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Rear Impact Head and Cervical Spine Kinematics of BioRID Il and PMHS in Production Seats

Yun-Seok Kang, Kevin Moorhouse, Kyle Icke, Jim Stricklin, Rod Herriott, John Bolte IV

Abstract In a previous study, a comparison of cervical spine kinematics between a current rear impact
dummy, BioRID Il, and post mortem human subjects (PMHS) was made by subjecting them to moderate speed
rear impacts while positioned in an experimental seat. The objective of this study is to make a similar
comparison of head and cervical spine kinematics in more realistic production seat conditions. A total of seven
sled tests using seven PMHS (males 181.9 + 3.9 cm of stature and 79.0 * 4.7 kg of weight) were conducted in
several moderate speed rear impact test conditions. The BioRID Il was also tested under the same conditions,
with each cervical vertebra instrumented with one angular rate sensor so that rotational kinematics of the
cervical spine of BioRID Il could be compared to those measured from the PMHS. Results show that the BioRID I
exhibited generally comparable results to the PMHS, although the biofidelity of the BioRID spine in flexion could
be improved. As seen previously in the experimental seat, the intervertebral rotations for both PMHS and the
BioRID Il in the production seats were primarily relative forward rotations (i.e. intervertebral flexion) even
though the cervical vertebrae rotated rearward with respect to the global coordinate system. Contrary to the
experimental seat, a transition to relative rearward rotation (i.e. intervertebral extension) occurs in the lower
spine of the BioRID in the two production seats in this study.

Keywords Anthropomorphic Test Device (ATD), BioRID, cervical spine injury, intervertebral kinematics,
whiplash.

I. INTRODUCTION

Claims of cervical spine injuries (e.g. whiplash) in rear impact collisions are very common and result in
enormous societal cost, with estimates on the order of $2.7 billion annually [1]. Cervical spine injuries have also
been identified as a serious problem in Europe and Asia [2-3]. Societal cost in Europe resulting from this type of
injury is approximated to be between €5 and €10 billion per year [3]. It is reported that 50% of vehicle collisions
resulted in cervical injuries in Japan [2]. Cervical spine injuries can result from frontal and rear impact crashes,
but their risk in rear impact crashes is twice that of frontal impact crashes [4].

In order to reduce the possibility of cervical spine injuries, car manufacturers have been developing seats
that include improved restraint systems, seat properties (e.g. stiffness of seat-backs, dynamic behavior of
recliners and properties of seat foam) and head restraint design as a result of FMVSS No. 202a. For this
development process, anthropomorphic test devices (ATDs) have been used to improve safety of seats and
restraint systems in rear impacts [5-7]. There are two ATDs designed specifically for rear impact: BioRID Il [8]
and RID3D [9]. The biofidelity of these ATDs has been evaluated extensively [8-20], but these studies have
focused on comparison of global measures (e.g. head and T1 kinematics) obtained from human volunteers
and/or PMHS with those obtained from the rear impact ATDs, rather than comparing detailed intervertebral
kinematics of the entire cervical spine. In 2012, eight unembalmed PMHS and rear impact ATDs were tested
under an identical test condition in two moderate speeds (8.5 g and 17 km/h; 10.5 g and 24 km/h) using an
experimental seat [19]. Additionally, an instrumentation technique for measuring the kinematics of each
vertebra in the PMHS cervical spine was developed, validated and used to assess the cervical kinematics of the
PMHS in that test series [21]. An angular rate sensor was installed on each of the cervical vertebrae of the
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BioRID Il so that rotations of the cervical spine of the BioRID Il could be compared to those measured from the
PMHS [21]. They found that the BioRID Il exhibited comparable results to the PMHS in the 17 km/h test. For the
24 km/h test, the cervical spine of the BioRID Il exhibited less extension than the PMHS at all levels (C2—C7) [21].
It is also reported that the intervertebral rotations for both the PMHS and the BioRID Il were primarily relative
flexion rotations, even though the cervical vertebrae rotated rearward with respect to the global coordinate
system [21]. No previous studies have evaluated rotations measured from the cervical vertebrae of the BioRID Il
compared to those measured from PMHS in identical sled test conditions using production seats. Therefore, the
objective of this study is to make a similar comparison of head and cervical spine kinematics in more realistic
production seat conditions.

Il. METHODS

Rear Impact Sled Tests Using PMHS and BioRID Il

The post mortem human subjects (PMHS) used for this study were available through the Ohio State University’s
Body Donor Program and all applicable National Highway Traffic Safety Administration (NHTSA) and University
guidelines, as well as IRB protocol, were reviewed and followed. Rear impact sled tests using PMHS on a
Hydraulic-controlled, Gas-Energized (HyGE) sled were conducted using three different pulses (FMVSS 202a [1],
IJNCAP [22] and 10.5 g, 24 km/h [23]), as shown in Table I. A total of seven rear impact sled tests were
conducted with seven different PMHS using two different types of production seats (seat A and seat B) in the
three speeds (Table I). The production seats used in this study do not have any advanced features (e.g. active
head restraints). Model years for Seat A and B were 2011 and 2010, respectively, so the head restraints of both
seats were presumed compliant with FMVSS 202a. The BioRID Il was also tested under identical test conditions
such that a direct comparison can be made. Only five matched BioRID Il tests were conducted in this study, as
two of the PMHS tests were repeated test conditions (Table I).

TABLE |
TEST SEVERITY AND TEST MATRIX

Test# PMHS ATD Pulse name Max. sled AV Seat type
acceleration (g) (km/h)
Testl PMHS1 BioRID II 202a 8.1 16.0 Seat A
Test2 PMHS2 BioRID Il JNCAP 10.6 17.5 Seat A
Test3 PMHS3  Not tested JNCAP 10.8 17.8 Seat B
Testd PMHS4  Not tested 24kph 10.3 24.8 Seat B
Test5 PMHS5 BioRID II JNCAP 10.7 17.8 Seat B
Test6 PMHS6 BioRID Il 24kph 10.3 24.7 Seat A
Test7 PMHS7 BioRID II 24kph 10.3 24.9 Seat B

Detailed anthropometric information and selection criteria of the PMHS were reported in the previous study
[24]. Seven unembalmed male subjects (74 + 8 year old) were used, and their average size was comparable to a
50th percentile male with an average weight of 79.0 + 4.7 kg and height of 181.9 + 3.9 cm. The BioRID Il has
similar weight (78.2 kg) as the average PMHS weight (79.0 kg), while its head mass and seated height were
heavier and taller than those average values obtained from the PMHS (Table Il). The seating procedure for the
BioRID Il was based on guidelines found in the user manual [27]. Before seating the BioRID I, the H-point of
each production seat was determined using an OSCAR H-point device as required for the seating procedure of
the BioRID Il. The seat back angle was set up as 25 degrees based on SAE J826 for all tests. The detailed seating
procedures for the BioRID Il and PMHS were reported in previous studies [19][23]. Target backset (i.e.
horizontal distance between the head and the head restraint) and topset (i.e. vertical distance from the center
of gravity of the head to the top surface of the head restraint) were 50 + 5 mm and 80 = 5 mm, respectively. The
backset and topset information for both PMHS and BioRID Il is provided in Table lll. However, some PMHS used
in this study could not satisfy topset tolerances due to the nature of the PMHS spine curvature and limited
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adjustability of the head restraint (HR) of the production seats. Therefore, the topset for the BioRID Il were set
up similar to those measured from matched PMHS, while the backset was within the tolerance range (i.e. 50+ 5
mm). Photographs of the general set-up and initial positioning for the sled tests are shown in Fig. 1. Strips of
conductive tape were placed on both the posterior aspect of the head and the anterior surface of the HR to
record head-to-HR contact times. A three-point belt was used to restrain the PMHS and the BioRID Il on the
seats, with initial belt tensions of 17.8 N (4lb) for the lap-belt and 26.7 N (6lb) for the shoulder-belt. The initial
seat-back angle was approximately 25 degrees from the vertical (Z-axis according to SAE J211). The seat was
replaced following each sled test.

TABLE Il
AGE, SEATED HEIGHT, WEIGHT AND HEAD MASS FOR BOTH PMHS AND BIORID Il
unit: mm and kg

Age Seated Height Weight Head Mass
PMHS1 67 80.0 83.0 4.2
PMHS2 82 75.0 78.5 4.1
PMHS3 66 80.0 81.6 4.0
PMHS4 65 83.0 75.3 3.8
PMHS5 78 78.0 78.5 3.8
PMHS6 86 81.0 84.8 3.8
PMHS7 71 80.0 71.2 4.0
Mean (SD) N/A 79.6 (2.5) 79.0 (4.7) 4.0 (0.2)
BioRID Il NA 88 78.2 4.5
TABLE Il
BACKSET AND TOPSET INFORMATION
unit: mm
Backset Topset
Test# PMHS BioRID Il PMHS BioRID Il
Testl 55 53 112 106
Test2 50 51 97 93
Test3 75 N/A 78 N/A
Test4 50 N/A 65 N/A
Test5 55 53 79 82
Test6 55 54 81 83
Test7 52 55 79 74
Mean (SD) 56.0 (8.7) 53.2 (1.5) 84.4 (15.3) 87.6 (12.3)

Fig. 1. General set-up for the sled tests: (a) PMHS seated in seat A; (b) BioRID Il seated in seat A;
(c) PMHS seated in seat B; (d) BioRID Il seated in seat B
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Head and neck instrumentation

For the PMHS instrumentation, head kinematics were measured using six accelerometers and three angular
rate sensors (6aw) installed on an aluminum tetrahedron fixture, while cervical kinematics were recorded using
three accelerometers and three angular rate sensors (3aw) installed on the anterior aspect of the cervical
vertebral bodies (C2—C7), as described in the previous study [24]. For the BioRID Il instrumentation, a 3aw block
was installed at the center of gravity (CG) of the head. Threaded holes for installing angular rate sensors on the
lateral aspect of the cervical vertebrae (C2—C7) of the BioRID Il were created by the manufacturer (Humanetics,
Inc.) so that the BioRID Il had the capability of measuring neck angular kinematics. The angular rate sensors
(ARS) were attached to each cervical vertebra in alternating fashion (C3, C5 and C7 on the right side, and C2, C4
and C6 on the left side), as shown in Fig. 2. Due to limited space between each cervical vertebra, accelerometers
for linear kinematics cannot be installed on the BioRID Il cervical spine. Although the instrumentation on the
PMHS cervical spine is capable of measuring linear kinematics, the pinned vertebral joints of the BioRID Il neck
do not allow for relative translation, so only angular kinematics measured from the BioRID Il are reported in this
study. For the T1 instrumentation of the BioRID Il, two accelerometers and one ARS were installed on the left
side of the T1. One redundant ARS was installed on the right side of the T1, but results from this redundant ARS
were similar to the one on the left side with a maximum 0.2 degree error for all tests, so only kinematics from
the left side are reported in this paper. Although more instrumentation was installed on both PMHS and BioRID
I, the focus of this study is only on the head, cervical spine and T1 kinematics.

Fig. 2. Angular rate sensors installed on each cervical vertebra of the BioRID Il: (a) right view; (b) left view.

Data processing

The sampling frequency used in all sled tests was 12,500 Hz and all data obtained from the tests were filtered
according to SAE J211. SAE J211 coordinate system and sign conventions were used for the head, cervical and
T1 kinematics. The influence of gravity on the accelerometers was compensated for [25]. Data measured from
the PMHS head instrumentation were transformed to the center of gravity (CG) in the body-fixed coordinate
system, such that a direct comparison of head kinematics at the PMHS CG with those measured at the BioRID I
CG can be made. The instrumentation blocks installed on the PMHS cervical vertebrae were digitized to
transform the data measured from the blocks to the antero-superior edge of each cervical vertebral body.
Angular velocity recorded from the ARS installed on the BioRID Il cervical vertebrae was numerically integrated
to determine cervical rotations. In order to quantify comparison of kinematics measured from both PMHS and
BioRID Il over time, the normalized root mean squared deviation (NRMSD), shown in Equation (1), was used.
The NRMSD provided an average percent error over time between the PMHS data and BioRID Il data. Before the
NRMSD calculation, phase differences between PMHS and BioRID Il kinematics were first removed. It should be
noted that this phase shift was only for NRMSD calculation purposes. All time history plots presented in this
study kept original phasing (i.e. no time shift) to qualitatively provide magnitude, shape and phase differences
between PMHS and BioRID Il. The relevant time window used for the NRMSD calculation was from 0 ms (when
the sled begins moving) to 150 ms (approximately when the head leaves the head restraint).
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Where n is the total number of data points, Y'max and Y'min represent the maximum and
minimum values of the PMHS data, Yi and Y'i are the i'" data point obtained from the response
being evaluated (e.g. BioRID Il data) and the i'" data point obtained from the response being

compared to (PMHS data), respectively.

Ill. RESULTS

For all comparison plots in this paper, the PMHS is plotted with solid lines, and the BioRID Il with dotted lines.
Kinematic data were plotted by each seat (e.g. seat A: Test1, 2, and 6; seat B: Test5 and 7). PMHS numbers, sled
inputs, NRMSD and seats used in each test are shown in the caption of each Figure.

Head and T1 kinematics

Both PMHS and BioRID Il responses for the acceleration of the head and T1 in the x- and z-direction and rotation
of the head and T1 about the y-axis are shown in Fig. Al and Fig. A2, respectively. The NRMSD values ranged
from 8% to 41% for the head kinematics (Fig. A1), while those from the T1 kinematics ranged from 10% to 34%
(Fig. A2).

Head rotation relative to T1

Figure 3 shows the head rotation with respect to T1 about the y-axis. The PMHS exhibited a large head forward
rotation relative to T1 (i.e. neck flexion) for most of the event, and the magnitude of the relative rotation
increased with increasing test severity, as shown in Fig. 3. (a) and (b). The BioRID Il showed this general
behavior but with relative forward rotations of much less magnitude. NRMSD for comparison of the PMHS with
the BioRID Il were over 34% for all tests, with an average of 37.7 + 3.2%).
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PMHS6 vs. BioRIDII6 (24 km/h): NRMSD = 35.60%

Fig. 3. Head rotation relative to T1 rotation (average NRMSD of 37.7 + 3.2%)

Cervical rotations

Cervical rotations (e.g. C2—C7) for both PMHS and BioRID Il were plotted in the global y-axis, as shown in Fig. 4
(Seat A) and Fig. 5 (Seat B). The NRMSD values ranged from 7% to 34% for Seat A (Fig. 4) and 16% to 36% for
Seat B (Fig. 5).
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Fig. 4. Cervical rotation about y-axis using Seat A (Test1: FMVSS202a; Test2: INCAP; Test6: 24 km/h).
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Fig. 5. Cervical rotation about y-axis using Seat B (Test5: INCAP; Test7: 24 km/h).
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Intervertebral rotation

The relative intervertebral rotations for C2-T1 were determined for both the PMHS and BioRID Il, as shown in
Fig. 6. Negative values represented relative forward rotations (e.g. upper cervical vertebra rotated forward
relative to the lower vertebra). The majority of peak intervertebral rotations (93% of PMHS and 77% of BioRID Il)
were relative forward rotation (i.e. flexion), as shown in Fig. 6. Relative rearward rotations (greater than 5 deg)
of the BioRID Il cervical vertebrae were identified only in the Seat B tests at C7/T1 (6.9 deg) in Test5 (Fig. 6 (d)),
and at C6/C7 (5.6 deg) and C7/T1 (10.5 deg) in Test7 (Fig. 6 (e)). Statistical analysis was not performed due to
the comparison of a single paired matched test per each configuration.
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Fig. 6. Intervertebral rotations.

(a) Testl in FMVSS202a and seat A; (b) Test2 in INCAP and seat A; and (c) Test6 in 24 km/h and seat A.
(d) Test5 in JNCAP and seat B; and (e) Test7 in 24 km/h and seat B.
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IV. DISCUSSION

Head and T1 kinematics

The biofidelity studies using BioRID Il and human subjects have been conducted in many different seat
configurations (e.g. rigid bench seats, various production seats, with/without head restraints, etc.)
[8][10]1[14][16][19-20]. Most studies used rigid seat configurations without head restraints at low speeds
[8][10][14][16][20]. The Kim study [16] and the Moorhouse study [19] evaluated biofidelity of the BioRID Il at
moderate-speeds (AV greater than 24 km/h), but the Kim study used a rigid seat without a head restraint, in
order to compare rear impact ATDs to PMHS and volunteer data recorded from Mertz and Patrick [26]. The
Moorhouse study used an experimental seat that is capable of simulating the dynamic seat-back rotation of
modern vehicle seat-backs by considering the moment-rotation properties of a typical passenger vehicle seat
[19]. The only study that has investigated the detailed cervical spine biofidelity of the BioRID Il, was performed
by Kang et al. (2013) [21].

Kinematics measured at the head and T1 have been commonly evaluated in previous rear impact studies
[8-10][15-16][27]. In the current study, the head linear acceleration in both x- and z-directions of the BioRID Il
exhibited similar shape and magnitude as the PMHS head linear acceleration (Fig. A1), with average NRMSD
values for x- and z- directions of 13.4 + 6.3% and 15.4 + 3.5%, respectively. In the Moorhouse study [19] in
which an experimental seat was used, the biofidelity was poor and magnitudes of the peak head linear
acceleration of the BioRID Il were much higher than the current study (ranging from 96 g to 104 g), due to the
nature of the experimental seat. The experimental seat was designed for assessing both external and internal
biofidelity, so load cells were installed on the seat and head restraint resulting in a much more rigid head
restraint than the production seats used in this study. They also reported that the less flexible neck and spine
and less compliant skull of the BioRID Il likely caused higher peaks in the head acceleration, resulting in poor
biofidelity. However, it appears that those results may have been an artifact of the experimental seat since this
study shows that head linear acceleration of the BioRID Il was comparable to that measured from PMHS when
tested in two different production seats (Fig. Al).

With regard to head rotation, however, the NRMSD values were greater than those observed in the linear
acceleration (average NRMSD of 26.2 + 10.2%). The PMHS head stayed close to the initial head angle (~0
degrees), with a small amount of forward rotation, while the BioRID Il did not exhibit any forward rotation and
began rotating rearward earlier than the PMHS, as shown in Fig. Al. This difference in head lag response was
also observed in the previous study [19]. In their study, the BioRID Il head rotation was comparable to PMHS in
the 17 km/h test (e.g. FMVSS 202a), but the PMHS exhibited a larger amount of head rotation than BioRID Il in
the 24 km/h test [19]. Both the current study and the Moorhouse study showed that PMHS head rotations were
greater than the BioRID Il for all tests, with the interesting exception of Test2 in this current study, in which
peak head rotation of the BioRID Il (13.9 degrees) was greater than that obtained from the PMHS (10.7
degrees).

The BioRID Il exhibited slightly better biofidelity for T1 linear acceleration than for head linear acceleration,
with average NRMSD values for x- and z- directions of 12.4 + 2.4% and 13.4 + 2.5%, respectively. The
Moorhouse study reported that T1 acceleration of the BioRID Il in the x-direction was very similar in magnitude
to the PMHS in 17 km/h, but they observed a high spike in the T1 acceleration in the z-direction after head
restraint contact [19]. For the 24 km/h test, this high spike was observed in both x- and z-directions [19]. In this
current study, similar high spike signals from the BioRID Il were not observed in the T1 acceleration traces (Fig.
A2). For T1 rotation, the PMHS showed larger T1 rotation than the BioRID Il for all tests, with average NRMSD
values of 22.2 + 9.4% for all tests (Fig. A2), which is similar to that from the head rotations (26.2 + 10.2%). The
Moorhouse study reported that the T1 rotation obtained from the BioRID Il in the 17 km/h was comparable to
that from the PMHS, while the T1 rotation of the BioRID Il in 24 km/h was close to the lower bound of the
biomechanical target (i.e. minus one standard deviation) [19]. Similarly, the T1 rotation of the BioRID Il in the
current study showed more deviation from the PMHS curve in the 24 km/h test (Fig. A2).

Head rotation relative to T1

Head rotation relative to T1 has been considered as an important component of rear impact ATD biofidelity due
to its relevance to injuries related to rear impacts [1]. In this study, the PMHS showed a large amount of relative
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forward rotation of the head with respect to T1 and did not exhibit any relative rearward rotation (Fig. 3). This
large relative forward head rotation to T1 was also observed in Kang’s previous study [23]. The BioRID Il
exhibited this general behavior, but with relative forward rotations of much less magnitude (Fig. 3), resulting in
a large average NRMSD value of 37.7 £ 3.2%. Similarly, Moorhouse’s study also showed that head rotation
relative to T1 of the BioRID Il was much less than that of the PMHS [19]. This forward head rotation relative to
T1 implies that the T1 rotated rearward more than the head, which can be explained by the head lag effect (i.e.
head stayed close to zero degrees or rotated slightly forward while upper torso rotated rearward). It should be
noted that this relative forward rotation creates neck flexion while the neck rotated rearward in the global
y-axis. This was supported by the intervertebral relative forward rotations C2/C3—C7/T1, shown in Fig. 6.

Cervical rotations in global y-axis

Gross kinematics of the head and T1 of the BioRID Il have been studied extensively [8][14][16][18], but no
previous studies actually measured individual cervical kinematics of the BioRID Il, with the exception of one
study performed by Kang et al. (2013) [21]. This previous Kang study found that in an experimental seat the
cervical spine of the BioRID Il exhibited good biofidelity in the 17 km/h test, but not in the 24 km/h [21]. This
supported the fact that the BioRID Il cervical spine was designed to model low-speed rear impacts on the order
of 10 km/h [8]. The rotations of the cervical spine determined from the current study were lower than the
previous Kang study [21], likely due to differences in seat-back rotations and in different seat types (i.e. an
experimental seat vs. production seats).

In the current study, the responses of the cervical spine of the BioRID Il differed in the two different
production seats. For seat A, the upper cervical spine (C2—C3) of the BioRID Il generally rotated rearward more
than the PMHS (except C3 in Test2), while the lower cervical spine (C6—C7) of the PMHS rotated rearward more
than the BioRID Il (Fig. 4). There was no clear trend like this in the mid-cervical area (C4 and C5), but the BioRID
Il exhibited better biofidelity in the mid-cervical area with an average NRMSD value of 13.7 + 4.0%, as compared
to 22.7 £ 5.8% in the upper spine and 19.6 £ 9.0% in the lower spine. For seat B, however, the cervical spine of
the BioRID Il always rotated rearward more than the PMHS, as shown in Fig. 5. With respect to biofidelity, the
lower cervical spine of the BioRID Il (NRMSD of 19.2 + 3.9) was better than the upper (NRMSD of 28.5 + 3.3) or
mid-cervical spine (NRMSD of 28.9 + 5.8). These differences in responses from seat A to seat B are likely due to
the differing head restraint and seat designs. The cervical spine responses are affected by the interaction of
each region of the spine (e.g. cervical, thoracic, lumbar, sacral and coccygeal) with the seat backs and head
restraints. Different seat designs likely produce different interactions of the lower spine with the seat back,
which then affects the kinematics of the cervical spine. However, more investigation is needed to better
understand this spine-seat interaction.

Intervertebral rotation
Since shape and magnitude of the intervertebral rotations measured from the BioRID Il were not similar to
those from the PMHS, time history evaluation did not provide any valuable information (average NRMSD values
ranged from 18% to 204% for all tests). Therefore, peak intervertebral rotations were provided in Fig. 6 instead.
The only study for comparison that measured individual cervical kinematics of the BioRID Il by installing sensors
on each cervical vertebra was performed by Kang et al. (2013) [21] using an experimental seat. They reported
peak intervertebral rotations of the BioRID Il for C2-C7, and found that all peak intervertebral rotations
occurred in flexion (i.e. forward rotation of upper vertebra relative to lower vertebra), with average values
ranging from 1.2 to 5.6 degrees (Table IV). In contrast to the experimental seat, although the peak
intervertebral rotations throughout most of the spine were in flexion in the production seats from this study,
the BioRID demonstrated some peak intervertebral extension values as well, particularly in the lower spine (Fig.
6). Furthermore, the transition from intervertebral flexion to intervertebral extension occurred at different
locations of the spine for the two seats (C7/T1 for seat A and C6/C7 for seat B), further illustrating how
dependent cervical kinematics are on the seat design (experimental versus seat A versus seat B). The higher
propensity to develop intervertebral extension rotations in seat B likely explains why the BioRID Il showed more
rearward global rotation in the tests using seat B (Fig. 5).

It should be noted that intervertebral forward rotation of the BioRID Il measured from both current and
previous studies did not exceed 6 degrees, likely due to the initial design targets of the range of motion
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between two adjacent cervical vertebrae of the BioRID Il (i.e. 11.5 degrees for rearward rotation and 4.5
degrees for forward rotation) [28]. The intervertebral range of motion (ROM) of the cervical spine of the BioRID
Il may need to be expanded in forward rotation (e.g. neck flexion), in order to improve biofidelity and overall
head-neck kinematics.

TABLE IV
COMPARISON OF INTERVERTEBRAL FORWARD ROTATIONS OF BIORID Il WITH PREVIOUS STUDY
unit: deg

BioRID Il intervertebral kinematics

Test Study Test Seat type C2/C3 (C3/c4 cC4/c5 C5/C6 Ce/C7
severit D mean mean mean mean mean
Y (D)  (SD) (D)  (SD)  (SD)
Kang Experimental -1.8 -4.8 -4.4 -5.6 -4.3
FMVSS202a 3 N/A seat 05) (0.6) (02) (12) (05)
Kang Experimental -1.2 -3.0 -3.7 -4.9 -5.4
24km/h - oh3 /A seat (1.5)  (10) (0.9 (09) (0.6)
EMvss202a  CUTENT qegq  Production o Hs 6 25 s
study Seat A
Current Production
INCAP ody  TeT oot A 11 31 28 31 -11
INcAp  CUTENt pogs  Production o, 46 30 30 07
study Seat B
2akmfs UMM qege  PrOJUCTON 4 9 41 30 16
study Seat A
Current Production
24 km/s study Test7 Seat B -4.9 -4.9 -3.7 -2.8 -1.0

Limitations

Seven PMHS were tested in three different input sled pulses and two different seats. The main reason for
having different combinations of the seats with pulses was to investigate injury reference assessment values
(IARVs) for the BioRID Il using a direct correlation approach of paired tests, which will be the subject of a future
manuscript. For this approach, PMHS injury criteria will be evaluated and investigated first to find predictive
variables to PMHS injuries. After determining the best injury predictive variables for the PMHS, the relationship
between PMHS predictive variables and BioRID Il measures will be investigated to determine the BioRID Il injury
measures (and injury assessment reference values) that are most correlated with the PMHS injuries. Since
different seats and pulses were used in this study, the test matrix did not allow enough repeat PMHS tests to
generate biomechanical targets, so a quantitative evaluation using NHTSA’s Biofidelity Ranking System could
not be performed. Therefore, an estimate of biofidelity was obtained by comparing five individual PMHS curves
to five individual BioRID Il curves in paired test conditions by calculating NRMSD values.

This study is somewhat limited by a small sample size of PMHS. A total of 7 rear impact sled tests were
conducted using 7 PMHS [24], but only 5 test conditions were chosen and tested using the BioRID Il. However,
due to the lack of biomechanical data in the literature comparing PMHS and the BioRID Il in rear impacts, this
study should help to better understand head and cervical kinematics of both PMHS and BioRID Il in rear
impacts.

V. CONCLUSIONS

The BioRID Il generally exhibited better biofidelity for the head and T1 linear accelerations than for the head
and T1 rotations. Although the BioRID Il exhibited generally comparable results to the PMHS, it appears that the
biofidelity/ROM of the BioRID Il in flexion could be improved in order to obtain more accurate head-neck
kinematics. All cervical vertebrae for the PMHS and BioRID Il rotated rearward in the global coordinate system.
However, the intervertebral rotations for the cervical vertebrae were relative forward rotations (i.e.
intervertebral flexion) in all cervical levels of the PMHS and for the upper and mid-cervical spine of the BioRID II.
The intervertebral rotations at the lower cervical spine of the BioRID began to transition to relative rearward
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rotations at C7/T1 for seat A and at C6/C7 for seat B, as opposed to relative forward rotations at the other
cervical levels. This transition was not observed in similar tests/severities using an experimental seat. This
illustrates that different seat designs have a large effect on the resulting cervical kinematics in rear impacts.
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VIIl. APPENDIX
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Fig. Al. Head kinematics for both PMHS and BioRID I

Seat A: (a), (b) and (c) vs. Seat B: (d), (e) and (f)

FMVSS202a:Test1; INCAP: Test2 and 5; and 24 km/h: Test6 and 7
Average NRMSD for linear acceleration in x- direction: 13.4 £ 6.3 %
Average NRMSD for linear acceleration in x- direction: 15.4 +3.5%
Average NRMSD for rotation in y- direction: 26.2 + 10.2 %
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Fig. A2. T1 kinematics for both PMHS and BioRID Il

Seat A: (a), (b) and (c) vs. Seat B: (d), (e) and (f)

FMVSS202a: Testl; JINCAP: Test2 and 5; and 24 km/h: Test6 and 7
Average NRMSD for linear acceleration in x- direction: 12.4 £+ 2.4 %
Average NRMSD for linear acceleration in x- direction: 13.4 £ 2.5 %
Average NRMSD for rotation in y- direction: 22.2 + 9.4 %
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