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Abstract

Markers put on the arm undergo large soft tissue artefact (STA). Using markers on the
forearm, multibody kinematic optimisation (MKO) helps improve the accuracy of the arm
kinematics especially its longitudinal rotation. However deleterious effect of STA may persist
and affect other segment estimate. The objective was to present an innovative multibody
kinematic optimization algorithm with projection of markers onto a requested axis of the local
system of coordinates, to cancel their deleterious effect on this degree-of-freedom. Four subjects
equipped with markers put on intracortical pins inserted into the humerus, on skin (scapula, arm
and forearm) and subsequently on rigid cuffs (arm and forearm) performed analytic, daily-living,
sports and range-of-motion tasks. Scapulohumeral kinematics was estimated using 1) pin markers
(reference), 2) single-body optimisation, 3) MKO, 4) MKO with projection of all arm markers
and 5) MKO with projection of a selection of arm markers. Approaches 2-4 were applied to
markers put on the skin and the cuff. The main findings were that multibody kinematic
optimization improved the accuracy of 40 to 50% and the projection algorithm added an extra
20% when applied to cuff markers or a selection of skin markers (all but the medial epicondyle).
Therefore, the projection algorithm performed better than multibody and single-body
optimizations, especially when using markers put on a cuff. Error of humerus orientation was
reduced by half to finally be less than 5°. In conclusion, this innovative algorithm is a promising

approach for estimating accurate upper-limb kinematics.
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Upper-limb; Multibody kinematic optimization; Marker projection algorithm.
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1. Introduction

An accurate estimate of the three-dimensional scapulohumeral joint kinematics — especially
axial rotation and elevation — can be clinically relevant to assess the rotator cuff muscles
disorders (Anglin and Wyss, 2000; Lawrence et al., 2014). Unfortunately, sensors or markers put
on the arm undergo soft tissue artefact (STA) (Blache et al., 2016; Hamming et al., 2012) that
compromises the accuracy. In particular, the axial rotation tends to be underestimated (Cutti et
al., 2005a; Ludewig et al., 2002; Schmidt et al., 1999) and errors up to 30° on the arm axial
rotation were found due to STA, when using an electromagnetic sensor attached to the lateral
aspect of the arm (Hamming et al., 2012). Using seven skin markers spread over the arm, this
error can be reduced by about 10° (Begon et al., 2015). However, this last study has shown that
single-body optimization with marker weightings fails to improve the arm kinematics, since
optimal weightings are subject- and task-specific (Begon et al., 2015). According to the marker-
cluster geometrical transformations proposed by Dumas et al. (2014) to describe STA, the
movement of a cluster of markers put on the arm with respect to the bone corresponds mainly to a
rigid transformation (i.e. translation and rotation) (Blache et al., 2016). Consequently, algorithms
using additional markers/sensors on the forearm have been the most promising avenue to
accurately estimate the scapulohumeral joint kinematics (Cultti et al., 2005b; Lin and Karduna,
2013; Roux et al., 2002; Schmidt et al., 1999). In fact, there is less soft tissue around the forearm
and the humeroulnar joint can be modelled as one degree-of-freedom (DoF) in flexion, which
decreases the complexity of the multibody system. However, these models have not been
validated using the true humeral bone kinematics for a large variety of movements yet, and some

algorithms fail when the elbow is fully extended.
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In multibody kinematic optimization, markers put on the forearm may correct the arm axial
rotation (Roux et al., 2002). Markers put on the olecranon and proximally on the dorsal border of
the ulna also may improve the estimation of the arm axial rotation because of the small soft tissue
thickness and, above all, because some markers are distant from the arm longitudinal axis when
the elbow is bent. The drawback of multibody least-squares minimization is that markers with
large STA may negatively affect the kinematics of adjacent segments. For example, some
markers on the arm may affect the forearm pro-supination estimation. To the best of our
knowledge, no algorithm has been proposed to cancel this deleterious effect. To address this
shortcoming, said STA-affected markers could be projected onto an axis of the local frame to

ensure that they do not participate to the estimation of the rotation along this axis.

The performance of multibody kinematic optimization algorithms depends on the joint
constraints (Duprey et al., 2010), model parameters (e.g. segment length (El Habachi et al.,
2013)) and the markers/sensors involved (Begon et al., 2008). Unfortunately, no optimal marker
set or sensor placement exist yet (Anglin and Wyss, 2000). Electromagnetic sensors and cuffs
with reflective markers remain the standard in upper-limb biomechanics (Anglin and Wyss,
2000). Also, it has been recommended to not attach markers/sensors on anatomical landmarks
(Kontaxis et al., 2009). However, recent studies have highlighted that the medial epicondyle
presented small STA (Blache et al., 2016) and skin markers performed well (Begon et al., 2015),
by comparison with a single electromagnetic sensor (Hamming et al., 2012). Our hypothesis was
that skin markers undergo different STA that compensate each other, but this was not confirmed.
Since seven markers were put on the arm, it was expected that, in line with simulation-based

studies (Challis, 1995; Monnet et al., 2010), the accuracy achieved from them outperformed that
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from a single 6-DoF sensor. New multibody kinematic optimization algorithms should then be

assessed using different marker sets.

The objective of this study was to present an innovative multibody kinematic optimization
algorithm, based on the projection of all or selected markers, onto a requested axis of the local
system of coordinates (SoC), to cancel their deleterious effect on this DoF. Its benefit was
assessed on the upper-limb against true bone kinematics, by comparison to single-body and

standard multibody optimizations.
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2. Methods

2.1. Experiment

The experimental protocol with pin insertion and skin markers is described in Dal Maso et al.
(2015) and Begon et al. (2015). It was approved by the local ethic committees of the Université
de Montréal and Karolinska Institutet. Four asymptomatic males (ages: 41, 32, 44 and 27 years,
heights: 1.82, 1.72, 1.77 and 1.65 m, masses: 80, 82, 115 and 57 kg) volunteered in this study.
Markers were placed on a pin screwed into their humerus and on skin. Subsequently, markers
placed on thermoformed cuffs attached to the arm and forearm replaced the skin markers. Marker
trajectories were acquired at 300 Hz using an 18-camera motion analysis system (Oxford Metrics
Ltd., Oxford, UK). Fig.1 illustrates the markers needed for this secondary use of data.
Participants performed 18 movements allocated in four categories (Tab.1): 1) analytic
movements similar to Hamming et al. (2012); 2) mimics of activities of daily living (ADL) (van
Andel et al., 2008); 3) mimics of sports activities and 4) movements with maximal range of
motion (Haering et al., 2014). In the condition with cuffs, only analytic movements and ADL

were performed due to the anesthetic duration.
Please insert Fig. 1 here
Please insert Fig. 2 here
Please insert Tab. 1 here

2.2. Models and kinematic reconstruction

For each participant, five multibody kinematic models were developed according to the
framework of Kontaxis et al. (2009) and the ISG recommendations (Wu et al., 2005) about
anatomical frames definition. They mainly differed in joint and motor constraints. Partially

described in Jackson et al. (2012), the models were composed of a common root: thorax

6
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(6 DoFs), clavicle (2 DoFs), scapula (3 DoFs) (Fig. 1). Skin markers were used for these three
body segments as proposed by Jackson et al. (2012), including three markers put on the
acromion. The joint between the pelvis and thorax was functionally located (Ehrig et al., 2006),
while sternoclavicular and acromioclavicular joint locations were defined using markers placed
on the most ventral point on the sternoclavicular joint and the most dorsal point on the
acromioclavicular joint (Michaud et al., 2016). The generalized coordinates (q) of this common
root were first obtained by solving a non-linear least-squares problem as described by

Laitenberger et al. (2015).

In the 1% and 2™ models (termed as Humerus and Arm models, respectively), the arm had 6
DoFs with respect to the scapula; the two models differed in the markers used in the inverse
kinematics algorithm: pin markers vs. skin/cuff markers, respectively. The Humerus model
corresponded to the reference bone kinematics. The Arm model was about making a single-body
optimization. The 3" to 5™ models (UpLimb, UpLimbP and UpLimbS) included the arm (3 DoFs)
and forearm (1 DoF) with skin markers. UpLimb model corresponded a standard multibody
kinematic optimisation. In the UpLimbP model, all the skin markers of the arm were projected
onto its longitudinal axis (y). In the UpLimbS model, selected skin markers (all of the arm but the
medial epicondyle) were projected onto its longitudinal axis. The coordinate systems of the
segments and joints were in accordance with the ISG recommendations, based on the same
anatomical landmarks for all the models. As suggested by Michaud et al. (2016), the
scapulohumeral joint center was determined using the predictive method of Rab et al. (2002). The

humeroulnar joint was functionally located (O'Brien et al., 1999).
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In all the models, the generalized coordinates (q) of the upper-limb were obtained by solving a
non-linear least-squares problem and adapted to include a projection function of observed marker

global coordinates M&, . onto desired axes, PS,. = p(MS,,, q):

1
min > [[p (M85, @) — F (@], @

where f(q) is the forward kinematic function generated using RBDL (Felis, 2011). In models with
projection, the markers local coordinates, but that along the longitudinal axis of the arm, were set
at 0. At each iteration of the nonlinear optimization, observed markers were projected onto the

arm longitudinal axis:

Mébs = Té (q) Mgbs (28.)
T

Pgbs = [O Mébs(y) 0 1] (2b)

Pgbs = TLG (Q) Png' (ZC)

where TZ are 4x4 homogenous transformation matrices from the Global (G) to the Local (L)
frames. For each frame, Eq. [1] was solved using a Levenberg-Marquardt algorithm. The initial
guess was the generalized coordinates vector found in the previous frame (q=0 in the first frame).
At each iteration, the Jacobian matrix of the projection was analytically calculated. The Arm,
UpLimb and UpLimbP models were reconstructed using two different marker sets, namely: four
markers on each cuff, four skin markers on the arm and forearm, as shown in Fig. 2. The

UpLimbS model was reconstructed with skin markers only.

2.3. Data processing
The variety of movements did not allow to have an angle sequence without passing through
gimbal lock positions which makes difficult to reliably maintain continuity in angle time histories

(Cutti et al., 2008; Phadke et al., 2011; Senk and Chéze, 2006). To avoid such numerical issues,
8
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the data were post-processed and analyzed as follow. For each model, the scapulohumeral
matrices of rotation were calculated using the generalized coordinates. Since high frequency
noise may come from multibody kinematic optimization (Fohanno et al., 2014), a zero-lag 2™
order Butterworth filter (cuff-off 5Hz) was applied to the time histories of each matrix
component, which are continuous. Then, in each frame, the nearest orthonormal matrix (R) was

obtained using Horn’s algorithm (Horn et al., 1988):

R=Q(QTQ)™2 (32)
S
with QTQ) 2= )Y —e¢e], (3b)

where Q is the non-orthonormal matrix after signal processing, A; the eigen values and e; the
eigen vectors of QTQ.
The scapulohumeral matrix of the Arm, UpLimb and UpLimbP models were compared to that

of the Humerus model. The misorientation was characterized by four angular deviations, namely:

the total deviation value (Eq. [4a], A;,:) (Begon et al., 2015; de Vries et al., 2010) and the three
axial deviations (Eq. [4b-d]), i.e. the smallest angles between the vectors x, y and z (de Vries et
al., 2010) of the Arm, UpLimb, UpLimbP or UpLimbS local frame relative to the local axes of the

Humerus model:

AL, =cos™! <trace(R{2Rm )~ 1) (4a)
AT, = cosTH(xg  xp) (4b)
Afong = €05 (¥1 * Ym) (4c)
AT, = cos™Y(zy - zy) (4d)
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where the 1-index is relative to the Humerus model and m-index is relative to the Arm, UpLimb,
UpLimbP or UpLimbS model. These four angles vary between 0 and 180° and are continuous
throughout any movement (i.e. without +2m jumps) by contrast to Euler/Cardan angles.

To not artificially underestimate the average misorientation, the static phases at the beginning
and end of each movement were removed. Since the number of repetitions was different between
subjects — due to discomfort or reduced anesthetic time —, trials of similar movements were
concatenated before statistical analysis (Tab. 1). Then, data were reduced to both average and
peak values (noted A and A, respectively) of the total and the axial deviations for each movement
and each subject. Results were reported as mean + standard deviation. Since all the models have a
common root, these deviations corresponded to the humeral misorientation. To test the effect of
the model, mean and peak deviations were analyzed using separated repeated measures ANOVAS
with Bonferroni-corrected contrasts («=0.05). Based on our hypotheses, the post-hoc tests were
limited to Arm vs. UpLimb, UpLimb vs. UpLimbP and UpLimb vs. UpLimbS (a«=0.05/3). The
gain in accuracy when using a multibody kinematic model and then marker projection was
calculated. Finally, 2D correlation coefficients were calculated for time histories of the
scapulohumeral unit vectors (lateral, anterior and longitudinal vectors, i.e. the columns of the
scapulohumeral rotation matrix) between Arm, UpLimb, UpLimbP or UpLimbS models and the

Humerus model to assess their shape agreement.
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3. Results

The last columns of Tab. 1 summarize the number of frames available in each movement (i.e.
a series of trials) for calculating average and peak values of humeral deviations. The movements
had between 2103810 and 11269+7325 frames, i.e. they last up to 38 seconds. The deviation
values that characterized the misorientation in humeral kinematics with respect to the true bone

kinematics are summarized in Tab. 2 and illustrated in Fig. S1-S4. When using the Arm model
(i.e. single-body optimization), the average total deviation A,,, exceeded 10° with peaks up to
21.1°. When using cuff markers, the deviation of the longitudinal axis (Along) showed lower

values than anterior and lateral deviations. With skin markers, the three axes deviations gave
similar values.

All the ANOVAs with the models as independent variables were significant (all p<10™). Post-
hoc tests revealed that there was a systematic gain in accuracy (all p<10™) from Arm to UpLimb
models, with both cuff and skin markers. The gain ranged between 37% (4,4, With skin markers)
and 63% (ﬁlong with skin markers). Using a multibody model, the total deviation dropped on
average to 6.1+£3.2° and 5.3+1.9° for the cuff and skin markers, respectively, with peaks up to
11.1+4.8° for cuff markers but <10° when using skin markers.

With marker projection on the longitudinal arm axis, the gain relative to a standard multibody
kinematic optimization (UpLimb) was different depending on the set of markers (skin vs. cuff)
and the model (UpLimbP vs. UpLimbS). When markers were stuck on cuffs, average deviations
were significantly reduced (0.0011<p<0.0023) except for Blong (p=0.3219). The gain on the total
deviation was 18%. However, the peak values were not significantly different between UpLimbP
and UpLimb models (all p>0.6590). Similar results were found when three skin markers of the
arm (all but the medial epicondyle) were projected (UpLimbS): average misorientations were

11



188  improved up to 20% and the peak values were not improved. Using this innovative projection
189  algorithm (UpLimbP with cuff markers and UpLimbS), the average error in humeral orientation
190  remained below 5°.

191 When all the skin markers of the arm were projected (UpLimbP) onto its longitudinal axis,
192  results were opposite. The average misorientation was not significantly improved (all p>0.4843)
193  and all misorientation peak values were significantly increased (all p<0.0005), of about 30%, i.e.
194  3°.

195 All 2D-correlation coefficients (Table 3) were excellent (r>0.96). They corroborated the
196  results of the ANOVAs since their value increased when using standard multibody kinematic
197  optimization (UpLimb vs Arm) and even more with projection of cuff markers (UpLimbP) and
198  selection of skin markers (UpLimbS).

Please insert Tab. 2 here

Please insert Tab. 3 here
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4. Discussion

An innovative multibody kinematic optimization algorithm with marker projection was
developed, validated against true bone kinematics and compared to single-body and multibody
optimizations. Its originality relies on the projection of markers onto a chosen anatomical axis to
cancel their deleterious effect on the associated rotation due to large STA. Said algorithm was
applied to the upper-limb with projection of the arm markers onto the longitudinal axis. The main
findings were that multibody optimization improved the accuracy of 40 to 50% and the projection
added an extra 20% when applied to cuff markers or a selection of skin markers. While only four
subjects were involved, the findings relied on 4 categories of movements (analytic, ADL, sports
activities and range of motion) including 18 movements from 5 to 36 seconds composed of up to

10 trials.
4.1. Accurate humeral kinematics due to multibody optimization

Without multibody optimization, the maximal total deviation exceeded 20° with larger
deviation for axial rotation than flexion and abduction (Fig. S2). These results agree with study of
Hamming et al. (2012), also based on pin data. Large deviations were also found in ADL, sports
activities, and range of motion, which reinforces the need of improved models for any kind of

motion analysis.

When forearm markers were involved in the multibody system optimization, the deviation
dropped to a few degrees with improved 2D correlation coefficients. This confirms the advantage

of multibody over single-body optimization on the upper-limb, mainly highlighted using
simulation (Roux et al., 2002). The values of the axis deviations (A,q¢, Aant, Along) being similar,

the remaining deviation was not associated anymore to the axial rotation. Similar results were
found in Lin and Karduna (2013) for three movements exciting one DoF at a time. The present

13
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study generalises the fact that reconstructions including markers on the forearm are efficient to

estimate humeral kinematics, based on true bone kinematics and a large variety of movements.

The projection of markers onto a desired axis related to a degree-of-freedom is the most
innovative feature in this study. In some conditions, it contributed to improve the accuracy to 5°.
The remaining deviation may be associated to the estimation of both the elbow flexion axis and
the shoulder joint center locations. Similarly to Lin and Karduna (2013), a functional elbow axis
was preferred to the midpoint between the medial and lateral epicondyles. The axis obtained from
skin/cuff markers did, however, not coincide with the axis given by the pin markers. Also, the
scapulohumeral joint location was not chosen as a gold standard position, often unknown in
clinical evaluation. An error of about 5 mm in the scapulohumeral joint location (Michaud et al.,
2016) may result in about 5° as shown for the lower-limb (Stagni et al., 2000). As a perspective,
the sensitivity of the method to anatomical axis estimation should be tested. By respecting all the
recommendations to accurately define a multibody kinematic model and reconstruct the shoulder
kinematics, 5° may be the floor value when using non-invasive approaches based on

optoelectronic systems.
4.2. Algorithm advantages and limitations

The multibody optimization with selected marker projection improved the joint kinematics for
a broad range of movements, for four subjects with different anthropometry (IMC from 21 to
35 kg/m?). The main advantage of the method is to not have subject- or movement-specific
correction, contrary to weighted single-body optimization (Begon et al., 2015) to compensate for
the STA of each marker (Blache et al., 2016). However, the selection of markers to be projected

remains.
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ADL are generally performed with some elbow flexion (Buckley et al., 1996) but most of the
biomechanical evaluation in clinics are composed of arm elevation with extended elbow (Robert-
Lachaine et al., 2015). Previous algorithms have to be adjusted when the elbow is extended (Cutti
et al., 2006; Schmidt et al., 1999). On the other hand, multibody optimization with or without
marker projection is robust to movements where the elbow is extended, such as abduction,
flexion (ADL category) and arm elevation with neutral or maximal internal/external arm rotation

(RoM category).

The effect of marker projection was favorable when using cuff markers or with a selection of
skin markers. Indeed, the forearm skin markers were put close to the ulna to minimize the effect
of the pro-supination which was not included in the model. However, markers put on the cuff
may undergo pro-supination. Similarly to the arm markers, these markers may be projected onto
the pro-supination axis of the forearm which should be functionally estimated, as previously
suggested by Cutti et al. (2006), since it is not orthonormal to the elbow flexion axis. Further
studies are required to assess the algorithm combined with an upper-limb model including pro-

supination and hand which may interfere with other DoFs.

This algorithm with marker projection may be applied to other segments, especially the thigh
and the scapula to offset the deleterious effect of markers with respect to selected DoFs. Since the
thigh has a larger diameter and knee flexion varies between 0 and 20° during the stance phase
(Cheze, 2000; Reinschmidt et al., 1997), the projection of the thigh markers onto its longitudinal
axis may result in some correction of the thigh rotation. The main limitation would be the
estimation of the knee model, which is key in the lower-limb kinematics estimation (Duprey et
al., 2010). Regarding the scapula, markers are subject to large STA, except for the acromion and

lateral part of the scapula spine (Blache et al., 2016; Matsui et al., 2006). The projection of the
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former markers may improve the estimation of the tilt and upward rotation without compromising
that of the external rotation. While this algorithm is specific to optoelectronic systems, it could be
adapted to electromagnetic/inertial sensors. In fact, the angle associated to the arm rotation
should not be introduced into the fusion algorithm (e.g. extended Kalman filter) of the upper-limb

multibody system.

As in the study of Hamming et al. (2012), the scapulohumeral joint kinematics for all the
models was obtained using a common root segment. The error was consequently relative to the
humerus only; additional misorientation may come from the scapula. Also, the scapulohumeral
joint was modelled as a ball-and-socket joint, while this joint is subject to translations up to
12.4 mm (Dal Maso et al., 2015; Dal Maso et al., 2014). Another drawback of our method was to
a priori select four skin markers from the seven available in the experiment. This choice was
motivated by three reasons. First, the four markers were selected for comparison to the cuff
markers (n=4) and, more broadly, to conditions in clinics. Second, the marker put under the
deltoid insertion was close to the pin. This marker has shown small STA (Blache et al., 2016)
which may be underestimated due to the closeness of the pin. Unlike recommendations of
Kontaxis et al. (2009), lateral and medial epicondyles were used because several clinical studies
(Anglin and Wyss, 2000) include these markers and our recent study showed a small deformation
energy associated to the medial epicondyle (Blache et al., 2016). Finally, the study emphasis was

on the multibody kinematic optimisation; further studies should focus on optimal marker sets.
5. Conclusion

To cancel the deleterious effect of some markers on a selected-DoF kinematic reconstruction,
an innovative multibody kinematic optimization algorithm with marker projection was presented,

where some markers were projected onto the axis associated to the desired DoFs. This innovative
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290  projection algorithm performed better than multibody and single-body optimizations, especially
291  when using markers put on a cuff. Error of humeral orientation was reduced by half to finally be

292  less than 5°.
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Figures and Tables

Fig. 1: (A-C) Markers were put on an intracortical pin (in yellow), on the skin of the arm (red)
and forearm (blue) and (D) on the cuffs. Specifically, the skin markers were placed as follow:
laterally (M1) and medially (M2) to the belly of the triceps, lateral epicondyle (M3), medial
epicondyle (M4), medial (M5) and lateral (M6) aspects of the brachioradialis, at the end of the

triangle formed by the brachioradialis (M7) and on the ulnar styloid (M8).

24



with 4 markers on skin

y r 1]
I g ‘ with 4 markers on cuffs

Ball-and-socket joint =——&—

Revolute joint %

3D Prismatic joint —ﬂ-

Marker o Humerus Arm Uplimb UpLimbP  UpLimbS

Fig. 2: Five models with the common root (pelvis-thorax-clavicle-scapula) and their degrees-of-
freedom, from left to right: Humerus with 6 DoFs and based on the markers attached to the
intracortical pin screw in the humerus; Arm with 6 DoFs and based on the skin or cuff markers;
UpLimb with 3 DoFs at the scapulohumeral joint and 1 DoF at the elbow based on skin and cuff
markers; UpLimbP similar to UpLimb but all markers on the arm (skin or cuff) are projected onto
the longitudinal axis; UpLimbS similar to UpLimb but three markers on the arm (M1-3, not M4)

are projected onto the longitudinal axis.
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Tab. 1: Description of the four categories of movements. The last two columns indicate the number of frames retained (mean+SD) for

the analysis using trials with markers put on the skin or fixed on the cuffs (sampling rate: 300 Hz).

Categories Movements Comments Number of Frames
Skin Cuff
Analytic movements 1. Abduction up to 10 repetitions 11188+6548 9067+6158
2. Flexion up to 10 repetitions 11269+7325 955046240
3. Internal-External rotations 3806+1750 4042+1165
with adducted arm
4. Internal-External rotations with 90° of arm 2782+1572 3464+582
elevation in the scapular plan
Activities of daily living 5. Eat** with a spoon but no food 2988+866 24491603
(mimics of) 6. Comb with a comb 4607+1437 3851+1251
7. Attach a bra in the back** reach back 33941989 3089+1321
8. Wash armpit*** reach opposite armpit 1987+870 2103+810
9. Reach front and back pockets ipsolateral pocket 597943358 489942782
Sports activities 10. Tennis forehands and backhands with a racket but no ball 4355+1042 N/A
(mimics of) 11. Throw a ball without ball 3243+1139 N/A
12. Clap 15474520 N/A
13. Punch* in a piece of foam* 3088+988 N/A
with a stick but no puck 3962+130 N/A
14. Hockey shoot
Movements with 15. Maximal arm elevation with the arm in adduction, flexion, abduction and 4823+1757 N/A
maximal range of motion maximally internally rotated extension
16. Maximal arm elevation with the arm in adduction, flexion, abduction and 5511+1058 N/A
maximally externally rotated extension
17. Maximal arm elevation with the arm in neutral  in adduction, flexion, abduction and 411041516 N/A
rotation extension
18. Maximal internal-external rotation for each combination of adduction, 9833+3827 N/A

flexion, abduction and extension at
0°, 45°, 90°, 135° and 180°

* This movement was not performed by subject 1 with skin markers.
** This movement was not performed by subject 3 with cuffs.
N/A not applicable: this movement was not performed with cuff.
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Tab. 2: Mean and standard deviation (SD) in degrees (°) of the four deviations (average A and peak A values) for models Arm,

UpLimb, UpLimbP and UpLimbsS relative to Humerus. P-values of the ANOVA and post-hoc tests are in bold when significant and the

gain in accuracy (UpLimb vs Arm, UpLimbP vs UpLimb and UpLimbS vs UpLimb) is provided. Values are summarized for two

marker sets, namely A) four cuff markers, B) four skin markers on the arm and forearm.

A) Cuff markers (n=35, 9 movements x 4 participants, except for subject 3 who performed 8 movements)

Arm UpLimb UpLimbP p-values
UpLimb
Mean (SD) Mean (SD) Gain Mean (SD) Gain  ANOVA vs Arm UpLimb vs UpLimbP

a,,, 105 (5.4) 6.1 (3.2) 42% 50 (2.3) 18% 0.0000 0.0000 0.0023

By 9.4 (5.4) 54 (3.2) 42% 42 (2.1) 22% 0.0000 0.0000 0.0017

Bons 9.4 (5.0 53 (2.7) 43% 41 (2.0) 22% 0.0000 0.0000 0.0011

Biprg 95 (3.3 35 (24) 36% 33 (20) 5% 0.0000 0.0000 0.3219

A, 191 (8.7) 111 (4.8) 42% 109 (5.2) 2% 0.0000 0.0000 0.8067

B 17.8 (8.2) 9.9 (4.6) 44% 9.7 (46) 3% 0.0000 0.0000 0.7112

R, 172 (7.8) 10.2 (4.6) 41% 99 (5.1) 3% 0.0000 0.0000 0.6590

Along 12.1 (6.0) 74 (4.3) 39% 75 (42) -2% 0.0000 0.0000 0.6970

B) Skin markers (n=70, 18 movements x 4 participants, except for subject 1 who performed 16 movements)
Arm UpLimb UpLimbP UpLimb$S p-values
Mean (SD) Mean (SD) Gain Mean (SD) Gain  Mean (SD) Gain ANOVA UpLimbvs Arm UpLimbP vs UpLimb  UpLimbS vs UpLimb

A,,e 102 (5.3) 53 (1.9) 48% 53 (1.8) 0% 44 (15) 16%  0.0000 0.0000 0.9835 0.0020
A, 68 (4.0) 43 (1.7) 37% 41 (1.7) 4% 34 (1.4) 20%  0.0000 0.0000 0.4843 0.0010
Age 84 (45) 47 (1.8) 44% 47 (1.7) -1% 39 (1.4) 17%  0.0000 0.0000 0.9144 0.0023
Apng 87 (4.8) 3.6 (1.5) 59% 36 (13) -1% 3.0 (1.1) 14%  0.0000 0.0000 0.8370 0.0017
Ae 211 (12.2) 96 (3.9) 54% 124 (4.9) -29% 93 (3.7) 4% 0.0000 0.0000 0.0000 0.5362
A, 170 (10.5) 85 (3.2) 50% 112 (4.7) -32% 82 (3.6) 3% 0.0000 0.0000 0.0000 0.6368
Agne 179 (9.7) 89 (3.7) 50% 116 (4.7) -30% 85 (34) 5% 0.0000 0.0000 0.0001 0.4757
Apny, 187 (11.7) 6.8 (3.2) 63% 85 (3.9 -25% 6.8 (3.0) 1% 0.0000 0.0000 0.0005 0.9295
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Tab. 3: Mean and standard deviation (SD) of the 2D correlation coefficients of lateral (r,,), anterior (r,,.) and longitudinal (r,,,) axes
of the Arm, UpLimb, UpLimbP and UpLimbS models and the Humerus model. Values are summarized for two marker sets, namely A)

four cuff markers, B) four skin markers on the arm and forearm.

A) Cuff markers (n=35, 9 movements x 4 participants, except B) Skin markers (n=70, 18 movements x 4 participants, except for subject 1 who

for subject 3 who performed 8 movements) performed 16 movements)
Arm UpLimb UpLimbP Arm UpLimb UpLimbP UpLimbS
Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD)
Tiat 0.985 (0.016) 0.996 (0.004) 0.997 (0.003) Tiat 0.978 (0.115) 0.998 (0.002) 0.998 (0.002) 0.998 (0.002)
Tant 0.965 (0.036) 0.988 (0.015) 0.992 (0.014) Tamt 0.975 (0.074) 0.994 (0.005) 0.994 (0.005) 0.996 (0.005)
n 0.998 (0.003) 0.999 (0.002) 0.999 (0.002) 7 0.981 (0.023) 0.998 (0.002) 0.998 (0.002) 0.998 (0.002)
ong long
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