2009; Lee and Jeon 2018). J. Favre proposed a functional

calibration approach for the knee joint (Favre et al. 2009), Luinge et al used a similar



procedure for the ellbow joint (Luinge, Veltink, and Baten 2007), as did Laidig et
al in 2017 (Laidig, Miiller, and Seel 2017).

The researchers approaches differed slightly, with some using a static and dynamic
calibration, others like Cooper et al (Cooper et al. 2009) taking advantage of kine-
matic constraints, for which they for example simplified the knee joint as a hinge
joint (Cooper et al. 2009; Lee and Jeon 2018).

1.3 Proposed Solution

All solutions presented show improved results when being compared to a reference
system, but focus either on one single joint or are applied to rather artificially gener-
ated angles and were not evaluated in a purely biomechanical environment. In this
study, two new approaches by the commercial manufacturer of inertial motion cap-
ture technology, Noraxon Inc. are validated. The Functional Calibration methods,
referred to as Walking Calibration and Multipose, are accelerometer-based correction
tools, which differ in their execution procedure and mathematical approach. Those
methods were used to correct data of the lower limb human body angles, which was
collected in a magnetically disturbed calibration spot by the Noraxon MyoMotion
IMU system. In 10 trials with one healthy male subject, flexion, abduction and ro-
tation angles of hip, knee and ankle in gait and squat movement were compared to
a reference, which was defined by a marker-based motion capture system with eight
infrared cameras by the company Qualisys. Besides, the methods were used on clean
data in a magnetically homogeneous calibration space, to compare the behaviour of
the Functional Calibration methods with the standard magnetometer based pose

calibration, also in comparison to the marker-based reference.

1.4 Hypothesis

The Functional Calibration methods deployed by Noraxon are an approach to in-
crease the usability of the MyoMotion System. Lower limb body angles in gait
and squat are said to have minor deviations from the reference with both methods
compared to the magnetically distorted standard calibration method. Furthermore,
Walking Calibration and Multipose shall not deteriorate the clean data collected in

the magnetically undistorted space.



2 Fundamentals

2.1 Planes of Human Motion

The conventions for a global reference frame for the reporting of kinematic data
were proposed by the International Society of Biomechanics (ISB) in 1995 (Wu and
Cavanagh 1995). The directions of movement along the 3 axes shown in Figure la

are:

X Azis = Forward/Backward || ZAxis = Left/Right | Y Azxis = Up/Down

Sagittal plane

Coronal plane

Transverse plane

(b) Human Planes
retrieved from (Bouza n.d.)

(a) Conventions for global reference frame
and segmental local center of mass reference
frame (Wu and Cavanagh 1995)

Figure 1: Planes of Human Motion

Three planes, namely sagittal, coronal and transversal, are assigned to the human
body, as shown in Figure 1b. The axes of the reference frame lie within those
planes. The X- and Y-axes lie in the sagittal plane, the X- and Z-axes lie within the

transversal plane and the Y- and Z- axes in the coronal plane.



2.2 Anatomical terms of movement

The anatomical terms of movement of the lower limb are shown in Figure 2. Flexion
is a movement in the sagittal plane, that decreases the angle between two body parts.
Its contrary movement is extension. For the ankle, flexion is called dorsiflexion.
Abduction is a movement in the coronal plane, away from the midline. Adduction
means movement towards the line. The movement of a limb around their long axis is
called lateral (or external) rotation for a movement away from the midline, medial
(or internal) rotation for a movement towards the midline, both of which occur in
the transversal plane. For the ankle, the internal rotation of the foot (sole point
inwards) is called Inversion, the contrary movement is called eversion. It has to be
noted that inversion occurs in the coronal plane, abduction of the foot in transversal
plane. (TeachMeAnatomy 2015)

Lateral k[}orsiﬂexion

Flexion

\

rotation

Adduction T/ W)\ -| , Medial : \
Extension [ \\"_I/ rotation X /
(. II | C"J :
Abduction '\ |" \ / Plantar flexion
w11 1B \_/

W W

Figure 2: Anatomical Terms of Movement,
adapted from (TeachMeAnatomy 2015)

2.3 IMU Technology

2.3.1 Sensor types

Inertial Measurement Units (IMU) consist of different sensor types, namely three
accelerometers and three gyroscopes, each of which is mounted orthogonally to one
another inside the mounting case. They provide measurement of translation S and
rotation ¢ (Klein2004) along the axis of a sensor related 3D coordinate system,
hereinafter referred to as sensor frame (Figure 3a). The axes of the sensor frame are

shown on the mounting case (Figure 3).



Z ) S(yyz2)

' +Y Acceleration sensor

‘\v 6 (xy2)

Gyroscope sensor

(a) Translatory and Rotatory Degrees of freedom
Adapted from Kardos, Balog, and
Slosarcik 2017

Figure 3: Inertial Measurement Units
The x and y axis are printed on the sticker of the MyoMotion sensor. The z axis is
pointing outwards perpendicular to the IMU surface.

(b) MyoMotion Research Pro IMU,
Two Sensors and Receiver

The rotation of the sensor along the axes is described with the terms pitch, roll
and course, similar to aviation technology. Course is the rotation around the x-axis,
pitch is the rotation around the y-axis and roll the rotation around the z-axis.
Additionally, three-dimensional magnetometers can be included in the sensor. This
is the case in the "MyoMotion Research Pro IMU” (Figure 3b), which was used for
this study.

Accelerometers
An accelerometer measures the force F' that acts on a mass m in the sen-
sor across a single axis. Due to Newtons second law, acceleration a can be

determined:

a=

SRR

With a constant gravitation g acting on the mass, the proper acceleration a,,

in the vertical axis is defined as:



By integration of the acceleration, both velocity and distance along the vector
can be calculated. Accelerometer signals are usually very noisy (Ferdinando,
Khoswanto, and Purwanto 2012), which decreases the quality of integrated

signals.

Gyroscopes
Gyroscopes measure a torque 7 along one axis. With a given moment of inertia

I, the angular acceleration vector « can then be defined as:

e
Il
|

Like accelerometer data, the angular acceleration has to be numerically in-
tegrated to obtain the desired angular position. With small, near constant
deviations of the gyroscope data from the correct signal, the integration of
those over time has a tendency to cause errors due to drift (Borenstein, Ojeda,

and Kwanmuang 2009).

Magnetometers
Magnetometers are used to determine the magnetic north and by that the
orientation of the IMU sensor. Electric magnetometers measure the Hall Volt-
age V', which will be induced by the Lorentz Force, which is a force that acts
orthogonally on charge carriers of a current I located in an external mag-
netic field B (Oberlaender 2015). With d being the thickness of the conductor
parallel to B and Aj, the Hall coefficient, the magnetic field can be determined:

V.d

B =
1A,

Magnetometers, like accelerometers and gyroscopes, are mounted orthogonally
in the sensor housing to measure the orientation of the magnetic field in 3 axis.
2.3.2 Earth Frame and Progression Frame

To be able to make statements about the the course, pitch and roll orientation

of sensors in respect of a stationary, earth fixed frame, this frame needs to be



determined in a calibration process. The system which describes the changes of
those orientations is called attitude heading reference system (AHRS). The reference
frame is hereinafter referred to as earth frame (Oberlaender 2015).
In a stationary position, the direction of the gravity vector, relative to the sensor,
can be calculated with the information of the acceleration vectors as @ = 0 and
therefore

Upy + Gp, + ap, = §
The direction of the earth’s frames vertical axis is the opposite of the direction of
gravity (Figure 4).

To determine a horizontal axis, the distribution of the earth’s magnetic field is
measured in the three dimensional magnetometers (Oberlaender 2015), as well in a
state of rest. This magnetic vector is however not pointing north in the horizontal
plane, as the magnetic inclination has to be taken into account. Because of this, only
the component of the magnetic field vector, which is perpendicular to the vertical
axis, is taken as the north-pointing axis of the earth frame (Figure 4). The missing
axis of the 3D earth frame coordinate system is determined mathematically and is

pointing east.

VERTICAL PLANE SIDE VIEW HORIZONTAL PLANE TOP VIEW ARBITRARY 3D VIEW ANGLE

Global frame vertical axis East axis of ref
(opposite direction to gravity) Component as an.s ol relerence
perpendicular frame is calculated
Vertical axis of o TS
reference frame STETE
pointing axis
of reference
1 \ IMU frame
1 in space
Sensor frame
Gravitational acceleration vector Magnetic field vector comprised of sensor
(measured by accelerometer) (measured by magnetometer) measurement axes

Figure 4: Attitude of the sensor in the earth frame (Cockroft 2015)

With the information obtained about the alignment of the sensor frame in the
earth frame, the AHRS is defined. The MyoMotion System uses an adjusted ref-
erence frame, the so called progression frame, which basically is the earth frame
rotated vertically. This adjustment gets the progression axis, which is the equiva-

lent of the axis of the magnetic north, to point in a meaningful direction for human

7



progression. In the following, only the terms progression frame and progression axis

are used.

2.3.3 Sensor Fusion

The data of IMUs is affected by its sensor limitations. In dynamic conditions, the
acceleration signal is not dominated by the gravitational acceleration, so the attitude
is predicted by the drift-prone information of the gyroscopes (Lee and Choi 2019).
A method widely used to cope with those inaccurate measurements of IMU data is
Kalman filtering.

A Kalman filter is an algorithm to predict the correct state of a system by fusing
each sensor information, taking into account the previous time intervals. With
this algorithm, value can be placed more on gyroscopes at high angular speed, but
use the good long-term stability of accelerometers and, considering the magnetic

homogeneity, the magnetometers (Michaelsen 2018).

2.4 Posture Calibration of IMU based models

To estimate joint angles, it is necessary to measure the orientation of two adjacent
body segments forming the joint (Vargas-Valencia et al. 2016). Alignment of sensors
and their axes with the anatomical counterparts, however, is another issue related to
IMU technology, as it is impossible to attach the sensors directly on the bones of each
segment (Palermo et al. 2014; Seel, Raisch, and Schauer 2014). A standard method
for estimating the body sensor alignment is the pose calibration (Morton, Baillie,
and Ramirez-Iniguez 2013). Assuming that the segment has a rigid orientation
relative to the sensor frame, the pitch, roll and course of each sensor is measured
while the subject takes up an assumed posture. With sensors attached to the body
segments of the lower limb including the pelvis, a standard calibration pose for the
lower limbs is the standing upright posture or ”soldier pose”, which is displayed in

Figure 5.
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Figure 5: Alignment of the sensors with the lower limbs (Palermo et al. 2014)

This posture is also used as a standard calibration posture by the Noraxon
MyoMotion IMU System. The sensors of the system have to be attached to the
body with the x-axis of each sensor in the sagittal plane. The IMU-Model angles of
the lower limb in this position are at 0°.

For a further understanding of the limitations of this calibration in inhomogeneous
magnetic conditions, it must be mentioned that the progression axis used for the
initial alignment of the sensor is calculated using the averaged magnetic north of all
sensors. Yet, each sensor trusts its magnetic north to be correct, which in spoiled
conditions creates random course orientation errors. Those run though an entire

measurement, rendering them unusable.

2.5 Magnetic Field and Field Inhomogeneity

Correct calibration therefore depends on the fact that the magnetic north measured
by the magnetometers is similar to the mean north and therefore no major differences
between the horizontal earth vector orientations are given. Close to ferromagnetic
material (for example iron), the earth magnetic field is not homogenous (Nowicki
and Szewczyk 2015). This phenomenon affects measurements with magnetometers
in buildings, as construction iron in floors, walls and ceilings affect the magnetic
field. (De Vries et al. 2008)



Figure 6: Qualitative Mapping with 15 identical compasses (De Vries et al. 2008)

W.H.K. de Vries et al. magnetically mapped a motion capture lab in 2008 with
15 identical compasses (see Figure 6). The figure shows the compasses on a floor,
under which a solid iron construction was built to become a solid basis for some
force plates. The compass needles (typically pointing north) all point in different

directions, which shows the magnetic disturbance in this area.

2.6 Functional Calibration Methods

The term Functional Calibration method is typically used for procedures which
determine the alignment of the sensors by movement, contrary to the static pose
calibration (Morton, Baillie, and Ramirez-Iniguez 2013). With this more advanced
calibration methods, the body segments are moved in predefined movements. These
methods usually show better results, but need more time and expertise to carry out.
The two new Functional Calibration procedures by Noraxon, which were validated

in this study, follow a two step approach. The main goal was to suggest a method to
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determine course orientation errors with the use of accelerometers and gyroscopes.
The methods still use the static soldier pose described in subsection 2.4 for joint angle
estimations. The procedures were designed to have a practical relevance for users,
which is why assistance for the execution of movements was reduced to a minimum
of markers on the ground for Walking Calibration and a stretch board for Multipose
Calibration. The uncertainties of incorrect performances are consciously accepted
in this study. In the following, the procedure and basic theoretical principles are

explained.

2.6.1 Walking Calibration

To perform the Walking Calibration (WC), in the first step the subject is asked to
stand in the soldier pose for a primary calibration. After the calibration is done,
the subject walks in the direction he/she is heading. After about 5-10 meters, the
subject turns around 180° and walks back to the calibration position. Once there,
the subject turns around 180° again, so he/she is standing in the original calibration
position. The movement is shown in Figure 7. The place where the initial pose was
carried out should be marked on the floor for the subject to come back to the same

position.

Figure 7: Walking Calibration Procedure
From left to right: Initial Position, walking in heading direction, turn around and
walking in opposite direction, turn around back to initial position

By integration of the accelerometer data, considering the subtraction of the grav-

ity component, the direction of movement of each sensor can be determined. With

11



spoiled progression axes, each sensor would translate in a different direction while
walking. Functional Walking Calibration exploits the fact that the sensors mounted
on the body segments should move in the same direction over time and can therefore
correct the course orientation error of each sensor. With the drift-prone integration
signals of the IMUs, the signals are however not accurate. To compensate this, the
initial and final condition of the calibration will be taken into account and a pure
forward /backward floor translation is assumed. The procedure is guided by a wizard

in the Noraxon MR Software which gives feedback on correct execution.

2.6.2 Multipose

Like the first calibration step of the Walking Calibration, for the Multipose Calibra-
tion (MP) the subject needs to stand in the soldier pose for the initial calibration.
After that, the subject bends forward with a straight back for about 20 to 30°. Fol-
lowing, the subject is asked to elevate the legs one after the other with a stiff knee
and keep it still after that. In both movements, the focus lays more on movement
only in the sagittal plane and avoidance of rotation or abduction movements, rather
than raising or bending for an exact ankle. To make the performance of the move-
ment easier, a stretch board can be used. In Figure 8 the different positions of the

calibration procedure are shown.

(a) (b)

Figure 8: Steps of Multipose Calibration (a)-(e)
Performed on a stretch board (a) shows the Subject standing in the soldier pose, in
(b) the subject bends over, (c) shows the right leg raise, (d) the left leg raise in
anterior view and (e) in lateral view

12



The theoretical approach of this calibration procedure is similar to the one pro-
posed by Eduardo Palermo et al. 2014. The idea behind it is to observe the grav-
itation vector gl in the soldier pose and the second gravitation vector ¢2 in the
second pose. If the sensor rotates around an axis parallel to the ground, the gravity
vectors will remain in a plane perpendicular to that axis. With the assumption of
movement of each sensor within its own sagittal plane, the plane can then be de-
termined because both vectors g1 and ¢2 lie in the sagittal plane. The progression
axis therefore must be in the sagittal plane and perpendicular to gﬁ. Each sensors’
course error can thus be exposed and corrected. The bending posture provides the
¢2 information for the pelvis sensor, the leg movements for the sensors on thigh,

shank and foot on each side.

13



3 Materials and Methods

3.1 Test Procedure

The IMU Calibration Methods were validated against an optical reference system
by comparing the body angles of the lower extremities during gait and squat move-
ment for initial calibration in a magnetically inhomogeneous spot. In a second test
sequence, calibration methods were validated for the squat movement for an initial
calibration spot with presumed magnetic homogeneity. The measurement consisted
of a predefined movement sequence. First the IMU-Model was calibrated when the
subject was in the soldier pose. Straight after, the subject performed the Walking
Calibration as described in 2.6.1. After finishing the procedure, the subject walked
towards the middle of the measuring volume of the optical system and performed
a squat movement. After that, the subject performed the Multipose Calibration
(2.6.2). Attention was paid to ensure that the subject faced the same direction as
in the initial calibration. All of the movements were performed barefoot. The mea-
surement setup is schematically shown in Figure 9.

IMU data and reference data were collected simultaneously. The systems were syn-
chronized by a synchronization unit, which sent an analog trigger signal. The IMU
system acted as master, the optical system as slave. Both measurement systems
recorded with 100 Hz. The measurement was also recorded by two Ninox 300C
cameras (Noraxon Inc, Scottsdale, Arizona) at 100 frames per second, which were

also synchronized by the synchronization unit.

14



Multipose Calibration Spot,
subject facingin the direction of
. the green arrow

Initial Walking
Calibration Calibration
spot distance

Tracking Volume Qualisys

infrared
cameras

Figure 9: Measurement setup
The Walking Calibration distance exceeds the tracking volume of the Qualisys
system.

3.2 Subject and Material

The measurement took place in a motion analysis laboratory at the German Sports
University Cologne. One healthy male subject (185cm, 82 kg), who gave is agree-
ment to participate in this study, performed ten trials with an initial calibration
in a magnetically disturbed place, based on information by the IMU system, and
ten trials with an initial calibration in a magnetically clean place. The subject had
performed both Functional Calibration procedures in some preliminary tests under

different conditions before the day of measurement.

3.2.1 IMU System

The IMU system used was the MyoMotion Research Pro IMU with the Firmware
5.16 (Noraxon Inc, Scottsdale, Arizona) with 7 sensors attached to the pelvis, thigh
(left/right), shank (left/right) and the bare foot(left/right). Specifications of the

sensors can be found in the attached brochure. The sensors were fixated with straps
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provided by Noraxon. The foot sensors were attached with tape (Figure 10). Data
was transferred wirelessly and processed by the software MyoResearch Developer
Version 3.15 (MR3, Noraxon Inc, Scottsdale, Arizona).

Figure 10: Subject with attached sensors and CAST marker set

3.2.2 Reference System

Optical motion capture systems use infrared cameras to capture the position of
retroflective markers attached to the skin in an initially calibrated tracking volume.
The joint angles are derived from anatomical models. Those are created by prepar-
ing the subject with specific marker sets, of which there are many different ones
available. The subject has to be recorded in the soldier pose for an initial static
trial to record the markers, which are attached to anatomical landmarks, to create
the anatomical model. The accuracy of optical systems has been evaluated many
times and they are commonly referred to as the gold standard in biomechanical
motion capture technology (Kruk and Reijne 2018).

Eight infrared cameras (500 / 510 +, Qualisys AB, Gé&teborg, Sweden) were
used to track 36 retroflective markers with the Software Qualisys Track Manager
(QTM, Qualisys AB, Géteborg, Sweden). The tracking volume was calibrated prior
to the measurement statically and dynamically as recommended by the company.

The markers were attached to anatomical landmarks according to the Calibrated
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Anatomical Systems Technique (CAST) lower body marker set (Cappozzo et al.
1995) with adhesive tape (Figure 10, Figure 11). The operator was instructed by
an experienced examiner before the measurement. QTM provides an Automatic
Identification of Markers (AIM) algorithm to assign the markers in the software to
the body parts. Possible gaps were filled manually by the operator.

% Name Ref.” | Location Static (36) | Dyn. (28)
F_IAS &L 1As
5 ‘ L_1AS I1AS Anterior superior iliac spine X X
4 y
{ { LIPS IPS Paosterior superior iliac spine X X
R_THL L_TH2
i "ﬁ | II‘—”‘* RIPS IPS Posterior superior iliac spine X X
_THA L_TH3
R_TH3 L_THa
- AkME L FM - R_IAS 1AS Right anterior superior iliac spine X X
il - it ‘P L_TH14 Cluster X X
R_SK1 L_sk2 L_FLE FLE Lateral epjcondyle X
R_SK _Ski
ﬁ.ﬁsn;ﬁ \ )L L_FME FME | Medial epicondyle X
AR_TAM
. . L_SKi-4 Cluster X X
T — T L FAL FAL Lateral prominence of the lateral malleolus X
L_TAM TAM Medial prominence of the medial malleclus X
L FCC FCC Aspect of the Achilles tendon insertion on the calcaneus X X
L_FM1 FM1 Dorsal margin of the first metatarsal head X X
L_FM2 FM2 Dorsal aspect of the second metatarsal head X X
L_FM5 FM5 Dorsal margin of the fifth metatarsal head X X
R_TH1-4 Cluster X X
il e .
\ / 3 ( R_FLE FLE Lateral epicondyle X
| R_FME FME Medial epicondyle X
R_SKi1-4 Cluster X X
| R_FAL FAL Lateral prominence of the lateral malleolus X
|
4:: 2 R_TAM TAM Medial prominence of the medial malleolus X
L_FCCl iR_FCC
i3 . R_FCC FCC Aspect of the Achilles tendon insertion on the calcaneus X X
REFM2 ' R_FM1 FM1 Dorsal margin of the first metatarsal head X X
R-FMS!If'.'rR_FMl ol z:l..."ﬁ”ms R_FM2 FM2 Dorsal aspect of the second metatarsal head X X
R_FMS FM3 Dorsal margin of the fifth metatarsal head X X

Figure 11: Position and labels of markers for the CAST marker set

3.3 Calibration Spots

The magnetically disturbed place (dirty spot) was created by putting a bicycle er-
gometer directly next to the subject while performing the initial calibration. The
ergometer is built with a lot of ferromagnetic material. The clean spot was on a
plastic stool, elevating the subject from eventual construction iron in the floor. The
magnetic (in-)homogeneity is indicated by the magnetometer table in the MR3 Soft-
ware (Figure 12).
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The columns represent:

1. The magnetic vector strength normalized to the vector strength at the place of
factory calibration in Scottsdale, Arizona

2. Its difference to the reference vector, calculated over all vectors.

3. The dip angle between the magnetic inclination and gravity.

4. Tts difference to the reference angle, calculated over all sensors.

(b) clean spot on plastic stool

Figure 12: Calibration spots with magnetometer table

Essentially, the reference values (first row) are calculated by eliminating outliers,
to reduce the risk of a badly disturbed sensor to spoil the result, and then finding the
average of the non-outliers. Sensors are then displayed red if their vector strength-
or dip angle difference is above a certain threshold which is set by Noraxon. The

magnetometer table in 12(a) shows a heavily disturbed spot. Noraxon usually rec-
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ommends not to calibrate the MyoMotion System with the standard pose calibration
in such an area. It has to be mentioned though, that the magnetic dip angle only
shows inhomogeneity in the vertical plane, which is irrelevant for the determination
of the earth frame (subsubsection 2.3.2). The differences are more to be seen as a

note to inhomogeneity also in the horizontal plane.

3.4 Data Acquisition

The MyoMotion data was split into three data sets for each trial. The data was
recorded with the Walking Calibration (WC) instruction wizard, which detects the
WC-Procedure automatically. In MR3, the Calibration can then manually be set
back to the default pose calibration (Restored Metrics) in the dirty or clean spot.
The Multipose (MP) Calibration was applied manually by picking frames in the
NiNOX 300C video of the procedure post-hoc. The poses were detected by the
operator for each leg and the spine as described in 2.6.2. Each MyoMotion model
outputs cardan angles to describe angular kinematics for the skeletal joints and
segments. The angles definitions based on recommendations of the ISB are shown
in Table 1.

Name Ana;:;mal Sg:::?:;e Range Polarity (positive)

X - flexion X:[-180 180] Hip Flexion
Hip Y - rotation ext XZ'Y" Y: [-180 180] Hip Rotation Ext

Z - abduction Z: [-90 90] Hip Abduction

Knee X - flexion X: [-180 180] Knee Flexion
Y - rotation ext XZ’Y” Y: [-180 180] Knee abduction
Z - abduction Z: [-90 90] Knee rotation Ext
X - dorsiflexion X:[-180 180] Ankle Dorsiflexion

Ankle Y - abduction Xy'z" Y: [-90 90] Ankle Abduction
Z - inversion Z:[-180 180] Ankle Inversion

Table 1: Inter segmental angles of MyoMotion Data according to ISB recommendations

With the Project Automation Gait Visual3D Module (Version 1.4.0.54) in the
QTM software, the optical reference data was processed to Visual 3D (Version 6.03.6,
C-Motion Inc, Germantown, Maryland), in which angle calculations were executed.
Built-in event detection for gait cycles, using the algorithm described by Zeni Jr,
Richards, and Higginson 2008, was used to determine heel strike timestamps for the

gait cycles. Squat detection was done manually by the operator by detecting the
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start of the movement in the NiINOX 300C video. The data was then exported to
an ASCII file.

As system assumptions or different anatomical model calculations of the differ-
ent motion analysis systems can lead to different quantitative angle data (Ferrari
et al. 2008; Kainz et al. 2016), the system values were brought into line by elimi-
nating constant offsets. This approach is common in biomechanics, as the original
data would suggest that the systems vary a lot, but are not indicative of the angle
waveform. The offset of each MyoMotion data set was calculated from the average
offset value of each set compared to the Reference data set. The offset values are

attached in the appendix.

3.5 Data Analysis

The datasets were rearranged for each joint angle side by side according to their
timestamp in Microsoft Excel (MS Excel 2013, Microsoft Corp. , Redmond, Wash-
ington). Afterwards, analysis was done in the Matlab Environment (Version R2020a,
The MathWorks Inc. Natick, Massachusetts). The squats of each trial were treated
as individual data sets. In order to check the repeatability, the gait cycles of all
10 dirty spot measurements were combined into one data set for each calibration
method, by calculating the mean and standard deviation of the gait curves for every
point in time starting from the heel strike. It was paid attention to gaps in the data.
For the left leg 57 steps and for the right leg 55 heel strikes could be detected in
Visual 3D. Since not all gait cycles were captured completely by the optical reference
system, which is limited by its tracking volume, the cycles were not normalized over

time.

3.6 Statistical Analysis

All data sets were plotted over time and qualitatively evaluated.

The gait cycles were plotted with one standard deviation (STD). The mean of the

standard deviations (mSTD) was calculated to evaluate the repeatability.
Quantitative analysis consisted of the comparison of the root-mean-square error

(RMSE) of each calibration method. RMSE of a data set z; compared to the

reference x5 with the lengths ¢ is generally calculated as following:
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1 2
RMSE = \/—2;.;1 (xl,i . z)
n
The RMSE of each data set was also normalized (nRMSE) to the reference Range

of Motion (ROM) of each movement.

RMSE
ROM

Range of Motion analysis was performed for all squat trials. The ROM of each

nRMSE =

movement is the difference between the minimal and maximal joint angle value.

The error between each Functional Calibration method and the reference in
squat movements was visualized with boxplots. Boxplots show the distribution of
data. The Median, the approximate (first and third) quartiles and outliers are
displayed. This gives information about the range and symmetry of the Error-
Values. (Figure 13)

Interquartile Range
(IQR)
Outliers ] Qutliers

:

o0
"Minimum" "Maximum"
R * i *
(Q1 - 1.5*IGR) o1 Median 03 (Q3 + 1.5*IQR)
(25th Percentile} (75th Percentile)
-4 -3 -2 -1 0 1 2 3 4

Figure 13: Definition and explanation of a boxplot, from Galarnyk 2018
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4 Results

4.1 Dirty Spot Calibration
4.1.1 Gait

Quantitative results of the gait trials can be found in Table 2. The results were split

for each plane of human motion. The mean standard deviation of the curves varied
between 1.37° and 3.62°.

Sagittal Plane

In the sagittal Plane, RMSEs for MP (1.29°-2.38°) and WC (0.92°-2.50°) was
better then for Restored dirty spot calibration (4.46°-5.69°) in knee and ankle joint.
The hip joint shows equal results for all calibration methods varying between 0.98°-
1.72°. The maximum error of both Functional Calibration methods was below 5° for
all joints, the Restored Metrics produced higher errors for the averaged gait in knee
and ankle joint data.

All curves were similar and showed no abnormalities apart from the deviations

mentioned. Figure 14 shows representatively the curves for left ankle and right knee.

Flexion Left Ankle Gait Flexion Right Knee Gait
Mea1ré Values for Calibration Methods with one Standard Deviation ErrorBar Meagé Values for Calibration Methods with one Standard Deviation ErrorBar

Restored Metrics Restored Metrics
Walking Calibration L Walking Calibration | R \
Multipose 50 Multipose /
Reference Reference

Degrees

L L L L L 1 L L L 1 1 L
0 20 40 60 80 100 120 0 20 40 60 80 100 120

Time triggered by Left Heel Strike [10ms] Time triggered by Right Heel Strike [10ms]
(a) Left Ankle Dorsiflexion (b) Right Knee Flexion

Figure 14: Gait curves, sagittal plane
Positive values represent flexion respectively dorsiflexion, negative values
extension/plantar flexion
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Coronal Plane
The RMSE for movements in the coronal plane ranged from 1.31°-2.90° for WC
and 0.95°-4.67° for MP to 2.60°-14.31° for the Restored Metrics. The functional
calibration methods showed better results then the Restored Metrics, with the most
significant difference in knee abduction, where the nRMSE of the spoiled data could
be reduced from more than 200 % to about 28-50 %.
Inversion error for both ankles was at the lowest for WC. A remarkably high RMSE
of 11.31° in the restored ankle inversion for the left side was reduced by MP and
WC, for the right ankle Multipose RMSE was at similar level (4.67°) as the restored
metrics (4.38°). The maximal errors were higher for the Restored Metrics in each hip
and knee joint. Maximal errors for WC exceeded 5° only for the left ankle inversion,
Multipose exceeds 5° error for the right ankle and right knee.

Abduction curves of both hip joints correlated over the whole cycle. Abduction
curves of WC and MP were similar for the knee joint, restored metrics resulted in

completely spoiled data (Figure 15).

Abduction Right Knee Gait Abduction Right Hip Gait

5 Mean Values for Calibration Methods o Mean Values for Calibration Methods

Walking Calibration - -
20 Restored Metrics Walking Calibration

Multipose CEN Restored Metrics
151 Reference \ Multipose // \\ /

\ 4t \ Reference / / N /
[/ o S
101 \ \ -
/ \\ \

\‘ /

Degrees
Degrees
o

0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time triggered by Right Heel Strike [10ms] Time triggered by Right Heel Strike [10ms]

Figure 15: Gait curves, right knee and right hip abduction
Positive values represent abduction, negative values adduction.

While inversion curves of the left angle were similar for WC, MP and Reference,
rotation of the right ankle was indicating an inversion peak at about 90 seconds for
MP, while WC and Reference did not indicate this peak. Restored metrics showed
different results for both ankles (Figure 16).
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Inversion Left Ankle Gait Inversion Right Ankle Gait
Me% Values for Calibration Methods with one Standard Deviation ErrorBar Me%ré\!alues for Calibration Methods with one Standard Deviation ErrorBar

Restored Metrics

Walking Calibration
Multipose
Reference

A

Degrees

=N D
x\»:’/ A1

Degrees

0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time triggered by Left Heel Strike [10ms] Time triggered by Right Heel Strike [10ms]

Figure 16: Gait curves, ankle inversion
Positive values represent inversion, negative eversion.

Transversal Plane

For abduction of the ankle, the Multipose RMSE (3.18°) was worse than the
original Restored Metrics value (2.78°). Static calibration in the dirty spot showed
better results for the left knee than the functional calibration methods. The Restored
Metrics RMSE for the right knee was higher than with the Functional Methods. Hip
rotation of both sides showed similar results for all methods.

Both ankle curves showed a similar curve for the abduction except a deflection
of the IMU data curves at about 90 seconds, which is reflected in larger deviations
(Figure 17). The deflections of MP and WC indicate adduction of the ankle, whereas
the Restored Metrics suggest an abduction movement at this time. In Figure 18 the
correlating rotation for the left hip and for the left knee with the deflection are
displayed.

The IMU rotation curves of both hips correlated with the reference over the whole
gait cycle, yet the standard deviation was higher than the one of the reference. In
the rotation curves for both knees, IMU sensors indicated an external rotation at
about 90-100 seconds after the heel strike, which was not indicated by the reference.
Other than that, the curves correlated.
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Abduction Right Ankle Gait
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Degrees

Abduction Left Ankle Gait
Mean Values for Calibration Methods

Walking Calibration

Time triggered by Left Heel Strike [10ms]

Figure 17: Gait curves, right and left ankle abduction
Positive values represent abduction, negative values adduction.

Rotation Left Hip Gait
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Walking Calibration
Multipose
Reference

20
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Time triggered by Left Heel Strike [10ms]
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Time triggered by Left Heel Strike [10ms]

Figure 18: Gait curves, left hip and knee rotation
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4.1.2 Squats

In the following, only quantitative values averaged over all trials and representative

measurement results are presented. The error boxplots of all trials can be found in

the appendix.

Sagittal Plane
The RMSE and ROM averaged over all trials are shown in Table 3.

Sagittal Plane

Left Hip Right Hip Left Knee Right Knee |Left Ankle Right Ankle

RMSE (mean £ std in °)
WC 2,57+0,37 | 2,08%+0,28 |1,98+0,24 2,33+0,20 | 2,80+0,36 |2,58+0,24
MP 2,58+0,40 | 2,14+0,29 |2,15+0,29 2,21+0,23 | 3,98+2,86 |2,46+0,32
Restored 2,41+0,33 | 2,11+0,32 [432+0,81 | 501+1,03 | 6,02+0,49 [5,98+0,74

ROM (mean % std in °)
Reference 63,0+3,89 | 55,3+4,16 |86,6 £3,13 81,5+2,88 | 352+1,46 |34,6+1,60
WC 68,0512 | 62,4+5,63 [81,4+2,01 | 758+2,96 | 29,2+ 1,95 [29,4+2,13
MP 67,9+5,15 | 62,7+5,20 81,1 +2,81 76,1+2,98 | 26,6 +£7,25 |29,7+2,16
Restored 67,4+503 | 62,6+5,38 |75,6+4,39 69,1+5,65 | 20,4+1,59 |21,2+3,20

Table 3: Quantitative analysis of squats in dirty spot calibration trials, sagittal plane
The mean and standard deviation was calculated over all 10 trials.

The hip joint RMSE and ROM of the IMU Data did not differ much. RMSE
was between 2.08°-2.58° and the ROM between 105.22% -107.94% of the Reference
ROM. For the knee and hip joints, the functional calibration methods increased
the RMSE and ROM /Reference-ROM compared to Restored Metrics for both sides.
Neither method gave significantly better results than the other, but there was an
outlier in trial 5 for the left ankle in MP calibration, which influences the mean
values and STD. The left ankle flexion error is shown in Figure 19 exemplary. For

all other joints, no outliers were detected.
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Figure 19: Dirty spot dorsiflexion error, left ankle
Walking Calibration and Multipose minimized the error to values lower than
+—5°. Trial 5 showed spoiled results for the left ankle.

Plane

The RMSE and ROM averaged over all trials are shown in Table 4.

1 2 3 4 5 6 7 8 9 10

Trial

Coronal Plane

Left Hip Right Hip Left Knee Right Knee |Left Ankle Right Ankle

RMSE (mean % std in °)
WC 1,52+0,94 | 1,25+£0,62 |3,95£1,42 1,47+£1,00 | 0,82+0,28 |2,28+£0,42
MP 1,87+0,82 | 0,93+0,52 |2,05+1,03 2,39+1,17 | 2,70+£0,62 |3,76 £1,29
Restored 2,25+0,48 | 4,06£0,56 |14,1+£1,15 13,4+1,57 | 801+0,62 |10,0+0,67

ROM (mean % std in °)
Reference 4,00+£0,98 | 7,10+£0,92 |9,00£0,50 579+0,60 | 562+1,44 |5,06+1,34
WC 7,38+£2,22 | 8,37+£3,28 |5,27+1,61 6,35+2,58 | 4,85+£1,20 |7,56+1,42
MP 7,62+1,31 | 844+2,13 |6,83+2,94 553+3,28 | 7,16 +£1,05 |11,3+3,09
Restored 9,31+£1,70 | 6,58+1,93 |28,1+£2,05 32,4+4,19 | 23,7+£2,29 |25,8+1,85

Table 4: Quantitative analysis of squats in dirty spot calibration trials, coronal plane
The mean and standard deviation was calculated over all 10 trials.

Significant improvements could be detected for knee abduction, with a mean
Range of Motion of 28,1°/32,4° for Restored Metrics, which is more than five times
higher than the reference. Mean ROM for WC/MP is at 110/96% of the Reference
ROM for the right knee and 59/76% for the left knee. Errors exceeded +-5° only in
trial 10 and for multipose in trial 7 and 9 (Figure 20).
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Figure 20: Dirty spot abduction error, right knee
Walking Calibration and Multipose significantly reduce the dirty spot calibration
Error, Q1 and Q3 are always below 5°.

The mean RMSE for the hips was lower for both functional calibration methods,
with the lowest score of 0.93° (Right Hip, Multipose Calibration). Error boxplots

are shown in Figure 21.

Dirty Spot Calibration
Right Hip Abduction

Degrees

Walking Calibration
Right Hip Abduction

T
T
|
|
|
|
|
|

—
| m—

=
A

-

-

I
il
=

I
I
Degrees
—{TF-
- 1+
R R
=
T H
—TH
1 TH
[ TH
—TH

Trial

gl
1t 2 3 4 5 6 7 8 9 10

Trial

Degrees

Multipose Calibration
Right Hip Abduction

) S S S S
1 2 3 4 5 6 7 8 9 10

Trial

Figure 21: Dirty spot abduction error, right hip
Walking Calibration and Multipose show maximum errors for all trials lower than

50

MP and WC showed better results for both ankles, decreasing the RMSE of the
static pose calibration from 8.01/10° to less than 4°. WC showed the lowest RMSE

for the ankle inversion and also had the smallest difference of ROM to the Reference

29



ROM. The boxplot of error values for the left ankle are shown in Figure 22.
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Figure 22: Dirty spot rotation error, left ankle

Transversal Plane
The RMSE and ROM averaged over all trials are shown in Table 5.

the Multipose calibration.

Trial

error of the dirty spot calibration and shows better results than

Transversal Plane
Left Hip Right Hip Left Knee Right Knee |Left Ankle Right Ankle
RMSE (mean t std in °)
WC 3,12+0,80 | 1,98+0,72 [3,65+0,97 | 596+0,69 | 1,21+0,21 |1,94 + 0,50
MP 2,19+1,10 | 2,39+0,83 |3,95+1,47 7,68+0,78 | 1,16+0,17 |1,73 +0,55
Restored 2,81+0,44 | 1,29+0,52 |2,51+£0,58 12,8+0,82 | 1,30+0,41 |1,59+0,41
ROM (mean % std in °)
Reference 7,95+1,30 | 10,0+ 1,56 [12,2+1,82 | 152+1,65 | 3,02+0,99 3,98 +0,81
WC 7,73+1,51 | 7,74+ 1,73 [5,98+1,50 | 6,79+2,59 | 5,63+1,28 |7,67 +1,75
MP 7,04+1,22 | 812+1,90 |6,27 +2,69 924+2,72 | 509+1,61 |7,18+2,04
Restored 6,70+1,05 | 9,08+1,65 |13,3+£3,16 21,1+1,67 | 6,35+£1,22 |7,26£2,09

Table 5: Quantitative analysis of squats in dirty spot calibration trials, transversal plane
The mean and standard deviation was calculated over all 10 trials.

The RMSEs for movements in transversal were generally higher than for the coro-
nal and sagittal plane with mean values up to 5.96° for WC and 7.68° for Multipose

(both for right knee rotation). The functional calibration methods did not improve
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the RMSE for the left hip and were higher than the static pose calibration for the
right hip and left knee (Figure 23). The Range of Motion for Restored Metrics was

closer to the ROM of the Reference for the mentioned angles as well.
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Figure 23: Dirty spot rotation error, left knee
The first and third quartile of WC and MP show a wider spread than the Restored

Metrics.
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For ankle abduction, all Calibration Methods showed similar results, as shown
in 77.
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4.2 Clean Spot Calibration

4.2.1 Squats

Sagittal Plane

The average RMSE and ROM are shown in Table 6. The mean flexion RMSEs of
the different calibration methods for the squats in clean initial calibration spot were
all precise, with a maximum of 0.22° difference between the methods. An exception
was the left ankle, with a difference of 0.70° between WC and MP. The absolute
errors are all below 4° for all joints. The Range of Motion is similar between the
IMU data. For the knee and ankle the ROM is between 3.4°-7.0° lower than the

Reference ROM.

Sagittal Plane

Left Hip Right Hip Left Knee Right Knee |Left Ankle Right Ankle

RMSE (mean + stdin °)
WC 1,82+0,32 |1,55+0,20 |2,19+0,16 |2,46+0,24 ]2,68+0,31 [2,29+0,25
MP 1,82+0,32 |1,58+0,24 |2,35+0,19 |2,50+0,24 [3,36+0,40 [2,08+0,11
Restored 1,80+0,32 |1,53+0,23 |2,16+0,14 |2,31+0,17 |2,80+£0,29 |2,07+0,18

ROM (mean = std in °)
Reference 58,7+2,49 |56,6+2,23 |82,1+1,75 |77,7+1,52 |34,6+1,35 |32,9+1,06
WC 61,2+298 |56,4+3,13 |77,0+£1,72 |72,5+1,76 |29,2+1,17 |28,9+1,50
MP 61,0+297 |57,0£2,83 |76,5+1,66 |72,2+1,60 |27,6+1,17 |29,5+1,09
Restored 61,1+294 |56,8+2,92 |78,2+4,26 |72,8+1,64 |287+1,55 |28,6+3,07

Table 6: Quantitative analysis of squats in clean spot calibration trials, sagittal plane

The error boxplots for each calibration method showed similar distribution of

errors for all methods. Exemplary, the right ankle plots are depicted in Figure 25.
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Figure 25: Clean spot dorsiflexion error, right ankle

Coronal Plane

Average RMSE and ROM for each calibration are shown in Table 7. Generally,
the differences between the methods are higher than for flexion values. The most
accurate method of each calibration was different for each joint and each body side.
For the left knee, Multipose showed the lowest RMSE with 1.63°, yet it had the
highest error for the right knee (4.07°). The box plots are shown in Figure 26.
The ROM difference to the reference was highest with MP Calibration for all joints

except the right hip.

Trial

Coronal Plane

Left Hip Right Hip Left Knee Right Knee |Left Ankle Right Ankle

RMSE (mean % std in °)
WC 1,26+0,60 |1,03+0,49 [3,25+1,37 |1,87+£0,75 [1,09+0,54 |1,89+£0,61
MP 2,22+0,89 |1,04+0,42 |1,63+0,95 |4,07+x1,38 |4,35+£0,75 |4,33+0,95
Restored 1,11+0,25 |1,26+0,44 14,39+1,47 |2,84+0,77 10,99+0,33 |2,48+£0,44

ROM (mean % std in °)
Reference 3,66+0,60 |6,75+1,40 |8,64+1,10 |4,26+0,58 |554+1,52 |5,04+1,61
WC 6,67+1,24 |8,02+2,59 |6,64+£291 |592+2,19 |489+1,83 |9,19+2,47
MP 7,77 +£1,32 16,01+0,72 |11,4+3,47 |11,0+£3,49 |11,0+£2,87 |14,8+3,22
Restored 588+1,19 |5,39+1,42 |6,19+1,55 |7,96+2,18 |4,86+1,22 |10,5+2,28

Table 7: Quantitative analysis of squats in clean spot calibration trials, coronal plane
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RMSE for ankle inversion at both sides was higher for the MP calibration
(4.35°/4.55°) than for the pose calibration (0.99°/2.48°) and WC(1.09°/1.89°).
Figure 27 showed the deployment of the error values for the left ankle.
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Figure 27: Clean spot inversion error, left ankle
Multipose Calibration error values are deployed wider and are not as precise as the

pose calibration in clean spot and Walking Calibration.

Transversal Plane
Average RMSE and ROM for each calibration are shown in Table 8. Differences for
the RMSEs of the hip joints went up to 1.51° (Restored-MP, Left Hip).

5 6 7 8 9 10
Trial

Transversal Plane
Left Hip Right Hip Left Knee Right Knee |[Left Ankle Right Ankle
RMSE (mean + std in °)
Ve 2,67+0,63 [2,36+0,79 [3,61+0,97 |[571+096 [1,62+0,79 [2,29+0,41
MP 1,27+0,43 [2,53+0,56 [4,73+1,11 |796+1,12 [1,73+0,83 [1,86+0,32
Restored 2,78+0,23 |1,83+0,47 |3,30£2,60 [7,60+£0,68 |1,68+£0,67 ]2,11+0,38
ROM (mean % std in °)
Reference 7,80+1,11 |11,5+0,95 |12,3+1,55 [14,4+0,80 |2,80+£1,02 |3,37+0,55
WC 6,48+2,18 |893+190 |6,87+£2,49 16,75+2,07 |574£1,61 |8,50+1,63
MP 596+1,42 |8,83+2,43 |7,87+£2,0/ |10,7+2,70 |6,03£2,26 |7,54+1,73
Restored 6,05+£190 |[9,32+2,46 |6,39+£249 [991+1,67 |549+£1,37 |8,13+1,77

Table 8: Quantitative analysis of squats in clean spot calibration trials, transversal plane

Generally, knee rotation showed high RMSE values up to 7.96°. It was smallest

for the Walking Calibration, but with only small deviations between the different
IMU calibration methods (Figure 28).
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Figure 28: Clean spot rotation error, right knee

For the ankle abduction, no significant differences between the IMU methods
could be detected. Trial 9 showed a higher error deployment range than the other

trials as shown in Figure 29.
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Figure 29: Clean spot abduction error, left ankle
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5 Discussion

5.1 General Annotations

The aim of this study was to validate two new Functional Calibration methods,
"Walking Calibration” and ”Multipose”, for the Noraxon MyoMotion Inertial Mea-
surement System. With an initial calibration in an assumed magnetically inhomo-
geneous spot, the system was used in a place where the manufacturer usually does
not recommend using the system. The Functional Calibration methods represent a
supplement to the normal static pose calibration, meant to increase the usability of
the IMU system for users which can not provide a magnetically homogeneous spot.
The male subject which was examined performed the Functional Calibration Meth-
ods without help of another operator. All trials could be recorded and processed in
the first attempt. Movement of all lower limb joints were compared to an optical
reference system for gait and squat movements.

In order to qualitatively analyse the data, constant offsets to the reference were re-
moved by subtraction. The offset between the measurements were different for each
trial, which is related to the quality of the initial calibration, but also the quality
of the Multipose calibration. The different offsets can be found in the appendix.
Generally, the differences of offsets between IMU data are higher for the calibration
in the dirty spot than for the trials in the clean spot. This finding is important for
the consideration of absolute values. In this study, the focus of observation was put
more on qualitative movement analysis. When considering Ranges of Motion, the

offsets do not play a role as well.

Gait Analysis

Since the gait cycles could not be normalized due to insufficient data, the steps had
to be plotted over time after the respective heel strike. In biomechanics, the steps
are usually normalized and plotted via the percentage of the gait cycle. Based on the
available data, the x-axis and therefore the limit of each step was set to 125 seconds.
When comparing the findings of this study with present literature, the analyzed

time stamp was therefore divided by 125s to compare it with other studies.
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Figure 30: Phases of the gait cycle (Castermans et al. 2013)
Beginning of the swing phase at 60 % of the gait cycle matches with approximately
75 seconds after the heel strike in this study.

Deviations in kinematic measurements

In clinical use of kinematic motion analysis, the main focus is on the deviation from
norm values in motion patterns. However, due to variability of the measurement
results, there is no fixed minimal clinical important difference (MCID) for joint
angles. In fact, previous studies showed minimal detectable changes (MDC) of
greater than 5° identified in different sessions for the same subject with no change
of pathologic condition (Wilken et al. 2012). Furthermore, the Noraxon MyoMotion
System has an anatomical angle accuracy of £2° in dynamic conditions, according to
the manufacturer. On top of the mentioned factors, it has to be taken into account
that both of the used measurements are prone to soft tissue artefacts. Muscle
contraction causes movement of the skin, which can falsely indicate movement of
the body segment. This applies to marker based systems same as the IMU system
(Cloete and Scheffer 2010). In this study, the limit for an acceptable error was
therefore set to 5 ° by the author.
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5.2 Dirty Spot Calibration

Movements in Sagittal Plane

The findings for flexion movements show the most accurate results for all joints in
gait and squats. The gait cycles of the hip joints are congruent for all IMU methods
and show minor deviations to the reference. For the knees, maximal Multipose and
Walking Calibration are significantly closer to the maximal reference knee flexion
in the mid swing phase. Also, the ROM of the curves is closer to the reference.
Compared to the reference, restored metrics show a higher dorsiflexion in the be-
ginning of the stance phase, but a higher plantar flexion in the swing phase, both
of which was corrected by the Functional Calibration methods. All of the flexion
curves match with results of other studies (Ferrari et al. 2008; Gao and Zheng 2010).
Those findings match with the results of the squat trials. Here, the ROM of Knee
and Ankle are closer to the Reference and the boxplots show, that the error of flexion
could be reduced to lower values than £5° for both knees and both ankles. In Trial
5 Multipose produced completely wrong results as shown in Figure 19. Because this
error only occurred with the left ankle, it is probably caused either by an incorrect
posture in the Multipose posture or while processing the data. Other than this out-
lier, the data was very reliable, with standard deviations for the RMSE values lower
than 0.5° for both Functional calibration methods. The results are equally good as
findings in other IMU studies (Seel, Raisch, and Schauer 2014).

Movements in Coronal Plane

The most obvious improvement of the dirty spot calibration data can be found
for the knee abduction. Here, the wrongly assumed orientation of the sensors cause
anomalously high abduction during gait (Figure 15). The corrected curves are closer
to the curve of the reference system and also match with findings in the previously
mentioned research papers.

Clear improvements can as well be found for the inversion of ankles within the
Walking Calibration data. Here, the gait cycle follows the reference and match
other studies for both ankles (Ferrari et al. 2008). For the Multipose calibration,
this is only the case for the left ankle as shown in Figure 16. For the right ankle,
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Multipose indicates a much higher external rotation at the beginning of the swing
phase. For Abduction of the Hip, the quality of the Functional Calibration curves
increase the data in the beginning of the swing phase. The squat analysis matches
the results, improving the heavily spoiled knee abduction. Yet, the RMSE for the
knee abduction stayed relatively high. The ROM of the IMU data is twice as
high. The hip abduction error could also be reduced by Multipose and Walking
Calibration. Correction of Ankle Rotations seems to work accurately, with Walking

Calibration being superior to Multipose (Figure 27)

Movements in Transversal Plane

For the ankle Abduction presented in Figure 15, the deflection of the curves are of
unknown origin. For the right ankle, the same deflection is detected, for this side it
indicates adduction for all methods. The deflection happens at the same time than
the ones in the coronal plane. It is possibly caused by movement of the sensor while
lifting the foot. To exclude the possibility of such errors, it is usually recommended
to wear inertial measurement units tied to a shoe, which was not possible in this
study because the optical markers had to be placed on the anatomical landmarks of
the foot. Absolute errors stay in an acceptable range for the rest of the cycle, as the
Range of Motion is quite small. The Curves for rotation of the hip were similar for
each calibration method of the IMU system. The curves deviated to the reference in
the swing phase. For knee rotation, the gait curves once again showed deviations at
the beginning of the swing phase. This deflection was bigger for Multipose than for
the Walking Calibration and does not match with findings in the literature (Cloete
and Scheffer 2010). The results of qualitative gait analysis matches with the squat
trials. Ankle abduction shows low RMSE values, but is has to be taken into account
that the Range of Motion is relatively low for the squat movement. For the IMU
data, the Range of Motion indicated a rotation of up to 7°, while the reference
indicated up to 4°.

Knee rotation showed high RMSE values of 3.65°-7.68° for the functional calibration
methods. Considering a range of motion of only 12.2°-15.2° this error is remarkably
high. The functional calibration methods also did not improve the hip rotation, with
RMSE values up to 2.47° for gait and 3.12° for squat movements. This is relatively

high compared to the small range of motion.

40



5.3 Clean Spot Calibration

The differences between the Functional Calibration methods and the standard pose
calibration are not significant for all flexion angles. Here too, the constant offset
between each calibration method was smaller than 2° for all angles. For the ab-
duction angles, there is no clear tendency for a most accurate calibration method,
because for each angle a different method gave the smallest error. However, the
calibration methods did not deteriorate the restored clean calibration metrics, just
for the right knee abduction the RMSE was higher for the Multipose Calibration.
For the abduction, very different offsets for the ankle abduction were noticed. The
mean offset was 7° for the left ankle compared to close to 0° for WC and Clean
Calibration Metrics. For the left ankle, the Walking Calibration produced a mean
offset of 14.19° compared to ca. 4.50° for the other methods. For the analysis of
rotation angles, Multipose calibration shows the worst results of all methods. The
method seems to deteriorate the Restored Metrics. The Range of Motion of the
left ankle is more than twice as big as the ones of the other methods. The error
values for the Walking calibration are not significantly higher or lower than the ones
of clean spot calibration data. The mean rotation offset to the reference was also
higher for the Multipose than it was for the other methods, with a difference up to
5.70° (left ankle, 7.356° for MP, 1.656° for clean spot calibration). The results for the
right knee rotation are inaccurate for all methods. The restored metrics also show
a difference in the offset of almost 10° to Walking Calibration. If you look at the
absolute values, this would mean even higher RMSE values, if the offset would not
be corrected. For the use of the same system, with the same alignment of sensors,

this does not indicate reliable data.

5.4 Summary

In the present study, the focus was on the basic functionality of the Functional Ca-
libration Methods Walking Calibration and Multipose. The aim was to demonstrate
the possibility of using the MyoMotion IMU system without the necessary condi-
tion of a magnetically homogeneous calibration spot. Basically, an improvement of
the usability of the wearable IMU sensor system MyoMotion could be proven with

the qualitative analysis of gait cycles and the evaluation of errors compared to a
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reference. The qualitative analysis shows that course orientation errors of the static
pose calibration in a magnetically disturbed place lead to spoiled data in almost all
joint movements examined. Walking Calibration and Multipose are suitable tools
to correct this orientation error.

For flexion values of the lower limb, the improvements can be determined both
qualitatively and quantitatively. The results are equally good as findings in other
IMU studies (Seel, Raisch, and Schauer 2014; Picerno, Cereatti, and Cappozzo
2008). In the coronal plane, the data was spoiled most significantly and could be
corrected for all joints. Deviations in the gait curves were observed mostly in the
swing phase. For movements in the transversal plane, the reliability of the meth-
ods could not be confirmed for all joint angles. Especially the knee joint shows big
deviations. Other functional calibration methods suggest to take advantage of the
anatomical knowledge and consider the knee as a hinge joint (Cooper et al. 2009;
Lee and Jeon 2018). This would significantly simplify the kinematic analysis of
this joint. Other functional calibration approaches also showed moderate accuracy
for the knee joint (Favre et al. 2009). There is less information in the literature
for evaluating rotational movements of the joints than, for example movements, in
the sagittal plane. For IMU technology in particular, the measurement of these
movements, which have smaller ranges of motion in gait and squat, is generally less
reliable (Poitras et al. 2019; Picerno, Cereatti, and Cappozzo 2008). This suggests
that the high transversal plane errors in this study were caused by limitations of
the IMU technology in general rather than by the functional calibration methods.
The fact, that the RMSE of the clean spot calibration was also higher for rota-
tion/foot abduction than for knee and hip abduction/flexion, also speaks for that.
Nevertheless, especially the correct course orientations are decisive for the rotation
of joints.

The Functional calibration methods also does not seem to deteriorate the clean
spot pose calibration, which is an important criteria for the validity of the methods.
However, the RMSE analysis has to be cautiously reviewed, as the constant offset
between the methods varied in an unacceptable range.

From the data acquired in this study, Walking Calibration seems to be the supe-
rior method over Multipose. It is also less susceptible to false executions, if a straight

gait can be guaranteed for example by markings on the floor. In the MR3 software,
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wrong executions are also detected right after the procedure, which happened mul-
tiple times in a different setting before the day of measurement. However, one must
consider that the laboratory or motion clinic must have space for a patient to walk
at least 5m to perform the Walking Calibration. In small rooms, the Multipose
Procedure is much easier to implement. The data for this calibration also showed
improvement, but seemed to spoil the clean calibration data. This could be due
to an error in the measurement setup, as explained in the next section. Multipose
calibration requires a good execution of movement and might be more difficult to

implement for patients with physical disabilities or for elderly people.

5.5 Limitations and suggestions for future research

In the present study, several limitations and sources of errors have to be considered.
As previously mentioned, a standardization of gait, as is common in biomechanics,
could not be carried out due to the measurement setup. This also influences the
evaluation of data, since the gait speed might vary between the trials and lead to
averaging different phases of the gait cycle. As there was just one subject who per-
formed all trials after each other, this source of error can be considered low.
Another possible source of errors lies within the measurement setup itself. As men-
tioned in the description of the Functional Calibration methods, wrong execution
of the procedures were accepted in this study. With the aim to compare the two
methods in the same measurement, the Multipose calibration was carried out after
the walking calibration. In the meantime, the sensors could suffer from drift. This
would mean, that the movement in the sagittal plane as explained in subsubsec-
tion 2.6.2, could be affected not only by wrong execution but by the assumed sensor
orientation itself.

Furthermore, it has been shown that different anatomic models lead to variations
in kinematic analysis of angles (Mundt et al. 2019). The anatomical model of the
Qualisys system differs to the one which is used by Noraxon. With equal models,
the understanding of differences in the data should be better.

With only one male subject, the study had more of an exploratory character.
There was no variation of physical constitution and the IMU sensors were fixated

to the body segments in the exact way. Different fixation of the sensors might lead
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to other results. The subject had previously executed the calibration procedures.
Inexperienced subjects might have a higher susceptibility to incorrect execution of
the calibration movements, which could decrease the functionality of the methods
in applied biomechanical investigations.

Further evaluations of the Calibration Methods should focus on movements in
transversal plane, as results of this study require further consideration. Exami-
nations of more subjects would make systematic validation with more statistical
parameters possible. To reduce the possibility of drift errors, the Functional Cali-
bration methods should, as intended, both be executed immediately after the initial
calibration. If both methods are measured in one trial, this could be done by another
pose calibration before the Multipose.

Another issue worth investigating are the differences of offsets for each calibration
method. In this study, the mean errors were eliminated in order to compare the
different IMU models to the reference. Differences between IMU data, especially
for the clean calibration data, are however undesirable and should be addressed
in a study. With the Noraxon MyoMotion system, the orientation angles can be
evaluated for each sensor. The data that was recorded for this study could thusly
also be investigated further, with focus on the course orientation of each sensor for
the different methods.
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6 Conclusion

The hypotheses of the study can mostly be affirmed. The quality and accuracy of
joint kinematics was increased by the Functional Calibration methods for most of the
lower limb joint movements. Both approaches, Walking Calibration and Multipose,
show similar results with slightly better results for Walking Calibration. In clinics
or movement laboratories where no calibration spot with magnetic homogeneity can

be found, the methods increase the usability of the MyoMotion system.

Movements in the transversal plane have to be reviewed. The deviations were
higher here, but this also applied to the clean spot calibration. Thus it should be
further examined whether there is a calibration method that can give the most re-

liable results for movements in the transversal plane.

In magnetically homogeneous spots, the differences of RMSE values are in ac-
ceptable range. Multipose Calibration showed worse results for some joints, but
was subject to an error-prone measurement setup. If a magnetically homogeneous
calibration spot can be guaranteed, the normal pose calibration should nevertheless
be carried out, since the offsets between the calibration methods fluctuated more

than expected and therefore still require further investigation.
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B.2 Clean Spot Calibration

Degrees

Degrees

Degrees

Clean Spot Calibration
Left Ankle Flexion

G - —
} R T . } 1
I [ [
3 L I e o e
I 0 | L
I I
2 1 | 4
1k L ]
o [ L L ]
At ]
ol Tl
|
L] } !
3k 1 | —— =
L poEE
1 N | s
7 Y S S
1 2 3 4 5 6 7 8 9 10
Trial
Clean Spot Calibration
Left Ankle Abduction
6 ]
T
ol L
_ = N 1
[ T
20| T § E
I I T
il
I - L
| | | I | | *
2r I I ]
s s
L Loy \
s | T
4t } 1 ]
|
1
6f ]
1 2 3 4 5 6 7 8 9 10
Trial
Clean Spot Calibration
10 Left Ankle Rotation
8l ]
6 ]
4t ]
2 o - - 7 q
IREEENERE
L 1
Ll L LT L
1 1
4t ]
6t ]
8t ]
-10
1 2 3 4 5 6 7 8 9 10
Trial
Figure 43

.
.

Degrees
o

Walking Calibration
Left Ankle Flexion

L 1 T
T o+ o7 s T
} | [ A I T
r | I L |
o ML o T
| | H
r |
r |
H i I
U L T } | }
| | [ 1L
1 =L L 1
L 11
1
12 3 4 5 6 7 8 9 10
Trial
Walking Calibration
Left Ankle Abduction
T
L <L
T
o E3
- = R
|
ﬁ ‘ :
H H | [ .
| T | | 1
B | | ol
. |
Ly [ T
|t 1 ! i
|
|
1
12 3 4 5 6 7 8 9 10

Trial
Walking Calibration
kle Rotation

Left Anl

5 6
Trial

Degrees

Degrees

Degrees

Multipose Calibration
Left Ankle Flexion

- 1 T
LT [
- L 7 | [
A o I iy
L . |
|
oL
ol s L] s
2t
|
L] | I
LY LT
4fT I - T TRt
|
6l 1
1 2 3 4 5 6 7 8 9 10
Trial
Multipose Calibration
Left Ankle Abduction
6
T
<L
4r T
| 1
2F T T $
I T :
| § | L
2 [
[ [
oo 1o
4t 1 1 | T
|
| 1
s
6
1 2 3 4 5 6 7 8 9 10
Trial
Multipose Calibration
10 Left Ankle Rotation
8l ]
| T 4
LA T T
4+ T _ 1 i
ol L || ]
o ]
ot ]
|
-4 | 4
[ Lyl
L1 | | |
st T Lo I } I
| 11 oot
o L
n 1
-10
1 2 3 4 5 6 7 8 9 10
Trial

Clean spot calibration, boxplots left ankle



Degrees

Degrees

Degrees

Clean Spot Calibration
Left Knee Flexiol

5 T T T T T T T T
T
4r T T T | T ]
7Ty T [
e R e
[ | [
| | |
2r I 1
|
1k ]
o ]
At ]
1
L = N 4
-2 1 iS
L ol T
3t ]
4t 1
1 2 3 4 5 6 8 9 10
Trial
Clean Spot Calibration
10 Left Knee Abduction
T ‘ 1
8 } T
T s
1T 0T I
ol - 0 o |
M |
T +
4l ]
ol ]
ol ]
2t S8 - 1
[ [ 1
-4 L 4
1L = T T L]
s T T
8t ]
qol—
1 2 3 4 5 6 7 8 9 10
Trial
Clean Spot Calibration
10 Left Knee Rotation
5 ]
I
Ty T T . T
‘ s
Ja000 |
I
! |
| |
e Sl
5h 1 | 1]
A0 F ]
gl
1 2 3 4 5 6 7 8 9 10

Figure 44:

Degrees

Degrees

Degrees

Walking Calibration
Left Knee Flexiol

1 H
qb
2f L
1
a3l
4t
1 2 3 4 5 6 7 8 9 10
Trial
Walking Calibration
10 Left Knee Abduction
T
sl I i
|
0 -
o BREEE
T T |
4 T 1
1 T
ot | | 4
i |
1
2t =
= 1 |
4 14
1 L
T
6F ]
8t ]
gl
1 2 3 4 5 6 7 8 9 10
Trial
Walking Calibration
10 Left Knee Rotation
5 1 T
T 1 |
- - T .
|
o D i i
! I
I |
+ 7 i ‘
51 L 4
5 [ T I [
| |
1
1 1 ‘
1
-10 1 bl
sl
1 2 3 4 5 6 7 8 9 10

Trial

Clean calibration spot,

xii

Degrees

Degrees
n - o - n
- - - - -
e F
HI
I

Multipose Calibration
Left Knee Flexio

i

- ——

|

o B —

boxplots left knee

1 2 3 4 5 6 7 8 9 10
Trial
Multipose Calibration
10 Left Knee Abduction
8l
6
4l
L T T
2 - |
g THe 8
ol al|dHs =
o) I
S *
4l I L i
‘ \
‘ \
6 1 1
8t
qole——
1 2 3 4 5 6 7 8 9 10
Trial
Multipose Calibration
10 Left Knee Rotation
M T
5 1 [
ok ]
|
5+ | | | 4
! |
1
1 | 1
Yo T I
| | L
-10 1 s | 17
1
gl
1 2 3 4 5 6 7 8 9 10




Walking Calibration Multipose Calibration

Clean Spot Calibration

. 1 ~

r -——Tr - —

: HT J----- Qs
5 T }————
3
2t - F---- i
o
£ | —— -
3
3 — T -

‘ T

‘ T} -

‘ - T - -

0 ® o - o - o o <

saalbaq

. T - ~

‘ T b -

‘ RN -

H T3
3

2 T G

2

£ | EE——
3 i S -

‘ i B W

‘ T}

‘ T -

r ® o - o = o o <

sealbag

! T +—1- -

: — T} -

: - -
Hi 7T }--—
x
Q| -1 T ]

2 1= —tit

o

2 S m—
F

= - T - -

i S -

: O I

i T -

r ® o« ~ o = o ® <

sealbaq

10

10

10

Trial
Multipose Calibration

Trial
Walking Calibration

Trial
Clean Spot Calibration

Left Hip Abduction

Left Hip Abduction

Left Hip Abduction

saaibag

- T

saaibag

:

sealbaq

10

10

10

Trial
Multipose Calibration

Trial

Walking Calibration

Trial
Clean Spot Calibration

‘ a——— T
- —TH
: e S I B
c
Sr 4 " TH
s
g - T 1+
[
o
£ ap— —{] ]—
g i S—
-
- b———{ T}~
- T+
‘ - -
b = S s 4 =
saaibag
P [+
r -— I J=
i S
c
Sr —— I -
I}
st S
[
& 4717
£ - —
g - T}~
-
- i B
i S s B
I , L , .
© < o o o <
saaibag
b B
Eo— Emm—
Fi——— - —
st - Tk
s
st - T
[
o
g T+
8§ -1 1~
e S E—
o= , ]
i i B —
6 = S S 2 =
sealbaq

10

10

10

Trial

Trial

Trial

1p

t, boxplots left h

ion spo

Clean calibrati

.
.

Figure 45

X111



Degrees

Degrees

Degrees

Clean Spot Calibration

Right Ankle Flexion

4 T T
1 T
- = | - T T |
3t | | | | | | i
7o o T }
[ S— 1 L
i | |
20 4 [ i
1k ]
ob || L ]
A+ ] 4
ot L | 4
0 s
} T } P -
& 1ot l ]
- s
7 S S S S
1 2 3 4 5 6 7 8 9 10
Trial
Clean Spot Calibration
Right Ankle Abduction
6 ]
- T T
} | § T i ‘
4r | | 1
T |
PTolo = | T
P ! | [
) ! | \ |
L i ‘ ]
|
|
|
|
! I
2 | | 1
I I 1
[ I
Loy ‘ L 1
4t 1 1 ]
6f ]
1 2 3 4 5 6 7 8 9 10
Trial
Clean Spot Calibration
Right Ankle Rotation
10— T
8l ]
6 ]
a4l ]
+ 4 T T
ol 1 - ]
A ifili
|
2r i Lo L
I I [
4t oL l } T R
L L L
s
6l ]
8t ]
gl N S S S
1 2 3 4 5 6 7 8 9 10
Trial
.
Figure 46

Degrees

Degrees

Degrees

Walking Calibration
Right Ankle Flexion

ar 1 T
I - |
L 17T T | o |
3E1 L [ T
. } T } . [
|
2t | o
"
i 7 H
qr+ 1 [
2l |
LU | 1 T
Lo 1 1
- = -
a3l L L T T 1 1
1
1 2 3 4 5 6 7 8 9 10
Trial
Walking Calibration
Right Ankle Abduction
6 -
1 |
1 1 T I
| T | | | |
4r [ [ |
T [ | T
| | |
| Loy Lo }
2r | |
| |
I Q
|
L | I
2 ‘ } oo } oL
| 1 1
R T 1
[ ! 1
4 1
6l
1 2 3 4 5 6 7 8 9 10
Trial
Walking Calibration
Right Ankle Rotation
10— T
8l ]
6 ]
4l ]
ol - 14 T T
ol | & ﬁ i
' |
2f ‘ i I
i 1 ‘ 1 % [
1 1
a4l } T 1
1
6l ]
8t 1
gl T S T S
1 2 8 4 5 6 7 8 9 10
Trial

Xiv

Multipose Calibration

Right Ankle Flexion

T ST T
3rT S
[ ey 1 T
oA } . } L e
2H | o (-
-
<L
1k
@ s
(o3
o M .
> 0r
2 8
8 s
Es
2t .
L] T = T LUy
T 1 | T | 1
L1 = 1
-3r | n
1
1 2 3 4 5 6 7 8 9 10
Trial
Multipose Calibration
Right Ankle Abduction
6
4 ‘V" T
4’} I 1 }
[ T
| | | | i | |
H \ \ !
| |
» |
Q
o
j3
o
| I [
2 T T I % DL
1 s
R 1
n 1 1
6l
1 2 3 4 5 6 7 8 9 10
Trial
Multipose Calibration
Right Ankle Rotation
10— T
sl
1
6 +
_ 4 I -
4r T M T
2
w” L s
[
o
o Or
jo3
a
2t
} I I
4+ h | [
| | | |
| | |
-6 ae |
pooob DTy
T 1 1 | | 1
8r 1 1
qol——
1 2 3 4 5 6 7 8 9 10
Trial
ankle

Clean spot calibration, boxplots right




Degrees

Degrees

Degrees

Clean Spot Calibration
Right Knee Flexion

[l

=
=

20

Trial
Clean Spot Calibration
Right Knee Abduction

-im— —[ | | —Hi-

W TH

g

————
=
[ER—

e

Trial
Clean Spot Calibration
Right Knee Rotation

Walking Calibration
Right Knee Flexion

Degrees
S ) o
f
-
- —
M b --—-
-+

=
=
—

| —

1 2 3 4 5 6 7 8 9 10
Trial
Walking Calibration
10 Right Knee Abduction
8l ]
6 ]
4t = LT
|
|
2r T T - - | 7]
@
§ 1 0
e Ol T
< ‘ 1
2|k ‘ ]
1 1
o L |
|
Y I 1
|
1
8t 1
qol——
1 2 8 4 5 6 7 8 9 10
Trial
Walking Calibration
Right Knee Rotation
0—+—————
15 1
10 1
5 ]
@
]
o 0r 1
jo
a
5t | 1
roLgt T [T
1 [t
10+ Lo | 1 1 4
1
5 F ]
Y S S S S S S
1 2 3 4 5 6 7 8 9 10

Trial

Degrees

Degrees

Degrees

Multipose Calibration
Right Knee Flexion

6F =
I +
T
1 [ T
4r- - [
I | | | |
\ ‘ !
I [
2 |
o
2r I L 1
1 L
L T L
4t
6l
1 2 3 4 5 6 7 8 9 10
Trial
Multipose Calibration
10 Right Knee Abduction
8l ]
671 T 7
M T
4l || ]
2t [ % ]
ol ol
| |
2k | g 4
| |
I
L | 1
4 I | |
1 I I I
-6 b I
I L I
ol | T 1]
By } 1oL
qol— L
1 2 3 4 5 6 7 8 9 10
Trial
Multipose Calibration
Right Knee Rotation
N0—m—F—T———
15 1
10f = M 1
5 L ]
o . ]
5t ]
|
| |
|
A0FT | o] } L5
1 T 11 I 1
15 1 1
ool
1 2 3 4 5 6 7 8 9 10

Clean calibration spot, boxplots right knee

XV



Degrees

Degrees

Degrees

Clean Spot Calibration

Walking Calibration
Right Hip Flexion

Right Hip Flexion

T T T T T T 5 T T T T
£
£ 4 4t T
n |
| J al ‘
T | I T | T
\ \ T | | |
[ | o 1 2F - 7 x
! 1T \ | [ T | T
i ﬂ ‘ | | ‘
|
@«
Q
2 4l
| 8 ﬁ
f7
o
4 q+ |
| | | 1 i T |
| |
| | | | |
AT TR T
A N B R I R A A A .
[ Pl Cobo Pl
| 1 I LA ] St I 1
Lo I ‘ I Lo I I
1 i L 1 L
L] af
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
Trial Trial
Clean Spot Calibration Walking Calibration
Right Hip Abduction R Right Hip Abduction
] a4l
T 1 I
| 1 I |
T T || } T ‘
B T R
T T LT T
T @
L3
13
j3
| a 1 |
1 [ T
L T 1 1 TR ‘
] ol ‘ i
T |
1
] 4
S S S S R S el
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
Trial Trial
Clean Spot Calibration Walking Calibration
Right Hip Rotation Right Hip Rotation
i sl T
|
|
|
T 1 6 |
} o
T ! T
[ - £ T
LT T | STt T L
P booT 7] Lo b Lo
Lo \ [ T o0 o | I \
I ‘ b 8 2 I
| >
3
[a}
I
L 1
1 Lo 2r *
1 Tt L H L4
1
] 4l o
S S S S R S el
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
Trial Trial

Degrees

Degrees

Degrees

Multipose Calibration
Right Hip Flexion

[ k2

I
L 1
‘T I T
R | T |

HﬁT | |

I I
L I

I
T ﬂ ‘

I I
[
Ly o0 ol } \}
N A
o ‘i} -
r 1L |
[ A I
L L 1
12 3 4 5 6 7 8 9 10

Trial
Multipose Calibration
Right Hip Abduction

4

~ T -
o S ——

=

i — — [ [+
HT—
o S

T

o

1 2 3 4 5 6 7 8 9 10
Trial
Multipose Calibration
Right Hip Rotation
T
L I T
T ‘ [
T T 1
L1 | T
| | | T T % | |
o I ‘ T \
| |
L | U
|
H H H 1
1 T 1
1
1 2 3 4 5 6 7 8 9 10

Trial

Figure 48: Clean calibration spot, boxplots right hip
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C Offset tables

Offsets to Reference, mean Values and Standard deviation. All Values in °

Left Ankle Right Ankle

mean STD mean STD
WC Flexion -1,56 0,68 WC Flexion -5,68 0,69
MP Flexion -3,57 5,06 MP Flexion -4,70 0,49
Restored Flexion -5,50 0,88 Restored Flexion -12,16 2,69
WC Abduction 1,85 3,42 WC Abduction 14,19 4,89
MP Abduction 8,21 2,01 MP Abduction 4,37 3,61
Restored Abduction 6,54 2,21 Restored Abduction 4,53 4,00
WC Inversion -1,76 2,21 WC Inversion 10,37 2,74
MP Inversion 1,95 2,45 MP Inversion 12,25 3,60
Restored Inversion -12,55 1,89 Restored Inversion 18,99 3,26

Left Knee Right Knee

mean STD mean STD
WC Flexion 2,31 0,83 WC Flexion -1,29 1,14
MP Flexion 1,97 0,92 MP Flexion -1,18 0,98
Restored Flexion -0,87 1,45 Restored Flexion -5,81 2,79
WC Abduction 0,10 2,29 WC Abduction 3,61 2,52
MP Abduction 3,07 2,83 MP Abduction 6,85 2,66
Restored Abduction -14,72 2,25 Restored Abduction 22,44 3,68
WC Rotation 2,84 3,85 WC Rotation 2,27 3,96
MP Rotation 4,65 3,04 MP Rotation 5,82 4,47
Restored Rotation -1,23 3,18 Restored Rotation 11,96 4,98

Left Hip Right Hip

mean STD mean STD
WC Flexion -4,43 1,64 WC Flexion -5,76 1,40
MP Flexion -4,46 1,59 MP Flexion -5,49 1,31
Restored Flexion -4,71 1,52 Restored Flexion -5,81 1,26
WC Abduction -4,09 2,17 WC Abduction -3,92 2,00
MP Abduction -5,79 3,46 MP Abduction -3,80 1,97
Restored Abduction -2,60 1,16 Restored Abduction -10,03 1,61
WC Rotation -2,53 4,07 WC Rotation 1,15 5,09
MP Rotation -4,23 2,09 MP Rotation 5,26 1,84
Restored Rotation -5,06 1,76 Restored Rotation 6,99 1,80

xviii

Table 9: Offsets to Reference, Dirty Spot Calibration Trials




Offsets to Reference, mean Values and Standard deviation. All Values in °

Left Ankle Right Ankle

mean STD mean STD
WC Flexion -0,210 0,91 WC Flexion -5,12 0,85
MP Flexion -2,266 0,82 MP Flexion -3,69 1,07
Restored Flexion 0,189 0,99 Restored Flexion -4,66 0,93
WC Abduction 0,243 3,66 WC Abduction 12,70 4,78
MP Abduction 7,077 3,11 MP Abduction 3,19 1,75
Restored Abduction 6,149 3,20 Restored Abduction 2,73 1,88
WC Inversion 2,211 2,14 WC Inversion 13,53 1,87
MP Inversion 7,356 2,76 MP Inversion 16,77 1,91
Restored Inversion 1,656 1,45 Restored Inversion 14,37 1,40

Left Knee Right Knee

mean STD mean STD
WC Flexion 3,00 1,17 WC Flexion -2,31 0,64
MP Flexion 2,10 0,88 MP Flexion -2,74 0,42
Restored Flexion 3,00 1,18 Restored Flexion -2,20 0,44
WC Abduction 1,99 3,13 WC Abduction 4,88 2,97
MP Abduction 7,27 2,43 MP Abduction 9,78 1,39
Restored Abduction -1,09 1,57 Restored Abduction 8,17 0,81
WC Rotation 5,88 5,09 WC Rotation 3,06 4,72
MP Rotation 10,18 2,68 MP Rotation 6,75 2,26
Restored Rotation 6,49 2,90 Restored Rotation 6,33 2,51

Left Hip Right Hip

mean STD mean STD
WC Flexion -4,25 1,42 WC Flexion -6,89 1,60
MP Flexion -4,34 1,35 MP Flexion -6,56 1,70
Restored Flexion -4,35 1,36 Restored Flexion -6,63 1,67
WC Abduction -3,54 1,78 WC Abduction -1,62 1,31
MP Abduction -7,33 1,18 MP Abduction -2,67 1,32
Restored Abduction -3,42 1,05 Restored Abduction -3,80 1,51
WC Rotation -2,54 4,64 WC Rotation 3,20 3,88
MP Rotation -4,95 2,61 MP Rotation 5,80 2,82
Restored Rotation -6,98 2,55 Restored Rotation 6,81 2,57

Xix

Table 10: Offsets to Reference, Clean Spot Calibration Trials






