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A B S T R A C T

Joint kinematics can be assessed using orientation estimates from Attitude and Heading Reference Systems
(AHRS). However, magnetically-perturbed environments affect the accuracy of the estimated orientations. This
study investigates, both in controlled and human mobility conditions, a trial calibration technic based on a 2D
photograph with a pose estimation algorithm to correct initial difference in AHRS Inertial reference frames and
improve joint angle accuracy. In controlled conditions, two AHRS were solidly affixed onto a wooden stick and a
series of static and dynamic trials were performed in varying environments. Mean accuracy of relative or-
ientation between the two AHRS was improved from 24.4° to 2.9° using the proposed correction method. In
human conditions, AHRS were placed on the shank and the foot of a participant who performed repeated trials of
straight walking and walking while turning, varying the level of magnetic perturbation in the starting en-
vironment and the walking speed. Mean joint orientation accuracy went from 6.7° to 2.8° using the correction
algorithm. The impact of starting environment was also greatly reduced, up to a point where one could consider
it as non-significant from a clinical point of view (maximum mean difference went from 8° to 0.6°). The results
obtained demonstrate that the proposed method improves significantly the mean accuracy of AHRS joint or-
ientation estimations in magnetically-perturbed environments and can be implemented in post processing of
AHRS data collected during biomechanical evaluation of motion.

1. Introduction

Kinematics measurements are important clinical outcomes for
mobility assessment. They can be used to assess the impact of age and
disease on mobility or to evaluate the effect of a specific intervention
[1,2]. Traditional systems used for kinematics assessment (e.g.
camera-based systems) have restrictions which limits their suitability
for clinical settings (cost, volume, occlusions) [3]. Recent advances in
wearables have brought new alternatives for mobility assessment,
among which inertial measurement units (IMUs) stand out because of
their portability, their size and their relatively low cost [4–10]. IMUs
are composed of 3-axis accelerometers and gyroscopes, enabling static
2D orientation and dynamic change in orientation to be estimated.
Attitude and Heading Reference Systems (AHRS) are an extension of
traditional IMUs which includes magnetometers to enable full 3D

orientation estimation in a global reference frame based on gravity
and magnetic North (i.e. Inertial reference frame). Joint kinematics
can therefore be derived from two AHRS positioned on adjacent seg-
ments. It is, however, well documented that orientation estimation
based on AHRS is affected by magnetic perturbations [11–14]. To
overcome this limitation, most estimation algorithms include a mag-
netic compensation process that is proven to work well for transient
perturbations [13,15]. But, under sustained magnetically perturbed
conditions, AHRS tends to adjust the definition of its Inertial frame to
adapt to its current environment. Consequently, a difference in the
definition of the Inertial frames may arise between AHRS, invalidating
the assumption of equivalence of reference frames required for joint
orientation estimation. This effect has been observed during regular
gait assessment, specifically at the ankle level [12]. Indeed, common
building construction material can perturb the magnetic field at floor
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level, which perturbations decrease in importance as we move away
from the floor [12,16]. Thus, the magnetic field sensed at the foot
level is different from the one measured at the shank (Fig. 1). Asses-
sing the ankle’s angular motion during gait analysis using AHRS can
therefore be problematic [12,17].

To overcome these problems, different avenues ranging from the
replacement of the magnetometers by potentiometer [18] to the peri-
odic use of a predetermined position and orientation [14] were in-
vestigated in the literature. Although interesting, these approaches are
condition-specific. More recently, Lebel et al. have shown that relative
accuracy can be improved when initial differences in Inertial reference
frames are compensated [19]. A similar investigation was performed by
Palermo et al. [12] who used the magnetic field distortion at trial in-
itiation, estimated from an optoelectronic system, to correct AHRS’
heading errors during gait assessment. This approach of initial re-
ference frame compensation to calibrate the sensors is promising, but
the current technics for the estimation of the appropriate correction
limit its usability.

Pose estimation is a technic used in different fields of study such as
augmented reality and autonomous navigation to provide changes in
position and orientation of a 3D object based on a 2D photographs
[20,21]. The current study investigates a trial calibration technic based
on pose estimation to compensate the differences in reference frames
induced by magnetic perturbations at trial initiation when using AHRS
in a clinical biomechanics context. Specifically, the objectives of this
study are: (1) to assess the accuracy and the reliability of the pose es-
timation principle for relative orientation estimation; and (2) to eval-
uate the impact of using the camera pose estimation correction (CPEC)
on AHRS relative orientation estimation accuracy, both in controlled
and human conditions.

2. Materials and methods

This study investigates a trial calibration technic based on pose
estimation to improve accuracy of relative orientation assessed with
AHRS, in comparison with a camera-based motion-capture system.

2.1. AHRS for segment orientation assessment

Orientation is assessed using two MTx modules (Xsens
Technologies) connected to a Xbus kit transmitting the data wirelessly
to a receiver, connected to a PC. Data acquisition was performed at
100 Hz using MT Manager Version 4.1 configured for human motion.

2.2. Pose estimation

The proposed pose estimation algorithm is derived from the work of
Vogiatzis and Hernández which uses multi-view stereo principle to
extract 3D information from a 2D photograph [22–25]. The authors use
a planar circular dot pattern placed underneath an object to determine
the change in orientation of that object using a regular photograph.
Briefly, circular dots projected on a 2D surface with a certain angle are
represented as ellipses, which size varies with the distance of the object
to the camera. Through a best-fit ellipse principle applied on a known
multi-dot pattern, Vogiatzis and Hernández’s algorithm can determine
the change in orientation of an object [23]. The algorithm was adapted
to enable its use with two similar dot patterns within a single photo-
graph. The modified algorithm outputs the orientation of both patterns
in the same camera frame, allowing to compute the relative orientation
between the objects. Reliability, stability and accuracy of the adapted
algorithm were verified prior to this study using two rigid bodies, each
composed of a dot pattern and a set of active markers, placed on a table.
Reliability was assessed taking 10 pictures of the patterns with the
camera fixed on a tripod, 1.2 m away. Stability was assessed from
multiple pictures (n = 5) taken at 1.2 m, 2.1 m and 3.4 m, without a
tripod. Finally, tracking accuracy was verified at the same three dis-
tances, varying the angle between the two rigid bodies from −90° to
+90°. Analyses revealed a reliability of 1.5° ± 0.1°, a stability varying
between 1.1° and 1.3° depending on the distance, and a tracking ac-
curacy of 0.9°. A minimal angle of view of 10° is recommended to en-
sure reliability of the algorithm. Details on the validation steps are
available as Supplementary material to the present manuscript.

2.3. Orientation correction

Relative orientation between two AHRS can be computed based on
the assumption that the two AHRS refer to the exact same Inertial
frame.

Let q IAHRS1 1 be the orientation of AHRS1 in its Inertial frame; and
q IAHRS2 2 be the orientation of AHRS2 in its Inertial frame
If I1 = I2 = I then

= −q q I q I** ,
AHRS
AHRS

AHRS AHRS2
1

1
1

2 (1)

where ** denotes a quaternions multiplication.
However, persistent magnetic perturbations may affect that re-

lationship of equivalence in Inertial frames, invalidating equation Eq.
(1). In these cases, the change in orientation of a single AHRS relative to
its initial trial orientation is still reliable, but additional information is
required to link both modules’ orientations to assess relative sensor
kinematics. A single photograph coupled with a pose estimation algo-
rithm (CPEC) can complement the equation, providing the required
initial relative orientation link (q

AHRS ini
AHRS ini

2
1 ) (Eq. (2)).

Fig. 1. Magnetic Field Problem for Joint Orientation Assessment using AHRS. Common
floor material in building is sufficiently ferrous to perturb the magnetic field. That per-
turbation decreases as the distance from the floor increases.
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