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Abstract

The accurate location of the main axes of rotation (AoR) is a crucial step in many
applications of human movement analysis. There are different formal methods to
determine the direction and position of the AoR, whose performance varies across
studies, depending on the pose and the source of errors. Most methods are based on
minimizing squared differences between observed and modelled marker positions or
rigid motion parameters, implicitly assuming independent and uncorrelated errors, but
the largest error usually results from soft tissue artefacts (STA), which do not have such
statistical properties and are not effectively cancelled out by such methods. However,
with adequate methods it is possible to assume that STA only account for a small
fraction of the observed motion and to obtain explicit formulas through differential
analysis that relate STA components to the resulting errors in AoR parameters. In this
paper such formulas are derived for three different functional calibration techniques
(Geometric Fitting, mean Finite Helical Axis, and SARA), to explain why each
technique behaves differently from the others, and to propose strategies to compensate
for those errors. These techniques were tested with published data from a sit-to-stand
activity, where the true axis was defined using bi-planar fluoroscopy. All the methods
were able to estimate the direction of the AoR with an error of less than 5°, whereas
there were errors in the location of the axis of 30 to 40 mm. Such location errors could
be reduced to less than 17 mm by the methods based on equations that use rigid motion
parameters (mean Finite Helical Axis, SARA) when the translation component was

calculated using the three markers nearest to the axis.



Table of symbols

éx, ¢x

oc

Py

qiw ’ qiv

Ji

Ji

Error in the quantity x or the vector x due to soft tissue artefacts.
Angle between theoretical and measured finite helical axis or axis of rotation

Amount of rotation associated to a rigid motion at time ;.

Amount of rotation observed in a marker cluster due to soft tissue artefacts at
time #;.

Translation component of a rigid motion measured at the origin of coordinates
at time ¢,.

Translation component of a rigid motion measured at a point in the axis of
rotation at time ¢;.

Point in the axis of rotation of a joint with fixed axis.
Point in the finite helical axis of a rigid motion at time #;.

Unit vector defining the direction of the axis of rotation in a joint with fixed
axis.

Unit vector defining the direction of the finite helical axis of a rigid motion at
time #;.

Vector perpendicular to the finite helical axis of a rigid motion, going from
that axis to an arbitrary fixed point of moving body (e.g. the centre of the
marker cluster in the reference position).

Scalar and vector components of the quaternion associated to a 3-D rotation at
time ;.

Position of marker j in the global coordinate system at time ;.

Difference between the position of marker j at time #; (r; ) and its average
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position through all the measurement.
u, Direction of the finite helical axis associated to the rigid component of soft

tissue artefacts in a marker cluster at time ¢;.



1. Introduction

Reconstructing joint kinematics requires the accurate definition of anatomical axes,
which in some joints are determined by the main direction of rotation. Functional
calibration techniques to determine the axes of rotation (AoR) are preferred to
regression methods when the joint has an adequate range of motion or when the precise
location of anatomical landmarks is difficult, as is the case in the knee joint (Besier et

al., 2003; Della Croce et al., 2005).

There are different mathematical methods for calculating the AoR from observed
marker positions, which can be broadly classified as ‘transformation’ and ‘fitting’
techniques (Ehrig et al., 2007). Transformation techniques are based on characterising
marker clusters as rigid bodies associated with moving coordinate systems and
calculating a common axis for the ensemble of observed postures. This was first
proposed by Woltring (1990) as a procedure for ‘averaging’ instantaneous helical axes.
But many authors have preferred to use finite helical axes (FHA), which are associated
with rotations between pairs of separated poses, thus avoiding the amplification of
errors at low velocities (Camomilla et al., 2006; Schwartz and Rozumalski, 2005). The
‘symmetrical AoR approach’ (SARA) proposed by Ehrig et al. (2007) is a particularly
effective alternative for compensating for errors when the markers of both moving

segments experiment relative motions (Colle et al., 2016; Reichl and Ongaro, 2013).

On the other hand, fitting techniques look for the axis that provides the best fit of
marker positions to circular or cylindrical trajectories around it, without assuming rigid
motions (Halvorsen et al., 1999). The geometric fitting method proposed by Gamage
and Lasenby (2002) has been reported to be particularly effective for finding the AoR of

the knee (MacWilliams, 2008; Van Campen et al., 2011).
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There is no definitive consensus about which technique is most effective. Most
comparisons have been made with simulated random noise or mechanical analogues.
The few studies that contain in-vivo measurements give conflicting results in favour of
either GF (Van Campen et al., 2011) or SARA (Colle et al., 2016). However, such
apparent contradictions could be explained by differences in the characteristics of
subjects and experimental procedures, and the influence of the calculation method itself

remains unclear.

Soft-tissue artefacts (STA) are another relevant factor, since they are a major cause of
errors in human movement analysis and of disparities between studies using different
subjects and tasks (Lin et al., 2016). STA have a complex nature; they are correlated
with bone motion and operate at the level of both individual markers and the whole
cluster. However, each functional calibration technique implies different assumptions
about the statistical properties of errors, marker cluster kinematics, and relationships

between the motion of linked segments.

Thus, a better understanding of how STA interact with the kinematic analysis
underlying functional calibration techniques may be useful to ascertain how errors can
be compensated for more effectively. In this work we therefore present a mathematical
model of STA propagation to the position and direction of variable and fixed axes, as
calculated by three methods: mean FHA (MFHA, Woltring et al., 1985; Woltring,
1990), SARA (Ehrig et al., 2007), and geometric fitting (GF, Gamage and Lasenby,
2002), based on analysis of the equations used by those methods. This approach was
previously used to gain insight into how errors are propagated to centres of rotation,
comparing the resulting equations with data measured with a mechanical analogue (De

Rosario et al., 2013). In this work we propose similar models for fixed axes, and



evaluate the effectiveness of different STA-compensation strategies deriving from them,

using in-vivo data from published research.

2. Methods

2.1. Mathematical conventions
We describe joint motion as a relative movement between two segments, expressed in a

coordinate system that is fixed in one of them. At each instant ¢, (i =1,2,..., N), the pose

of the moving bone is defined w.r.t. a reference pose by the translation of the origin of

its coordinate system (d,, ), plus a rotation 6, around the unit vector n,. To abbreviate
the formulas, rotations are defined as quaternions with a real part g,, = cos(6,/2) and an
imaginary vector q,, =sin(6,/2)n,. The FHA is defined as a line oriented as n,, passing

through a point A; whose position is h; (figure 1).

The moving segment is observed through a set of skin markers P ; (j=12,..M). We

use the vectors r;; to represent the theoretical ‘error-free’ marker positions, and cr;; for

the superimposed STA, which we assume to be small Qr i~ j0| >> |5r j,.|). In the

following sections we present the equations that define how those STA determine the

orientation and position errors of the FHA at each instant (¢n »chy,; ), as well as those of

the fixed AoR estimated by GF, MFHA and SARA.

2.2. Propagation of STA to a variable FHA
STA exhibit two clearly differentiated components: a deformation due to relative
displacements of individual markers, and the collective rigid movement of the cluster,

which has the greatest impact on kinematic analysis (Bonci et al., 2015; De Rosario et
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al., 2012; Dumas et al., 2015). That rigid component of STA can be characterised as a

small rotation ¢, around the axis u,, and the translation ¢p, of a known fixed point

(e.g. the centre of the marker cluster), which in the reference pose is located at a point

separated by the vector p, from the AoR (figure 1). As explained in the supplementary

material, we can estimate errors of FHA orientation and position as follows:

The angle ¢, between theoretical and measured FHA can be approximated as:

5%:5%(.1' u;n,) (1)
2sin(6, /2)
The position error of the FHA ¢h ,; has four terms:
n, xZp, 1 06, 06,
_l—pl__n‘x(nixﬁ’i) —lpo+_l(nixpo) 2

Y 2tan(0,/2) 2 " 2tan(6,/2) 2

where the error of the rotation angle 6, is the projection of the rotation artefact on the

direction of the FHA:

06, =6¢u, -m, (3)
It may be noted that all the terms of ¢h,; related to rotation errors are proportional to

|p0|.

2.3. Propagation of STA to fixed AoR

The methods used to calculate fixed AoR and the error formulas derived from them are

described in the supplementary material, with a homogeneous formulation derived from
the definitions given in the original papers. All functional calibration techniques define

the direction and position of the AoR (n,h A) by matrix equations of the type Ah, =b,

where both A, b depend on the specific method. In all cases A is an ill-conditioned
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matrix, and the problem is solved by singular value decomposition: the singular vector
associated with the smallest singular value represents the AoR direction n, and a stable
value of h, is obtained from a reduced 2-D system of equations, considering the
projections of A, b onto the two main axes obtained by the singular value
decomposition.

To facilitate the analysis we considered that all vectors are expressed in an ‘axial
coordinate system’ (ACS), with coordinate axes equal to the singular vectors obtained
by singular value decomposition, such that the AoR is the Z-axis‘and the origin is a
point A on the AoR. The quaternion that represents the rotation of the bone in the ACS

is ¢, =cos(6,/2), q,, = [0,0, sin(6, /2)]; and its error-due to STA can be derived from

the following formulas using the amount of rotation associated to the STA — as

explained in the supplementary material:

o,
&Iiw = _%qivui (4)

o,
&liv = [é‘qz‘x &,y &]z‘z]: %(inui +q, Xui) 5)

The error propagated to AoR parameters is estimated as follows:

The orientation error is expressed as two small rotations around the first and second

axes of the ACS, oc , oc, . For MFHA and GF, the value of these angles is a weighted

average of rotation and marker position errors (¢g,y , , and cr;, respectively):

5ax MFHA — _% (6)
iz



_ } ; 92 0,x

5“YMFHA _Ei—qizz (7)
S _E l} Sy Fjiz )
X GF =
Z,-ZjS?iY
Y Sy Or
50(YGF :_E lE jS]X ™ 9

2 b
sz jSiix
where s, =r, - T, are the differences between r, and their average. Equations (6-7)

assume that MFHA is applied with a weighting factor equal to sin’ (6,- /2) , which is the

optimal choice for reducing errors associated with small rotations (Ehrig et al., 2007).

The formulas for SARA are more involved, although can be reduced through the

following abbreviations:
- 2
w= 2 iy
i=1

} [4ivdiz

i

k=

Then:

1 N N
Oy sapa = m(_ z%’z@iY + kz 9Oy ) (10)
i=1 i=1

J

1 N N
Oty sprp = —[qu‘z&bx _kz%'w iy ) (11)
i=1 i=1

2
N—-w—wk J
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The position error of the AoR can be expressed as a distance in the XY plane of the
ACS. The errors with MFHA and SARA are proportional to the translation of the axis

point A (A€ AoR) associated with STA (éd aix »Cdaiy ):

} qu AiX } qlelz&iAlY

&X MFHA = 2 zi a2 zi e (12)
E QtZ AiY } qlwaz&iAlX
&Y MFHA = 2 z qlz z qu (1 3)

N N
Oy saps = m[z (qzzz —kq;,,4,7 )&AiX - Z (%'qu'z - k%zw )&AiY W (14)

i=1 i=1 )

N N
My sapa = W[Z (in —kq;,49:7 )&lAiY + z (ql‘wa‘z - quw aix | (15)

i=1 i=1 )

For GF, these coordinates are given by:

§§ JtX( )
Eiizaj jiX

&XGF -

(16)

} } JlY( )
ziZj Jjiy

&Y GF —

A7)

2.4. STA compensation by marker cluster ‘centering’

Position errors of AoR are adversely affected by the distance between the markers and
the axis, in all the methods. This occurs explicitly for GF in the inner product r;cr, of
Eqgs (16-17), which accounts for variations of squared axis-to-marker distances. In
MFHA and SARA (13-16), this is implied by the error of the translation parameter at

the axis (¢d 4 ,¢d 4y ), Which contains a component proportional to the product
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between rotation errors and axis-to-marker distances, such as ¢q;, and p, in the

equation for time-variable FHA (2). Accordingly, a potentially effective strategy to
reduce AoR position errors may be by using a ‘centred’ subset of markers, as near to the
AoR as possible. In MFHA and SARA, which use pre-calculated rotations and
translations as inputs, such ‘centering’ may be applied to the measurement of
translations alone, while using a greater set of markers to calculate the amount of
rotation and the direction of the AoR; we call this strategy ‘translation-centering’ in the

remaining of the paper.

2.5 Experimental validation

To validate the equations presented in the previous sections and analyse the efficacy of
STA-compensation strategies, we have used a measurement of one healthy subject
(male, BMI=27.1) performing a sit-to-stand gesture, previously published by Tsai et al.
(Tsai et al., 2009). The data set included the motion of femur and tibia, measured by
videofluoroscopy, and the trajectories of 6 skin markers on the thigh (figure 2) and 4
markers on the shank, expressed in the anatomical frames of their respective bones.
Thigh markers were displaced between 12.7 and 23.8 mm from their average position
with respectto the underlying bone; these displacements were much smaller for the

shank, between 2.3 and 10 mm.

The analysis focused on the thigh, which had the greatest artefacts. The relative motion
of the femur w.r.t. the tibia was calculated using the first instant (sitting) as the
reference pose. The marker trajectories on the thigh reference frame, superimposed on
the bone movement, were used to calculate the relative motion with STA, as in Page et
al. (2009). Those rotations and translations, without and with artefact, were used to

calculate the FHA at each instant, and to estimate the AoR using SARA. All the results
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were calculated in the reference frame of the tibia (Wu et al., 2002), with the origin of

coordinates set at the midpoint between the tibial epicondyles.

Since the outcome of MFHA is dependent on the reference pose considered for the
calculations, two options were tested: a) using the initial pose as the reference and
analysing the N-1 remaining poses (MFHA-I); b) the ‘widest movements’ criterion
proposed by Camomilla et al. (2006), whereby N-1 pairs of poses are chosen from the

N observed instants attempting to maximise the rotation angles 6, (MFHA-W).

The AoR was also estimated by GF using the marker trajectories w.r.t. the tibia, either
fixed on the femur as in the first instant (without artefacts) or moving as measured (with

artefacts).

Different STA compensation strategies were evaluated in order to compare the angle
and position errors of the resulting AoR: a traditional procedure like the ‘solidification’
method, based on finding a subset of markers and frames containing the least deformed
triangle of markers throughout the measurement (Begon and Lacouture, 2005), and the
‘centering’ strategy presented above (table 1). All calculations were made with GNU

Octave (Eaton et al., 2015).

3. Results

3.1. Rotation axes with and without STA
The motion of the bone was an 80° extension accompanied by a small adduction and
internal rotation. Due to STA the observed range of rotation was diminished by 20°, and

the anterior-posterior projection of the rotation axis was reduced (figure 3).
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The AoR calculated without STA by MFHA (both variants), SARA and GF were within
a distance of less than 4 mm of each other, around 31 mm behind and 60 mm above the
tibial epicondyles. On average, the AoR calculated without STA had a projection of

12.3° and 7.5° in the anterior-posterior and vertical directions, respectively.

STA caused a change in the position of the FHA and the AoR calculated by MFHA and
SARA of 20 mm (anterior-posterior) to 30 mm (vertical). With GF, the anterior-
posterior displacement of the AoR was similar, but it was reduced to 18 mm vertically
(figure 4a). The orientation error of the FHA was around 5° for joint rotations over 15°,

although it increased to 15° at the smallest angles.

3.2. Measured and estimated errors

For rotation angles over 15°, the estimated errors of the FHA orientation and position
according to (1-3) were within 1.6° and 8 mm of the measured errors (figure 5). The
differences between measured and estimated errors in AoR position and orientation
(table 2) were 7.3 mm on average for the position coordinates (31% of the error size),

and 1.5° for the orientation (the same order of magnitude as the error itself).

3.3. Compensation strategies

Table 3 shows the size of AoR position and orientation errors for the different
combinations of calculation algorithms and compensation strategies. All the
transformation techniques gave similar results, although MFHA-I provided a small
advantage. GF gave the smallest orientation and position errors with the default
calculations, around 1° and 5-10 mm less than transformation techniques. The opposite
was so with the solidification strategy, which hardly changed the results of
transformation techniques, but increased the error with GF. Centering the marker cluster

was successful for certain combinations: it reduced orientation errors in MFHA/SARA,
14



and position errors in GF. MFHA/SARA position errors were also considerably reduced

with the specific ‘translation-centering’ strategy (figure 4b).

4. Discussion

We have presented a mathematical model of the propagation of STA to the position-and
direction of variable FHA and fixed AoR, as calculated by three functional calibration
techniques: MFHA, SARA and GF; and we have also explored the potential
effectiveness of STA-compensation strategies in light of the resulting equations and in-
vivo knee data from a published study. Without STA-compensation, all methods yielded
errors of less than 3° in the orientation of the AoR and between 30 and 40 mm in its
position, which were predicted by the models within 1.5° and 7.3 mm on average. STA-

compensation strategies had diverse effects on each functional calibration technique.

The differences observed between methods may be related to the variety of published
results. Only two studies madein-vivo comparisons between methods: Van Campen et
al. (2011) reported more accurate estimates of the AoR for GF with five healthy
subjects performing isokinetic knee flexion-extension, whereas Colle et al. (2016)
reported that SARA achieved better estimates for 106 subjects with surgical implants,
during passive knee flexion-extension. In both cases the reported differences focused on
AoR orientation errors. Without STA-compensation, we obtained better results using
GF, for both AoR orientation and location. In this regard, it should be noted that the sit-
to-stand gesture that we analysed was unlike any of those studies: the joint motion was
mainly driven by a movement of the thigh while the shank stood with constant foot
support, and thigh markers were atypically distributed, all relatively close to the knee to

keep them in the field of view of the fluoroscopy system.
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Transformation techniques gave results that were similar to each other in all
circumstances. An advantage of SARA is that it originally considers two moving
segments and is independent of any relative reference pose. MFHA can work around
that problem by using all pairs of observed postures (Schwartz and Rozumalski, 2005),
which gives identical results to SARA (Ehrig et al., 2007). Instead of all pairs, we used
the ‘widest movements’ criterion, which is computationally more efficient (Camomilla
et al., 2006), and it also gave results that were virtually identical to SARA. But
unexpectedly, a naiver approach using the initial observation as the.common reference
posture (MFHA-I) gave systematically smaller position errors (3.4.mm closer to the
‘true’ AoR on average), although choosing other initial positions might not provide the

same benefit.

This implies that, unlike in the case of random errors, maximizing rotation angles does
not guarantee that the effect of STA is minimised, insofar as the size of the errors
increases with the rotation itself. It remains to be studied what the optimal tradeoff may
be between information given by large rotations and error introduced by increased

artefacts.

STA-compensation strategies showed varied performance. The aim of solidification is
to reduce errors deriving from the deformation associated with STA (Cheze et al.,
1995). However, the error equations that we derived do not show direct effects of errors
ininter-marker distances. In the experiment, solidification left the results unchanged

(for MFHA and SARA) or even increased the error (GF).

That failure of solidification has been previously reported, because the main component
of STA is a rigid movement of muscle and fat masses over the bone, so minimizing
deformations often changes little (Andersen et al., 2012; Bonci et al., 2015; Camomilla
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et al., 2015; De Rosario et al., 2012; Dumas et al., 2015). When STA mainly consist of
such rigid movement of the entire cluster, any analysis that only considers rigid motion
may be expected not to be very sensitive to solidification, as we observed with
transformation techniques. GF, which does account for deformations, was negatively
influenced by solidification, although this result is more difficult to extrapolate to other
experimental configurations, since other factors like the distribution of markers and the

range of movement also greatly influence GF equations.

The ‘centering’ strategy of selecting a subset of markers near to the axis was posited
due to the influence of markers-to-axis distance on errors observed in the equations.
Since we only had one measurement with a fixed marker distribution, we attempted this
‘centering’ by selecting the subset of three markers closest to the joint. Using that
reduced marker set for the whole analysis was only slightly beneficial for GF, but not
for transformation techniques. This may be partially explained by the fact that in GF,
axis-to-marker distances amplify the error of each individual marker; however, in
transformation techniques the main effect of that distance is to amplify the rotation
error, but narrowing the distribution of markers is detrimental for the accurate
measurement of the rotation itself (Crisco III et al., 1994), so the benefit of using only

centred markers 1s not obvious.

On the other hand, an advantage of transformation techniques is that their equations
have two inputs — rotation and translation parameters — that can be obtained from
separate marker groups. That is the basis of the ‘translation-centering’ strategy, which
reduced the position error to around 40% of its original value. This is a promising result,

although it may be conditioned by the specific configuration of the markers in the data
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set. For other kinematic analyses and marker distributions, placing markers away from

the axis may give better results (Kratzenstein et al., 2012).

Partial knowledge of the relative size and direction of STA in different skin regions
(Fukui et al., 2016; Stagni et al., 2005) might also be used to design marker clusters that
avoid problematic areas, since not all artefacts have the same impact. This is
particularly clear for the GF method, since marker position errors appear explicitly in

the AoR error formulas.

This study was limited to one sample case, and the analysis was restricted to the motion
of the thigh marker cluster, relative to the error-free reference frame of the tibia. This
was done for the sake of clarity in the formulas, although it is a simplification of the
reality. The artefacts of shank markers were much smaller, but not negligible, and
adding them may increase the errors for all methods, although perhaps not in the same
proportion. SARA is the only method whose original formulation accounts for the

motion of both segments, and it might have shown better performance in that situation.

Finally, the validity of the fixed axis model should be discussed. It is a common
assumption for the knee joint (Clément et al., 2015; Stagni et al., 2009), although in
other works it is recommended that more complex models should be used (Clément et
al., 2014; Duprey et al., 2010; Gasparutto et al., 2015). Ruling out the observations with
rotations of less than 10°, the deviation of the FHA based on bone measures was
sufficiently small as to be negligible with respect to STA, but the axis was not
absolutely fixed. So other models might be explored, although others have found a
limited efficacy of imposing complex kinematic constraints on joint axes, in order to

control STA (Andersen et al., 2010).
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In conclusion, no functional calibration technique was shown to be generally superior to
others regarding the impact of STA. The error equations and experimental results
obtained with a sample data set showed that the performance of each technique depends
on different characteristics of the artefacts, and suggest different strategies to
compensate for them. GF may be better suited to measures where it is possible to
minimize the displacement of the markers in the direction that separates them from the
AoR, whereas transformation techniques may take advantage of separate estimations of
the marker cluster rotations and translations. These suggestions should be
experimentally contrasted with more varied examples of marker distributions and joint

movements.
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Figure 1. Schematic representation of the STA and its effect on the FHA. The bone

rotates at an angle 6; around the FHA from a reference pose to its pose at time ¢, such
that any arbitrary point p, of the body moves to p,. The group markers on the skin (r;
) undergo a displacement over the bone (¢r;;), consisting of a deformation and a rigid
motionof the entire marker cluster. That rigid motion can be described by a rotation d¢,
around the axis u,, and a translation ¢p, added to p,. As a result, there is a variation
06, in the rotation angle, while the FHA is deviated at an angle ¢, from its original

direction, and displaced by a distance ch,.
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Figure 2. Frontal and lateral views of the distribution of thigh markers, with a figurative
representation of the femur. Their positions are expressed in the coordinate system of
the tibia in the standing position, according to Wu et al. (2002), with the origin set at the
midpoint between tibial epicondyles. AP: anterior-posterior axis of the tibia, pointing
anteriorly; ML: medial-lateral axis of the tibia, pointing laterally; V: vertical axis of the

tibia.
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Figure 3. Projections of the attitude vector 6,¢u; on the anatomical axes of the tibia.

(AP: anterior-posterior axis, V: vertical axis, ML: medial-lateral axis).
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Figure 4. Sagittal projection of variable FHA and fixed AoR calculated with the
different methods, for the bone motion and skin motion with STA. The AoR shown for
the bone is the average of the four methods (MFHA-I, MEFHA-W, SARA, and GF). (a):
Default strategy, without error compensation. (b) Best result with the different

compensation strategies.
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Figure 5. Measured and estimated errors for the variable FHA. (a) Error in the
magnitude of rotation ( J6,) and angle between the real and observed FHA (dc ;). (b)

Error in the position of the FHA projected on the anterior-posterior axis (AP, pointing

anteriorly) and the vertical axis (V, pointing upwards):

30



List of tables

Table 1. Combinations of methods used to calculate AoR parameters.

Abbreviation Description of the strategy Applied methods
DEF Default calculations with all markers MFHA-I, MFHA-W,
SARA, GF
SOL-100 Solidification with 100% of frames MFHA-I, MFHA-W,
SARA, GF
SOL-80 Solidification with 80% of least-deformed MFHA-I, MFHA-W,
frames SARA, GF
CENT Using the three markers closest to the knee MFHA-I, MFHA-W,

T-CENT

joint (M1, M2, M5)

Using all markers to determine the rotation of
the joint, but only the three closest to the joint
(M1, M2, M5) to determine the translation

SARA, GF

MFHA-I, MFHA-W,
SARA
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Table 2. AoR position and orientation errors, expressed in the anatomical axes of the

tibia (AP: anterior-posterior axis, pointing anteriorly, V: vertical, axis, pointing

upwards).

Position error (mm) Orientation error (°)

ch,, ch, ocC ,p oc,

MFHA-I Measured 23.1 -25.6 0.6 2.6
Estimated 21.3 -17.8 1.7 2.0

MFHA-W Measured 26.1 -29.3 0.3 2.6
Estimated 14.9 -24.7 -1.2 1.3

SARA Measured 26.3 -27.9 1.0 2.4
Estimated 20.3 -17.7 2.0 3.2

GF Measured 24.9 -18.1 0.9 1.5
Estimated 32.3 274 -3.3 -0.0
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Table 3. AoR position and orientation errors, using different combinations of AoR

calculation methods and error compensation strategies.

Position error (mm) Orientation error (°)

MFHA-I MFHA-W SARA GF  MFHA-I MFHA-W SARA GF

DEF 34.5 39.2 384 309 2.7 2.7 25 1.8
SOL-100 33.5 37.8 36.7 393 2.8 2.8 25 22
SOL-80 33.6 40.8 39.1 424 2.8 35 34 34
CENT 35.2 37.5 372 265 1.4 1.0 04 19
T-CENT 13.5 16.8 16.0
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