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Abstract 

 Clinical optical motion capture allows us to obtain kinematic and kinetic outcome measures that 

aid clinicians in diagnosing and treating different pathologies affecting healthy gait. The long term aim for 

gait centres is for subject-specific analyses that can predict, prevent, or reverse the effects of pathologies 

through gait retraining. To track the body, anatomical segment coordinate systems are commonly created 

by applying markers to the surface of the skin over specific, bony anatomy that is manually palpated. The 

location and placement of these markers is subjective and precision errors of up to 25mm have been reported 

[1].  Additionally, the selection of which anatomical landmarks to use in segment models can result in large 

angular differences; for example angular differences in the trunk can range up to 53o for the same motion 

depending on marker placement [2]. 

 These errors can result in erroneous kinematic outcomes that either diminish or increase the 

apparent effects of a treatment or pathology compared to healthy data.  Our goal was to improve the 

accuracy and precision of optical motion capture outcome measures.  This thesis describes two separate 

studies. In the first study we aimed to establish an approach that would allow us to independently quantify 

the error among trunk models.  Using this approach we determined if there was a best model to accurately 

track trunk motion. In the second study we designed a device to improve precision for test, re-test protocols 

that would also reduce the set-up time for motion capture experiments. 

 Our method to compare a kinematically derived centre of mass velocity to one that was derived 

kinetically was successful in quantifying error among trunk models.  Our findings indicate that models that 

use lateral shoulder markers as well as limit the translational degrees of freedom of the trunk through shared 

pelvic markers result in the least amount of error for the tasks we studied.  We also successfully reduced 

intra- and inter-operator anatomical marker placement errors using a marker alignment device. 

 The improved accuracy and precision resulting from the methods established in this thesis may lead 

to increased sensitivity to changes in kinematics, and ultimately result in more consistent treatment 

outcomes. 
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Chapter 1 

Introduction 

1.1 Optical Motion Capture Current Practice 

In biomechanics, the motion of underlying bony anatomy is commonly studied using 

optical motion capture.  The positions of reflective, spherical markers can be detected using infrared 

cameras. These markers are placed on the surface of the skin over underlying bony landmarks that 

are used to define anatomical segment coordinate systems.  The coordinate systems are, in turn, 

used to determine kinetic and kinematic outcome measures. Current practice requires these 

landmarks to be manually palpated by trained operators.  This process is time-consuming and 

palpation techniques vary among operators and laboratories.  The subjective nature of this process 

has been shown to result in palpation errors of up to 25mm [1].   

Palpation errors within an operator can arise from difficulties in relocating anatomical 

landmarks the same way between sessions. They also arise from different techniques that operators 

employ to locate bony anatomy.  Additionally, these errors can vary as a function of body type due 

to the amount of soft tissue surrounding the landmark.  Errors in marker placement result in reported 

differences in gait that are a function of changes in gait as well as marker placement.  Ideally, 

clinical gait analysis should only measure differences in dynamic function or changes in static 

alignment. 

Clinically, abnormal motion of one segment may be indicative of pathology in another 

segment.  For example, work done by Bazett-Jones et al. showed that patellofemoral pain can result 

in compensatory trunk motion [3].  Kinematic and kinetic differences that are the result of marker 

placement error or bias may either diminish or increase the apparent effects of this syndrome on 

gait.  Interpretation of this errant data could indicate either exaggerated differences from healthy 

gait patterns, or more problematically, diminished effects that may go undetected. 
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1.2 Optical Motion Capture Error 

Within the clinical gait analysis community, there are three clear steps to reducing the 

existing error in motion capture.  The first step is to prove that particular errors exist. While proving 

that error exists is useful in demonstrating to the community that the existing methods may be 

faulty, this technique often does not quantify how much error exists.  Thus, step two exists to find 

an independent and more accurate metric to quantify optical motion capture errors.  From this, the 

best current practice technique can be quantitatively determined and used as a “gold standard”.  The 

third step is to come up with a new technique that further minimizes the error.  This method can 

then be contrasted to the current practice “gold standard” using an error quantification method 

found in step two.  

1.3 Improving Tracking Marker Errors 

To improve the accuracy of motion capture techniques that are applied to clinical gait 

analysis, work has been done to determine ideal or optimal segment marker sets to define 

anatomical coordinate systems [2], [4]–[7].  Additional work has been done to quantify the error 

associated with placing markers at specific anatomical locations [1]. Some segments, like the 

shank, have few, easily palpated bones, resulting in few models that can be tested and used.  Other 

segments like the wrist, foot, or thorax have many different articulating bones and landmarks that 

can be used to track the motion.  In clinical gait analysis it has been recommended that the trunk 

segment consist of the lumbar and thoracic spines [8]. The trunk is commonly modeled as a single 

segment bounded by the shoulders, neck, and pelvis.  Despite the number of bones and joints within 

the trunk, a single, segment model has been used to track gross trunk motion. Several studies have 

examined single trunk segments in an attempt to determine an ideal marker set [2], [5], [6].  

However, a clear reference metric for defining an ideal marker set is lacking.  Leardini et al. showed 

that the use of different anatomical trunk models result in differences in trunk angle of up to 53O 
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[2]. While Leardini et al. successfully demonstrated the differences in trunk models and the need 

for an ideal model (step 1), their study lacked a comparison method that would allow them to 

quantify the individual absolute errors of each model (step 2) [2].  Rast et al. compared the between 

day reliability of trunk kinematics using two different protocols: an overdetermined number of 

markers and optimization algorithms [1] or by defining a neutral position and using a reference 

trial. They established trunk kinematics using plug-in-gait (Vicon Motion Systems) and a point 

cloud optimization algorithm. They concluded that marker placement is dependent on the 

movement task and underlying research question.  Similar to Leardini et al. there was no reference 

measurement to quantify the errors of each method [2], [6]. To quantify these errors Armand et al. 

used optimization techniques to determine ideal superior trunk markers to track the trunk, but 

validated their model using a method to compute the global error from the estimated position of the 

thorax if it was considered a single, rigid segment based on marker trajectories [9].  This method 

relies upon the same marker based data to which comparisons were made. 

1.4 Anatomical Marker Errors 

Della Croce et al. quantified errors of locating bony anatomy through palpation within and 

between operators [1].  These errors included the effect of operator bias in palpating and defining 

bony landmarks.  The outcome of this bias results in superficial errors in gait measurements in test 

re-test protocols where the operator is not the same, in addition to those existing from simply 

replacing the markers.  Researchers have designed mechanical fixtures in an attempt to reduce the 

errors associated with replacing anatomical markers for test re-test protocols [10].  The marker 

placement device made by Noehren et al. successfully reduced within operator error [10].  This 

device relied heavily on manual measurements to replace markers, resulting in a process that was 

time consuming.  Their original work also showed a slight knee flexion bias in their results and did 

not test for effects between operators.  This idea of a mechanical fixture to aid in the replacement 
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of anatomical markers falls under the third step where a new method is proposed to further reduce 

the known errors. 

1.5 Summary and Objectives 

Our aim was to quantify the error in trunk models that are commonly cited in literature 

using a technique that is independent to the marker-based data, to determine whether or not there 

is an ideal trunk model (chapter 2) (step 2).  We computed the link-segment, whole body, centre of 

mass (COM) position from the marker trajectories and then differentiated to find its velocity 

(VCOM).  To compare this we integrated the ground reaction forces (GRF) to compute the velocity 

of the COM (VGRF).  From this we have two independent methods for computing the whole-body 

COM velocity.  Our aim was to determine the effect of tracking markers, task choice, and whether 

or not the distance of anatomical markers from the midline played an important role in the accuracy 

of a model.  We also studied the effects of limiting the translational degrees of freedom of the trunk 

by “pinning” it to the pelvis segment. 

In our second study (chapter 3) we evaluated a mechanical device that reliably align 

participants to allow for faster and more accurate reapplication of anatomical markers in repeat 

visit studies. This was done to eliminate the effect of operator bias in test re-test protocols.  Our 

goal was to reduce the error both within and between operators resulting from replacing anatomical 

markers. 

By improving existing protocols for optical motion capture collections, we can obtain gait 

data that more precisely models the kinetics and kinematics of a participant.  With improved 

precision of marker placement and accuracy of marker sets we can better determine what 

differences in gait are due to pathology and work towards solutions to create healthy gait patterns. 

Improved measurement of gait patterns could one day lead to subject-specific gait collections that 

would allow for prevention, halted progression, or possibly even reversal of the effects of certain 

pathologies (gait retraining).  
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Chapter 2 

Kinetic Validation of a Link Segment Trunk Model 

2.1 Introduction 

Recent evidence suggests that the kinematics of the trunk play an important role in lower 

extremity musculoskeletal syndromes [11]–[13], such as patellofemoral pain [3].  The motion of 

the trunk may be indicative of these pathologies and the different compensatory methods that 

people use to accommodate them.  Accurate measurement of the trunk is necessary to gauge the 

differences in gait between healthy participants and those with lower limb pathology. 

In clinical gait analysis, the trunk segment often includes the shoulders and the thoracic and 

lumbar spines [5], [11], [12].  Currently, there is no consensus on an ideal model for defining and 

tracking the trunk, and there are discrepancies regarding how many tracking markers should be 

used and where they should be located [2], [5], [6]. For example, some studies have tracked the 

trunk with markers placed on the acromions, seventh cervical vertebra (C7) and anterior and 

posterior iliac spines [11], [14]. Other studies have forgone using the acromion markers [15] but 

still used the C7 and iliac spine markers. Studies have further eliminated markers by removing 

those at the anterior and posterior iliac spines and using only superior spinal markers; C7 and either 

fifth lumbar vertebra (L5) [16], [17] or the sacrum [18].  By limiting the trunk (a non-rigid segment) 

to a single, rigid segment for modelling, we simplify the interactions and degrees of freedom 

between each of the bones in the trunk. The translational degrees of freedom of the single trunk 

segment are further limited by sharing markers between the pelvis and the trunk [11], [14], [15].  

The shared markers between the trunk and pelvic segments restrict the translation between the two. 

The effects of limiting the trunk to 3 degrees of freedom (rotation only) using shared tracking 

markers between the trunk and pelvis segment have not been investigated. 
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There is no agreement on whether any one model can most accurately track the motion of the 

trunk; however, different models have been used to study different tasks. The effects of different 

anatomical trunk models on joint kinematics can result in angular differences of up to 53 degrees 

[2], [6]. Both Leardini et al. and Rast et al. agree that these variances in kinematic outcomes depend 

upon the task selected and as such the model should be well understood before interpreting the 

results [2], [6]. 

The inconsistencies in reported joint kinematics due to model choice highlight the need for an 

independent reference measurement to compute the errors associated with each model.  Armand et 

al. addressed this by performing a study on the optimal placement of markers on the thorax and 

compared their 3D measured coordinates to those estimated based on the assumption that the thorax 

is a solid segment [5].  This allowed them to determine marker sets with the lowest amount of error 

between the marker positions.  They reported an optimal model consisting of markers placed on 

the internal jugular notch, and markers on the second and either the eighth or tenth thoracic vertebra. 

This technique used reference markers and a rigid body assumption to compute the global error. 

However, this method used a comparison method based on the same marker data it was examining.  

Using a kinetic measurement as a comparison to compute error would provide similar insight into 

which marker set most accurately models the trunk, but would strengthen the findings through 

validation using an independent reference. 

Force plates measure ground reaction forces (GRF) with accuracies on the order of ±0.1% of 

the applied load [19]. Measured GRFs reflect changes in acceleration of the body’s COM. We 

reasoned that since the trunk is the heaviest segment – accounting for approximately 35% of the 

whole body mass [20] – errors in tracking the trunk would result in errors in the link-segment 

model’s calculated whole body COM. 

The whole body COM position is computed from the GRFs and can be compared to the COM 

computed from the kinematic position data (Figure 1).  
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Figure 1: Progression from visual reflective markers to a link-segment model.  The light 

blue ball represents the centre of mass position. (Visual 3D, C-Motion Inc.) 

The primary purpose of this study was to provide quantitative information about the errors 

associated with common implementations of a link-segment trunk model by examining healthy 

participants during a variety of tasks. The secondary purpose was to examine the effects of limiting 

the translational degrees of freedom between the trunk segment and the pelvis.  To do this, we first 

had to determine whether using a single anatomical marker model with varying tracking marker 

sets would result in similar errors to those found by Leardini et al. [2]. We hypothesized that errors 

would vary as a function of tracking markers, task choice, and the distance of the anatomical 

landmarks from the midline. Specifically, we hypothesized that trunk models using markers placed 

on the acromions would result in larger errors than those that did not. As a result, we also thought 

that tasks with greater range of motion of the arms (e.g. jumping) would result in larger trunk 

modelling errors due to movement of the acromions relative to the thorax. Finally, we hypothesized 
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that limiting the translational degrees of freedom by pinning the trunk to the pelvis would result in 

smaller trunk modelling errors. 

2.2 Methods 

2.2.1 Marker Set and Full Body Link-Segment Model Definition 

Spherical markers (5 mm diameter for the calcanei, 13 mm elsewhere) were attached to each 

participant’s body using double-sided adhesive.  A full body marker set was used to compute the 

full body COM and track the segments (Appendix C). The upper and lower arms, thighs, and shanks 

were modelled as truncated cones, and the head was modelled using an ellipsoid (Visual 3D, C-

Motion).   The pelvis, hands, and feet were modelled as cylinders (Visual 3D, C-Motion).   Inertial 

properties were assigned using Dempsters’ regression equations [21]. The trunk was modelled as a 

cylinder (Visual 3D, C-Motion). Its anatomical coordinate system was defined using the left and 

right acromial-clavicular joints (RAC, LAC) and the left and right iliac crests (RIC, LIC).  A plane 

between the four markers was created using a least squares fit.  The anterio-posterior axis of the 

trunk was created perpendicular to this plane.  The longitudinal axis was produced by creating a 

vector between the midpoints of the proximal and distal markers.  The third axis was created by 

taking the cross product of the two.   

2.2.2 Trunk Models and Coordinate System 

The trunk segment and its embedded anatomical coordinate system were tracked using four 

combinations of tracking markers (Figure 2). Markers were placed at C7, left and right acromial-

clavicular joints (RAC, LAC), xyphoid process (XP), and anterior and posterior iliac spines 

(RASIS, LASIS, RPSIS, LPSIS).  A cluster of four tracking markers was placed on the superior 

trunk between the medial borders of the subscapular fossa (TRIL, TRIR, TRSL, TRSR).   
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Figure 2: Trunk marker set used to create four different tracking models. 

The four models were selected based on those commonly cited in the literature (Table 2-1).  

Model A uses both laterally placed markers on the superior trunk and reduces translational degrees 

of freedom by sharing pelvis markers.  Model B uses only superior, medial trunk markers and does 

not limit the translational degrees of freedom via shared pelvic markers.  Model C uses superior, 

medial trunk markers and uses a virtual landmark between the anterior and posterior iliac spines 

(MID_PELVIS) to limit trunk translation.  Model D uses only superior trunk markers but uses both 

medially and laterally placed markers to create a virtual landmark at the middle of the superior 

trunk cluster (MID_CLUST).  This comparison of models allows for an examination of the possible 

benefits of limiting the translational degrees of freedom of the trunk and the lateral placement of 

superior trunk markers. 
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Table 2-1: List of models compared and analyzed with the markers used and citations 

where applicable. 

Model Marker Lateral Markers? Pelvic Pinning? 

A C7, LAC, RAC, LASIS, RASIS, LPSIS, RPSIS [2], [11], [14] Yes Yes 

B TRIL, TRIR, TRSL, TRSR[3] No No 

C TRIL, TRIR, TRSL, TRSR, MID_PELVIS No Yes 

D LAC, RAC, XP, MID_CLUST Yes No 

2.2.3 Participants 

Twenty participants (10 male and 10 female) with an average age of 22 ± 3.2 years volunteered 

for this study. IRB approval was completed and informed consent was given by each participant 

(Appendix A).  To be included in this study the participants had to be healthy, active and without 

any neuromuscular, musculoskeletal or metabolic impairments that would prevent them from 

engaging in most forms of casual physical activity. Additionally, participants were excluded if they 

had any injuries or surgeries that impaired their walking ability within twelve months of the 

experiment. 

2.2.4 Motion tasks 

Each participant performed a static calibration and a series of four tasks (full protocol in 

Appendix E). For the static calibration each participant was asked to stand facing the same direction 

(positive x of the lab coordinate system) with their feet shoulder-width apart and their arms held 

along their sides with their palms facing medially. The participants were asked to perform each 

task five times continuously. The first task was a single leg jump (SLJ); this involved taking off 

and landing on the same foot. No other direction was given. The second task was a single leg squat 

(SLS) within the participant’s range of motion.  The third task was a double leg jump (DLJ), where 

the participant took off and landed with both feet. The fourth task was a double leg squat (DLS) 
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within the participants’ range of motion. Once five cycles of a task were performed, the participants 

were instructed to return to a stationary standing position. 

2.2.5 Data Collection and Processing 

All motion capture data was collected using a 10-camera Qualisys system at 250Hz.  The 

kinetic data was collected using a single AMTI force plate sampling at 2000Hz. All models and 

segments were created using Visual 3D (C-Motion Inc.) (V3D workflow in Appendix G).  Marker 

trajectories and GRFs were filtered in Visual 3D at 10Hz and 50Hz, respectively. 

The average trunk angle motion for each task over all participants was found for each model 

and direction, and was plotted with respect to percent cycle (Figure 5).  The moment of landing 

was defined as the moment when a threshold force of 100N was surpassed by the GRF profile.  

This landing phase was also the beginning of the flexion phase in the sagittal plane.  The average 

difference between the trunk angles produced by different models was computed similarly to 

Leardini et al [2]. 

The four trunk tracking models were evaluated by comparing the velocity of the COM 

computed from force plate measurements to the velocity of the COM computed from the link-

segment-model. Velocity was chosen instead of position or acceleration to minimize the signal drift 

introduced during integration of the GRF data and the high frequency noise introduced from 

differentiation of the position data from the link-segment-model.  The marker trajectories were 

differentiated in Visual 3D (C-Motion Inc.) using a finite difference algorithm. The GRFs were 

integrated using a custom Matlab (The MathWorks Inc.) script using cumulative trapezoids and 

polynomial fitting functions to de-trend the data.  Second order polynomials were fit to the data 

and were used to remove drift trends from the integrated trajectories.  The gait events were selected 

by the experimenter based on plots of the GRFs. Each velocity was plotted as the average, absolute 

difference between the kinetically computed velocity (integrated GRF) and the kinematically 

computed velocity (differentiated COM position data) (Figure 4).  The root mean square (RMS) 
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error was computed over the whole cycle by subtracting the reference GRF-based COM velocities 

(VGRF) from the velocity that was differentiated from the link-model-based COM position data 

(VLINK) using Matlab. For the purposes of this study, error will be defined as the RMS errors of 

velocity. 

2.2.6 Statistical Analysis  

A 2-way ANOVA with repeated measures on both factors was performed in Excel (Microsoft) 

for all three directions (anterior-posterior, medial-lateral, inferior-superior) to determine whether 

errors varied as a function of model or task. A Holm-Sidak post hoc analysis was performed to 

determine pairwise differences (p<0.05) in Matlab (The MathWorks Inc.) (Matlab function in 

Appendix I). Again, a 2-way ANOVA was performed on the trunk angle motions to determine the 

significance of the differences seen in the trunk angles.  

2.3 Results 

The average absolute difference between anterior-posterior VGRF and VLINK during each task 

was plotted for each model for a single participant (Figure 3). Deviation from zero indicates 

disagreement from the kinetically and kinematically derived COM measures. Both the SLJ and 

DLJs exhibit similar profiles in their velocity differences, as do the SLS and DLS. The average 

range of velocity of the COM across all tasks and models was -0.26 to 0.27m/s. The average errors 

between VGRF and VLINK ranged from 0.02m/s to 0.05m/s.  The average absolute differences 

between velocities measured between the different models ranged from 0.002m/s to 0.01m/s.  The 

largest average absolute difference was between models A and B during the double leg squat and 

was 0.01m/s. 
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Figure 3: The average, absolute, difference between anterior-posterior VGRF and VLINK 

of all four tasks and models were compared with respect to percent cycle for a single, 

example participant.  The application of a force greater than 100N indicated the start of the 

landing/flexion phase in the sagittal plane and is labelled here with a red line.  Deviation 

from zero indicates disagreement from the kinetically and kinematically derived centre of 

mass measures.  

The RMS differences in velocity were computed for all models across the four tasks in all 

three directions (Figure 3). Across all directions, the velocity errors varied as a function of model 

and task, resulting in a significant interaction (P<0.001 for all three directions) (Figure 4).  For most 

tasks in all directions, models B and C were found to be statistically different.  Model C was found 

to always have less error than model B (P<0.001). 
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Figure 4: RMS velocity differences in all three directions for all four models and tasks. 

Standard error bars have been added. A bar with a letter over it indicates that is was found 

to be statistically different than the model corresponding to the letter. 

For all four tasks, in the sagittal and coronal planes, different models produced significantly 

different (P<0.05) peak trunk angle kinematics when applied to the same data (Figure 5).  Similarly, 

a trend towards different trunk angle kinematics was seen in the transverse plane (p<0.1). The 

average difference between the kinematics of each model ranged from 4.3 to 5.3 degrees between 

tasks. The largest difference was measured between models B and C during the double leg squat 

(9.3 degrees), and the smallest difference was measured between models B and D during the single 
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leg jump (1.5 degrees).  For each task, models B and C had the largest average differences (7.3 – 

9.3 degrees). 

 

Figure 5: The average angular motion about the sagittal plane for each model and task 

plotted with respect to percent cycle.  The red line indicates the application of a force 

greater than 100N, indicating the start of the landing or flexion phase of each motion  

2.4 Discussion 

The aim of this study was to use an independent reference to evaluate errors associated with 

different trunk models during various cyclic tasks and to determine the effects of reducing the 

translational degrees of freedom of the trunk. We found that trunk models that share pelvis markers 

and use laterally placed markers (Model A) result in less COM velocity error than those that do 

not.  We also found that COM errors varied as a function of model and task, but that on average, 

the jumping tasks (SLJ and DLJ) resulted in larger errors than the squatting tasks (SLS and DLS). 

From this, for jumping and squatting tasks, we recommend a trunk tracking marker set that 

includes: RAC, LAC, C7, RASIS, LASIS, RPSIS, LPSIS for optimal results. 
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To interpret our results presented here we must discuss several constraints of the experiment. 

Firstly, dynamic activities of daily living (e.g. walking, running, etc…) were not studied. To 

perform our method on these activities an instrumented treadmill would have been required.  The 

GRF integration method relies on repetitive cycles for integration which is not possible using a 

single force platform for activities of daily living [22].  Secondly, the study was limited to a healthy 

and young population of participants.  Further research should be done to include those participants 

with lower limb pathology to identify if a model with lower errors is able to more clearly identify 

differences in gait.  Finally, caution should be used when applying the method presented here to 

other, lighter segments as it relies on the large, relative mass of the trunk to produce accurate RMS 

differences. 

A maximum of ± 9.3 degrees was found between the trunk angles of each model for all four 

tasks for flexion about the sagittal plane.  In our approach we isolated errors due only to tracking 

the trunk, not defining the anatomical coordinate systems. Larger discrepancies between model 

joint angles were found in the studies performed by Leardini et al. and Armand et al [2], [5], 53o 

and 40.1o
, respectively. This is likely due to the differences in anatomical coordinate systems 

between models as well as differences in tracking markers, and in the different activities studied.  

These trunk angle errors confirm that even when using the same anatomical markers to define the 

trunk coordinate system we get similar errors in trunk angles to these two studies resulting from 

tracking marker model differences. 

 This study measures translational error directly (RMSvelocity) but it is likely that these 

translational errors correspond to angular errors; for example, translational errors in the anterior-

posterior direction are likely to result in sagittal angular errors. Models which did not limit 

translational degrees of freedom (models B & D) resulted in less trunk flexion compared to the 

models that limited translational errors (models A & C), demonstrating an underestimation of trunk 

motion. Likewise, translational errors in the medial-lateral direction likely correspond to trunk lean 
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in the coronal plane. The translational errors measured in this study limit the sensitivity of the 

model to axial rotation errors of the trunk, however axial rotation has not been a primary metric 

indicating lower limb pathologies. We observed these trends qualitatively in the angular differences 

between models but quantifying these relationships was beyond the scope of this study. Future 

research should investigate quantitative angular differences across models and tasks to determine 

the effect that translation errors have on trunk motion. 

Our results were inconsistent with Armand et al., who compared 52 thoracic models by 

computing the lowest RMS error between the rigid body transformation [9] of the marker set’s 

reference position and the markers’ actual positions.  Similar to the present study, this was done by 

assuming that the trunk is a single rigid segment. They found that models with laterally placed 

markers resulted in higher errors than those that did not [5].  In contrast, we found that if the 

translational degrees of freedom of the segment are limited, models with laterally placed, superior 

trunk markers result in less error than those that do not. The discrepancy between our results and 

those of Armand et al. may be explained by the difference in analysis techniques between the 

studies [5]. Armand et al. examined the position of the markers as both their measurement outcome 

and reference comparison while our approach evaluated trunk models using an independent 

measurement system to quantify the amount of error in each model by comparing to kinetic data 

[5].  Additionally, Armand et al. performed a series of movements during walking to isolate errors 

to specific movements while the present study used movements that combined arm, head and trunk 

movement [5].  Finally, Armand et al. did not study the combined effects of laterally placing 

superior trunk markers and limiting the translational degrees of freedom as was done in the present 

study [5]. 

This study demonstrates promising results when comparing a kinetically derived COM velocity 

(VGRF) to a kinematically derived one (VLINK). Agreement was seen when comparing the reference 

VGRF to VLINK.  When comparing the two methods, mean errors of ±0.04m/s were found between 
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VGRF and VLINK. When comparing this to the average range of velocity we find an average error of 

3% over all tasks and all kinematic models compared to the kinetic reference. The quantitative 

errors associated with each model for each task permit us to compare models for the same task. 

This allows us to determine which models more accurately tracked the trunk.   

Clinical gait analysis has recently found evidence that the motion of the upper body (trunk) 

might be indicative of lower limb pathologies, such as patellofemoral pain [3], anterior cruciate 

ligament rupture [23] and tibiofemoral osteoarthritis [13]. To understand the role of the trunk in the 

etiology of these pathologies we must first use an accurate trunk model to track the motions.  Once 

we are confident in our abilities to track and understand the motion of this segment we will have a 

higher fidelity to make clinical decisions or predictions from it. Future research should be 

conducted on those with lower limb pathologies to determine how improved accuracy of trunk 

kinematics will influence group differences or kinematic changes from trunk-influencing 

interventions.  We expect that increased accuracies in trunk measurement will result in increased 

sensitivity to kinematic changes. For the tasks studied, models that pin to the pelvis and use laterally 

placed, superior trunk markers should be used for increased tracking accuracy.    
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Chapter 3 

Operator bias errors are reduced using standing marker alignment 

device for repeated visit studiesIntroduction 

In clinical gait analysis joint angles are measured by comparing segment coordinate 

systems of one limb segment with respect to another.  These link-segment coordinate systems are 

often established by palpating bony anatomy and placing markers at these locations. This approach 

is time consuming and has been associated with precision errors up to 25 mm between operators 

and sessions [1]. 

These errors introduce artificial differences in kinematic and kinetic outcome measures. 

For studies that use test, re-test protocols, this means that in addition to changes in participant gait 

patterns we are measuring changes in marker placement.  Noonan et al. studied the effect of 

different observer variability on gait analysis of patients with cerebral palsy [24] and found that the 

average variability due to intra- and inter-operator error across all joints was 12o, 7o, and 20o  within 

the sagittal, coronal and transverse planes respectively.  Application of this variability to the motion 

data yielded different treatment recommendations for a majority of the patients examined. Between 

sessions, if these errors are present they may indicate erroneous differences in gait kinematics that 

are not actually there.  Conversely, they may cause different gait trajectories to be more similar as 

a result of poor marker placement which may lead to unhealthy gait going unnoticed.  The errors 

resulting from poor marker placement may be the difference between prescribing treatment or 

doing nothing. 

To mitigate these differences, mechanical fixtures have been used to aid in locating 

anatomical landmarks between sessions. The advantage of mechanical fixtures is based on the 

assumption that with assistance, a participant can stand in a repeatable posture. If the posture is 

consistent then the anatomical landmark locations are known with respect to the mechanical fixture. 

Noehren et al. designed a device that reduced between-session bias introduced from marker 
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palpation error [10].  The device used two, vertical, rectangular poles with two sets of horizontal 

arms.  Rulers on both the horizontal and vertical allowed the operator to move the arms to the 

anatomical markers where laser pointers were used as aids to locate the centre of each of the 

markers.  The positions of each of the markers were recorded using the rulers on the arms so that 

they could be replicated for repeat visits. The device also required an operator to trace the 

participant’s feet to recreate their standing position with respect to the device.  However, the nature 

of making these recordings and replacing the device’s arms resulted in a process that was time 

intensive and required numerous, manual measurements to ensure the markers were replaced 

correctly. Additionally, Noehren et al. did not test the reliability of the device between different 

operators [10]. 

The purpose of the present study was to introduce a new alignment device that reduces the 

amount of set-up time for test, re-test protocols and required minimal manual measurements of the 

device. We compared the repeatability of the marker alignment device (MAD) to intra- and inter-

operator marker placement during normal walking.  We expected that the MAD would reduce the 

variability in joint angles during test, re-test protocols compared to manual placement of anatomical 

markers and would reduce the amount of time required to use. 

3.2 Methods 

3.2.1 Device Protocol 

The MAD provides physical cues to ensure the participant stands in a consistent posture. 

This is accomplished by using plates that position the feet, and two, posterior, foam supports; one 

at the largest aspect of the gastrocnemii that positions the shanks, and one just below the inferior 

gluteal cleft that positions the thighs and pelvis (Figure 6).   
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Figure 6: Side (A) and top (B) views of the MAD showing the two posterior supports, two 

foot plates, and base plate.  

 During a standing reference calibration at the participant’s first visit the anatomical marker 

locations are registered with respect to a six-marker cluster rigidly fixed to the MAD base (Figure 

7) (full marker set in Appendix D). The positions and orientations of the foot plates are also 

registered with respect to the MAD base via five-marker clusters rigidly fixed to the foot plates. In 

subsequent sessions, the posterior foam supports are replaced using a measurement that is read 

from the superior edge of the foam support against a permanent ruler on the side of the posterior 

post.  To replicate the original positions of the foot plates a custom, real-time Matlab-Qualisys 

(Mathworks, Qualisys Track Manager, respectively) program was created.  This program provided 

real-time feedback that resulted in replicated foot plate positions within 2.5mm of their original 

positions. Then the MAD guides the participant to the same posture as the original calibration 

posture. In this posture the locations of the original, anatomical markers are known in the MAD 

coordinate system defined from the six-marker cluster on the base.  The anatomical markers can 
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then be registered with respect to the body tracking markers as they would normally in current 

practice. 

 

Figure 7: Fixed markers on the alignment device (red, solid) are used to construct an 

alignment device coordinate system (ACDS). A) On a first visit, anatomical markers (black, 

solid circle) and tracking markers (white, solid circle) are placed on the participant. The 

participant stands in the alignment device, and anatomical markers are registered to the 

ACDS and recorded for future visits. Anatomical and tracking markers are registered to the 

global coordinate system (GCS) for motion analysis. B) On a repeat visit, only tracking 

markers (white, solid circle) are place on the participant. The participant uses the physical 

guides of the alignment device to reproduce their original posture (dotted line). With the 

participant re-aligned in the ADCS, anatomical markers from their first visit can be virtually 

re-constructed (green, hatched fill circle). Virtual anatomical markers and physical tracking 

markers are registered to the GCS for motion analysis. C) Motion analysis of tracking 

markers is performed identically for the real and virtual anatomical marker sets. 

3.2.2 Experimental Protocol 

To test whether the MAD approach provides more consistent kinematics compared to 

manually placing the anatomical markers, we developed an experimental protocol that slightly 
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differed from how the alignment device will be used in practice (full experimental protocol in 

Appendix F). Tracking markers were placed on the participant at the beginning of the experiment 

and were not removed until the end. This was done so that both palpated and MAD recreated 

anatomical coordinate system definitions could be applied to the same motion data. Three operators 

palpated and placed anatomical markers on each of the participants twice for a total of six static 

calibrations to simulate repeated visits of the same participant and same operator.  Using this 

method, the physical locations of the markers could be used as a reference to compare the manually 

reapplied markers as well as the MAD reapplied markers. 

3.2.3 Participants 

Eleven participants (4 male and 7 female) with an average age of 22±1.6 years volunteered 

for this study.  REB approval was completed and informed consent was given by each participant 

(Appendix B). To be included in this study the participants had to be healthy, active and without 

any neuromuscular, musculoskeletal or metabolic impairments that would prevent them from 

engaging in casual physical activity. Additionally, participants were excluded if they had any 

injuries or surgeries that impaired their walking ability within twelve months of the experiment. 

Two participants were excluded after data collection due to marker occlusion errors resulting in 

nine participants. 

3.2.4 Data Collection and Processing 

Motion capture data was collected using an 11-camera Qualisys system at 200Hz (raw data 

for a single subject can be found in Appendix J). Kinetic data to determine gait events was collected 

using four AMTI force plates at 1000Hz. The marker trajectories and ground reaction forces were 

both interpolated using a third order polynomial fit with a maximum gap size of 10 frames, and 

were filtered using a low pass Butterworth filter at 6Hz (Visual3d, C-Motion) (V3D workflow in 

Appendix H). Joint angles at the hip, knee, and ankle were computed for a single walking trial using 

both the physical and MAD recreated anatomical marker positions (Visual3d, C-Motion). To do 
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this the same dynamic data was processed using three anatomical marker sets.  The first two marker 

sets were the physically applied markers from the initial reference static and the marker set from 

the reapplied marker static (current practice).  The third anatomical marker set was created using 

the positions of the anatomical markers in the reference static with respect to the local MAD 

coordinate system fixed in the baseplate.  These positions were then virtually recreated using the 

MAD local coordinate system in the second static.  

When comparing within operators, static 1 was used as the reference static.  The reference 

static was used to compare both the replaced marker joint angles from manual palpation as well as 

MAD recreated joint angles.  Within operators, static 2 was when the same operator palpated and 

placed the anatomical markers a second time.  Additionally, the locations of the anatomical markers 

in the reference static were recreated with respect to the MAD baseplate’s position in the second 

static.  As a result, three joint angle waveforms were found for each participant and joint angle: 

static 1 reference, static 2 (manually reapplied anatomical markers), and MAD reapplied 

anatomical marker positions. Root mean square errors (RMS) were computed over the whole gait 

cycle between the reference static and static 2 and an average was reported (RMSWithout MAD).  RMS 

errors were then computed over the whole gait cycle comparing the reference static to the markers 

replaced digitally using the alignment device (RMSWith MAD).  

When comparing between operators, the static of one operator was used as the reference.  

RMS errors were computed between the joint angles created from the reference static of one 

operator to the joint angles created from the physical markers in the statics of two different 

operators (RMSWithout MAD).  To compute the RMS using the MAD, the reference static of one 

operator was used to compare to the MAD replaced markers in the other operator’s static (RMSWith 

MAD) (Figure 8).  
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Figure 8: RMS error computed between operator 1 placing the markers and operator 2 

replacing the markers (blue) over the whole gait cycle, compared to the RMS computed 

between operator 1 placing the markers and the MAD replacing the markers (red) over the 

whole gait cycle. 

To compare RMSWith MAD to RMSWithout MAD a ratio was computed between the two.  If the 

ratio was less than one it indicated that the alignment device resulted in lower errors than those 

without the alignment device, thus improvement using the MAD. 

Intraclass correlation coefficients (ICC) (3, k) compared the joint angle profiles from the 

reference trial to the physical reapplication trial, and the trial done using the MAD [25] (Matlab 

function in Appendix I).  Additionally, the standard error of measurement (SEM) was computed 

for comparison.  A positive change in ICC and a negative change in SEM indicated improvement 

with the alignment device. 

3.3 Results 

When comparing the RMSWithout MAD to the RMSWith MAD, smaller intra- and inter- operator 

differences for most rotation angles during normal walking were observed using the MAD (Table 

2-2). The difference in RMS errors was lower by up to 64% using the MAD in the transverse plane 
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of the hip within operators and 76% between operators. Larger intra-operator differences using the 

MAD were seen during eversion/inversion of the ankles for both intra- and inter-operator 

comparison and for flexion/extension of the ankles within operators.  When comparing 

flexion/extension RMS errors no improvement or decline was measured in the accuracies of the 

replicated joint angles resulting in an RMS ratio of 1. The MAD resulted in more consistent joint 

angles for the knee and hip across all participants both intra- and inter-operator. 

Table 2-2: RMS ratio between with and without MAD (bolded ratios indicate improvement 

using the MAD). 

Joint 
Within Operator Between Operators 

Flex/Ex Ab/Ad Int/Ext Flex/Ex Ab/Ad Int/Ext 

Right Ankle 1.37 2.52* 0.67 1.00 2.78* 0.53 

Right Knee 0.94 0.62 0.37 0.76 0.44 0.25 

Right Hip 0.53 0.50 0.35 0.37 0.51 0.24 

*Ab/adduction of the ankle is eversion/inversion and internal/external rotation of the 

ankle is toe in/toe out 

 

ICCs and SEMs were calculated between the reference trial and the manual replacement 

of markers, as well as between the reference trial and the replacement of markers using the MAD 

within and between operators (Table 2-3 and Table 2-4, respectively). 
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Table 2-3: Comparison of Intraclass Correlation Coefficients  (ICC) and Standard Error of 

Measurement (SEM) for with and without using the Marker Alignment Device (No MAD 

and MAD, respectively) within operators. 

  

ICC  SEM  % Difference* 

No MAD MAD  No MAD MAD  ICC SEM 

Ankle 

Flex/ex 0.97 0.98  0.37 0.29  1 -21 

Ev/Inv 0.98 0.81  0.20 0.93  -18 354 

Int/Ext 0.78 0.97  1.33 0.66  24 -50 

Knee 

Flex/ex 0.84 0.91  0.76 0.55  9 -28 

Ab/Ad 0.87 0.97  0.90 0.53  11 -41 

Int/Ext 0.85 0.99  1.93 0.56  16 -71 

Hip 

Flex/ex 0.90 0.98  1.58 0.64  10 -60 

Ab/Ad 0.71 0.94  0.77 0.32  33 -58 

Int/Ext 0.86 0.99  1.64 0.39  15 -76 

*A positive percent difference in ICC and a negative change in SEM indicate improvement. 

 

Larger ICCs were found for all joints and axes except ankle eversion/inversion using the 

MAD within and between operators. The MAD indicated a smaller SEM for ankle 

eversion/inversion of the ankles.  Use of the MAD resulted in increased agreement between the 

reference trial and the trial using the MAD by up to 33% within operators and 60% between 

operators.  The MAD also resulted in smaller SEMs by up to 76% within operators and 81% 

between operators. 
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Table 2-4: Intraclass Correlation Coefficients (ICC) and Standard Error of Measurement 

(SEM) for with and without using the Marker Alignment Device (No MAD and MAD, 

respectively) between operators. 

  

ICC  SEM  % Difference* 

No MAD MAD  No MAD MAD  ICC SEM 

Ankle 

Flex/ex 1 1  0.40 0.25  0 -38 

Ev/Inv 0.99 0.85  0.23 1.21  -14 417 

Int/Ext 0.75 0.96  1.24 0.64  28 -49 

Knee 

Flex/ex 0.76 0.85  0.89 0.85  12 -4 

Ab/Ad 0.69 0.97  1.44 0.59  40 -59 

Int/Ext 0.81 1  2.63 0.50  23 -81 

Hip 

Flex/ex 0.98 1  1 0.30  1 -70 

Ab/Ad 0.76 0.98  0.64 0.20  29 -68 

Int/Ext 0.62 0.99  2.43 0.47  60 -81 

*A positive percent difference in ICC and a negative change in SEM indicate improvement. 

 

The three joint angles for each joint (ankle, knee, and hip) were plotted for each participant 

to compare within operators (Figure 9).  In each graph the reference static joint angles were plotted 

to visually compare the joint angles created from the manually reapplied anatomical markers and 

to the MAD reapplied anatomical markers.  Similarly, the joint angles were also plotted for each 

participant to compare the effects between operators (Figure 10).  The joint angle created by three 

operators were plotted as well as the MAD recreated joint angles to match operator 1’s static 

reference. 
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Figure 9: Joint angles of a single participant, single operator during normal walking 

comparing the reference static (grey, solid), to the reapplication static of the same operator 

(red, dot-dashed), to the recreation using the MAD (blue, dashed). 
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Figure 10: Joint angles for a single participant during normal walking comparing the 

reference static (grey, solid), to the reapplication of markers by two different operators (blue 

and red, thick, dashed), to the recreation using the MAD (blue, red, thin, dashed). 

 

3.4 Discussion and Conclusions 

The aim of this study was to compare the repeatability of the MAD to intra- and inter-

operator marker placement during normal walking.  We found that the MAD eliminates the need 

for identification of anatomical landmarks in follow-up sessions; therefore, it produces more 

consistent joint angles in multi-session studies by reducing errors associated with operator bias. It 

successfully reduced the amount of error introduced by marker placement bias in most planes 

between sessions. 

Using three comparison methods (RMS ratio, ICC, SEM) we found that the alignment 

device resulted in improved precision in all hip and knee joint angles as well as internal/external 

rotation of the ankle.  Similar results were found comparing intra- and inter-operator reapplication 

of anatomical markers.  To compare with Noehren et al. we kept our percent change comparisons 
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consistent [10].  For the most part, our results are consistent with Noehren [10].  However, our 

results reported that our alignment device was less accurate in measuring eversion/inversion of the 

ankle, while Noehren et al. reported that their device was less accurate measuring the 

flexion/extension angle of the knees [10]. Due to the ankle eversion/inversion bias resulting from 

using the MAD, we would recommend a hybrid approach.  This approach would use the MAD to 

virtually reapply the knee and hip markers but would continue to require manual palpation of the 

feet and ankles.  We reasoned that since the feet and ankles have less soft tissue artifact than the 

shanks and thighs and as a result, largely have bony landmarks that are closer to the surface making 

it easier to palpate.  Because of this, the application of anatomical foot markers would not be time 

intensive but would increase the accuracies of the results.  Additionally, the MAD eliminates the 

need for replacing anatomical markers for repeat visits where the device from Noehren et al. still 

requires the replacement of markers [10].  This process is time-consuming and our MAD 

successfully eliminates the need to replace markers in follow-up sessions. 

Interestingly, the ratio between RMSWith MAD to RMSWithout MAD for ankle flexion/extension 

of the ankle was 1.  This indicates that the joint angles found using the device are as accurate as 

those found without it.  For test re-test protocols, we would recommend using the MAD as it 

reduces the amount of time spent manually palpating and locating anatomical landmarks. 

These positive findings need to be interpreted in the presence of some limitations.  Firstly, 

the population that was tested were all young, healthy individuals.  Their data collections were all 

performed on the same day using the same kinematic data.  Future work should be done to compare 

the precision of the device over longer periods of time.  Secondly, there are challenges associated 

with the assumption that the participant’s posture, size and structure does not dramatically change 

between the initial test and retest collections.  Work should be done to determine protocols where 

the MAD could be used, or metrics to indicate that physical anatomical markers would need to be 

applied at the retest collection. For example, modifications may need to be made to the device to 
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accommodate children with cerebral palsy as they often have difficulty standing in a consistent 

posture and they are sometimes treated with alignment changing surgeries. If the participants can 

stand consistently, the device should be used if changes in alignment during follow-up studies are 

expected to be smaller than those induced by operator bias and replacement errors.   

Despite these limitations, the MAD has several uses beyond test, re-test protocols. First, 

the MAD can be used as a lab training tool.  The ability to measure the precisions within and 

between operators will allow researchers to report the specific precisions of their labs and operators 

of placing and replacing anatomical markers.  Additionally, the MAD could be used during 

dynamic collections where markers often fall off and have to be reapplied.  The use of the device 

would allow these anatomical markers to be recreated virtually through a second static reference 

trial instead of manually palpating and replacing the markers.  Finally, the device also has strengths 

in experimental protocols that test the effects of bracing joints.  These protocols would require the 

replacement of anatomical markers that would be difficult to palpate or place anatomical markers 

at.  Using the MAD would allow a different set of tracking markers to be used and for the original 

anatomical markers to be virtually recreated on the participant. 

The MAD successfully eliminates the need for manual identification of anatomical 

landmarks in follow-up sessions providing more consistent joint angles in multi-session studies.  It 

also successfully reduced the marker placement bias in most planes between sessions. It is 

reasonable to assume that reducing variability due to manual marker palpation will increase the 

ability to detect important functional changes during test, re-test studies.  
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Chapter 4 

Discussion and Conclusions 

 The aim of this thesis was to quantify and improve errors associated with optical motion 

capture.  Several studies have shown that there is no clear consensus on an ideal trunk model and 

that an independent metric to measure the amount of error within a trunk model is lacking.  In our 

first study, we examined the effect of activity, tracking model and reducing the translational degrees 

of freedom of the trunk.  We wanted to show that errors existed while using the same anatomical 

coordinate system and only changing the tracking markers, and that we could quantify these in a 

meaningful way to determine if there was an ideal marker set. The second aim of this thesis was to 

reduce the errors associated with anatomical marker placement and operator bias.  Existing marker 

replacement devices required numerous manual measurements and were time intensive to use.  Our 

aim was to reduce errors between and within operators using a device that required few manual 

measurements and would decrease the amount of time required for test re-test protocols. 

 We came up with a way to quantify error among tracking models to determine which model 

most accurately measures the motion of the trunk and determined the effects of reducing the degrees 

of freedom of the trunk. We compared a link segment model computed COM to one computed 

using force plate signals. After validating this method we found that tracking models that share 

pelvis markers and use laterally placed markers on the superior trunk result in less COM velocity 

error than those that do not.  We also found that these errors varied with respect to task, but on 

average, tasks that require large ranges of trunk motion at relatively higher velocities resulted in 

larger errors than those that did not.  From this, we recommend a tracking model that is already 

used in current literature that consists of: RAC, LAC, C7, RASIS, LASIS, RPSIS, and LPSIS.  In 

our second study we were able to successfully reduce the error associated with intra-operator 

marker replacement through palpation as well as inter-operator marker replacement bias.  We were 
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also able to successfully eliminate the need to identify anatomical landmarks in follow-up sessions.  

This allowed us to provide more precise joint angles in multi-session studies. We note that the 

present study was not designed to be able to detect effect sizes, but we hypothesize that the lower 

variability in anatomical marker placement will increase our ability to measure accurate kinematics 

and detect subtle, but important changes. 

 Clinically, by producing more consistent joint angles and determining the associated error, 

we are able to better determine if the changes we are measuring either between a single collection 

and a healthy population, or between test re-test protocols are indicative of unhealthy gait patterns.  

It is reasonable to say that if we are more accurate and precise we can decide whether treatment is 

necessary and if the changes in gait are due to a change in marker placement or true changes in 

function.  This works moves towards a “gold-standard” gait analysis that would allow our clinical 

colleagues to predict, prevent and possibly undo pathological problems on a subject-specific basis.   

 When reading this work, it is important to consider the associated limitations.  Both studies 

were performed on young, healthy populations.  It is important that these techniques be tested on 

clinical populations to determine if improved accuracy or precision will result in more reliable 

treatment recommendations.  The trunk study was also limited to the tasks and models that were 

studied.  Future work should be done to test the method and trunk models on activities of daily 

living.  Care should also be taken when applying this method to other segments.  The method relies 

heavily on the large, relative mass of the trunk to produce potentially meaningful RMS differences 

of the whole-body COM. The COM comparison methodology presented here could also be applied 

to optimize segment definitions of convex hull markerless tracking models and quantify the errors 

associated with markerless tracking. The MAD study was also completed on the same day and on 

the assumption that the participant’s underlying structure has not changed.  Future work should be 

done to determine metrics where using the MAD would still provide more accurate results than 

manually replacing markers through physical palpation.  The MAD should also be tested at 
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different institutions to determine the effect of different labs and different marker sets on the 

accuracies of the joint angles.  Additionally, future work will include making the MAD publicly 

accessible so that others may implement the work done here as well as to perform their own 

validation studies.  

 Clinical gait analysis has shown that the upper body may play a role in indicating lower 

limb pathologies like patellofemoral pain [3]. It has also shown that marker placement errors can 

result in different treatment outcomes for the same set of participants [26].  Improving the accuracy 

and quantifying the errors of our trunk models and increasing precision of marker placement for 

test re-test protocols will result in increased sensitivity to kinematic changes in gait.   

  



 

36 

 

References 

[1] U. Della Croce, A. Leardini, L. Chiari, and A. Cappozzo, “Human movement analysis 

using stereophotogrammetry: Part 4: assessment of anatomical landmark misplacement and its 

effects on joint kinematics,” Gait Posture, vol. 21, no. 2, pp. 226–237, Feb. 2005. 

[2] A. Leardini, F. Biagi, C. Belvedere, and M. G. Benedetti, “Quantitative comparison of 

current models for trunk motion in human movement analysis,” Clin. Biomech., vol. 24, no. 7, pp. 

542–550, Aug. 2009. 

[3] D. M. Bazett-Jones, S. C. Cobb, W. E. Huddleston, K. M. O’Connor, B. S. R. Armstrong, 

and J. E. Earl-Boehm, “Effect of Patellofemoral Pain on Strength and Mechanics after an 

Exhaustive Run,” Med Sci Sports, vol. 45, no. 7, pp. 1331–1339, 2013. 

[4] M. P. Kadaba, H. K. Ramakrishnan, and M. E. Wootten, “Measurement of lower 

extremity kinematics during level walking,” J. Orthop. Res., vol. 8, no. 3, pp. 383–392, May 

1990. 

[5] S. Armand, M. Sangeux, and R. Baker, “Optimal markers’ placement on the thorax for 

clinical gait analysis,” Gait Posture, vol. 39, no. 1, pp. 147–153, Jan. 2014. 

[6] F. M. Rast, E. S. Graf, A. Meichtry, J. Kool, and C. M. Bauer, “Between-day reliability 

of three-dimensional motion analysis of the trunk: A comparison of marker based protocols,” J. 

Biomech., vol. 49, no. 5, pp. 807–811, Mar. 2016. 

[7] A. Ferrari, M. G. Benedetti, E. Pavan, C. Frigo, D. Bettinelli, M. Rabuffetti, P. Crenna, 

and A. Leardini, “Quantitative comparison of five current protocols in gait analysis,” Gait 

Posture, vol. 28, no. 2, pp. 207–216, Aug. 2008. 

[8] J. Perry, Gait Analysis: Normal and Pathological Function. Thorofare, NJ: SLACK 

Incorporated, 1992. 

[9] I. Soderkvist and P. A. Wedin, “Determining the movements of the skeleton using well-

configured markers,” J Biomech, vol. 26, pp. 1473–1477, 1993. 

[10] B. Noehren, K. Manal, and I. Davis, “Improving between-day kinematic reliability using 

a marker placement device,” J. Orthop. Res., vol. 28, no. 11, pp. 1405–1410, Nov. 2010. 

[11] T. C. Nguyen and R. Baker, “Two methods of calculating thorax kinematics in children 

with myelomeningocele,” Clin. Biomech., vol. 19, no. 10, pp. 1060–1065, Dec. 2004. 

[12] H. S. Linley, E. A. Sled, E. G. Culham, and K. J. Deluzio, “A biomechanical analysis of 

trunk and pelvis motion during gait in subjects with knee osteoarthritis compared to control 

subjects,” Clin. Biomech., vol. 25, no. 10, pp. 1003–1010, Dec. 2010. 



 

37 

 

[13] M. A. Hunt, T. B. Birmingham, D. Bryant, I. Jones, J. R. Giffin, T. R. Jenkyn, and A. A. 

Vandervoort, “Lateral trunk lean explains variation in dynamic knee joint load in patients with 

medial compartment knee osteoarthritis,” Osteoarthritis Cartilage, vol. 16, no. 5, pp. 591–599, 

May 2008. 

[14] S. Fantozzi, R. Stagni, A. Cappello, and A. Leardini, “Effect of different inertial 

parameter sets on joint moment calculation during stair ascending and descending,” Med Eng 

Phys, vol. 27, pp. 537–41, 2005. 

[15] G. Wu, F. C. T. van der Helm, H. E. J. D. Veeger, M. Makhsous, P. Van Roy, C. Anglin, 

J. Nagels, A. R. Karduna, K. McQuade, X. Wang, F. W. Werner, B. Buchholz, and International 

Society of Biomechanics, “ISB recommendation on definitions of joint coordinate systems of 

various joints for the reporting of human joint motion--Part II: shoulder, elbow, wrist and hand,” 

J. Biomech., vol. 38, no. 5, pp. 981–992, May 2005. 

[16] M. Ferrarin, L. Lopiano, M. Rizzone, M. Lanotte, B. Bergamasco, M. Recalcati, and A. 

Pedotti, “Quantitative analysis of gait in Parkinson’s disease: a pilot study on the effects of 

bilateral sub-thalamic stimulation,” Gait Posture, vol. 16, no. 2, pp. 135–148, Oct. 2002. 

[17] M. Ferrarin, M. Rizzone, L. Lopiano, M. Recalcati, and A. Pedotti, “Effects of 

subthalamic nucleus stimulation and l-dopa in trunk kinematics of patients with Parkinson’s 

disease,” Gait Posture, vol. 19, no. 2, pp. 164–171, Apr. 2004. 

[18] C. Frigo, R. Carabalona, M. Dalla Mura, and S. Negrini, “The upper body segmental 

movements during walking by young females,” Clin. Biomech., vol. 18, no. 5, pp. 419–425, Jun. 

2003. 

[19] Advanced Mechanical Technology Inc., “OPT400600-1000 specifications.” . 

[20] W. T. Dempster, “Space requirements of the seated operator, geometrical, kinematic, and 

mechanical aspects of the body with special reference to the limbs.” Aero Medical Laboratory, 

1955. 

[21] D. A. Winter, Biomechanics and motor control of Human Movement, 2nd ed. toronto: 

Wiley, 1990. 

[22] G. Wu and P. R. Cavanagh, “ISB recommendations for standardization in the reporting of 

kinematic data,” J. Biomech., vol. 28, no. 10, pp. 1257–1261, Oct. 1995. 

[23] J. T. Blackburn and D. A. Padua, “Influence of trunk flexion on hip and knee joint 

kinematics during a controlled drop landing,” Clin. Biomech., vol. 23, no. 3, pp. 313–319, Mar. 

2008. 



 

38 

 

[24] K. J. Noonan, S. Halliday, R. Browne, S. O’Brien, K. Kayes, and J. Feinberg, 

“Interobserver Variability of Gait Analysis in Patients with Cerebral Palsy,” J. Pediatr. Orthop., 

vol. 23, no. 3, pp. 279–287, Jun. 2003. 

[25] P. E. Shrout and J. L. Fleiss, “Intraclass Correlations: Uses in Assessing Rater 

Reliability,” Psychol. Bull., vol. 86, no. 2, pp. 420–428, 1979. 

[26] K. J. Noonan, A. Levenda, J. Snead, J. R. Feinberg, and A. Mih, “Evaluation of the 

forearm in untreated adult subjects with multiple hereditary osteochondromatosis,” J Bone Jt. 

Surg Am, vol. 84-A, pp. 397–403, 2002. 

 

  



 

39 

 

Appendix A: Institutional Review Board Approval 

 



 

40 

 

 



 

41 
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Appendix C: Trunk Model Marker Set 

Table A1: Full body marker list for trunk study 

Landmark Label Description 

Head band H1, H2, H3, H4, H5, H6, 

H7, H8 

H1 starting at 8-7 o'clock going clockwise 

C7 C7  

Suprasternal notch  SN  

SC joints (proximal 

ends of clavicles) 

RSCJ, LSCJ  

Xiphoid process  PX  

AC joints RACJ, LACJ  

Iliac crests RIC, LIC  

ASIS LASIS, RASIS  

PSIS LPSIS, RPSIS  

Greater trochanters RGT, LGT  

Epicondyles of knee L_KNEE_L, 

L_KNEE_M, 

R_KNEE_L, 

R_KNEE_M 

Left or Right, Lateral or Medial 

epicondyle of knee 

Malleoli L_ANKLE_L, 

L_ANKLE_M, 

R_ANKLE_L, 

R_ANKLE_M 

Left or Right, Lateral or Medial malleolus 

1st metatarsals LMET1, RMET1  

5th metatarsals LMET5, RMET5  

Epicondyles of elbow L_ELB_L, L_ELB_M, 

R_ELB_L, R_ELB_M 

Right or left elbow, lateral or medial 

epicondyle 

Wrist processes L_RAD, L_ULN, 

R_RAD, R_ULN 

Right or Left Radius or Ulnar Styloid 

Process 
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2nd MCP R 2 MCP, L 2 MCP  

5th MCP R 5 MCP, L 5 MCP  

Trunk cluster TRSR, TRSL, TRIR, 

TRIL 

TR=Trunk, Superior or Inferior, left or 

right 

Thigh clusters RTSA, RTSP, RTIA, 

RTIP, LTSA, LTSP, 

LTIA, LTIP 

Left or Right thigh, Superior or Inferior, 

Anterior or Posterior 

Shank cluster RSSA, RSSP, RSIA, 

RSIP, LSSA, LSSP, 

LSIA, LSIP 

Right or left shank, Superior or Inferior, 

Anterior or Posterior 

Heel clusters RHSA, RHSP, RHIA, 

RHIP, LHSA, LHSP, 

LHIA, LHIP 

Right or left heal, Superior or Inferior, 

Anterior(Lateral) or Posterior(Medial) 

Humeral clusters R HUM SA, R HUM SP, 

R HUM IA, R HUM IP, 

L HUM SA, L HUM SP, 

L HUM IA, L HUM IP 

Right or left humerous, Superior or 

Inferior, Anterior or Posterior 

Forearm clusters R FA SA, R FA SP, R 

FA IA, R FA IP, L FA 

SA, L FA SP, L FA IA, L 

FA IP 

Right or left forearms, Superior or 

Inferior, Anterior or Posterior 

 

Table A2: Full body marker set figures 
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Upper body front Upper body rear 

 

Lower body front 

 

Lower body rear 

 

Arm 
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Appendix D: Marker Alignment Device Marker Set 

 

Figure A1: Marker alignment device full anatomical marker set labeled (PSIS not shown 

and thigh and shank tracking clusters are unlabeled in blue). 



 

46 

 

Appendix E: Trunk Study Protocol 

1) Outline experimental procedure with participant and explain consent; obtain signed consent. 

2) Collect participant height, weight, and age 

3) Have participant change into tight fitting clothes 

4) Anatomical and tracking markers applied by trained operator 

5) Collect participant calibration 

6) Instruct participants to perform each task (single leg jump, single leg squat, double leg jump, 

double leg squat) five times without stopping. 

7) Check data to ensure good tracking 

8) Help participant remove markers 
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Appendix F: Marker Alignment Device Protocol 

1) Outline experimental procedure with participant and explain consent; obtain signed consent. 

2) Collect participant height, weight, and age 

3) Have participant change into tight fitting clothes 

4) Anatomical and tracking markers applied by first operator 

5) Reference static captured 

6) MAD positions recorded 

7) Participant exits the device and with verbal coaching from experimenter returns to the device 

8) A second static capture is recorded 

9) Participant returns to first operator to have all anatomical markers removed.  Tracking 

markers are left on. 

10) Participant has anatomical markers replaced by a second operator. 

11) Participant is assisted by verbal coaching from experimenter to return to the device. 

12) A third static is recorded. 

13) Participant exits the device and with verbal coaching from experimenter returns to the device 

14) A fourth static is captured 

15) Participant returns to second operator to have all anatomical markers removed.  Tracking 

markers are left on. 

16) Participant has anatomical markers replaced by a third operator. 

17) Participant is assisted by verbal coaching from experimenter to return to the device. 

18) A fifth static is recorded. 

19) Participant exits the device and with verbal coaching from experimenter returns to the device 

20) A sixth static is captured 

21) Five normal walking trials are collected 

22) Participant is assisted by operators to have all markers removed 
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Table A3: File naming convention  with participant number, operator number, and trial 

name 

MAD
> 

Data
> 

Feb
10> 

A
D
0
1
0
>  

OP1
> 

static
0001 

static
0002 

static
0003 

static
0004 

static
0005 

static
0006 

walk0
001 

walk0
002 

walk0
003 

walk0
004 

walk0
005 

OP2
> 

static
0001 

static
0002 

static
0003 

static
0004 

static
0005 

static
0006       

OP3
> 

static
0001 

static
0002 

static
0003 

static
0004 

static
0005 

static
0006       

A
D
0
1
1
> 

OP1
> 

static
0001 

static
0002 

static
0003 

static
0004 

static
0005 

static
0006 

walk0
001 

walk0
002 

walk0
003 

walk0
004 

walk0
005 

OP2
> 

static
0001 

static
0002 

static
0003 

static
0004 

static
0005 

static
0006       

OP3
> 

static
0001 

static
0002 

static
0003 

static
0004 

static
0005 

static
0006       

A
D
0
1
2
>  

OP1
> 

static
0001 

static
0002 

static
0003 

static
0004 

static
0005 

static
0006 

walk0
001 

walk0
002 

walk0
003 

walk0
004 

walk0
005 

OP2
> 

static
0001 

static
0002 

static
0003 

static
0004 

static
0005 

static
0006       

OP3
> 

static
0001 

static
0002 

static
0003 

static
0004 

static
0005 

static
0006           

 

 

Table A4: Ten subject, three operator schedule for marker placement and main volume 

capture time 

   Operator 1 Operator 2 Operator 3 Data Collection 

12:20 5 

Subject 1 

    

12:25 10     

12:30 15     

12:35 20 

Subject 2 

  Subject 1 

12:40 25 

Subject 1 

   

12:45 30    

12:50 35 

Subject 3 

 Subject 2 

12:55 40 

Subject 2 

 Subject 1 

1:00 45 

Subject 1 

  

1:05 50  Subject 3 

1:10 55  

Subject 3 

Subject 2 

1:15 1hr  

Subject 2 

Subject 1 

1:20 1hr5 

Subject 4 

  

1:25 1hr10  Subject 3 

1:30 1hr15  

Subject 3 

Subject 2 

1:35 1hr20 

Subject 5 

 Subject 4 

1:40 1hr25 

Subject 4 

  

1:45 1hr30  Subject 3 

1:50 1hr35 Subject 6  Subject 5 
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1:55 1hr40 

Subject 5 

 Subject 4 

2:00 1hr45 

Subject 4 

  

2:05 1hr50  Subject 6 

2:10 1hr55  

Subject 6 

Subject 5 

2:15 2hr  

Subject 5 

Subject 4 

2:20 2hr5 

Subject 7 

  

2:25 2hr10  Subject 6 

2:30 2hr15  

Subject 6 

Subject 5 

2:35 2hr20 

Subject 8 

 Subject 7 

2:40 2hr25 

Subject 7 

  

2:45 2hr30  Subject 6 

2:50 2hr35 

Subject 9 

 Subject 8 

2:55 2hr40 

Subject 8 

 Subject 7 

3:00 2hr45 

Subject 7 

  

3:05 2hr50 

Subject 10 

Subject 9 

3:10 2hr55 

Subject 9 

Subject 8 

3:15 3hr 

Subject 8 

Subject 7 

3:20 3hr5  Subject 10 

3:25 3hr10  

Subject 10 

Subject 9 

3:30 3hr15  

Subject 9 

Subject 8 

3:35 3hr20    

3:40 3hr25   Subject 10 

3:45 3hr30   

Subject 10 

Subject 9 

3:50 3hr35     

3:55 3hr40     

4 3hr45       Subject 10 

 

  



 

50 

 

Appendix G: Trunk Study Visual 3D Workflow 

V3D models and scripts available upon request, please contact hmpl.hdh@gmail.com. 

1) Open static and apply trunk model in question. 

2) Open motion trials and assign the model to all of them. 

3) Interpolate trajectories with a third order polynomial with a max gap size of 10. 

4) Filter trajectories and force analog signals with lowpass Butterworth filters at 6Hz. 

5) Determine gait events. 

6) Take the first derivative of the kinetic_kinematic model centre of mass and name this 

Vel_Kinematic. 

7) Compute the trunk angles. 

8) Export all data to Matlab. 

9) Repeat steps 1-7 for all models. 
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Appendix H: Marker Alignment Device Visual 3D Workflow 

V3D models and scripts available upon request, please contact hmpl.hdh@gmail.com. 

A.1. Creating Virtual Anatomical Landmarks Using MAD 
1) Import original static in MAD including all anatomical markers 

2) Create a hybrid segment of the baseplate using the lateral-most corner markers as the 

lateral and medial aspects of the proximal and distal joints.  Use all six of the baseplate 

markers as tracking markers. 

3) Create landmarks of the anatomical markers in the base plate coordinate system. 

4) Open the second static (second visit) without the anatomical landmarks as a dynamic 

trial. 

5) Apply the reference static to the “dynamic” static. (You should see the landmarks 

appearing where the anatomy should be.) 

6) Export the file to a new C3D file using the “Export All Landmarks as Targets” option. 

7) This new static will be used for your “second visit” dynamic trials. 

A.2 MAD Data Processing 
1) Import original static and second visit static and apply lower body model and MAD 

baseplate segment. 

2) Import dynamic trials and assign the corresponding model to the motion files. 

3) Interpolate the target data with a 3rd order polynomial fit with a maximum gap size of 10. 

4) Lowpass Butterworth filter the trajectories with a cutoff frequency of 6Hz. 

5) Determine gait events. 

6) Compute joint angles for hip, knee, and ankle. 

7) Export to Matlab. 
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Appendix I: Matlab Functions 

 All ANOVAs performed using rm_anova2(Y, S, F1, F2, FACTNAMES) 

(https://www.mathworks.com/matlabcentral/fileexchange/6874-two-way-repeated-

measures-anova/content/rm_anova2.m) 

 ICCs calculated using ICC(cse, typ, dat) 

(https://www.mathworks.com/matlabcentral/fileexchange/21501-intraclass-correlation-

coefficients/content/ICC.m) 

https://www.mathworks.com/matlabcentral/fileexchange/6874-two-way-repeated-measures-anova/content/rm_anova2.m
https://www.mathworks.com/matlabcentral/fileexchange/6874-two-way-repeated-measures-anova/content/rm_anova2.m
https://www.mathworks.com/matlabcentral/fileexchange/21501-intraclass-correlation-coefficients/content/ICC.m
https://www.mathworks.com/matlabcentral/fileexchange/21501-intraclass-correlation-coefficients/content/ICC.m
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Appendix J: MAD Raw Data 

 

Table A 5: MAD raw marker trajectory data for each static for Subject 12, operator 1 

 
Operator 1 

Marker Name 
Static1 Static2 Static3 Static4 Static5 Static6 

x y z x y z x y z x y z x y z x y z 

'l_ASIS' -425.85 349.05 1043.36 -426.94 340.88 1045.32 -430.87 351.81 1045.52 -441.16 340.12 1031.99 -431.67 390.14 1030.56 -434.17 379.66 1035.25 

'l_pelvis_A' -463.33 283.33 1070.92 -464.92 275.48 1070.61 -467.92 285.67 1069.93 -468.95 279.43 1065.89 -459.33 329.95 1065.11 -461.04 318.72 1068.31 

'l_pelvis_P' -406.13 188.32 1083.53 -408.48 179.75 1080.76 -412.49 192.04 1084.01 -411.87 184.32 1083.64 -402.65 236.01 1085.69 -402.73 225.02 1083.94 

'l_PSIS' -348.12 165.90 1083.63 -350.19 157.79 1080.29 -354.49 169.51 1083.94 -351.68 162.86 1083.82 -343.38 214.43 1087.14 -343.46 204.16 1083.99 

'r_PSIS' -269.27 163.98 1084.28 -271.76 155.65 1081.32 -275.98 167.08 1084.27 -279.52 162.16 1085.77 -270.52 213.94 1089.00 -269.70 204.80 1085.29 

'r_pelvis_P' -188.48 207.02 1089.38 -190.45 197.63 1087.06 -194.59 209.22 1088.94 -192.18 206.19 1087.63 -183.76 259.11 1090.40 -184.11 250.69 1088.68 

'r_pelvis_A' -157.16 288.46 1071.53 -159.31 279.60 1071.00 -163.22 290.46 1070.49 -160.63 288.68 1066.23 -151.98 340.13 1067.89 -154.93 334.04 1068.87 

'r_ASIS' -184.85 334.90 1047.29 -186.88 326.42 1047.87 -190.74 336.96 1046.19 -192.04 335.83 1033.53 -183.25 385.71 1033.84 -187.10 379.96 1036.90 

'r_thigh_SA' -145.30 222.72 778.23 -132.84 249.13 676.89 -135.82 251.26 677.64 -140.43 242.35 674.08 -138.35 266.03 775.22 -131.35 293.82 673.71 

'r_thigh_IA' -134.52 252.36 677.53 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -129.30 293.96 673.90 0.00 0.00 0.00 

'r_thigh_IP' -180.76 205.54 671.84 -178.73 201.97 671.39 -182.26 204.66 672.02 -187.46 195.77 669.73 -174.45 246.06 669.42 -174.94 244.42 669.58 

'r_thigh_SP' -177.98 191.13 796.57 -145.99 221.29 777.70 -148.68 223.21 778.50 -149.69 215.16 775.78 -171.13 233.21 793.69 -139.11 266.13 775.27 

'r_knee_L' -167.70 277.94 561.19 -164.58 277.38 561.38 -165.86 278.06 561.54 -167.72 270.91 583.85 -156.37 323.34 582.97 -159.73 322.11 582.74 

'r_knee_M' -293.77 288.50 552.28 -290.74 280.67 549.89 -292.14 282.43 548.98 -298.92 263.31 546.73 -287.38 313.19 546.81 NaN NaN NaN 

'r_shank_SA' -154.26 287.68 294.10 -147.74 291.61 294.71 -147.78 291.27 295.10 -157.57 279.04 292.55 -144.92 333.82 293.35 -147.19 336.40 293.27 

'r_shank_IA' -155.22 294.96 236.76 -148.35 299.29 237.23 -148.26 298.92 237.70 -158.25 285.59 234.95 -145.49 340.63 235.79 -148.11 344.29 235.49 

'r_shank_IP' -167.57 229.07 229.83 -155.26 232.78 229.94 -154.28 232.02 230.48 -165.37 218.94 228.88 -150.80 273.70 229.19 -150.22 277.61 227.95 

'r_shank_SP' -159.97 214.26 327.86 -148.44 217.82 327.92 -147.68 217.61 328.46 -157.76 205.86 327.05 -142.84 260.52 327.68 -141.72 262.72 325.74 

'r_ankle_L' -164.82 277.56 142.50 -155.11 282.02 142.37 -154.00 280.11 142.73 -167.36 265.01 139.69 -153.38 319.64 140.42 -154.91 323.52 140.05 

'r_ankle_M' -241.48 297.65 148.55 -233.72 295.78 147.30 -232.38 293.65 147.65 -242.87 271.27 143.40 -228.58 324.01 144.06 -230.64 326.98 144.25 

'r_met1' -229.43 418.13 74.47 -229.93 417.26 74.61 -228.65 415.44 74.75 -246.26 400.96 72.50 -235.82 453.89 71.87 -238.76 457.25 71.83 

'r_met2' -171.46 429.29 94.09 -173.10 432.92 94.16 -171.98 431.01 94.41 -189.05 418.94 94.67 -179.32 473.88 94.88 -182.47 477.43 94.59 

'r_met5' -126.48 380.37 70.93 -124.16 387.71 70.70 -123.25 385.96 70.66 -137.44 373.37 68.71 -126.44 429.76 68.79 -129.15 433.90 68.67 

'r_heel_L' -173.22 235.72 93.93 -140.54 216.91 112.70 -140.71 216.99 111.32 -169.84 226.25 92.67 -154.59 281.65 92.54 -155.70 285.41 92.79 

'r_heel_P' -225.03 211.12 93.66 -209.01 210.83 92.38 -207.77 209.27 92.91 -218.71 196.38 92.31 -202.23 249.75 92.39 -203.12 253.27 92.47 

'l_thigh_SA' -479.30 340.43 722.38 -484.88 333.60 721.93 -487.89 339.33 722.39 -491.27 325.48 721.18 -480.60 373.56 719.64 -483.01 370.68 721.07 

'l_thigh_IA' -464.66 340.41 663.62 -470.46 333.85 663.09 -473.52 337.88 663.35 -476.53 325.73 661.35 -465.84 372.59 660.68 -468.19 370.35 661.74 

'l_thigh_IP' -478.90 284.97 660.96 -482.98 278.74 660.29 -486.57 283.40 662.01 -489.10 268.41 660.23 -478.96 316.10 659.46 -480.74 315.07 658.94 

'l_thigh_SP' -499.94 288.07 756.04 -503.68 281.05 755.31 -506.89 288.11 756.44 -509.05 272.07 755.89 -499.32 320.31 754.37 -501.10 318.22 754.57 

'l_knee_L' -457.04 277.40 558.38 -463.09 273.93 558.01 -465.68 276.18 559.23 -467.27 268.28 553.26 -456.40 315.81 552.21 -458.15 315.90 552.50 

'l_knee_M' -333.52 287.71 537.83 -340.25 287.75 537.36 -342.40 289.11 538.58 -345.08 273.21 531.85 -334.27 319.09 531.25 -335.81 317.38 531.70 

'l_shank_SA' -468.60 300.41 327.19 -476.75 302.65 327.98 -477.50 299.77 327.46 -486.50 279.60 327.53 -474.26 330.92 327.44 -475.82 330.46 327.93 

'l_shank_IA' -458.97 309.12 268.56 -467.54 312.98 269.31 -467.94 308.27 268.46 -479.09 287.44 268.82 -466.87 339.32 268.82 -468.71 338.79 268.98 
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'l_shank_IP' -471.65 253.58 259.90 -480.78 257.71 259.65 -482.08 252.65 260.39 -487.40 230.54 261.44 -476.86 282.89 260.99 -478.34 282.87 261.73 

'l_shank_SP' -482.00 239.91 354.31 -489.76 241.45 353.34 -492.04 239.50 354.48 -494.76 219.34 356.45 -484.73 270.15 355.53 -485.67 269.45 355.66 

'l_ankle_L' -453.47 284.11 144.47 -463.72 293.36 144.91 -463.25 283.40 144.90 -472.85 261.57 146.99 -461.00 313.05 146.86 -462.28 313.64 147.21 

'l_ankle_M' -377.47 300.12 149.19 -386.73 305.65 148.22 -386.72 297.89 149.88 -397.95 276.78 146.30 -386.11 330.37 146.89 -386.92 331.19 147.33 

'l_met1' -387.04 429.39 84.56 -389.25 435.71 85.09 -390.86 425.22 84.58 -403.79 406.56 79.18 -394.14 458.96 79.04 -394.39 458.83 79.13 

'l_met2' -439.48 436.21 95.71 -441.05 445.41 96.59 -442.75 434.59 96.16 -460.39 415.92 95.49 -451.01 467.28 94.98 -451.01 466.85 95.26 

'l_met5' -488.22 399.38 66.85 -491.67 412.58 67.39 -492.88 400.22 66.75 -508.28 375.34 67.06 -498.36 426.14 67.03 -498.56 426.37 67.55 

'l_heel_L' -459.65 252.24 83.36 -472.29 263.66 82.86 -471.22 252.28 82.93 -480.76 231.29 83.13 -468.91 282.63 83.55 -470.09 282.87 83.52 

'l_heel_P' -409.04 216.89 86.08 -422.77 225.86 85.15 -421.81 214.95 86.04 -430.35 195.88 86.17 -417.65 248.18 86.68 -419.14 247.65 85.82 

'r_rear_med' -95.44 70.13 28.64 -95.53 69.99 28.66 -95.47 70.08 28.63 -97.50 59.78 28.69 -85.75 113.11 28.89 -85.82 113.08 28.89 

'r_rear_lat' -42.29 143.52 29.15 -42.40 143.46 29.11 -42.41 143.49 29.11 -46.72 134.79 29.19 -35.28 188.17 29.27 -35.30 188.22 29.30 

'r_front' -59.12 542.41 31.36 -59.12 542.35 31.32 -59.16 542.30 31.36 -94.39 542.50 30.83 -84.13 595.84 31.28 -84.18 595.84 31.22 

'l_front' -562.40 518.73 29.94 -562.37 518.78 29.94 -562.42 518.79 29.88 -576.89 495.31 29.79 -566.46 547.13 30.07 -566.49 547.09 30.09 

'l_rear_lat' -575.88 138.29 28.23 -575.87 138.38 28.32 -575.89 138.22 28.20 -579.56 114.63 28.17 -567.70 166.09 28.51 -567.64 165.96 28.44 

'l_rear_med' -527.19 85.75 28.58 -527.19 85.74 28.55 -527.21 85.69 28.58 -529.40 63.73 28.41 -517.71 115.66 28.57 -517.74 115.62 28.53 

'fcam_btm_r_S' -231.49 110.38 408.62 -231.55 110.07 408.64 -232.96 110.46 410.77 -236.70 97.08 411.28 -224.91 150.07 411.56 -222.00 149.62 412.35 

'fcam_btm_r_IM' -232.81 111.46 351.86 -232.88 111.19 351.85 -233.43 111.47 354.23 -236.85 97.99 354.50 -225.02 150.87 354.67 -222.09 150.45 355.65 

'fcam_btm_r_IL' -201.09 109.72 351.08 -201.13 109.48 351.09 -201.91 109.89 353.65 -205.08 97.34 354.32 -193.08 150.47 354.10 -190.30 149.89 355.59 

'fcam_btm_l_S' -386.16 118.11 411.04 -386.10 117.73 411.03 -387.65 118.21 411.14 -391.26 100.10 410.51 -379.65 152.74 410.38 -376.73 152.82 411.06 

'fcam_btm_l_I' -418.59 120.47 354.21 -418.82 120.50 354.00 -419.66 120.68 353.84 -423.09 101.71 353.10 -411.34 154.25 352.95 -408.32 154.28 353.83 

'fcam_top_r_S' -199.47 100.90 849.45 -199.53 100.31 849.51 -199.73 101.02 849.78 -202.77 89.46 852.00 -190.85 142.65 852.17 -191.88 142.38 853.24 

'fcam_top_r_I' -201.52 102.34 791.65 -201.64 101.76 791.73 -201.87 102.57 791.77 -202.85 90.23 794.62 -191.38 143.65 794.60 -191.62 143.25 795.92 

'fcam_top_l_SM' -385.99 109.57 852.82 -386.08 108.84 852.96 -386.24 109.72 853.00 -388.48 92.87 852.03 -377.11 145.42 852.49 -377.94 144.94 851.90 

'fcam_top_l_SL' -417.91 111.15 853.13 -417.86 110.66 852.94 -418.32 111.11 853.33 -420.74 93.48 851.97 -408.90 146.14 851.99 -409.67 146.23 851.07 

'fcam_top_l_I' -419.02 112.15 796.04 -419.06 111.53 796.09 -419.34 112.13 796.23 -421.07 94.18 795.64 -408.70 147.19 794.95 -409.25 146.55 794.22 

'l_plate_arm' -515.25 437.42 40.96 -515.42 437.56 40.66 -517.85 436.24 40.79 -535.63 412.69 40.16 -525.44 464.44 40.25 -525.99 462.13 40.44 

'l_plate_5' -407.47 183.33 39.96 -407.08 183.19 40.11 -407.92 182.64 39.76 -414.70 164.30 39.89 -403.14 216.78 40.07 -402.64 215.00 40.06 

'l_plate_6' -379.78 187.90 40.27 -380.23 188.09 40.70 -380.26 187.59 40.29 -387.73 170.35 40.47 -376.53 222.98 40.28 -375.95 221.39 40.36 

'l_plate_7' -430.01 151.59 39.85 -429.65 151.39 39.96 -430.06 150.77 39.76 -435.90 131.72 39.78 -423.87 183.85 40.05 -423.00 181.84 39.86 

'l_plate_9' -375.60 160.45 40.26 -375.53 160.50 40.62 -376.03 160.22 40.12 -382.36 143.32 40.36 -370.44 195.86 40.46 -369.83 194.27 40.59 

'r_plate_arm' -95.11 423.05 39.82 -95.03 422.68 39.77 -93.12 423.53 39.93 -111.56 415.69 39.79 -100.72 468.84 40.03 -103.46 473.82 40.21 

'r_plate_4' -195.11 171.00 39.67 -195.07 170.46 39.39 -193.98 171.45 39.43 -197.59 158.33 39.90 -186.30 211.11 39.87 -186.91 215.42 39.71 

'r_plate_7' -202.08 144.17 39.20 -201.99 143.72 39.02 -200.86 144.72 38.99 -203.10 131.39 39.48 -191.76 184.05 39.28 -191.75 188.40 39.54 

'r_plate_8' -228.80 150.39 39.15 -228.79 150.23 39.08 -227.63 151.42 39.11 -230.28 136.01 39.23 -218.53 188.84 39.46 -218.55 193.07 39.93 

'r_plate_9' -255.28 156.93 39.64 -254.97 156.45 39.46 -253.92 157.70 39.38 -257.04 141.08 39.58 -245.24 193.94 39.77 -245.57 197.69 39.83 

 

Table A 6: MAD raw marker trajectory data for each static for Subject 12, operator 2 

 
Operator 2 

Marker Name 
Static1 Static2 Static3 Static4 Static5 Static6 

x y z x y z x y z x y z x y z x y z 
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'l_ASIS' -422.20 350.03 1041.15 -424.51 347.26 1043.00 -428.46 360.77 1039.37 -445.75 345.14 1046.79 -441.37 337.78 1048.12 -435.15 342.22 1044.65 

'l_pelvis_A' -460.22 282.53 1070.37 -463.27 279.48 1070.38 -467.08 295.44 1068.71 -468.90 290.34 1070.00 -464.14 281.36 1069.73 -458.30 286.27 1067.39 

'l_pelvis_P' -404.19 185.49 1082.64 -408.32 181.06 1081.08 -414.30 196.89 1084.32 -411.17 194.20 1084.43 -406.24 185.11 1079.66 -401.84 189.58 1081.07 

'l_PSIS' -338.11 161.54 1078.36 -342.10 157.59 1075.88 -348.78 171.45 1081.20 -352.83 173.70 1076.87 -347.23 165.33 1071.79 -342.85 168.76 1073.96 

'r_PSIS' -270.06 162.44 1078.99 -274.18 157.86 1076.68 -280.81 171.47 1082.18 -281.14 171.76 1078.80 -275.89 163.87 1074.01 -271.47 166.45 1076.40 

'r_pelvis_P' -183.54 207.15 1086.95 -187.71 201.57 1086.39 -193.79 214.96 1088.45 -193.17 218.15 1088.14 -187.87 209.49 1085.86 -182.56 211.23 1086.81 

'r_pelvis_A' -154.87 290.59 1066.60 -157.17 284.33 1068.13 -161.56 296.41 1067.08 -162.28 300.25 1068.02 -156.68 292.96 1069.29 -150.11 292.61 1067.25 

'r_ASIS' -190.75 343.87 1044.82 -192.32 338.43 1047.26 -197.04 349.99 1044.88 -202.39 357.28 1038.08 -196.87 350.32 1041.05 -189.02 350.12 1037.50 

'r_thigh_SA' -142.24 223.48 776.45 -145.26 221.56 776.57 -139.96 252.83 675.47 -139.53 262.87 673.50 -137.06 260.12 673.40 -130.31 259.62 671.79 

'r_thigh_IA' -132.74 251.99 675.37 -135.03 250.16 675.56 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

'r_thigh_IP' -178.07 204.07 670.50 -180.97 202.97 670.67 -184.64 204.18 670.64 -182.45 212.96 669.63 -181.65 211.46 670.22 -173.77 209.84 668.43 

'r_thigh_SP' -175.24 190.15 794.79 -178.15 189.19 795.17 -149.43 225.54 776.73 -147.84 236.43 774.97 -144.25 232.77 775.49 -136.83 232.63 774.34 

'r_knee_L' -162.47 271.91 541.47 -164.21 271.37 541.92 -167.43 273.28 542.04 -169.43 287.56 556.49 -167.88 285.10 557.42 -162.13 283.97 555.80 

'r_knee_M' -287.48 281.94 541.46 -288.87 282.52 541.54 -292.19 280.13 540.48 -292.44 295.22 550.20 -290.93 297.36 552.51 -285.68 289.65 550.57 

'r_shank_SA' -149.11 293.76 293.45 -150.77 294.29 294.02 -152.85 296.15 294.80 -155.78 307.30 293.47 -156.53 304.40 293.16 -152.14 307.22 292.41 

'r_shank_IA' -150.03 301.78 235.93 -151.50 302.21 236.50 -153.57 304.02 237.29 -156.98 315.06 235.83 -157.91 311.96 235.50 -154.03 315.88 234.94 

'r_shank_IP' -155.39 234.91 228.31 -156.44 235.44 228.86 -155.20 237.16 229.73 -154.75 248.44 228.42 -159.72 244.92 228.24 -152.53 249.13 226.28 

'r_shank_SP' -147.45 219.98 326.28 -148.25 220.45 326.57 -147.22 222.69 327.72 -145.64 234.20 326.26 -150.24 230.88 326.28 -141.96 233.59 323.87 

'r_ankle_L' -155.17 277.92 122.94 -156.54 277.08 122.95 -156.05 278.25 123.32 -157.43 298.29 134.76 -160.61 295.31 134.53 -156.29 299.24 133.96 

'r_ankle_M' -243.66 298.31 133.69 -244.16 298.63 133.76 -244.39 297.17 133.53 -242.10 432.10 79.43 -246.96 305.42 137.21 -243.40 308.03 136.92 

'r_met1' -235.03 419.87 78.45 -235.16 420.00 78.29 -236.24 418.55 78.04 0.00 0.00 0.00 -241.34 430.52 79.18 -239.92 434.80 79.49 

'r_met2' -180.98 436.23 94.56 -181.17 436.11 94.25 -182.45 435.20 93.73 -190.84 445.31 94.63 -189.73 442.77 94.16 -188.69 447.82 94.53 

'r_met5' -132.79 395.89 74.19 -133.01 395.51 74.12 -135.75 395.75 73.98 -139.47 405.32 71.01 -139.42 400.77 70.86 -137.52 407.41 71.06 

'r_heel_L' -160.84 243.43 92.72 -162.07 243.16 93.32 -161.31 242.56 93.53 -163.23 253.10 92.40 -167.63 249.61 93.91 -163.00 255.31 92.12 

'r_heel_P' -210.11 213.64 92.83 -211.21 213.36 93.13 -210.24 212.24 93.55 -211.22 221.42 92.32 -216.33 219.09 94.10 -210.73 223.59 91.89 

'l_thigh_SA' -483.18 339.50 723.55 -484.74 339.37 724.88 -486.01 343.37 721.62 -490.73 342.57 723.24 -486.83 339.94 723.74 -481.66 341.54 722.00 

'l_thigh_IA' -469.36 340.01 664.69 -470.48 340.11 665.74 -471.42 341.07 661.55 -476.89 341.98 664.42 -471.83 341.10 664.65 -467.60 341.18 662.49 

'l_thigh_IP' -481.71 285.22 661.54 -483.38 284.67 662.66 -486.86 285.69 661.09 -487.81 287.12 662.10 -484.31 285.27 662.11 -480.70 286.36 660.43 

'l_thigh_SP' -501.12 286.85 756.84 -503.07 286.83 757.63 -507.52 290.64 756.44 -507.95 290.35 757.23 -504.79 287.43 757.07 -500.16 289.61 755.98 

'l_knee_L' -457.46 293.30 554.40 -458.49 292.46 555.19 -462.02 291.45 553.78 -462.02 298.99 552.62 -459.02 297.33 553.00 -456.17 296.42 551.69 

'l_knee_M' -337.09 291.23 538.07 -338.14 291.28 539.12 -341.72 279.76 536.74 -342.28 290.21 541.08 -339.57 288.72 540.79 -336.80 285.87 539.14 

'l_shank_SA' -477.55 300.19 327.89 -478.23 297.92 328.06 -479.11 301.77 327.55 -481.92 303.93 327.93 -479.24 304.17 328.33 -479.94 303.57 329.32 

'l_shank_IA' -469.57 308.26 268.56 -470.24 305.53 269.05 -469.95 309.39 268.49 -473.94 311.22 268.82 -471.48 311.32 268.91 -472.94 311.82 270.14 

'l_shank_IP' -480.74 251.60 261.26 -479.78 248.68 262.40 -487.18 254.62 261.16 -487.69 255.60 261.95 -486.07 255.76 262.24 -486.48 256.07 262.89 

'l_shank_SP' -488.49 239.77 356.33 -487.47 237.17 356.83 -497.24 242.98 355.20 -496.16 244.35 356.43 -494.11 245.00 357.53 -493.54 243.64 357.62 

'l_ankle_L' -472.23 289.06 124.69 -471.07 285.83 124.40 -473.14 287.17 124.04 -476.14 286.46 126.40 -475.18 285.21 127.02 -477.29 290.57 126.84 

'l_ankle_M' -383.49 301.25 133.10 -382.81 297.88 133.38 -384.40 300.34 133.55 -388.81 296.67 128.75 -387.87 294.48 128.81 -390.01 298.89 127.73 

'l_met1' -390.47 422.53 78.49 -389.79 419.33 78.00 -390.69 421.51 78.43 -399.66 427.84 76.21 -397.98 425.82 75.71 -399.79 431.45 76.07 

'l_met2' -446.65 433.83 95.80 -446.11 430.53 94.78 -446.98 432.94 95.70 -456.70 435.21 95.13 -454.81 433.23 94.59 -456.51 438.77 95.12 

'l_met5' -492.41 394.13 74.58 -492.27 390.86 74.58 -492.30 393.68 74.52 -502.23 398.56 73.40 -501.02 396.64 73.54 -502.49 402.82 73.74 

'l_heel_L' -473.65 250.86 83.26 -472.93 247.67 84.24 -474.59 250.31 83.22 -477.06 251.07 83.29 -476.33 249.16 84.05 -478.76 254.77 82.78 
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'l_heel_P' -424.44 213.01 85.59 -423.05 210.91 87.97 -425.13 213.25 86.43 -426.37 215.80 86.26 -424.99 214.34 87.95 -427.85 219.69 86.06 

'r_rear_med' -95.69 69.98 28.55 -95.66 69.92 28.58 -95.71 69.91 28.49 -94.59 80.87 28.43 -94.54 80.89 28.50 -94.58 80.85 28.43 

'r_rear_lat' -42.56 143.55 29.27 -42.56 143.46 29.33 -42.53 143.40 29.31 -43.36 155.33 29.50 -43.27 155.39 29.56 -43.25 155.28 29.56 

'r_front' -78.81 551.79 30.91 -78.79 551.81 30.99 -78.72 551.75 30.94 -90.32 563.51 31.15 -90.32 563.53 31.19 -90.37 563.47 31.16 

'l_front' -562.83 518.26 29.90 -562.82 518.25 29.99 -562.84 518.22 29.93 -572.80 517.21 29.97 -572.83 517.23 29.96 -573.14 516.93 29.87 

'l_rear_lat' -576.16 137.86 28.23 -576.10 137.83 28.21 -576.07 137.80 28.21 -576.37 136.71 28.33 -576.35 136.71 28.38 -576.29 136.34 28.39 

'l_rear_med' -527.34 85.24 28.52 -527.36 85.27 28.56 -527.34 85.20 28.52 -526.30 85.65 28.26 -526.28 85.62 28.33 -526.31 85.51 28.22 

'fcam_btm_r_S' -232.76 110.24 414.22 -232.73 110.04 414.32 -230.48 110.13 410.88 -232.83 118.10 413.02 -232.67 117.71 413.03 -232.67 117.54 410.78 

'fcam_btm_r_IM' -231.60 111.13 357.69 -231.60 110.92 357.75 -230.39 110.97 354.07 -231.80 118.86 356.38 -231.76 118.52 356.19 -233.33 118.53 354.11 

'fcam_btm_r_IL' -200.30 109.57 357.90 -200.25 109.39 357.94 -198.97 109.32 353.86 -200.48 118.28 356.38 -200.30 117.91 356.41 -201.75 117.85 353.43 

'fcam_btm_l_S' -387.58 117.85 409.99 -387.53 117.63 410.10 -385.35 118.15 409.62 -387.45 121.49 409.45 -387.28 121.08 409.46 -387.35 121.25 410.70 

'fcam_btm_l_I' -417.94 120.44 352.30 -417.99 120.29 352.51 -416.72 120.90 352.31 -418.03 123.37 351.67 -417.88 122.93 351.84 -419.76 122.91 354.35 

'fcam_top_r_S' -200.69 100.80 854.20 -200.72 100.48 854.13 -199.12 101.25 851.33 -199.39 110.12 851.63 -199.00 109.24 851.64 -201.36 109.54 854.35 

'fcam_top_r_I' -201.20 102.44 795.87 -201.07 101.94 795.94 -200.02 102.36 793.51 -199.77 111.04 794.32 -199.40 110.19 794.27 -200.62 110.53 797.08 

'fcam_top_l_SM' -387.72 109.69 850.50 -387.64 109.19 850.58 -385.43 110.12 851.84 -385.30 113.99 852.21 -384.93 113.07 852.12 -387.24 112.77 851.68 

'fcam_top_l_SL' -419.48 111.55 849.59 -419.42 110.85 849.77 -417.11 112.15 851.33 -417.14 115.06 852.11 -417.01 113.71 852.25 -419.03 113.93 850.65 

'fcam_top_l_I' -418.58 112.19 792.59 -418.96 111.47 793.24 -418.10 112.34 795.14 -417.25 115.80 795.09 -416.98 114.84 795.21 -418.17 114.56 793.82 

'l_plate_arm' -523.10 433.06 40.59 -522.89 432.85 40.55 -523.43 434.85 40.53 -531.12 433.10 40.30 -530.66 432.92 40.16 -532.37 433.24 40.10 

'l_plate_5' -408.89 181.56 39.87 -408.96 181.26 39.88 -409.92 182.92 39.65 -409.82 184.65 40.07 -410.10 184.46 40.17 -410.25 185.40 40.31 

'l_plate_6' -381.44 186.72 40.34 -381.68 186.48 40.19 -382.67 188.29 40.23 -382.84 190.59 40.25 -382.94 190.28 40.26 -383.31 191.53 40.37 

'l_plate_7' -430.73 149.22 39.99 -430.99 149.17 39.97 -431.99 150.89 39.74 -431.14 151.96 39.88 -431.20 151.75 39.83 -431.15 152.53 39.55 

'l_plate_9' -376.57 159.42 40.21 -376.72 159.13 40.13 -377.91 161.04 40.21 -377.15 163.47 40.42 -377.13 163.11 40.66 -377.43 164.36 40.66 

'r_plate_arm' -101.78 431.89 39.79 -101.92 431.83 39.82 -102.87 432.44 39.83 -111.06 442.14 39.99 -111.10 441.99 39.99 -109.75 441.50 39.98 

'r_plate_4' -195.44 177.16 39.40 -195.30 177.01 39.56 -195.03 177.16 39.44 -195.73 184.14 39.73 -195.46 184.04 39.89 -195.85 184.19 39.94 

'r_plate_7' -201.53 150.24 39.20 -201.48 150.20 39.16 -200.88 150.23 39.07 -200.74 157.18 39.45 -200.45 156.93 39.71 -201.25 157.15 39.39 

'r_plate_8' -228.20 155.84 39.45 -228.06 155.74 39.45 -227.63 155.74 39.40 -227.61 162.05 39.61 -227.55 161.90 39.66 -228.09 162.15 39.54 

'r_plate_9' -254.88 161.74 39.52 -254.64 161.89 39.64 -254.28 161.41 39.64 -254.50 166.76 39.69 -254.50 166.57 39.69 -255.05 167.18 39.71 

 

Table A 7: MAD raw marker trajectory data for each static for Subject 12, operator 3 

  Operator 3 

Marker Names 

Static1 Static2 Static3 Static4 Static5 Static6 

x y z x y z x y z x y z x y z x y z 

'l_ASIS' -423.96 350.54 1017.31 -424.46 353.75 1016.44 -425.52 350.72 1016.68 -434.20 342.46 1025.52 -436.22 344.37 1023.32 -435.90 340.67 1024.05 

'l_pelvis_A' -458.80 286.85 1071.15 -458.40 291.07 1070.07 -461.80 287.55 1069.59 -459.35 282.85 1070.30 -463.23 286.06 1069.30 -461.60 281.65 1069.18 

'l_pelvis_P' -401.87 191.95 1086.17 -399.50 199.23 1087.68 -406.91 191.13 1084.78 -397.80 190.48 1083.68 -405.44 190.42 1083.06 -401.36 188.57 1084.44 

'l_PSIS' -370.26 173.52 1078.51 -368.14 180.63 1081.13 -375.38 172.48 1077.32 -356.49 175.45 1080.11 -364.02 174.55 1079.44 -359.66 172.73 1081.45 

'r_PSIS' -243.74 166.87 1074.45 -242.70 176.32 1076.85 -248.61 164.19 1073.74 -251.69 174.69 1079.26 -259.00 171.02 1078.79 -254.38 171.33 1081.14 

'r_pelvis_P' -183.70 213.66 1089.13 -183.23 223.61 1089.79 -187.96 209.75 1088.47 -180.66 218.98 1087.33 -186.47 213.82 1087.08 -183.96 216.02 1088.10 

'r_pelvis_A' -152.94 296.41 1068.22 -151.67 304.85 1067.38 -155.48 291.79 1068.13 -151.93 301.45 1066.03 -157.23 296.34 1066.36 -154.09 298.06 1066.62 

'r_ASIS' -184.13 347.39 1021.44 -183.91 353.98 1020.44 -186.08 344.45 1022.11 -179.93 348.03 1029.28 -184.90 342.51 1028.67 -181.53 344.35 1028.92 
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'r_thigh_SA' -131.79 252.39 674.09 -140.21 228.11 777.07 -143.87 222.88 775.88 -132.68 261.25 672.57 -135.04 259.45 671.88 -133.51 260.18 671.91 

'r_thigh_IA' 0.00 0.00 0.00 -131.92 254.18 675.10 -135.01 250.31 674.37 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

'r_thigh_IP' -176.09 203.52 670.02 -176.11 205.16 671.32 -180.56 202.74 670.06 -175.53 211.32 669.10 -178.72 209.76 668.24 -176.11 209.82 668.56 

'r_thigh_SP' -139.83 224.79 775.91 -174.62 193.62 795.29 -176.84 190.53 794.45 -138.61 234.33 774.49 -142.06 232.34 773.83 -139.52 233.30 773.61 

'r_knee_L' -160.02 270.75 556.81 -159.80 271.53 557.07 -163.51 269.86 556.87 -160.70 272.41 552.51 -162.90 272.86 552.15 -162.76 271.80 552.17 

'r_knee_M' -290.42 267.70 545.99 -290.06 267.14 546.40 -293.40 270.43 546.51 -289.46 279.17 544.29 -292.04 278.10 543.56 -291.67 278.50 544.36 

'r_shank_SA' -148.79 294.56 293.19 -148.98 294.02 293.38 -151.89 293.10 293.41 -152.44 304.79 293.25 -153.96 307.17 293.08 -154.04 304.16 293.13 

'r_shank_IA' -150.18 302.64 235.42 -150.53 301.86 235.66 -152.64 300.82 235.83 -153.70 312.94 235.87 -155.29 316.10 235.47 -155.56 312.45 235.95 

'r_shank_IP' -153.45 235.81 227.82 -153.30 234.87 228.32 -158.77 234.31 228.38 -155.64 246.44 227.90 -154.53 249.41 226.98 -157.12 245.92 227.73 

'r_shank_SP' -144.53 220.62 325.75 -144.00 220.45 326.35 -150.35 219.40 326.24 -146.05 230.75 325.37 -145.44 233.13 324.15 -147.70 230.09 325.26 

'r_ankle_L' -155.34 277.77 123.67 -155.72 276.30 123.58 -158.63 277.81 123.64 -158.97 290.13 123.84 -159.12 290.91 123.68 -160.13 289.31 124.10 

'r_ankle_M' -240.45 300.76 135.49 -241.50 300.34 136.02 -244.24 302.07 136.24 -244.46 304.48 129.24 -246.23 307.22 130.39 -247.46 306.12 130.42 

'r_met1' -233.90 425.94 76.85 -234.64 424.82 76.91 -236.74 426.51 76.92 -241.66 435.40 77.33 -241.59 435.83 77.39 -242.66 434.75 77.12 

'r_met2' -179.94 436.41 94.69 -180.83 435.37 94.54 -182.89 436.66 94.35 -188.85 447.71 94.58 -188.91 448.56 94.71 -189.69 447.01 94.00 

'r_met5' -128.02 400.93 66.62 -128.69 399.90 66.50 -130.66 401.19 66.67 -138.08 407.49 70.53 -138.06 407.85 70.59 -139.04 406.22 70.31 

'r_heel_L' -160.69 243.35 92.49 -160.97 242.31 92.49 -163.62 243.64 92.74 -163.56 255.41 92.23 -163.60 255.81 92.27 -165.06 254.19 92.80 

'r_heel_P' -210.02 213.79 92.20 -210.14 212.46 92.39 -212.81 213.86 92.19 -211.10 223.62 91.79 -211.29 224.04 91.58 -213.41 223.19 92.31 

'l_thigh_SA' -481.97 341.23 723.13 -481.77 339.83 722.04 -483.65 338.84 721.57 -484.32 338.23 721.94 -486.99 338.24 721.52 -484.63 337.90 721.80 

'l_thigh_IA' -468.26 341.20 664.41 -468.51 339.18 663.33 -469.56 338.22 662.14 -470.05 338.73 662.65 -472.95 337.53 662.40 -470.10 338.17 662.14 

'l_thigh_IP' -481.10 286.33 661.43 -479.87 284.11 661.10 -482.55 283.10 660.47 -481.45 283.26 660.00 -484.81 282.80 660.13 -482.58 283.08 659.73 

'l_thigh_SP' -500.39 288.86 756.55 -499.53 288.16 756.20 -502.58 286.96 755.61 -501.51 285.46 755.25 -505.31 286.15 755.27 -503.28 285.38 755.01 

'l_knee_L' -460.35 285.04 554.13 -460.00 282.11 553.79 -461.81 280.62 553.10 -462.81 279.13 551.50 -465.98 277.19 551.10 -463.65 278.17 551.21 

'l_knee_M' -333.33 273.21 543.07 -332.51 271.26 542.19 -334.49 269.33 541.83 -334.72 275.48 538.98 -337.68 272.27 538.85 -335.46 273.55 539.35 

'l_shank_SA' -476.12 302.80 328.41 -477.74 299.43 328.05 -478.30 301.87 327.53 -479.36 303.12 328.61 -481.75 303.13 328.41 -480.61 301.79 328.01 

'l_shank_IA' -468.40 309.66 268.88 -470.02 307.29 269.15 -470.28 310.74 268.60 -472.55 310.93 269.21 -474.28 311.87 269.25 -473.45 309.97 269.14 

'l_shank_IP' -483.20 254.30 262.52 -481.49 250.82 261.34 -483.72 255.13 260.49 -485.32 255.29 262.04 -487.63 256.39 261.76 -485.21 254.36 261.89 

'l_shank_SP' -491.34 243.69 357.35 -489.47 239.19 356.45 -492.08 241.67 354.86 -492.38 243.77 357.04 -495.27 243.76 355.84 -492.36 242.37 356.76 

'l_ankle_L' -473.63 288.08 123.46 -473.42 289.51 122.97 -473.97 293.50 122.94 -476.65 289.58 124.63 -478.80 293.48 124.64 -476.44 289.88 124.94 

'l_ankle_M' -384.85 296.33 132.23 -384.74 297.02 132.10 -385.74 299.57 131.99 -389.31 296.26 128.24 -390.36 299.17 127.81 -388.41 295.67 128.94 

'l_met1' -394.44 423.40 82.85 -394.54 424.69 83.09 -395.07 429.45 83.35 -399.04 430.05 74.47 -399.59 434.70 74.90 -396.88 429.91 74.21 

'l_met2' -448.46 432.45 95.39 -448.25 433.90 96.15 -448.26 438.54 95.56 -456.68 435.82 94.07 -456.95 439.61 95.06 -454.23 436.05 94.19 

'l_met5' -498.49 399.17 66.17 -498.42 400.96 66.54 -499.02 406.42 66.51 -504.50 394.02 67.82 -505.03 399.09 68.43 -502.66 395.29 68.09 

'l_heel_L' -474.50 248.82 83.14 -474.71 250.58 83.01 -475.16 255.67 82.28 -477.50 250.85 83.79 -478.55 255.56 82.87 -477.59 251.76 83.68 

'l_heel_P' -424.84 212.00 86.16 -424.76 213.85 86.27 -426.28 218.29 84.34 -426.76 215.63 86.85 -427.65 220.51 85.79 -427.81 215.56 86.43 

'r_rear_med' -95.73 69.86 28.50 -95.77 69.85 28.54 -95.68 69.77 28.59 -94.53 80.87 28.43 -94.56 80.90 28.39 -94.60 80.88 28.36 

'r_rear_lat' -42.78 143.33 29.17 -42.72 143.29 29.22 -42.70 143.26 29.15 -43.30 155.31 29.48 -43.34 155.34 29.48 -43.27 155.27 29.46 

'r_front' -78.83 551.79 30.96 -78.82 551.71 30.95 -78.74 551.70 31.05 -90.36 563.41 31.05 -90.43 563.45 31.08 -90.41 563.32 30.94 

'l_front' -562.95 518.21 29.98 -562.93 518.18 29.97 -562.90 518.17 29.96 -573.17 516.94 29.89 -573.21 516.95 29.92 -573.19 516.88 29.90 

'l_rear_lat' -576.13 137.83 28.21 -576.14 137.76 28.26 -576.14 137.81 28.26 -576.40 136.67 28.27 -576.28 136.37 28.35 -576.40 136.57 28.21 

'l_rear_med' -527.31 85.22 28.45 -527.37 85.15 28.55 -527.37 85.20 28.53 -526.28 85.55 28.12 -526.28 85.55 28.13 -526.32 85.50 28.12 

'fcam_btm_r_S' -231.06 110.13 412.73 -231.17 110.28 412.71 -232.88 110.20 412.23 -232.49 117.57 410.75 -232.53 117.49 410.73 -230.32 117.23 411.32 
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'fcam_btm_r_IM' -230.87 111.01 355.96 -230.98 111.15 355.92 -232.42 111.22 355.30 -233.12 118.55 354.13 -233.07 118.40 354.22 -230.44 118.08 354.61 

'fcam_btm_r_IL' -199.25 109.29 356.07 -199.27 109.43 356.06 -200.59 109.42 355.68 -201.41 117.85 353.62 -201.55 117.82 353.60 -198.87 117.51 354.34 

'fcam_btm_l_S' -385.61 117.93 411.22 -385.59 118.08 411.14 -387.62 117.93 409.76 -387.09 121.49 410.50 -387.32 121.30 410.56 -384.97 121.25 410.16 

'fcam_btm_l_I' -416.91 120.72 353.76 -417.05 120.79 353.67 -418.57 120.53 352.19 -419.40 123.16 354.27 -419.57 123.00 353.83 -416.73 122.99 353.20 

'fcam_top_r_S' -201.06 101.02 853.32 -201.31 101.38 853.37 -201.92 101.35 851.23 -201.18 109.76 854.11 -201.43 109.57 854.07 -199.37 108.97 848.16 

'fcam_top_r_I' -201.20 102.45 795.43 -201.28 102.70 795.45 -202.14 102.29 793.90 -200.41 110.62 796.99 -200.54 110.42 797.01 -200.62 109.94 790.73 

'fcam_top_l_SM' -387.64 109.75 849.80 -387.64 110.04 849.78 -387.91 109.74 851.21 -386.86 113.08 851.62 -387.13 112.80 851.65 -385.08 112.75 851.76 

'fcam_top_l_SL' -419.44 111.59 849.12 -419.47 111.94 849.09 -419.56 111.86 850.53 -418.55 114.47 850.50 -418.79 114.29 850.42 -416.97 113.75 852.09 

'fcam_top_l_I' -419.10 111.81 792.46 -419.02 112.07 792.58 -419.52 112.38 793.65 -418.41 114.36 794.62 -418.01 114.58 793.71 -418.20 114.44 795.20 

'l_plate_arm' -523.92 431.53 40.40 -524.05 431.45 40.39 -522.96 433.77 40.31 -532.23 433.24 40.15 -532.33 433.29 40.12 -530.32 433.96 40.20 

'l_plate_5' -408.76 180.69 39.85 -408.71 180.58 39.86 -409.43 181.81 39.88 -410.31 185.27 40.22 -410.34 185.23 40.27 -411.13 184.63 40.10 

'l_plate_6' -381.44 185.97 40.27 -381.32 185.97 40.38 -382.34 186.96 40.53 -383.47 191.42 40.29 -383.51 191.44 40.47 -384.26 190.42 40.40 

'l_plate_7' -430.43 148.39 39.91 -430.16 148.31 39.89 -431.51 149.69 40.00 -431.43 152.56 39.64 -431.61 152.73 40.03 -432.68 152.17 39.87 

'l_plate_9' -376.55 158.81 40.38 -376.45 158.78 40.41 -377.44 159.72 40.39 -377.42 164.21 40.77 -377.61 164.23 40.66 -378.59 163.31 40.53 

'r_plate_arm' -101.18 430.14 39.90 -101.52 429.97 39.94 -102.91 430.15 39.89 -109.90 441.51 39.88 -109.88 441.46 40.00 -110.48 442.13 39.95 

'r_plate_4' -195.67 175.68 39.53 -195.56 175.35 39.56 -197.01 175.62 39.56 -195.87 184.17 39.93 -195.92 184.08 39.78 -198.24 185.32 39.59 

'r_plate_7' -201.50 148.85 39.47 -201.46 148.61 39.38 -203.34 148.73 39.19 -201.25 157.14 39.35 -201.11 157.13 39.46 -203.45 158.29 39.35 

'r_plate_8' -228.52 154.44 39.43 -228.44 154.12 39.24 -229.87 154.46 39.52 -227.81 162.14 39.70 -227.85 162.13 39.71 -230.15 163.37 39.61 

'r_plate_9' -255.26 160.49 39.51 -255.17 160.08 39.43 -256.72 160.27 39.38 -254.95 167.08 39.76 -254.90 167.07 39.76 -256.99 168.38 39.88 

 

Table A 8: MAD raw marker trajectory data for a walking trial for subject 12 

Marker Names 

Walk 1 

x y z 

'l_ASIS' -153.48 2304.52 990.72 

'l_pelvis_A' -128.80 2363.92 1037.29 

'l_pelvis_P' -190.21 2456.96 1048.59 

'l_PSIS' -232.03 2472.15 1044.31 

'r_PSIS' -337.02 2470.32 1041.36 

'r_pelvis_P' -406.14 2422.66 1049.25 

'r_pelvis_A' -435.85 2339.73 1031.04 

'r_ASIS' -404.47 2293.26 995.80 

'r_thigh_SA' -463.32 2333.56 737.15 

'r_thigh_IA' -478.98 2268.09 656.51 

'r_thigh_IP' -434.14 2310.15 629.82 

'r_thigh_SP' -429.42 2373.21 736.82 

'r_knee_L' -451.86 2228.73 549.16 

'r_knee_M' -331.11 2205.02 540.58 

'r_shank_SA' -447.46 2339.63 317.42 

'r_shank_IA' -444.41 2368.41 267.84 

'r_shank_IP' -436.21 2425.57 301.63 



 

59 

 

'r_shank_SP' -450.00 2378.68 388.19 

'r_ankle_L' -430.36 2457.37 188.67 

'r_ankle_M' -345.02 2430.20 190.55 

'r_met1' -344.35 2356.04 77.04 

'r_met2' -399.52 2341.72 80.15 

'r_met5' -444.37 2391.83 77.74 

'r_heel_L' -419.35 2503.06 181.09 

'r_heel_P' -370.75 2524.93 201.89 

'l_thigh_SA' -121.87 2298.40 690.38 

'l_thigh_IA' -138.55 2297.25 632.37 

'l_thigh_IP' -128.09 2352.63 628.63 

'l_thigh_SP' -102.83 2353.22 722.39 

'l_knee_L' -154.11 2359.25 520.36 

'l_knee_M' -280.49 2368.18 520.51 

'l_shank_SA' -156.45 2385.44 290.80 

'l_shank_IA' -169.33 2392.63 233.72 

'l_shank_IP' -154.23 2446.54 238.21 

'l_shank_SP' -139.68 2434.33 332.91 

'l_ankle_L' -176.80 2451.08 100.49 

'l_ankle_M' -263.04 2449.01 109.55 

'l_met1' -271.35 2320.44 47.61 

'l_met2' -214.03 2309.30 65.52 

'l_met5' -162.01 2346.54 42.33 

'l_heel_L' -174.25 2491.85 61.83 

'l_heel_P' -221.34 2531.10 65.50 

 


