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ABSTRACT

Video-based optoelectronic stereophotogrammetric systems (OSSs) have recently been employed
for kinematic measurement during impact tests with post mortem human surrogates (PMHSs).
Application of this methodology requires specialized target hardware to be attached to anatomical
structures of interest (e.g. individual ribs, vertebrae, head, pelvis, and shoulders). The hardware
supports retroreflective spherical targets which are visible to the OSS. The recorded target motion
is then transformed to the underlying anatomical structures to quantify the trajectories of
individual bones throughout the impact event. This study presents the results of seven tests that
were conducted to practically assess the efficacy of this emerging methodology for measuring
anatomical kinematics during impact loading. A single dynamic test used an 8-camera 1000 Hz
Vicon MX™ motion capture system and rigid structure to assess intrinsic optical error associated
with the OSS, and also to evaluate the ability of the rigid body motion analysis to reproduce
directly measured anatomical motion using remotely collected target data. The remaining six tests
were conducted to assess the effect of compliance in the assumed rigid connection between the
visible target hardware and underlying bone on the transformed displacements at a desired
anatomical location (e.g. the center of a rib). A rigid test fixture was constructed to support a non-
yielding 18 mm diameter steel rod simulating a segment of an anterior rib (vib). A retroreflective
four-target cluster was then attached to the rib using the same hardware employed to optically
measure anterior ribcage displacement in frontal sled tests with restrained PMHSs. During the
tests a 16-camera 1000 Hz Vicon MX™ motion capture system was used to optically track the
cluster motion which was then transformed to the center of the rib segment. Deviation between the
transformed rib center and the actual rib center was determined for each test. In four of the tests
the cluster was loaded laterally to its support structure using either 22.5 N or 43 N to simulate



inertial loads acting on the structure under impact conditions. Two additional tests forced rotation
between the cluster mounting hardware and the simulated rib. The results demonstrate robust
performance of a novel methodology combining state-of-the-art optical technology and rigid body
motion analysis to obtain kinematic measurement of anatomical structures within the human body
which are not visible for direct measurement.

INTRODUCTION

For the field of injury biomechanics the importance of accurately quantifying how the human body moves
and deforms during an impact is paramount. In order to improve the current understanding of human

kinematic response to impact loading it is necessary to obtain a detailed knowledge of how individual
structures within the body move (e.g. individual bones such as vertebrae and ribs). Accurately quantifying
the motion of such anatomical structures during an impact event is a difficult yet essential task in effectively
characterizing human kinematic response, and is necessary for quantifying injury risk and developing
optimal countermeasures for human protection. Accomplishing this goal, however, requires improved
methods for measuring these vital kinematic responses during impact loading events.

Kinematic measurements during high-rate events such as impact testing have historically been accomplished
using two-dimensional (2D) video analysis from conventional high-speed video imaging (Forman et al., 2006
and 2009) and are illustrated in Figure 1. Using this technique the trajectory of a visible photo target on the
surface of the body is tracked relative to either the vehicle or a fixed laboratory reference frame. This
method, however, is confounded by several factors 1) the fact that the anatomical structure of interest is
within the body and not directly visible to the high-speed imager 2) the actual 3D motion of such an
anatomical structure is approximated by the 2D motion of the overlying photo target and 3) such analysis is
limited by the issues of imager lens distortion and parallax. While such analysis has long been the standard
for kinematic analysis in the field of impact biomechanics, the associated limitations prevent a
comprehensive kinematic analysis to be performed that includes the 3D motion of individuals bones and
deformation of the torso (Lopez et al,. 2009).

Figure 1: Conventional high-speed imaging kinematic analysis results from impact tests involving PMHS
(from Forman et al. (2009)).

Recently, in the field of impact biomechanics, high-rate video-based optoelectronic stereophotogrammetric
systems (OSSs) (Figure 2) have been employed using a specialized methodology to provide kinematic
measurement of anatomical structures using a rigid body motion analysis (Shaw et al., 2007, Lessley et al.,
2008 and 2009, and Shaw et al., 2009). The optical system tracks the displacements of visible four-target
clusters (clusters) rigidly attached to a corresponding underlying bone during impact tests using post mortem
human surrogates (PMHSs) as illustrated in Figure 3. The collected cluster trajectory is then transformed to
the bone (Figure 4) to provide the motion of structures (bones) that are within the body and which are not



directly visible to the optical system such as individual ribs and vertebrae. The details of the utilized rigid
body motion analysis and associated coordinate transformation are provided in the Appendix.

Figure 2: 16-camera optoelectronic stereophotogrammetric system (OSS) and retroreflective targets (B).
Only 8 of the 16 cameras (A) are shown here.
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Figure 3: Kinematic measurement hardware. Hardware supporting retroreflective target clusters are rigidly
fastened to various structures of interest within the body (e.g. ribs, vertebrae, shoulders, head, and pelvis).
Collected optical trajectory data from the visible target clusters is then transformed to the corresponding
bones to provide trajectories of individual bones (see Figure 4 and Appendix)(adapted from Shaw et al.
(2009)).
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Figure 4: Rigid body motion analysis. At a given location, hardware supporting a retroreflective target
cluster is rigidly fastened to the bone of interest. The trajectory of the visible target cluster is then
transformed to the bone using a coordinate transformation. See Appendix for coordinate transformation
details.

The introduction of video-based optoelectronic stereophotogrammetry for PMHS impact loading is relatively
recent, however, it has long been utilized in non-impact motion biomechanics applications such clinical gait
analysis (Cappozzo et al., 2010). The objective in movement analysis is the reconstruction of anatomical
motion in the global OSS reference frame (Figure 4), however, it is generally accepted that a primary
limitation of stereophotogrammetry movement analysis is error in single target position data and the
propagation of this error to the estimation of the desired anatomical motion (Chiari et al., 2005 and Cappozzo
et al., 2010). Considerable effort has been made to quantify and reduce instrumental errors as well as to set
forth experimental guidelines regarding estimating anatomical motion from remotely placed targets (Chiari et
al., 2005 and Cappozzo et al., 1995). While entire studies have been devoted to quantifying performance of
commercially available OSSs (Ehara et al. 1995, Ehara et al. 1997, Klein et al. 1995, Linden et al., 1992,
Haggard et al.,, 1990, Thornton et al. 1998, and Richards, 1999), the variations in performance and
technology coupled with sensitivity to OSS configuration warrants essential ad hoc investigations or “spot
checks” to quantify the performance for a specific experimental configuration (Della Croce and Coppozzo,
2000 and DeLuzio et al., 1993). This is especially true for the impact loading environment where little or no
performance data exists for the much higher loading and capture rates.

Throughout the development of the presented methodology for measuring anatomical motion during impact
loading, an ongoing concern and design consideration has been that the combination of OSS error and
unintended compliance in the cluster-to-bone connection could lead to unreasonable uncertainty in the
calculated anatomical trajectories. The accuracy of the final anatomical trajectory depends on three major
factors 1) the magnitude of intrinsic optical error in data collected from the OSS 2) the propagation of this
intrinsic optical error to the anatomical location through the coordinate transformatoin and 3) the effect of
compliance in the assumed rigid connection between the visible target clusters and underlying bone. This
study presents the results of eight tests that were conducted to practically assess the efficacy of an emerging
methodology for measuring anatomical kinematics during impact loading. The objective of this study is
threefold which, specifically, is 1) to evaluate the quality of single target data collected from a basic OSS
configuration used during impact conditions 2) to demonstrate the ability of the rigid body motion analysis to
use remotely measured data to reproduce a known trajectory and 3) to comprehensively assess the effect of
compliance in the assumed rigid connection between the target cluster and bone on the transformed trajectory
of a desired anatomical location (e.g. the center of a rib). The combined errors will provide an estimate of



the general magnitude of uncertainty with which anatomical motion can currently be measured during impact
loading.

METHODS

Single target data quality and rigid body motion assessment

A dynamic test was conducted using the rigid cluster-rib composite illustrated in Figure 5 to assess 1) single
target data quality and 2) the ability of the of the rigid body motion analysis to reproduce a directly measured
trajectory using remotely measured cluster data. The rigid composite (Figure 5) was manually driven over a
0.635m trajectory at approximately 5 m/s. An 8-camera OSS configuration similar to that illustrated in
Figure 2 captured the target trajectories at 1000Hz during the test. Prior to the test the OSS was calibrated
(Zhaug, 1995, Cerveri et al., 1998, and Borghese et al., 2001) using a manufacturer supplied software based
algorithm (Vicon IQ 2.5) such that the root mean squared error was < 0.4 mm over the capture volume.
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Figure 5: Rigid cluster-rib composite (A) outfitted with cluster targets (B) and rib targets (B). During the
test the cluster data was transformed to the desired anatomical location which was the rib center and was
defined to be the mean position of the two rib targets (B). Processed 3D position of all targets and
transformed anatomical coordinate frame (C).

Rigid Body Motion Assessment. The composite structure was used to rigidly connect the cluster targets to a
simulated anatomical location, referred to here as the “rib”. During an actual PMHS impact test, the
anatomical location of interest (e.g. a rib) is within the body and hidden from view and must be determined
from the cluster motion. Here, however, both the cluster and rib motions were able to be directly tracked
during the same dynamic event. The collected cluster data was used as an input in a motion analysis to
obtain a calculated (i.e. transformed) anatomical trajectory to be compared with the directly measured
anatomical trajectory. Specifically, referring to Figure 5, collected cluster target data (B) were transformed
to the rib center (C) which was taken to be the mean of the rib target (B) positions. Comparison of the
“transformed” anatomical trajectory with the directly measured anatomical (i.e.“rib”) trajectory provided a
practical verification and quality assessment of rigid body motion analysis.

Single Target Data Quality Assessment Tests. Prior to the test described above the composite was digitized
using a FARO arm (model N10). The digitized 3D points were used to create a high-quality digital
representation of the target cluster to be compared with single target data collected during the test as
illustrated in Figure 6. For each frame of collected data, the center positions of the four targets from the




digital representation were optimally fit to the collected single target data using a least squares pose (LSP)
optimization (Arun et al., 1987, Beldpans et al., 1988, Magnani et al., 1993, Soderkvist and Wedin, 1993,
Wang et al., 1993, Cappello et al., 1994, Challis, 1995, Cappello et al., 1996, and Cappozzo et al., 1997) as
illustrated in Figure 6. Deviations, 9;(t), between the digital representation and the collected target data
provided measures of single target error for the four targets comprising the cluster. Additionally the known
diagonal distances between targets on the cluster for each optical frame were compared with those of the
digital representation (Equations 1 and 2) as an alternate measure of single target error (Della Croce and
Cappozzo, 2000, Cappozzo et al., 1993 and 1997, Morris and Mac Leod, 1990, Ehara et al., 1995 and 1997,
and Holden et al., 2003).
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Figure 6: Single target data quality assessment. The physical target cluster was digitized to create a digital
representation of the target cluster and was compared with the collected data from a dynamic test to quantify
the magnitude of error associated with the OSS.
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Hardware compliance assessment

In conjunction with the OSS kinematic measurement methodology, a range of specialized hardware
configurations are utilized for PMHS tests to support retroreflective target clusters (Shaw et al., 2009). Of
these hardware configurations, the greatest potential for compliance exists at the anterior ribcage
measurement locations which require hardware that is strapped to the rib rather than screwed to prevent
stress concentrations that could lead to fracture. Thus, the anterior ribcage hardware was considered a worst
case and was selected to serve as the tested hardware for each of these reported tests.

Test Fixture and Setup. A rigid test fixture was constructed to support a non-yielding 18 mm diameter steel
rod simulating a segment of an anterior rib (rib). A cluster was then attached to the rib using a representative
range of hardware configurations employed to optically measure anterior ribcage displacement in frontal sled
tests with restrained PMHS (Figure 3). Specifically, two hardware configurations were used (standard and
modified) and are illustrated in Figure 7. Each configuration was rigidly attached to the rib using the same
high-strength nylon straps used to attach the hardware to the rib in PMHS tests. A 16 camera 1000 Hz Vicon
MX™ 0SS and camera configuration used for PMHS sled tests reported by Shaw et al. (2009) was used to
track the cluster motion (refer to Figure 2). In addition to the cluster, four additional markers were
symmetrically attached directly to the rib surface. The mean position of these four rib surface makers was
taken to be the center of the rib which was also the target anatomical location for the cluster data to be
transformed to (Figure 7).

Figure 7: Test set up. Two hardware configurations, standard (left) and modified (right) were rigidly
attached to the rib using high-strength nylon straps. These hardware configurations are representative of the
range used in recent PMHS sled tests.

Test Condition. The test conditions selected for the assessment tests were based on the two most likely
modes of hardware compliance which were considered to be 1) rotation around the rib and 2) bending due to
inertial loading during the impact event. The rotational and bending compliance assessment tests are
illustrated in Figure 8. For the rotational tests the hardware was driven through an angle of approximately
100 degrees using a manually tensioned nylon cable connected just beneath the target cluster, however only
the initial 20 degrees of rotation were selected for analysis based on maximum rotation estimates from the
PMHS tests. For the bending compliance tests, the simulated inertial load, Fappliea , Was nominally either
22.5 N or 43 N for a given test. Fupi.a Was generated using a weight that was slowly released to tension a
cable attached just beneath the cluster which applied a force perpendicular to the cluster supports. The
selected values for F app1ieq are based on estimates of inertial loading from conducted PMHS sled tests. 22.5 N
was selected using the product of the maximum resultant sternal acceleration and the maximum hardware
mass (56.5 grams), and is considered a reasonable worst case. 43 N was selected for duplicate tests to



evaluate the effect of doubling the initial worst case estimate. A detailed summary of all conducted tests and
conditions is provided in Table 1.

Figure 8: Bending and rotational compliance assessment. (A) illustrates the rotational compliance
assessment, while (B) and (C) illustrate the bending compliance assessment test. (B) illustrates the hardware

prior to loading and (C) illustrates the hardware under the simulated inertial load, Fapplied.

Data Processing and Compliance Error Assessment. For each test optical target data was collected by the
16-camera Vicon OSS at 1000Hz. During post-processing each frame of collected cluster data was
transformed to the center of the rib using the methods provided in the Appendix. From here on, the cluster
data that is transformed to the center of the rib will be referred to as the "transformed rib center ". The mean
position of the four targets symmetrically fixed to the rib marked the actual center of the rib, which will be
referred to from here on as the "actual rib center". At the start of the test the position of transformed rib
center was coincident with the actual rib center, however, induced rotation or deformation of the hardware
caused the transformed rib center position to deviate from the actual rib center position. This deviation,
Atrans, between transformed rib center and actual rib center was taken as the magnitude of the error due to
hardware compliance. Aryy, illustrated in Figure 9, is calculated for all tests using Equation 3. Figure 10
provides the initial configuration, at T,.,, for a given test using a side-by-side comparison of the physical
setup with the processed 3D results illustrating the positions of all targets, transformed rib center, and actual
rib center. It should be noted (referring to Figure 10) that the transformed rib center is the origin of the
orthogonal coordinate system created during the rigid body motion analysis and illustrated in Figure 10 (refer
to Appendix for additional details regarding the rigid body motion analysis).
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Figure 9. Deviation, Ay, due to hardware compliance.

A s ) =i (1) = X () + (17 () = ¥, (D) +(2,() —2,(£)* , where A©)=0  [3]



Target Cluster

Actual

/ I rib center
|

Figure 10: (A) the initial configuration at T,.,. (B) Processed 3D position of all targets and transformed rib

center coordinate system at T, corresponding to the initial configuration show in (A). (C) Illustration of the

transformed rib center and actual rib center referred to in Figure 9 and Equation 3. The transformed rib center
is the origin of the orthogonal coordinate system created during the rigid body motion analysis illustrated in

(©).
Summary of conducted assessment tests

Details concerning all conducted tests for this study are provided below in Table 1.

Table 1. Test Matrix and Summary of Conducted Tests

Cluster-to-
Assessment .
TEST Test Hardware Rate F Cluster Transformation Refer to
# Descrintion  escription Applied Dimensions Target Figures
p Distance’
Single Target . . 51 mm X
001 Data Quality Composite Dynamic NA 51 mm 105.9 mm Sand 6
002 Rotational Standard Dynamic NA 29 mm x 95.4 mm 7 and 8
29 mm
003 Bending Standard Quasi-Static 22N 29 mm x 95.4 mm
29 mm 7 and 8
004 Bending Standard Quasi-Static 445N 29 mm X 95.4 mm
29 mm 7 and 8
005 Rotational Modified Dynamic NA 29 mm x 89.3 mm
29 mm 7 and 8
006 Bending Modified Quasi-Static 22N 29 mm x 89.3 mm
29 mm 7 and 8
007 Bendi Modified i-Stati 445N
ending odifie Quasi-Static 29 Ig;nmm X $9.3 mm 7 and 8

1 -- Distance from cluster center to target location of the transformation (i.e. magnitude of position vector associated with cluster
coordinate system transformation)




RESULTS

Seven tests were successfully conducted with a Vicon manufactured OSS using a range of anatomical
measurement hardware configurations and test conditions. The OSS single target position error assessment
(Test 001) resulted in average deviations, §;, of 0.2 mm, 0.5 mm, 0.4 mm, and 0.3 mm for the composite
cluster targets 1 - 4 respectively over the duration of the dynamic event, while peak deviations, §;, were 0.5
mm, 0.9 mm, 0.8 mm, and 0.6 mm for the composite cluster targets 1 - 4 respectively. In addition, mean
values for diagonal distance deviation, Apj,,, ranged from 0.3 mm to 0.5 mm with peak values ranging from
0.6 mm to 1.1 mm. A summary of results for single target position data quality is provided below in Table 2
and Figure 11. Refer to Figure 6 and Equations 1 and 2. Results of the rigid body motion assessment (Test
001) are illustrated in Figure 12 providing comparison of trajectories of the cluster, rib, and transformed
cluster data to the rib (transformed).

Table 2. Summary of Single Target Position Error

Test # 61 62 63 64 ADiagl ADiag2
Max 0.5 0.9 0.8 0.6 0.6 1.1

Mean 0.2 0.5 0.4 0.3 0.3 0.5
S.D 0.1 0.1 0.1 0.1 0.1 0.1

+ -- All values in mm.

L s

L s I S

Deviation (mm)

64 ADiagl ADiagZ

Figure 11: Summary of single target position error.

Rotational compliance tests (Test 002 and 005) resulted in transformation deviations, ATrans, of 1.7 mm and
0.9 mm for the standard and modified hardware configurations respectively. Bending compliance tests with
the standard hardware (Test 003 and 004) resulted in transformation deviations, ATpaps, of 1.1 mm and 1.6
mm for the 22 N and 44.5 N tests respectively. Bending compliance tests with the modified hardware (Test
006 and 007) resulted in transformation deviations of 0.9 mm and 1.1 mm for the 22 N and 44.5 N tests
respectively. A summary of the Arpns results for all tests is provided below in Table 3 and Figure 13.

Additionally, time histories of ATppg and resultant cluster displacement for all tests are provided in Figure
14.
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Figure 12: Rigid body motion assessment results (Test 001). Views of the trajectories in both the Z-X and Z-
Y planes. Cluster and rib trajectories were obtained directly from the OSS. Remotely measured cluster data
was transformed to the rib to obtain the "Transformed" trajectory.

Table 3. Summary of Aqy(t) Results from all Tests.

Test # 001 002 003 004 005 006 007
Max' 43 17 1.1 1.6 0.9 09 1.1
Mean' 03 03 04 07 0.4 03 05
S.pf 0.6 0.4 02 03 02 0.1 02
T -- All values in mm.
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Figure 13: Summary of results for Ay, from all tests.
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DISCUSSION

Applications for detailed kinematic data ranges from the development of advanced restraint systems to
improving existing crash test dummies. Kinematic response also plays a foundational role in the
development of improved computational models which are powerful tools for developing optimal
countermeasures, however, the efficacy of such tools is highly dependant on how well they emulate the
human response that they are intended to represent (Crandall et al., 2009). Thus, it is not only imperative to
accurately characterize human kinematic response and but also to validate the tools with which we measure
such responses.

This study provides necessary assessment and validation of an innovative methodology for measuring
anatomical kinematics during impact loading. The results of the tests presented here demonstrate the
fundamental effectiveness of the rigid-body-motion analysis to predict the trajectories of anatomical
structures within the body which are not directly visible or accessible for measurement. Additionally, the test
results provide the quantified uncertainty magnitudes associated with the three major contributors for the
overall uncertainty occurring in anatomical kinematic results for the impact loading environment. These
contributors are 1) single target position error 2) propagation of the single target position error to the
anatomical frame through coordinate transformation and 3) compliance in the assumed rigid connection
between the visible target cluster and the underlying bone.

Single target data quality

The results of the single target data quality assessment (Test 001) demonstrate robust performance of the
OSS to track the position of individual targets throughout the duration of a high-rate dynamic event. This is
indicated by the average values of 8; and Apjag Which were limited to a range from 0.2 mm to 0.5 mm (Figure
11). While peak deviations were as great as 1.1 mm, the S.D. of 0.1 mm indicates the majority of the
deviation distribution is substantially < 1.0 mm. This finding of limited single target position error is
substantiated by the fact that independent parameters (6; and Apiag) to quantifying this error yielded similar

results (Figure 11). The low values of 9; indicate only minimal adjustments are required to optimally fit the
digital representation to the collected single target position data at each time step (Arun et al., 1987, Beldpans
et al., 1988, Magnani et al., 1993, Soderkvist and Wedin, 1993, Wang et al., 1993, Cappello et al., 1994,
Challis, 1995, Cappello et al., 1996, and Cappozzo et al., 1997). This is substantiated by the correspondingly

low Apiag values indicating minimal optical distortion of the cluster during the dynamic event. A number of
studies in the literature have been devoted to quantifying performance of commercially available OSSs
(Ehara et al. 1995, Ehara et al. 1997, Klein et al. 1995, Linden et al., 1992, Haggard et al., 1990, Thornton et
al. 1998, and Richards, 1999). While single target error for the current study is at the low end of the reported
range in the literature, it should be noted that current OSS technology is utilized for the current study.
Furthermore, the cluster was tracked under qualitatively “good” conditions for which all targets were visible
to more than two cameras at all times during the dynamic event. This finding of such modest distortion
magnitude under dynamic conditions, however, is particularly important to the application of the presented
methodology. The reason being that single target position error associated with the OSS is unavoidably
propagated (and likely amplified) to the anatomical location through the process of coordinate transformation
(Purtsezov et al., 2010).

Effectiveness of rigid body motion analysis

Since the anatomical structures (i.e. bones) most useful for kinematic measurement are within the body, and
not visible for measurement, the motion of the attached cluster must be transformed to the underlying
anatomical structure to provide the desired trajectory (refer to Appendix). The accuracy of the resulting
trajectory will depend on the quality of the collected cluster data, the distance between the cluster and
underlying bony structure, and also the distance between individual targets on the cluster (Cappozzo et al.,
1997 and Purtsezov et al. 2010). The feasibility of the presented methodology is decided by whether or not
adequate performance can be achieved using cluster dimensions limited by spatial constraints for placement
on the body during tests involving impacts. Using cluster and hardware dimensions representative of those
used in actual PMHS sled tests (Shaw et al., 2009), the dynamic evaluation (Test 001) with the composite



illustrates the fundamental ability of the rigid body motion analysis to successfully predict the directly
measured anatomical trajectory. Figure 12 indicates good qualitative correlation in which the "rib" and
"transformed" trajectories are nearly coincident. Quantitative assessment reveals that the peak value of
deviation, ATrans, between trajectories was 4.3 mm. While this value is small relative to the peak resultant
displacement on the trajectory, it clearly demonstrates the tendency of the transformation process to amplify
the modest single target position error, which was < 0.5 mm on average across parameters ; and Apjag. Such
amplification of OSS error is an unavoidable consequence of coordinate transformation. While the results of
the evaluation test generally indicate excellent performance of the rigid body motion analysis, the
demonstrated sensitivity to even low levels of intrinsic OSS error highlights the necessity of ensuring that the
highest OSS single target data quality be obtained.

Hardware compliance

At a given anatomical location the visible target cluster is supported by stiff, light-weight hardware that is
securely attached to the underlying bone. This supporting hardware experiences inertial loading during the
test which causes bending and/or movement of the hardware relative to the bone. This compliance is not
accounted for in the rigid-body-motion analysis which assumes the connection between the cluster and bone
to be completely rigid, however, some hardware compliance does inevitably exist. The results of Tests 002 -
007 quantify the effects of such compliance on the accuracy of anatomical kinematic results for a range of
hardware configurations typical of those currently used in PMHS sled tests. Figure 13 (Tests 002-007)
provides a summary of the deviations, ATraps , resulting from compliance in the connection between the
cluster and the underlying bone during the compliance assessment tests. For these tests (Tests 002-007) peak
values for Atpans ranged from 0.9 mm to 1.7 mm. The conducted tests explored the effects of the most
extreme conditions of inertial loading and movement of the hardware relative to the bone which were
believed to be achievable during actual PMHS impact tests. Thus, based on these results, a reasonable upper

limit for ATrans , attributable exclusively to hardware compliance, is 2 mm.

Interpretation relative to anatomical kinematics

The results of these seven reported tests provide a practical assessment of the general magnitude of
uncertainty associated with anatomical kinematic results obtained using the presented methodology. The
overall uncertainty, specific to the utilized hardware, depends on a combination of the factors explored in
these seven reported tests. Based on the results, the most conservative estimate is to combine the observed

peak values of ATrans occurring from both transformational and hardware compliance effects, or 4.3 mm +
2.0 mm = 6.3 mm. This uncertainty estimate is based on peak values, so a corresponding 1 S.D. of
uncertainty would be 6.3 mm / 1.41 = 4.5 mm using the relation reported by Purtsezov et al. (2010). Figure
15 illustrates the "transformed" trajectories including +/- 1 S.D. of uncertainty along the X, Y, and Z axes.
This is again the most conservative approach and is warranted since the data does not indicate a directional
apportioning of the total uncertainty across the global X, Y, and Z axes. While the quantified level of
anatomical uncertainty is substantially greater than that associated directly with the OSS, it is not
unreasonable for most kinematic measurement applications where it is necessary to measure the motion of
the anatomical structure, such as for impact loading. Given that the presented methodology provides the
ability to track the motion of the actual anatomical structures, the anatomical uncertainty quantified here is
likely small in comparison to conventional methods that only approximate anatomical motion using an
external representation for which just skin artifact alone can be substantially greater even for non-impact
conditions (Cappozzo et al., 1996, Manal et al., 2000, and Riemer et al. 2008).

While the results of this study demonstrate the fundamental feasibility of the presented methodology, the
results are based on a limited number of tests and associated hardware configurations. The study also did not
consider the uncertainty of relative displacement measures between anatomical structures (Purtsezov et al.,
2010).



-100 * Ry -100 ~
— ! ! ! i ! ’é‘
g : : : N g
=t : : : : .g
Z | | | | z
§-300 B R ~ 2300 -
E } } . B | | ; ; ‘
N_400 B T e S B o’ N -400 * """""" """""" """
Cluster | : : — Cluster
-500 - Transformed i v i -500 ¢ ——Transformed <P i
*Rib —DRib
-600 i i | i | -600 i i | i |
-50 0 50 100 150 200 -50 0 50 100 150 200
X-axis Position (mm) Y-axis Position (mm)

Figure 15: Transformed trajectory including +/- 1 S.D. of uncertainty along the X, Y, and Z axes.

It should be emphasized that the results provide a valuable practical assessment for the general magnitude of
uncertainty in anatomical kinematic results. To be specific, however, requires an independent investigation
for each anatomical measurement location taking into account the specific hardware geometry and OSS
performance considerations (Purtsezov et al., 2010 and Shaw et al., 2009). Thus, providing a single
uncertainty value applicable to wide range of PMHS test conditions is not possible. The presented tests were,
however, designed to represent the most challenging conditions encountered during impact loading with
good cluster visibility. Thus, the obtained results do provide a reasonable upper uncertainty bound for
anatomical kinematics in the global reference frame when good cluster visibility is achievable. The results
soundly demonstrate the feasibility of the presented methodology for measuring anatomical kinematics
during impacts. While no such method is free of error, the determined resultant uncertainty upper bound of
+/- 6.3mm is substantially less than typical variations in subject impact response (Shaw et al., 2009 and
Forman et al., 2006). Thus, the presented methodology has sufficient resolution to characterize the response
it is intended to measure and represents a valuable tool for the injury biomechanics researchers.

CONCLUSION

This study presents a necessary validation of an innovative methodology for measuring anatomical
kinematics during impact loading. Specifically, the results confirm the fundamental ability of rigid-body
motion analysis to use remotely measured target data, external to the body, to determine motions of
underlying structures within the body. In addition to validating the fundamental methodology, the study
comprehensively quantifies the magnitude of overall uncertainty in the final kinematic results, by accounting
for the individual uncertainty contributions associated with the OSS, rigid-body motion analysis, and
compliance of the hardware attaching visible target clusters to the underlying bone.
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APPENDIX
(Adapted from Shaw et al., 2009)

Coordinate transformation was an integral part of the rigid body motion analysis since the focus of interest
(i.e. the bone) was not directly visible to the video-based optoelectronic stereophotogrammetric system
(OSS). Determining the bone trajectory required the cluster trajectory to be “transformed” to the bone using a
series of coordinate transformations. Before providing the specific details concerning the transformation
used for the presented tests, a brief review of coordinate transformations is provided.

As described by Bate et al. (1971), a vector may be expressed in any number of rectangular coordinate
systems, where each coordinate system is defined first, by specifying the location of its origin, followed by
specifying the direction of the three mutually orthogonal axes defined by three corresponding unit vectors. A
coordinate transformation does not alter the vector, but instead alters the vector components. This allows the
vector to be transformed from one reference frame to another which is the equivalent to changing the
perspective of expressing the vector from one frame of reference to another.

Figure Al illustrates three arbitrary rectangular coordinate systems; X;YZ; , XoY,Z, , and X 3Y;Z;
corresponding to coordinate systems 1, 2, and 3 respectively. The axes of each coordinate system are defined
by three mutually orthogonal unit vectors; i), j;, and k;, for the coordinate system #1; i, j,, and k, for
coordinate system #2, and i, j;, and k; for coordinate system #3. An arbitrary point in space, P, is expressed
in each of the three coordinate systems using a position vector, P p;, Ppy, and Pp; from the origin of the
respective coordinate system to the position of point, P. The position vectors’ components correspond to the
Cartesian coordinates of the point P in each of the three coordinate systems. Representing point P in
homogenous coordinates (i.e. (X;, Y1, Z;, 1) allows the relationship between position vectors to be quantified
using Equation 1.

Referring to Figure A1, the components of the position vector, Pp, from the origin of system #1 to point P, is
given by multiplication of a square [4 X 4] matrix and a [4 X 1] column matrix. The [4 X 1] column matrix
represents the coordinates of the position vector, Pp,, from the origin of system #2 to point P. The square [4
X 4] matrix is referred to as a transformation matrix. The definition of the elements of the transformation
matrix are provided in Equation 1, where tij is the dot product of the ith unit vector in coordinate system #2
and the jth unit vector in coordinate system #1. Px, Py, and Pz are the elements of the vector, P,;, defining
the position of the origin of coordinate system #2 relative to coordinate system #1. The transformation matrix
is referred to as, T/;, meaning the transformation from coordinate system of #2 to coordinate system #1.
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The relationship described above in Equation 1 can be used to relate the transformation matrices between
various pairs coordinate systems. This is expressed in Equations 2-6 below. Equations 2 and 3 relate the
transformations between the position vectors of coordinate systems #1 and #2 with the position vector of
coordinate system #3. Combining Equations 2 and 3 yields Equation 4. Finally, combining Equations 4 and
1, relates the transformation matrices occurring between pairs of coordinate systems. Importantly, Equation
5 can be used to obtain a transformation matrix whenever two coordinate systems are defined relative to a
common third coordinate system.
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Obtaining the anatomical trajectories from marker-cluster trajectories



Using the method described above, a number of transformation matrices were developed to relate the four
rigid body coordinate systems to each other and also to the OSS coordinate system. The OSS coordinate
system will be referred to as the global coordinate system. Figure E2 illustrates the five coordinate systems
associated with each anatomical measurement location. These are the marker (M), plate (P), mount (Mo),
bone (B), and global (G) coordinate system.

Yo
A

7, ¥

Tem . p Yo

Figure A2: Process of obtaining 6DOF kinematics of an anatomical landmark relative to the global
coordinate system using coordinate transformation. The transformation matrices Tyyg, Tpm, and Tg/g are
described above.

Equations 6 — 9 relate the transformation matrices corresponding to selected pairs of coordinate systems.
Tpm defines the relationship between the position vectors of point in expressed in the marker and plate
coordinate systems and was obtained using data collected from the FARO arm. According to Equation 1,
Tymop defines the relationship between the position vectors of point in expressed in the mount and plate
coordinate systems and was obtained using geometry from the manufacturing schematics of the hardware.
Tynom defines the relationship between the position vectors of point in expressed in the mount and marker
coordinate systems and was obtained using Equation 6. Tp)\, defines the relationship between the position
vectors of point in expressed in the bone and mount coordinate systems and was obtained using the pretest
CT data. Ty defines the relationship between the position vectors of point in expressed in the bone and
marker coordinate systems and was obtained using Equation 7. Tyyg defines the relationship between the
position vectors of point in expressed in the marker and global coordinate systems. Tyyg(t) varied with time,
and was result of the smoothed marker-cluster trajectories that were initially smoothed via a rigidity
constraint using the least squares pose (LSP) estimator as performed by Cappozzo et al., (1997). Tp/s(t)
defines the relationship between the position vectors of point in expressed in the bone and global coordinate
systems for a given time, t, and was obtained using Equation 8. Equation 9 (based on Equation 1) is used to
provide the Cartesian coordinates of the bone coordinate system origin for the time interval over which
Tpig(t) is defined. Tpyp; defines the relationship between the position vectors of point in expressed in two
different bone coordinate systems and is obtained using Equation 10. Equation 11 can be used to determine
the position of the origin of bone coordinate system #2 relative to the origin of bone coordinate system #1 at
a give time, t.

[TM()/M]= [TP/M]*[TMo/P] [6]
[TB/M]= [TMo/M]*[TB/Mo] [7]
[TB/G(t)]z [TM/G(t)]*[TB/M] (8]
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