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Abstract

A lot of attention has been paid to wearable inertial sensors regarded as an alternative solution for
outdoor human motion tracking. Relevant joint angles can only be calculated from anatomical
orientations, but they are negatively impacted by soft tissue artifact (STA) defined as skin motion with
respect to the underlying bone; the accuracy of measured joint angle during movement, is affected by
the ongoing misalignment of the sensor. In this work, a new sensor-to-segment calibration using IMUs
is proposed. Inspired by the multiple calibration for a cluster of skin markers, it consists in performing
first multiple static postures of the upper limb in all anatomical planes. The movements that affect
sensors alignment are identified then alignment differences between sensors and segment frames are
calculated for each posture and linearly interpoled. Experimental measurements were carried out on a
mechanical model and on a subject who performed different movements of right elbow and shoulder.
Multiple calibration showed significant improvement in joint angle measurement on the mechanical
model as well as on human joint angle comparing to those obtained from attached sensors after technical
calibration. During shoulder internal-external rotation, the maximal error value decreased more than
50% after correction.
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Nomenclature

p?: Segment i orientation at neutral posture 0

q): Sensor i frame orientation at neutral posture 0

g?: Rotation of IMU1 at posture 0 to align with gravity

pij : Segment i orientation at posture j

qi] : Sensor i orientation at Posture j
P; - 90°-rotation about a given axis of the segment i at posture j
q; - Alignment difference between qi] and pi]

q; ‘“: Mean value of all alignment differences §; calculated for each segment i at all postures j

resulting either from the rotation of the joint angle a=0° or 90° about the axis u and presenting the
same segment frame orientation.

G (0): Alignment correction during movement and obtained by linear interpolation

cﬂ"v (64, 8;): Alignment correction during movement and obtained by bilinear interpolation

p;: corrected segment frame orientation

1. Introduction
Several non-invasive technologies can be used to assess human joint angles such as electrogoniometers
[1], inertial measurement units IMUs [2-5] and optical motion capture system (OMCS) system [6, 7]
considered as gold-standard. From a practical point of view, OMCS system cannot be easily used for
daily rehabilitation activities because of the cumbersome protocol and calibration procedure, limited
working space, and so on. OMCS system is typically used in the laboratory to evaluate the accuracy of
other (ambulatory) measurement systems [3, 5].

Significant attention has been paid to IMUs regarded as alternative tools for human motion tracking
which can provide low-cost ambulatory measurements and easy set up compared to OMCS. When using
these motion tracking technologies to estimate human joint angles, two sources of errors can appear and

affect measurement correctness. The first one is related to the measurement system itself [8, 9] while



the other results from the sensors misalignment with respect to human segments [4, 10-14]. What is
more, the sensor misalignment is changing during the movement due to soft tissue artifact (STA) [7, 15-
19]. STA is defined in the literature as the skin motion relative to the underlying bone [7, 20] and is
regarded as a major source of error that disrupts the estimation of joint angles when non-invasive
measurement systems are used [21]. In OMCS measurements, STA results in markers cluster shape
deformation as well as, predominantly, maker-cluster rotation and translation with respect to the
underlying bone. Several papers have been reported in the literature on how to compensate STA effects
to improve the accuracy of joint angles measurements. A multiple calibration procedure was proposed
to model OMCS marker-cluster deformation between a set of calibration postures in knee
flexion/extension [7, 19] or scapular movement [22]. Typically, in double calibration, the alignment
difference is assessed for two calibration postures. A linear interpolation in time is implemented on the
position of anatomical landmarks in the technical frame [7, 22]. STA was defined in [15] as a series of
rigid geometrical transformations and a dynamic calibration based on an ad hoc model was applied. The
compensation of STA effects related to skin-mounted markers placed on upper or lower limb has been
extensively studied in the literature, and some efficiency has been proved when using multiple
calibration of the clusters of markers [7, 17, 19, 22]. As for OMCS, IMU calibration procedure consists
in establishing a relation between the sensor frame and the segment frame related to the underlying bone
[2-4, 20, 23-30]. This procedure named “sensor-to-segment calibration” can either be one-axis [30] or
three-axis calibration [2-4, 10]. Generally, static calibration is performed by asking the subject to
maintain postures in order to establish the relation between the sensor and the segment frames. In the
case of IMU-calibration, the alignment difference between the sensor frame and the segment frame was
supposed constant in time. This is a classical assumption made in most studies on sensor-to-segment
calibration. In the case of joint angle measurement by IMUs, two adjustments based on the mean
misalignment were proposed by Meng et al. [20] with multiple static postures related to five active
movements such that only one angle was varied per movement. It is important to keep in mind that they
combined both IMU and OMCS to get a statistics of the alignment difference. The latter was not

modeled individually but in average using a linear regression of data collected from fifteen participants



including the body fat percentage. They obtained values less than 1° for mean error, RMSE and SD after
adjustments. A multiple calibration method that do not refer to OMCS is yet to be developed for IMUs.

In this paper, an IMU-based sensor-to-segment calibration referred to as multiple calibration for
upper limb joint angle measurement is proposed to take into account the variation of the misalignment
between sensor and segment. It consists in performing multiple static postures during the calibration
session. The movements that affect IMUs alignment (i.e. sensor frame orientation vs. segment frame
orientation) are identified by calculating the alignment differences at the two joint angles (0° and 90°)
for each joint axis of movement. Then, linear or bilinear interpolation is applied between this two
alignment differences to assess this difference during the movement. To the author’s knowledge, such
a method of misalignment compensation has not been reported in the literature. In the following, Section
2 introduces first the calibration postures and the method of calculation and correction of the
misalignment between segment and IMU orientations. Section 3 presents the results of the tests
performed on mechanical model and on human right upper limb. A discussion of the achieved results is

provided in Section 4. Finally, Section 5 draws conclusions.

2. Materials and Methods

Four IMUs are placed on the right upper limb and the thorax as shown in Fig.1. A so-called technical
calibration [4] is first performed by adjusting manually IMUs positions in order to visually align their
local frames with the associated segment anatomical frames. Then, static calibration is achieved at

several predefined static postures.

2.1. Calibration postures

Twenty-one static predefined postures were selected in the proposed multiple calibration procedure.
Starting from the anatomical posture presented in Fig. 1, the subject has to perform the other twenty
static postures illustrated in Fig. 2. These postures were selected in order to cover simple anatomical
upper limb joints movements such as flexion/extension (FE), adduction/abduction (AA), and

internal/external rotation (IER) in the three anatomical planes or any combination of them.



FIGURE 1 HERE

FIGURE 2 HERE

The calibration postures illustrated in Fig. 2 are the results of either 0°-rotation or 90°-rotation of distal
segment with respect to a proximal segment of the right upper limb. It is much easier for a subject to
perform rotations of 0 or 90 degrees than any other prescribed joint angles values. In this work, the joint
angles are supposed to remain 0° or vary by 90°, and the calibration postures are only be considered at

these two rotation angle values during the calibration session.

2.2. Initial alignment and Alignment differences

Both segment and IMUs frame orientations must be defined at each one of the proposed calibration
postures of Fig. 2. In this paper, quaternion representation was used to describe the orientations.

The IMUs frames as well as segment frames of the upper limb and the thorax in neutral posture are
shown in Fig. 3a and b. In this work, the quaternions q and p are related to the IMUs frames orientations
and segment frames orientations, respectively. In a first stage, considering the technical calibration [4]
established during the neutral posture 0, the orientations of both sensors and segments frames are
assumed to be aligned, except for the thorax. For this segment, the gravity axis is used to re-aligne the

vertical axis of the sensor:
p! =q" for =234 and p) =g’ q) fori=1 (D)
with p! (i from 1 to 4 for thorax to hand) the segment frame orientation and ¢’ the sensor frame

orientation in posture 0. The quaternion g, represents rotation of IMU1 at posture 0 illustrated in Fig.

3a that transforms the IMU1 frame orientation so that it coincides with the thorax frame in Fig.3b.
In the posture 0, after this calibration, all the segment definitions are expected to follow, at best, ISB
recommendations [31]. The right-arm and thorax segment frames have their X, Y and Z axes pointing

forward, upward and to the right, respectively.



FIGURE 3 HERE
During all the calibration session, the thorax remains static and all upper limb movements are performed
with respect to the thorax segment frame considered as a reference. The movements from the neutral

posture (posture 0) to the postures adopted for the calibration are then interpreted as known rotation
noted p/ (90° about a given axis) of the segment frames with respect to the thorax. For instance, the

right upper limb segment frames’ orientations shown in Fig. 3 are related with two calibration postures.
Posture 3 segment orientations illustrated in Fig. 3¢ are deduced from 90° clockwise rotations about the

X-axis of the thorax segment frame. The segment frame orientations of the upper arm, forearm, and

hand represented by the quaternion p/ are therefore calculated using the relation (2).

pl =p! p} 2)

The subscript i (from 2 to 4) corresponds to upper limb segments while the superscript j represents the
different calibration postures (from 1 to 21).The segment orientations corresponding to all the

calibration postures are obtained using a similar procedure. At the end of the calibration session, two

kinds of upper limb segment frame orientations are gotten, i.e., the calibrated orientations p/ deduced
from thorax frame orientation and the directly measured orientations ¢/ estimated from the IMUs.

Due to STA, the calibrated and directly measured orientation are not identical, so the alignment

difference g/ between ¢/ and p;/ can be calculated for each segment involved in a calibration
posture. The alignment difference §/ related to a given calibration posture j is defined by
a9/ =pi q i 3)

with ¢~/ is the quaternion conjugate of the quaternion q; .

i



2.3.  Correction of IMU frame orientation
For a given segment i, the same segment frame orientation p/ may be present in more than one posture
J, so the alignment difference related to that specific segment will be the mean value of all alignment

differences g/ calculated at all postures presenting the same segment frame orientation.

n ~j

~u,a =14

g e 4)
n

with n the number of postures presenting the same segment frame orientation. These postures result
from either a= 0° or a= 90° rotation about one axis of the thorax frame. Thus, for each joint rotation

axis u, and each of these rotations, a mean alignment difference is computed. Moreover, for each
movement about a joint axis u, E“’O and Z“’go correspond to the average alignment difference values
calculated when joint angle @is equal to 0° and 90°, respectively. For example, in elbow FE movement
about the axis u = Z,y, the alignment difference value Z“’O for the elbow fully extended (6= 0°) is taken
as the mean value of the alignment difference values related to the five postures 1, 2, 3, 20 and 21 shown
in Fig. 2 and obtained using Eq. (4). In the same way, the alignment difference value 3“790 related to 90°

elbow flexed is obtained from the mean value of the alignment difference values associated with

postures 4 to 19 of the same figure.

Linear interpolation is applied between E“’O and Z“’go and the alignment difference value Z“ (6) during
the movement is given by

=u,90 _ =u,0

qi qi . 0 (5)

G'O)= 3"+ S
Therefore, the segment frame orientation p, of the segment i is computed from the IMU frame
orientation ¢ corrected by the alignment difference Z“(a) obtained from the proposed multiple
calibration. The corrected segment frame orientation p, is related to g, according to the Eq. (6).

P =30 q, (6)

with @ the joint angle obtained about axis u after technical calibration (i.e., computed from ¢, ).



The joint angles were finally computed following the ISB convention [31] considering the relative
movement of the distal segment with respect to the proximal segment. The YZY sequence is used to
estimate shoulder joint angles while the ZXY sequence is used for elbow. In other words, shoulder IER

corresponds to u = Y,y and elbow FE and PS correspond to u = Z,y and u = Y, respectively.
In case the alignment difference Z“ depends on the variation of both two joint angles 0, and 0., bilinear

instead of linear interpolation is applied; the related alignment difference is expressed by:

u,90,v,0 _ =u,0,v,0 =u,0,v,90 _=u,0,v,0 =u,0,v,0  =u,0,v,90 , =u,90,v,90 =u,90,v,0
O0V0_ Ziov, GOV _gov (q.,.._q‘,,. +g20v0_ g ..)
1 ).61 +( 1 1 ).62 + 1 1

6;"‘,(61; 62) = (qi " " oo i . 61. 92 + ﬁiu,o,v,o (7)

2.4. Validation of the multiple calibration method

To test the multiple calibration method, four wireless sensor nodes SN have been designed to measure
the right upper limb joint angles. Each SN is composed of a System in Package BNO055 from Bosch
company integrating an IMU consisted of a triaxial 14-bit accelerometer with ranges switchable from
+2g to +16g, a triaxial 16-bit gyroscope with ranges switchable from +125°/s to £2000°/s and a triaxial
geomagnetic sensor which can detect £1300uT in X and Y axes while up to £2500uT in Z axis with a
magnetic resolution around 0.3uT. A 32-bit microcontroller running the sensor fusion software is also
integrated. The circuit BNOO55 was configured in the fusion mode such that it provided absolute
orientation, i.e., sensor orientation with respect to earth coordinate system. Compared to two other
typical consumer-grade attitude and heading reference systems (AHRS) (MPU-9150 from InvenSense,
X-NUCLEO-1KS01A1 from STMicroelectronics), it displayed the best static and dynamic
performances. Attitude measurement obtained from BNOO55 showed accuracy of 1.4°, 0.8° and 4.6°
for roll, pitch and yaw, respectively [32].

An ATmega328 controller was also used first to acquire data from sensors through the I°C serial bus
then to communicate with an NRF2401 wireless transmission module. The emitting nodes share the
same receiving node which ensures data transmission to PC (See Fig. 4). Another possibility consists
in using a System on Chip SoC which integrates in the same module the microcontroller and the wireless
transceiver, e.g., ESP32s series from Espressif Inc. (single or dual-core module with Wi-Fi & dual-mode

Blutooth).



FIGURE 4 HERE

As a proof-of-concept, an upper limb mechanical model composed of three adjacent rigid body segments
was designed to test the proposed method under controlled conditions. The upper arm segment is linked
to a fixed body through a 3-DoF joint (shoulder) at one end and to the forearm segment through a 2-
DoF joint (elbow) at the other end. Elbow FE is obtained by means of a hinge joint whereas two pipes
(white and grey on Fig. 5a) with two different diameters were used in the forearm segment to ensure the
second DoF movement (pronation-supination PS). Another hinge joint (wrist) is used to link the forearm
and the hand segments. A magnetic rotary encoder (0.08° resolution), taken as a reference, was also
placed at the elbow joint to measure elbow FE angle and transmit wirelessly the data via an NRF2401

module.

FIGURE 5 HERE

Three sensor nodes SN1, SN3 and SN4 were attached with a double-sided tape to the upper arm, forearm
and hand segments axes respectively as illustrated in fig 5b. They were placed so as their long axes were
parallel to the segments axes. The fourth one, i.e., SN2 was also attached with a double-sided tape to a
5 mL plastic syringe whose one extremity was attached to the upper arm and the other extremity to the
forearm segment via a rod. Initially, when the elbow is fully extended, the piston is parallel to the upper
arm segment, so SN2 is aligned with SN1. As soon as the elbow is flexed, the piston induces a
misalignment of SN2 (See Fig. 5b) that increases gradually with respect to SN1 till elbow joint reaches
90°. The piston ensures a controlled and repeatable misalignment of SN2 with respect to the upper arm
segment. The proposed calibration method was applied to elbow FE between 0° and 90°. SN1 was used
during the calibration session to get the upper arm segment orientation without misalignment. The joint

angle was obtained from SN2 and SN3 data. Once the calibration postures achieved, the alignment

differences G were calculated between SN1 and SN2 orientations for each posture presented in Fig. 2.



Since elbow flexion disturbed only the SN2 alignment with respect to the upper arm segment, a linear

interpolation was applied to correct the orientation of the upper arm segment.

2.5. Right upper limb joint angle measures
For a more realistic evaluation of the method, experimental measures have been carried out on a healthy
male subject (age: 27 years, height: 175cm, mass: 65 kg). Four SNs were attached on the right upper

limb segments as illustrated on the photograph of Fig. 6.

FIGURE 6 HERE
One sensor node was attached on the subject torso and three others on the right upper limb using elastic
bracelets. SN placements shown in Fig. 6 are the same as the IMU sensors used in [4]. SN1 was placed
on the flat part of the sternum, and SN2 and SN3 were respectively attached to the outer side of the arm
and near to the wrist on the forearm. SN4 was fixed dorsally on the hand. The technical calibration was
performed by adjusting manually SNs positions in order to visually align their local frames with the
associated segment anatomical frames. The subject was asked to successively perform the 21 calibration
postures in the same way as presented in Fig.2. The correctness of each posture is checked by an operator
before executing to the next one. The subject remained static during several seconds and a calibration
session duration did not exceed five minutes. OMCS system based on four Bonita infrared cameras from
Vicon was used as a reference system; this system can provide precision down to 0.5mm of translation
and 0.5° of rotation using 9mm markers. Reflective markers were placed on anatomical landmarks
according to the methodology of Cooper et al. [34]. Both of SNs and video systems were synchronized
and operated at a sampling rate of S0Hz. The subject in the neutral position was instructed to achieve
three different movements not fastly (average angular speed around 60°/s): (i) forearm PS when elbow
is 90° flexed in the sagittal plane; (ii)) maximum elbow FE in the sagittal plane; (iii) Shoulder internal

external-rotation IER in the horizontal plane when the elbow is 90° flexed in the sagittal plane.



3. Results

3.1.  Three-linked rigid segment body

Several elbow FE movements have been carried out on the three-linked rigid segment body representing
the upper arm, the forearm and the hand. Elbow FE angle versus time before and after calibration is
depicted in Fig. 7. The reference angle from the magnetic encoder is also represented on the same figure
in black dashed line. The bottom curves plotted in red dashed and blue solid lines refer to the error value
between the angles deduced from SNs and those gotten from the encoder before and after calibration,
respectively. Initially, the three SNs were aligned with the body’s segments, so the joint angles values
from IMUs and the reference system were the same and equal to zero. As the elbow flexion angle value
increases, the alignment error raises gradually to reach a maximal value of 20.7° when the elbow is 90°
flexed with a root mean square error RMSE equal to 8.3°. After correction, both the maximal error value

and RMSE decreased to 6.1°and 2.2° respectively.

FIGURE 7 HERE

3.2. Human joint angle estimation
3.2.1. Alignment differences during the calibration
The impact of each movement about the upper limb joint DoFs considered during the calibration session

is investigated by computing the median, quartiles, and range of the alignment differences ﬁﬂ for all

postures. The SN4 alignment difference varies between 4.8° and 43.5° with a mean value equal to 18°.
A closer analysis revealed that the alignment difference is mainly associated with wrist FE. SN3
alignment difference varies between 4.3° and 32.5° with a mean value equal to 15.5°. The alignment
difference is mostly associated with elbow FE and forearm PS. The most affected sensor node is the
SN2 as presented in Fig 8 where alignment difference ranges from the smallest variation 3.9° to 53.8°
with a mean value equal to 23.6°. The alignment difference is predominantly related to elbow FE and

shoulder IER.



FIGURE 8 HERE

3.2.2. Correction of the forearm pronation-supination movement

The subject performed several forearm PS when the elbow is 90°-flexed with SNs placed as illustrated
in Fig. 6. Fig. 9 shows elbow joint angle during forearm PS as a function of time from both SNs and
optical systems. Black dashed line curve is obtained from OMCS system while the red dashed line curve
corresponds to angle data from SN3 with respect to SN2. It can be noticed that SN3 joint angle is almost
the same as the reference angle from OMCS system with a mean error value equal to 1.0° and max error
value of 2°. Still, the correction of the forearm PS can be useful if another placement of the SN is adopted
(see Supplementary Material). Whatever the placement of the SN on the forearm, it can be noticed that
the errors at the beginning and ending of the movement are tending to zero demonstrating initially

aligned IMUs in the upper arm and forearm segments.

FIGURE 9 HERE

3.2.3. Correction of the maximum elbow FE movement

The subject was asked to perform successive cycles of maximum right elbow FE (range of motion equal

to 140°) and FE angle was measured simultaneously with SNs and the optical reference system.

FIGURE 10 HERE

FE angle values obtained from misaligned SNs and plotted in red dashed line on Fig. 10 deviate from
the reference angles plotted in black dashed line on the same figure during the elbow FE movements.
The multiple calibration has corrected quite well the angle values obtained from SNs since the associated
curve (blue solid line) in Fig. 10 is close to the reference one. The maximal error value decreased from
23° (RMSE=9°) before correction to 12° (RMSE=4°) after correction. The mean error value decreased

from 6° (SD=7°) before correction to 0° (SD=4°) after correction. Again, it can be noticed that the errors



at the beginning and ending of the movement are tending to zero demonstrating initially aligned IMUs

in the upper arm and forearm segments.

3.2.4. Correction of the Shoulder internal - external rotation movement
The right shoulder IER movement was performed in the horizontal plane when the elbow joint is 90°-
flexed. The red dashed line curve in Fig.11 corresponding to shoulder IER angle before correction
diverge a lot when comparing to the reference angles plotted in black dashed line. The results obtained
from SNs after correction (blue solid line) are still different but improved when compared to before

correction (red dashed line).

FIGURE 11 HERE

Error up to 30° was obtained before correction with a mean value of 8° (SD=11°). After correction, the
error was reduced to less than 15° with a mean value equal to 3° (SD=7°). Again, it can be noticed that
the errors at the beginning and ending of the movement are tending to zero demonstrating initially

aligned IMUs in the thorax and upper arm segments.

4. Discussion

The proposed compensation method is based on a multiple sensor-to-segment calibration. It is assumed
that the alignment between sensor and segment is impacted by the joint movement. Twenty-one
predefined static postures are necessary to study the misalignment -non constant in time- for the all of
the shoulder, elbow and wrist joints movements with a calibration session not exceeding five minutes.
This number of static predefined postures could be cumbersome in a clinical context. If only one joint
is studied at the time, the number of postures can be highly reduced (to two) as it was the case for the
application on the mechanical model (see Fig.5). The purpose of displaying the 21 postures is to allow
the reader to pick the ones of interest for its own research.

Concerning the alignment differences during the multiple calibration, the IMUs placed on the upper

limb are not impacted in the same way according to the different joint orientations. SN4 alignment is



significantly modified by wrist FE, SN3 by elbow FE or forearm PS, and SN2 by elbow FE as well as
shoulder IER. The impact of the elbow FE and shoulder IER on the movement of skin markers was
already reported in the literature [18, 35]. This observation justifies the use of an interpolation based on
joint angles for the correction of the IMU frame orientation. Few studies have quantified the STA on
the upper limb using bone pins or fluoroscopy [36]. Skin markers placed on the humerus can undergo a
displacement up to 4 cm with respect to the bone during arm abduction. The main movement pattern of
the marker displacement is also a rotation of the marker cluster [16] which implicates potential large
errors when IMUs are used. As a matter of fact, in the present study, the differences of IMU alignment
reached 53° for the upper arm.

Concerning the correction of the IMU frame orientation, the tests performed on the upper limb
mechanical model confirmed the feasibility and efficiency of the proposed method to compensate for
an ongoing misalignment when IMUs were initially aligned.

The graphs corresponding to the subject movements of forearm PS, elbow FE and shoulder IER revealed
two results relative to the IMUs. First, a good initial alignment has been achieved with the technical
calibration during the calibration session as reported in the literature [4, 10]. However, other types of
calibration such as anatomical calibration may be considered [19, 37, 38]. Second, a correct placement
of SN3 on the forearm is important as this sensor can provide an accurate elbow PS measurement
without correction. However, with SN3 placed far from the wrist, when compared to the data obtained
from the optical OMCS system, maximal alignment error values up to 30° are reached during the
forearm PS. Elbow FE angle has been measured on the mechanical upper arm as well as on a subject.
FE angle values obtained from the multiple calibration are somehow underestimated in the former case
while they are slightly overestimated in the second case. These effects may be due to an error associated
with the segment placement at 0° or 90° during the calibration session. Results accuracy estimated as
RMSE for elbow FE and PS were found to be equal to 4°. This value is significantly lower than those
reported in the literature from static calibration with misalignment constant in time (11°< RMSE < 24°)
[4].The maximal error value for shoulder IER initially equal to 30° confirms that this movement is the
most affected by STA. Such a result is consistent with the value of the parameter K defined by Cutti et

al. [18] to measure STA effect on humeral internal/external rotation. This error decreased more than



50% (SD=7°) after correction. For the three movements studied, the errors were then reduced to less
than 15° in maximum (less than 5° in average) for both elbow and shoulder joints after correction. The
mean error value of 5° could be considered as a good result especially for shoulder’s movements
compared to those already reported in the literature [3, 4]. Low-cost consumer-grade motion sensors
with quite good performances were used in this study. Better results would have been expected if
industrial-grade motion sensors such as MTi-300 from Xsens Inc. which shows better orientation
accuracy [32].

It is worth noticing that the definition of the segment axes from the OMCS system in the present work
follows the methodology of Cooper et al. [34] This choice was made in order to limit the number of skin
marker and avoid occlusion (i.e., typically the medial epicondyle) in the different postures. It seems that
with this definition of the segment axes, the technical calibration of the IMUs provides better results
than previously reported in the literature [3, 4], as demonstrated by the limited errors values (close to
zero) at the beginning and ending of the studied movements whereas RMSE was found to vary between
15.8° and 18.7° for elbow FE and PS, and up to 23.4° for shoulder IER in [4].

Though the misalignment correction was based on interpolation between alignment differences related
to 0° and 90° joint angles, this method showed good results for intermediate values of joint angles in 0-
90° range. Even if the joint angle exceeds 90° as in the maximal elbow FE, the proposed multiple
calibration revealed good results by extrapolation. Quaternions rather than rotation matrices or Euler
angles are more suitable for interpolation. Moreover, the interpolation is based on joint angles and it has
been established that STA effect is correlated to the joint angles [38, 39]. In the present work, the
misalignment due to STA is assumed to behave linearly during the multiple calibration. Similar
assumption was proposed in a multiple anatomical landmark calibration for optimal bone pose
estimation for lower limbs [7]. STA behavior was fairly described by a linear model as function of the
joint angles on pin-marker data and skin-marker data from lower limbs [15, 40-42]. In real time, STA is
depending on the movement of the whole limb. The choice of considering only one joint angle was
driven by the number of postures needed to calibrate the model. If a multi-linear model is used, more
than 21 postures are required. Moreover, multi-linear STA models based on three to four joint angles

for the lower limb have been proposed in the literature, but they necessitate calibration with bone pin



data in order to identify the model parameters [15, 42]. In the method presented in this work, only linear
or bi-linear interpolation is considered and the calibration is performed non-invasively with 21 postures
during the calibration session. Interpolation of higher order would have necessitated additional postures.
Another possibility to compensate for the STA, yet more rarely applied to IMUs, is to introduce joint
constraints and to perform a multibody kinematics optimization [43].

The present study shows some limitations: (i) the measurements were carried out on an upper limb
mechanical model taken as a proof-of-concept and only on one healthy subject knowing that STA is
subject and task specific [44]. However, it has been demonstrated that a same STA model (a linear
function of the joint angle) can be calibrated on different subjects [15, 45]; (ii) the performance of the
proposed multiple calibration has been investigated on three active movements of the upper limb during
which only one angle varies. These movements are performed at low velocities which may tend to
minimize the STA; (iii) the shoulder complex is simplified and the scapula movement has not been
considered in this work; (iv) the STA were not measured (i.e. using bone pins or fluoroscopy) but
indirectly estimated. Using the OMCS as the reference implicitly assumes that STA effects are weaker
on the markers placed on the anatomical landmarks than on the IMUs orientations. This remains to be
demonstrated. The differences in the IMU alignment during the calibration step rely on the postures
which are assumed to represent ideal 0° or 90° joint angles. The joint angle values obtained from IMUs
are then compared to those from OMCS considered as a reference. This is a standard procedure [3-5,

10, 25, 27] but the true joint angles remain unknown.

5. Conclusion

The multiple calibration proposed in this work is an IMU based sensor-to-segment calibration method
which can be considered as an extension of the double calibration: it is applied to IMUs orientation
rather than marker cluster deformation and considers two joint angles rather than only one. The proposed
procedure allows for the identification of the sensor frame misalignment and of the joint axes of
movement that cause it. Once identified, the sensor frame misalignments can be corrected during the

movement with promising results showed in this proof-of-concept study. In future work, another study



shall be undertaken on the multiple calibration of IMUs which takes into account the scapula movement

and consider more complex movements performed by several subjects.
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Figure captions

Figure 1 - IMUs and reflective markers placement on the thorax and the right upper limb: (a) Frontal
view; (b) Side view; (c) Rear view.

Figure 2 - Proposed calibration postures in the calibration session.

Figure 3 - (a) IMUs’ frames (Xi;,Yi;, Zij) j=1 to 4, associated with IMUi (i=1 to 4); anatomical frames
(Xax, Yax, Zay) related to the neutral posture (b) and to the right shoulder adduction (c) corresponding
to posture 3 in Fig.2; the subscripts T, U, F and H stand for the thorax, the upper arm, the forearm and
the hand, respectively.

Figure 4 - Block diagram of a wireless sensor node SN (left); Schematics of BNOO055with 12C interface
(right) [33].

Figure 5 - Three-linked rigid segment body with attached plastic syringe without (a) or with a
wireless sensors nodes SNs mounted on the three segments.

Figure 6 - Sensor nodes and reflective markers placement on right upper limb and thorax.

Figure 7 - Upper-limb-mechanical-model elbow FE angle (top) and error (bottom) versus time before
calibration (red dashed line) and after calibration (blue solid line); from encoder (black dashed line),
Figure 8 — Alignment difference variation during calibration postures for each attached sensor node.
Figure 9 - Right elbow PS angle (top) and error (bottom) versus time without correction (red dashed
line); from OMCS (black dashed line).

Figure 10 - Maximum right elbow FE angle (top) and error (bottom) versus time before correction (red
dashed line) and after correction (blue solid line); from OMCS (black dashed line).

Figure 11 - Right shoulder IER joint angle (top) and error (bottom) versus time from SNs before

correction (red dashed line) and after correction (blue solid line); from OMCS (black dashed line).
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