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1. Introduction

Whiplash experiments using human subjects are important tools for evaluating biological
response during collisions and can provide key insights into mechanisms of injury
(Muhlbauer et al., 1999). Human experimentation, including whiplash-like perturbation
testing, is essential to evaluate the kinematic, kinetic and electromyographic responses to
enable mathematical models to predict the loads within neck structures (Choi & Vanderby,
1999). Although some experimentation has been performed with staged collisions between
actual automobiles (Welcher & Szabo, 2001; Severy et al., 1955; Castro et al., 2001; Brault et
al.,, 1998), more typically, human testing has been performed using experimental sleds
(Dehner et al.,, 2007; Kumar et al., 2005b; Kumar et al., 2002; Muhlbauer et al., 1999;
Siegmund et al., 2003; Kaneoka et al., 1999).

One limitation of sled testing is that the perturbation pulse varies from trial to trial due to
the varying inertia between subjects, and the varying effective inertia as subjects respond
differently to the perturbation. This is an important issue since certain properties of the
crash pulse influence the risk of injury (Kullgren et al., 2000; Hynes & Dickey, 2008). In
order to address this limitation, some researchers have developed advanced test sleds that
incorporate feedback-controlled linear motors to enable them to precisely control the
properties of the perturbation pulse (Siegmund et al., 2005; Siegmund et al., 2004). This
approach offers considerable advantage over spring (Magnusson et al., 1999), gravity
(Kaneoka et al., 1999) and pneumatic (Kumar et al., 2002; Hernandez et al., 2005) driven
sleds, yet it is still limited to simulating the anterior-posterior motion of vehicles. In contrast,
research from experimental automobile collision studies that have used real vehicles has
shown that the vehicle accelerations include substantial vertical accelerations (Severy et al.,
1955; Welcher & Szabo, 2001) due to factors such as the vehicle suspension and bumper
height mismatch (Siegel et al., 2001).

Peak head acceleration is thought to be a key variable in whiplash, and typical and
reproducible head/neck motion patterns have been observed in experiments with male
(Muhlbauer et al., 1999) and female (Dehner et al., 2007) volunteers; however, various
published studies have observed different responses which cloud the interpretation of this
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body of research. For example, Kumar and colleagues (2005b; 2002; 2005a) consistently
report that the peak magnitude of the head accelerations is less than the sled peak
acceleration while others (Severy et al., 1955; Magnusson et al., 1999; Siegmund et al., 2003;
Muhlbauer et al., 1999) report peak head accelerations that exceed the sled acceleration.
Many human studies of whiplash-like perturbations have evaluated the horizontal
component of the head acceleration response and have not fully appreciated the vertical
component, although these two loading directions have different biological implications
(Nightingale et al., 2000; Siegmund et al., 2001) and presumably different thresholds for
injury. As notable exceptions, Siegmund et al. (2004) performed an in-depth analysis of the
vertical and horizontal head accelerations in response to a series of increasing intensity
perturbations, Welcher et al. (2001) evaluated the vertical and horizontal head accelerations
of a single female subject exposed to 5 in-car collisions of differing severity, and Hernandez
et al (2005) evaluated the displacement and acceleration responses of both female and male
subjects exposed to two levels of perturbation. Siegmund et al. (2004) observed that high
acceleration, high velocity perturbations consistently produced the largest muscle
activations, head horizontal and vertical accelerations, head angular accelerations and
velocities, and head angles compared to low acceleration, low velocity perturbations.
Siegmund et al., (2004) and Welcher et al., (2001) both reported that the horizontal and
vertical accelerations were highly correlated. Hernandez et al., (2005) observed that the
angular head displacements as well as the rearward and forward angular head accelerations
were somewhat increased in the fast case compared to the slow case. In addition, they noted
that the males presented two times higher upward linear head acceleration than females in
the unexpected condition. The purpose of this study was to investigate the relationship
between the vertical and horizontal head accelerations during low velocity horizontal
whiplash-like perturbations. Information about the relationship between the vertical and
horizontal head accelerations during low velocity perturbations is essential to enable
extrapolation of research findings from low velocity (non-injurious) perturbations to higher
severity situations. We have used a commercial parallel robot as a feedback-controlled
motion platform to provide the different perturbation pulses.

2. Methods

Permission for this study was obtained from the University of Guelph Research Ethics
Board and written consent was obtained from all subjects. Seventeen subjects underwent a
cervical spine orthopaedic examination performed by a Certified Athletic Therapist, as well
as questionnaire screening, to ensure they were free of any neck pain and/or obvious neck
pathology. We excluded subjects who reported being involved in a car accident in the
previous five years.

A robotic platform (R2000, PRSCo, New Hampshire, USA) was used to apply the low-
velocity whiplash-like perturbations. The accuracy of the robot is +0.001lmm +0.001 degrees
in Cartesian space, permitting precisely controlled and repeatable perturbations. All robot
motion was restricted to the posterior-anterior direction. Two specific robotic displacement
profiles were generated (Figure 1). One profile reflected the kinematics of a spring-powered
experimental sled with a peak velocity of 2.14 kph and peak acceleration of 0.41g termed
“mild”, which was generated by integrating the published acceleration pulse (Figure 3,
Magnusson et al., 1999). The second profile had a higher peak acceleration (0.94g), peak
velocity (3.06 kph), and a shorter time to peak acceleration, and was termed “moderate”.
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Fig. 1. Time course of platform accelerations for the mild and moderate rear-end
perturbations. The mild profile reflects the perturbation from Magnusson et al., 1999; the
moderate profile has a larger magnitude and shorter time-to-peak acceleration.

Subjects were seated in a fully functional 1991 Honda Accord front passenger car seat
mounted to the robot’s platform (Fig. 2). Two triaxial accelerometers (Crossbow
CSL04LP3+4g Module) were used; one was fixed to the subjects’ foreheads to measure head
accelerations, as in previous studies (Kumar et al., 2002; Kumar et al., 2004a) while the
second accelerometer was mounted on the robotic platform to determine the initial onset of
the platform movement. Each subject was exposed to 10 perturbation trials; 5 moderate and
5 mild, presented in random order. Subjects were provided notice of the impending
perturbation using a countdown; however, subjects were unaware of the magnitude of the
oncoming perturbation.

Accelerometer data were collected at a sampling frequency of 1000Hz and processed using
LabVIEW 7.0 (National Instruments). Data collection was initiated one second before each
perturbation.

The peak vertical and anterior-posterior (A-P) head accelerations were extracted for the first
moderate and mild perturbations. Statistical analysis was performed using Graphpad
Software Inc., Version 4.03. Non-parametric statistics were used since the variance was not
homogenous. As there is no non-parametric equivalent to two-way ANOVAS, pair-wise
comparisons with paired Wilcoxon t tests were used and significance was set at the 0.05
level.
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Fig. 2. Experimental setup showing a subject sitting on the automobile seat mounted to the
top platform of the parallel robot. Surface EMG and head accelerometer data was collected
during the perturbations with the subject secured in the car seat using the standard safety
seat belt and head restraint.

3. Results

All subjects successfully completed the entire experimental protocol; no subjects complained
of neck pain during or after the experiment. The magnitude of the head accelerations were
significantly greater in the moderate perturbations compared to the mild perturbations
(p=0.0003 for vertical, effect size =0.92, p=0.0003 for horizontal head accelerations, effect size
= 1.13; Figure 2). In the mild perturbations, the magnitude of the vertical and horizontal
head accelerations were not significantly different (p>0.05). However, in the moderate
perturbations, the magnitude of the horizontal head accelerations were significantly larger
than the vertical accelerations (p=0.0007; effect size = 0.445). Both the horizontal and vertical
head acceleration magnitudes were larger than the platform accelerations in all cases (refer
to the horizontal lines in Figure 3).
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Fig. 3. Bar graph demonstrating the peak head accelerations (mean and one standard
deviation) in the vertical and horizontal directions during the mild (0.41 g) and moderate
(0.94 g) rear-end whiplash-like horizontal perturbations. The horizontal lines reflect the
magnitude of the horizontal robotic platform accelerations.

4. Discussion

This study directly compared two different perturbation profiles, using repeated measures,
to evaluate vertical and horizontal head accelerations during whiplash-like perturbations.
We observed that the magnitude of the vertical head accelerations depended on the specific
perturbation parameters; the horizontal and vertical acceleration magnitudes were not
significantly different in the mild perturbation, but the horizontal head accelerations were
significantly larger than the vertical accelerations during the moderate perturbations. These
findings illustrate that human subjects have different responses to whiplash-like
perturbations depending on the specific acceleration profile parameters, including peak
acceleration. This finding is in contrast to one study that found that the vertical and
horizontal head accelerations were highly correlated for seven different perturbation
profiles (Siegmund et al., 2004), but somewhat supported by a different study that observed
differences in the magnitude of the vertical head acceleration between female and male
subjects (Hernandez et al., 2005). Our finding supports a recent in vitro experiment that
observed that the crash pulse shape influences the peak loading and the injury tolerance
levels of the neck in simulated low-speed side-collisions (Kettler et al., 2006).
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Several recent studies have reported typical and reproducible head/neck motion and
acceleration patterns during perturbation testing (Dehner et al., 2007; Muhlbauer et al.,
1999). It is essential to appreciate that these patterns are modulated by the specific
perturbation profile. Parameters such as the time to peak acceleration, in addition to the
magnitude of the acceleration and velocity, appear to influence the resulting head/neck
motion. We document that the relationship between the vertical and horizontal head
accelerations depend on the specific perturbation pulse; we recommend that all studies
should publish their perturbation pulses to aid in comparisons between studies.

We observed that horizontal platform perturbations led to both vertical and horizontal head
accelerations. However, our accelerometer measurements were influenced by the location of
the accelerometer (forehead in this experiment, similar to other research studies c.f. Kumar
et al. (2002) and (2004a)). We have subsequently performed testing to evaluate the
differences in accelerometer measurements between mounting the accelerometer on the
forehead and temple, since the temple location is closer to the center of mass of the head
(Muhlbauer et al., 1999). These tests revealed that the peak horizontal forehead accelerations
were approximately 16% less, and the vertical forehead accelerations 38% greater, than the
peak temple accelerations. These differences arise since the forehead accelerations are also
sensitive to rotational accelerations of the head, and are similar to the 16% changes in peak
acceleration between mounting accelerometers on the top of the head compared to the
forehead (Mills & Carty, 2004). Nevertheless, the fact that we observed systematic
differences in forehead accelerations with different perturbation profiles remains and
indicates that differences would also be present for temple or head center of mass linear
and/or angular accelerations; the specific features of the perturbation profile, such as the
peak acceleration, influence the head acceleration responses. Another limitation of this
study was that the peak acceleration of the perturbation profile was comparatively quite
low. However, it is important to note that these perturbation profiles produced head
accelerations and neck muscle activation patterns similar to previous experiments
investigating human responses to whiplash-like perturbations (Severy et al., 1955;
Magnusson et al., 1999; Siegmund et al., 2003) and that the use of a parallel robot permitted
more precise control over the motion patterns than alternative testing approaches.

Clearly there is additional potential for parallel robots in this area; although some
researchers have used linear sleds to simulate offset collisions by orienting the subject at an
angle to the direction of sled travel (Kumar et al., 2004b), as 6 df mechanisms, parallel robots
could be programmed to move in three-dimensional space to reflect offset collisions more
realistically. We are currently undertaking research projects in which we are applying
concurrent vertical and horizontal perturbations, and a second study in which we are
evaluating different perturbation directions.

5. Conclusions

The level of the perturbation acceleration influences the resulting acceleration of the head, in
both the vertical and horizontal directions. A parallel robotic platform facilitated this
research by enabling feedback-controlled motion for the perturbations.
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