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A B S T R A C T

A major shortcoming in kinematic estimation using skin-attached inertial sensors is the alignment of sensor-
embedded and segment-embedded coordinate systems. Only a correct alignment results in clinically relevant
kinematics. Model-based inertial-sensor-to-bone alignment methods relate inertial sensor measurements with
a model of the joint. Therefore, they do not rely on properly executed calibration movements or a correct
sensor placement. However, it is unknown how accurate such model-based methods align the sensor axes and
the underlying segment-embedded axes, as defined by clinical definitions. Also, validation of the alignment
models is challenging, since an optical motion capture ground truth can be prone to disturbances from soft
tissue movement, orientation estimation and manual palpation errors. We present an anatomical tibiofemoral
ground truth on an unloaded cadaveric measurement set-up that intrinsically overcomes these disturbances.
Additionally, we validate existing model-based alignment strategies. Modeling the degrees of freedom leads to
the identification of rotation axes. However, there is no reason why these axes would align with the segment-
embedded axes. Relative inertial-sensor orientation information and rich arbitrary movements showed to aid
in identifying the underlying joint axes. The first dominant sagittal rotation axis aligned sufficiently well with
the underlying segment-embedded reference. The estimated axes that relate to secondary kinematics tend to
deviate from the underlying segment-embedded axes as much as their expected range of motion around the
axes. In order to interpret the secondary kinematics, the alignment model should more closely match the
biomechanics of the joint.
1. Introduction

Human motion analysis is an extensively studied topic in biome-
chanics (Sankey et al., 2020). To understand the complexity in move-
ment behaviors, researchers rely on laboratory equipment and compu-
tational methods for reconstructing in-silico joint kinematics
(Camomilla et al., 2017). Currently, optical motion capture (OMC) is
commonly used for tracking body movements via skin-attached reflec-
tive markers and infrared cameras (Weygers et al., 2020b). However,
the required static laboratory environment for OMC limits practical
applications and fuels the emerging trend toward alternative movement
analysis methods using inertial measurement units (IMUs) (Picerno,
2017). Body movements are estimated from the measurements of skin-
attached IMUs, involving complex computational sensor fusion steps
to optimally combine the different information sources (Kok et al.,
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2017; Laidig et al., 2017). While there is an increasing interest in
inertial sensor-based joint kinematic estimation in clinical applications,
it is a notorious problem that only after a correct alignment of the
inertial sensor axes with the underlying segment-embedded axes (that
are defined by the clinical definitions (Grood and Suntay, 1983; Wu
et al., 2002), clinically relevant kinematics can be obtained. Since OMC-
based methods directly relate to anatomical landmarks via manually
palpated positions of reflective markers, standards are formed for the
alignment procedure and reporting of joint kinematics (Davis et al.,
1991; Vanrenterghem et al., 2010). In IMU-based kinematic analysis,
currently, a wide variety of inertial-sensor-to-bone alignment methods
exist (Pacher et al., 2020; Vitali and Perkins, 2020). Furthermore,
IMU-based alignment methods are most often validated by means of
their resulting joint kinematics, with respect to an OMC-based ground
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truth (Seel et al., 2012; Luinge et al., 2007; Tadano et al., 2013;
McGrath and Stirling, 2020). This raises two major concerns: First, the
validation of inertial-sensor-to-bone alignment by means of kinematics
makes it difficult to differentiate between errors that originate from
inertial sensor orientation estimation and errors that stem from kine-
matic cross-talk due to mis-alignments. Second, it has been concluded
that skin movement, especially at the thigh is so prominent that one
might question the use of an OMC as a Ref. Reinschmidt et al. (1997),
Freeman and Pinskerova (2005) and Hull (2020).

Vitali and Perkins (2020) reviewed the variety in inertial sensor-to-
bone alignment methods and states that a great majority of IMU-based
kinematic studies assume that the sensing axes of the skin-attached
IMUs approximately align with the underlying segment-embedded
(Bouvier et al., 2015) reference system (Dejnabadi et al., 2005; Djurić-
Jovičić et al., 2011). However, violations against such assumptions
naturally yield kinematic cross-talk errors when movements in multiple
movement planes are of interest (Hull, 2020; Freeman and Pinskerova,
2005). In the case of an arbitrary joint with no restrictions on the
rotational degrees of freedom (DoF) and rigid proximal and distal
attached segments, it is crucial to determine at least the direction of
two body-fixed rotation axes, that do not need to be orthogonal and
relate with anatomical landmarks, to report clinically relevant kinemat-
ics (Hollister et al., 1993). For the tibiofemoral (TF) joint movement,
this translates into identifying the direction of the femur-fixed flexion
axis and a tibia-fixed rotation axis as seen from the attached inertial
sensors. To obtain these axes, also functional approaches have been
proposed, where limbs are sequentially rotated around isolated axes
following a set of known calibration movements and postures (Luinge
et al., 2007; Tadano et al., 2013; Chardonnens et al., 2013). Although
such functional sensor-to-bone alignment methods are easy to conduct,
their accuracy highly depends on the ability of the subject or instructor
to execute movements around designated and assumed isolated axes.
Moreover, Picerno et al. (2008, 2019) utilized auxiliary equipment for
the identification of anatomical landmarks that are used to define joint
axes within the sensor-embedded coordinate systems.

Recently, model-based approaches are gaining interest (Seel et al.,
2012; Olsson et al., 2019; Müller et al., 2017; McGrath and Stirling,
2020) and focus on relating inertial measurements with the underlying
segment-embedded reference system, without making any assumption
on sensor placement or calibration movements. Seel et al. (2012)
first proposed a model-based inertial-sensor-to-bone alignment method
that exploits the kinematic constraints induced by the joint to esti-
mate a functional hinge joint axis from gyroscope measurements using
an optimization-based algorithm. For two degrees-of-freedom (DoF)
joints, Müller et al. (2017) proposed a method that exploits an elbow
2

joint model to estimate two dominant body-fixed joint axes from gyro-
scope measurements and relative sensor orientation estimates. Norden
et al. (2018) extended this intuition for three-dimensional joints to
estimate the body-fixed underlying axes for the hip and knee joint.
None of these novel model-based methods have been validated with
respect to a real ground truth and it remains unclear how accurate they
can relate the sensor’s axes with the underlying segment-embedded
reference system.

In this study we present a true anatomical reference for inertial-
sensor-to-bone alignment methods, from dynamic motions on an un-
loaded cadaver. The validation method overcomes error sources that
are common in an OMC, e.g., disturbances from soft tissue artifacts
(STA) (Freeman and Pinskerova, 2005), sensor orientation estimation
errors (Kok et al., 2017) and manual palpation errors (Schwartz et al.,
2004), while overcoming the ethical difficulties for an in vivo mea-
surement protocol, e.g., Lafortune et al. (1992). We focus on the TF
joint, which is most studied for inertial-sensor-to-bone alignment (Vitali
and Perkins, 2020). Additionally, we validate and critically reflect on
model-based inertial-sensor-to-bone alignment strategies for the identi-
fication of underlying segment-embedded joint axes, with the proposed
reference.

2. Methods

2.1. Experimental set-up

Following ethical approval by the institutional board (HN09) a com-
plete fresh frozen cadaveric lower limb (F, left, 52 yrs, no knee injuries)
disarticulated at the level of the hip was imaged using computed tomog-
raphy (CT) with retro-reflective marker clusters (attached on bone-pins)
for the femur and tibia (Fig. 1) to construct a three-dimensional (3D)
surface of both segments in Mimics (Materialise, Leuven, Belgium).
Each bone-pin was equipped with a rigidly attached IMU (Mtw Awinda,
Xsens, Enschede, the Netherlands). A hardware time synchronization
was used to simultaneously capture optical marker trajectories by a six-
camera OMC set-up (MX+, Vicon, Oxford, UK) and measurement data
of the IMUs, with a sample rate of 100 Hz.

2.2. Measurement protocol

Experienced physiotherapists performed unloaded motions of the
knee joint for 30 s for each of the following varying protocol variables,
in all possible combinations: 3 movement plane options, 3 movement
excitation options and 2 levels of tibiofemoral flexion range of motion
(RoM) (total of N=18 trials). We differentiated between movements in a
Fig. 1. Experimental set-up: A cadaveric lower limb in a horizontal position with rigidly attached bone-pins on the femur ( ) and tibia ( ) segments. Each bone-pin is equipped with
retro-reflective marker clusters that form optical coordinate systems 𝑂 and 𝑂 and inertial sensors with sensor coordinate systems 𝑆 and 𝑆 . Anatomical reference coordinate
systems 𝐴 and 𝐴 are defined on the base of virtual anatomical landmarks (FMCC: femoral medial condyle center, FLCC: femoral lateral condyle center, FKC: femoral knee center,
FHC: femoral hip center, TMCC: tibial medial condyle center, TLCC: tibial lateral condyle center, TKC: tibial knee center, TAC: tibial ankle center) on the 3D-surface bone models,
illustrated as dots for femur (blue) and tibia (red). All coordinate frames can be tracked with respect to an OMC references coordinate system 𝐺, after the necessary coordinate
frame transformations. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Two model-based inertial-sensor-to-bone alignment strategies; (A) Hinge joint model: interest lies in estimating the direction of a common femur-attached flexion-axis 𝐼𝐴

in sensor coordinate systems 𝑆 and 𝑆 , (B) Two-dominant-axes model: interest lies in estimating two body-fixed axes directions 𝐼𝐴 , 𝑘𝐴 in respectively sensor coordinate systems
𝑆 and 𝑆 .
 
fixed vertical movement plane (specimen was placed in a position with
a horizontal femoral flexion-axis), fixed horizontal movement plane
(specimen was placed in a position with a vertical femoral flexion-axis)
and a mixed movement plane that can change its orientation over time.
Movement excitation was quantified after execution of the experiments
as slow (norm angular velocity 0.73±0.51 rad/s (femur-attached inertial
sensor) 0.62 ± 0.53 rad/s (tibia-attached inertial sensor)), fast (norm
angular velocity 1.55±1.09 rad/s (femur-attached inertial sensor) 1.51±
1.28 rad/s (tibia-attached inertial sensor)) and mixed as a random
sequence of slow and fast movement periods. Two RoMs – 60 degrees to
replicate normal gait and 110 degrees to replicate squatting (Freeman
and Pinskerova, 2005) – were accurately executed with the aid of a
custom script for realtime feedback on TF flexion.

2.3. Anatomical reference & coordinate system definitions

Anatomical landmarks were located on the 3D-surface bone models
with Mimics for the femur and tibia. The landmarks were transformed
from a CT-scan reference coordinate system to the OMC reference
coordinate system 𝐺. Transformation matrices were denoted by 𝑂 and
defined on the base of three non-collinear pin-attached optical markers
that were identified in both the CT-scan and the OMC reference coor-
dinate systems. This resulted in virtual anatomical landmarks within
the OMC reference coordinate system that are used to represent a
true anatomical segment-embedded coordinate system 𝐴 (Grood and
Suntay, 1983). Furthermore, 𝑆 denotes an inertial sensor coordinate
system in which inertial measurements are sensed and joint axes are
estimated. We differentiate between femur ( ) and tibia ( ) segments
and will use the notation 𝑣̂𝐴 to represent an estimate of a vector 𝑣,
expressed in anatomical femur (𝐴 ) coordinates.

2.4. Inertial-sensor-to-bone alignment: hinge joint model

Seel et al. (2012) first proposed the general hinge joint model
and applied it to the TF joint: a system with two segments that are
connected by a hinge joint is considered as depicted in Fig. 2A. Both
segments are equipped with rigidly attached and arbitrarily oriented
inertial sensors 𝑆 and 𝑆 . Following Nowka et al. (2019) and since by
definition 𝐼𝑆 = 𝐑𝑆 𝑆

𝑡 𝐼𝑆 , the hinge joint movement can be modeled
by a kinematic constraint as

𝜔𝑆
𝑡 −

(

𝐼𝑆
)T𝜔𝑆

𝑡 𝐼𝑆 = 𝐑𝑆 𝑆
𝑡 𝜔𝑆

𝑡 −
(

𝐼𝑆
)T(𝐑𝑆 𝑆

𝑡 𝜔𝑆
𝑡

)

𝐼𝑆 , (1)

where 𝜔𝑡 defines the measured and time-varying (𝑡) angular velocity,
T

3

the operator denotes a transpose operation. Here, the hinge joint axis
𝐼 needs to be estimated in each sensor coordinate system: 𝐼𝑆 , 𝐼𝑆 .
If an accurate estimate of the relative sensor orientation 𝐑𝑆 𝑆

𝑡 is not
available, (1) can be reformulated following Seel et al. (2012) as

𝑒hinge = ‖

‖

‖

𝜔𝑆
𝑡 × 𝐼𝑆 ‖

‖

‖2
− ‖

‖

‖

𝜔𝑆
𝑡 × 𝐼𝑆 ‖

‖

‖2
, (2)

where × denotes the cross-product operation. Alternatively, if an accu-
rate estimate of the relative sensor orientation 𝐑𝑆 𝑆

𝑡 can be obtained
(in the present study 𝐑𝑆 𝑆

𝑡 is obtained from the optical marker clusters
in the presented experimental set-up from Section 2.1), (1) may be
reformulated ( Appendix) in a difference of vectors rather than scalars
as,

𝑒hinge =
(

𝜔𝑆
𝑡 × 𝐼𝑆

)

− 𝐑𝑆 𝑆
𝑡

(

𝜔𝑆
𝑡 × 𝐼𝑆

)

. (3)

Intuitively (2) and (3) imply that the relative motion between the
sensors are confined to be around a common joint axis 𝐼𝐺 = 𝐑𝐺𝑆 𝐼𝑆 =
𝐑𝐺𝑆 𝐼𝑆 . All other angular velocities should be sensed in the same way
in both connecting sensors. Solutions for 𝐼𝑆 and 𝐼𝑆 can be found in
a Gauss–Newton approach (Nocedal and Wright, 2006) by minimizing
(2) or (3) as further described in Seel et al. (2012).

2.5. Inertial-sensor-to-bone alignment: two-dominant-axes model

Besides a dominant sagittal movement, the TF joint also naturally
permits motions in secondary movement planes with rotations around
a tibia-fixed axis 𝑘𝑆 and ab/adduction movements around a floating
axis 𝑗 perpendicular to the two axes 𝐼𝑆 and 𝑘𝑆 (Iwaki et al., 2000).
These secondary kinematics violate the general hinge joint model in
(2) and (3), that expect the TF joint to rotate only about one primary
axis. Norden et al. (2018) proposed an iterative approach to estimate
two segment-fixed rotation axes 𝐼𝑆 , 𝑘𝑆 (and a resulting perpendic-
ular third axis 𝐽𝑆 ) by considering the relative joint angular velocity
𝜔𝑟,𝑡 as a combination of rotations around the three axes, as

𝜔𝑆
𝑟,𝑡 = 𝛼𝑡𝐼

𝑆 + 𝛽𝑡𝐽
𝑆 + 𝛾𝑡𝐑

𝑆𝑆
𝑡 𝑘𝑆 , (4)

with 𝜔𝑆
𝑟,𝑡 the relative angular velocity that can be computed as 𝜔𝑆

𝑟,𝑡 =
−𝜔𝑆

𝑡 + 𝐑𝑆𝑆
𝑡 𝜔𝑆

𝑡 , which excludes all common angular velocities in
the connecting IMUs. In order to estimate two dominant segment-fixed
rotation axes 𝐼𝑆 and 𝑘𝑆 as illustrated in Fig. 2B, Norden et al. (2018)
impose the restriction that the relative angular velocity when expressed
in the femur-attached sensor (𝜔𝑆

𝑟,𝑡 ) must be dominantly around 𝐼𝑆

and that the remaining relative angular velocity, expressed in the tibia-
attached sensor shall be around 𝑘𝑆 . The remaining angular velocity

is obtained after removing rotations around the first dominant axis
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Fig. 3. Experimental results for the hinge joint strategy for all trials, in gray for model implementation (2) and in color for model implementation (3): mean estimated femur-fixed
joint axis 𝐼𝐴 with ±𝑆𝐷 bounds projected on the femur transverse (A) and frontal (B) movement planes. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
as 𝜔𝑆
𝑟,𝑡 = 𝜔𝑆

𝑟,𝑡 −
(

𝐼𝑆
𝑡

)T𝜔𝑆
𝑟,𝑡 𝐼

𝑆
𝑡 . Note that the second dominant axis

depends on the first dominant axis and that 𝐑𝑆𝑆
𝑡 is in (4) assumed to

be available. Both axes are iteratively (every 21 samples) updated from
averaged, normalized and low-pass filtered relative angular velocities
in their corresponding sensor coordinate systems, as further described
in Norden et al. (2018).

2.6. Data processing & assessment

The models and tools for processing and assessment of the data
were implemented in a custom Matlab (R2019b, Mathworks, Natick,
USA) script. The proposed experimental set-up allows for an evaluation
of the IMU-based estimates of the underlying segment-embedded joint
axes 𝑣̂𝑆 . We express 𝑣̂𝑆 in the underlying segment-embedded reference
system (𝑣̂𝐴) and compare against the truth (𝑣𝐴), after applying the
necessary consecutive rotations:

𝑣̂𝐴 = 𝐑𝐴𝑂
𝑡 𝐑𝑂𝑆 𝑣̂𝑆 , (5)

where a constant misalignment between inertial sensing frame and
optical markers 𝐑𝑂𝑆 is obtained, for each IMU, from the closed-form
solution in Theorem 4.1 from Hol (2011) by using all experimental data
points, to cover most of the rotation space, as concluded by Chardon-
nens et al. (2012). 𝐑𝐴𝑂

𝑡 represents the rotation between the coordinate
system on the base of three non-collinear pin-attached optical markers
and a segment-embedded reference system. Note that a rigidly attached
inertial sensor implies that (5) can be applied to any time point. Since
both model-based strategies from Sections 2.4 and 2.5 do not require
explicit knowledge on the limb side, direction errors were corrected by
inverting the estimated axes as 𝑣̂𝐴 = −𝑣̂𝐴. We furthermore overcome
introducing errors from IMU orientation estimation by using 𝐑𝑆𝑆

𝑡 that
was obtained from the optical marker clusters (Fig. 1) after alignment
with the inertial sensor axes.

The proposed validation method allows for a decomposition of the
angular error of the estimated axes in two anatomical planes: For
example, the estimated femur-fixed flexion-axis 𝐼𝑆 can be projected
onto the transverse (with 𝐾𝐴 as the normal) and frontal (with 𝐽𝐴 as
the normal) femur anatomical plane. For each of the 18 trials, four
consecutive time windows (500 samples each) of the experimental
inertial measurements were processed with the alignment strategies
4

from Sections 2.4 and 2.5 to obtain 72 windows.
2.7. Statistical analysis

The obtained angular errors of the estimated axes were tested on
normality (Shapiro–Wilk test). Since the data was not normally dis-
tributed, differences in the absolute errors between anatomical move-
ment planes and estimated axes were analyzed using Mann–Whitney
U test. Kruskal–Wallis test and Brown–Forsythe’s post hoc test were
used to test for significant differences between varying parameters
in the measurement protocol. All statistical analyses were performed
using SPSS Statistics v27 (SPSS Inc., Chicago, IL, USA). Significance is
accepted if 𝑝 < 0.05.

3. Results

When considering hinge joint kinematics, which was discussed in
Section 2.4, the estimated position of the underlying femur-fixed axis
𝐼𝐴 in the implementation (2) deviated significantly more (𝑝 < 0.001)
from the truth (26.07◦ ± 20.74◦) than the estimates in implementation
(3) (8.58◦ ± 7.86◦). With respect to (3), the estimated position of the
underlying femur-fixed axis 𝐼𝐴 deviated significantly more (𝑝 < 0.001)
from the truth in the frontal movement plane (with absolute errors
12.20◦ ± 9.06◦) than in the transverse movement plane (4.95◦ ± 3.95◦),
regardless of the measurement protocol parameters (Fig. 3). No sig-
nificant differences were found by altering the RoM or movement
excitation (Fig. 4). Significantly lower (𝑝 < 0.001) errors were obtained
in the transverse femur plane (2.27◦±1.61◦) when the movement plane
was not fixed in a vertical (7.34◦ ± 5.17◦) or horizontal (5.25◦ ± 2.29◦)
position. The estimated femur-fixed axis deviated significantly more
(𝑝 < 0.001) in frontal femur plane, when the system was moved in
a horizontal position (19.25◦ ± 10.22◦), when compared to a vertical
(9.03◦ ± 5.91◦) or changing position (8.31◦ ± 6.02◦).

When considering two dominant rotation axes, which was discussed
in Section 2.5, the estimated position of the tibia-fixed axis 𝑘̂𝐴 devi-
ated significantly more (𝑝 < 0.001) from the true position (10.52◦ ±
7.22◦) than the estimated position of the femur-fixed axis 𝐼𝐴 (5.45◦ ±
2.86◦) regardless of the measurement protocol parameters (Fig. 5).
The estimated femur-fixed flexion axis 𝐼𝐴 deviated significantly (𝑝 <
0.001) more from the truth in frontal plane (7.42◦ ± 2.72◦) than in
transverse plane (3.48◦±1.10◦). No significant differences were found by
altering the movement excitation. Estimates that were obtained during
TF flexion RoM equal to 110◦ were significantly lower (𝑝 < 0.001) in

◦ ◦
frontal plane for both femur-fixed (RoM=60: 8.57 ± 2.65 , RoM=110:
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6.28◦±2.29◦) and tibia-fixed (RoM=60: 9.76◦±2.21◦, RoM=110: 7.04◦±
1.22◦) axes. A significant decrease in errors is visible in Fig. 6 for the
sagittal tibia plane and frontal femur plane, together with a slightly
increasing femur transverse plane error, when the movement plane
could change over time.

4. Discussion

To the best of our knowledge, this is the first study that presents a
validation method for the assessment of inertial-sensor-to-bone align-
ment against a true anatomical reference. Evaluation of
sensor-misalignment is done in anatomical planes to explain error
sources that would otherwise be hidden in kinematic cross-talk er-
rors (Hull, 2020; Freeman and Pinskerova, 2005). The validation
method overcomes the limitations of an OMC reference that can be
affected by:

1. Disturbances from STA, (while evaluating the biological TF
biomechanical system Freeman and Pinskerova, 2005), by
rigidly attaching IMUs on the bones of a cadaveric specimen.

2. Sensor orientation estimation errors (Kok et al., 2017), by mak-
ing use of accurate trajectories of optical marker clusters.

3. Manual palpation errors of anatomical landmarks (Schwartz
et al., 2004), by accurate identification of landmarks on 3D
surface models from CT-scanning (Victor et al., 2009).

Model-based inertial-sensor-to-bone alignment methods overcome
sensor placement assumptions, calibration procedures and auxiliary
equipment (Picerno et al., 2008, 2019; van den Noort et al., 2014). The
unknown relation between sensor axes and the underlying segment-
embedded joint axes is obtained by relating a model of the joint
biomechanics with inertial measurements and/or relative sensor ori-
entation estimates. Therefore, a direct connection with the underlying
segment-embedded reference system is missing. When TF joint move-
ment is simplified to hinge joint mechanics, the inclusion of relative
orientation information within the model (3) seems to help overcoming
influences of violations to the hinge model assumption. But at the price
of having to know and rely on IMU-based orientation estimates.

A two-dominant axes strategy as in Norden et al. (2018) most
closely relates with the clinical definitions for describing the rela-
tive movement of the underlying segment-embedded reference sys-
tem (Grood and Suntay, 1983; Wu et al., 2002). The dependency
of a second-dominant axis on a first-dominant axis might explain
the iterative implementation choice, but a globally unique optimal
solution cannot be guaranteed. This might explain the higher error
ranges that were obtained for the tibia-fixed axis. A possible future
extension might benefit from the magnitude of the residual relative
angular velocities (after removing movement about a primary axis of
rotation) to exclude potential outliers that do not contain information
about the identification of a secondary tibia-fixed rotation axis. In the
same line of interest would be the identification of the (non)linearity
of the coupling between flexion and rotations about secondary axes
(and validation with the presented reference) to acquire subject-specific
insight about, e.g., movement adaptations (Zeng et al., 2017), ligament
strength (Wada et al., 2017). The estimates of the femur-fixed axes
predominantly lie in the first quadrant (Fig. 5). This may relate with
the direction of the mechanical femur flexion axis, after backward
rolling of the femur (Iwaki et al., 2000) during flexion. Moreover, the
estimates of the first dominant femur-fixed axis aligned significantly
better with the truth than the tibia-fixed axis. This might be explained
by the limited resulting amplitudes in the relative angular velocity after
removing dominating rotations around the first-dominant flexion axis.
This is furthermore in line with the slightly better results that were
obtained for larger RoM. The femur-fixed axis estimates were more
sensitive to the movement planes than the tibia-fixed axis estimates,
which relates to the known conditions of identifiability for the hinge
joint model (Nowka et al., 2019). The greater deviation in sagittal
5

Fig. 4. Absolute errors with SD for model implementation (3) and the influences of
the different measurement protocol parameters on the estimation results.

movement plane for the estimated position of the tibia-fixed axis can be
expected, since no explicit knowledge within the applied model on its
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Fig. 5. Experimental results for the two-dominant-axes strategy for all trials: Mean estimated femur-fixed joint axis 𝐼𝐴 with ±𝑆𝐷 bounds projected on the transverse (A) and
frontal (B) movement planes and mean estimated tibia-fixed 𝑘̂𝐴 joint axis with ±𝑆𝐷 bounds projected on the sagittal (C) and frontal (D) movement planes.
exact position is given. McGrath and Stirling (2020) recently proposed
a method to restrict solutions in this plane, by minimizing the angular
distance between the tibia rotation axis and a line connecting the joint
centers of the proximal and distal joints (which can be estimated with
high accuracy using inertial sensors Crabolu et al., 2017), to lie in
anthropometric ranges identified by Hollister et al. (1993). However,
they do not report on the precise effect of including this information.

The experiment was applied to only one specimen and can be
considered a case-study. However, multiple repetitions of the same
movement strengthens the obtained results. This in-vitro experimental
set-up is unable to include natural contraction of muscles and resulting
STA that arise in an in-vivo measurement set-up. However, unloaded
motions on cadavers are often used to describe the relative movement
of the bones (Iwaki et al., 2000; Pinskerova et al., 2004; Wilson
et al., 2000). The proposed anatomical reference can be prone to
misalignment errors between inertial sensor and optical marker-based
coordinate systems (Hol, 2011). Small (< 1◦) errors were reported for a
similar method (Lee and Jung, 2018). As such, the implications of this
on our outcomes are likely to be only minimal.

In conclusion, while inertial sensors are receiving increasing interest
on orientation estimation for clinical applications (Laidig et al., 2017;
Kok et al., 2017; Weygers et al., 2020a), only after a correct inertial-
sensor-to-bone alignment, clinically relevant comparable kinematics
can be obtained. Modeling the degrees of freedom of the joint does not
seem to result in an identification of axes that align with underlying
segment-embedded reference system (Grood and Suntay, 1983). With
respect to the tibiofemoral joint, large ranges of motion in sagittal
movement plane and rich arbitrary movements aid in identifying a
first dominant axis sufficiently well to obtain sagittal kinematics. The
estimated rotational joint axes that relates to secondary kinematics tend
to deviate from the segment-embedded axes as much as the expected
range of motion around the axes (even in the artificial cadaver study
that excludes common error sources) (Iwaki et al., 2000). A further
decomposition of the relative movements around these secondary axes
will not result in comparable kinematics with the validated align-
ment strategies. In order to interpret the secondary kinematics, the
inertial-sensor-to-bone alignment model should more closely match the
biomechanics of the joint (Dzialo et al., 2018).
6
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Appendix. Including rotation information in the hinge joint model

In Section 2.4 we presented formulation (3) which can be derived
from (1) as

𝜔
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since for any vector  ,
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Fig. 6. Absolute errors with SD for the inertial-sensor-to-bone alignment two-dominant-axes model implementation and the influences of the different measurement protocol
parameters on the estimation results.
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