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ABSTRACT 

 

     Restraint systems are commonly designed without considering the influence of muscle activity of 

the occupants. Accident scenarios are often preceded by pre-crash phases where muscle responses can 

be expected. This study presents road tests (VDA lane change and sinusoidal test track) including 

comparison between the overall kinematics of the dummy and the human subject as well as EMG 

measurements. The test results show that dummies are not able to predict the response of human 

occupants during pre-crash phases. The EMG data for human subjects reveal muscle activation 

patterns that can be interpreted with respect to the acceleration of the car. 
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FULL SCALE CRASH TESTS with instrumented hardware dummies and numerical simulations 

with software dummy models are two approaches for the evaluation and optimization of restraint 

systems in the development process of modern cars. Injury risks are estimated by means of technical 

parameters like accelerations, forces or moments and injury criteria like the viscous criterion (VC) or 

the thoracic trauma index (TTI) based on experimental or simulation results. Realistic values for the 

description of injury risks require an adequate representation of the human body in a way that 

dummies or their numerical correspondents show realistic human-like kinematics. However, for many 

complex accident scenarios pure mechanical anthropometric test devices are not capable of 

representing the human kinematics sufficiently (Cheng et al. (2004)). Innovative developments of 

numerical human models with a more detailed representation of the human anatomy were initiated in 

the last years in order to get occupant models with an increased biofidelity for different impact 

situations (King (2001)). Most of the currently available human models are validated by means of high 

impact PMHS tests neglecting muscle activation and low impact situations. Praxl et al. (2003) showed 

significant differences in the kinematics during a rollover scenario comparing the behaviour of a 

dummy model with the overall kinematics of a passive human deformable facet model provided by 

MADYMO. Rollover and other accident scenarios are preceded by a so-called pre-crash-phase where 

muscle activation can be expected (Adamec et al. (2005)). During a pre-crash phase, occupants may 

realize the alarming situation trying to anticipate the forthcoming crash by active driving manoeuvres 

of the driver or evasive movements of the co-drivers. 

     Several biomechanical publications describe voluntary and reflex muscle responses due to sudden 

expected or unexpected perturbations influencing the kinematics of the human body significantly. 

Granata et al. (2004) and Thomas et al. (1998) report an increase in spine stiffness for activated trunk 

muscles resulting in a different overall kinematics. Several studies (Magnusson et al. (1999), 

Siegmund (2003)) were published in the field of whiplash research which document the influence of 

muscle tone on injury mechanisms by performing volunteer sled tests. Apart from laboratory 

experiments more realistic volunteer tests inside a car in order to investigate muscle activation during 

pre-crash scenarios have not been published up to now. 

     The main objective of this study was to investigate muscle activation and the influence on occupant 

kinematics during pre-crash scenarios under realistic conditions. Two experimental setups were 

developed in order to support or reject following assumptions. Firstly, the kinematics of active human 

occupants is different from the kinematics of crash test dummies. And secondly, muscle activation 

influences the kinematics of human occupants during pre-crash-scenarios. 

     During pre-crash situations occupants may change the current position leading to an out-of-position 

(OoP) problem (Kümpfbeck et al. (1999)). The knowledge about active occupant kinematics may be 

important for a further optimization of restraint systems.  
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METHODS 

 

     The setups presented in the following the following describe driving tests which should simulate 

the vehicle kinematics during real world pre-crash scenarios. Two approaches were chosen. In the first 

setup, a car drives through a sinusoidal test track without active steering manoeuvres and in the second 

setup a car is actively steered through a standard VDA lane change test track. 

 

SINUSOIDAL TEST 

 

     In order to compare the kinematics of a dummy with the behaviour of a real human occupant a test 

setup was designed, where a sinusoidal test track (SIN) was passed through by a SUV vehicle (BMW 

X5). This road test was performed with a human co-driver and a HYBRID-III dummy positioned in 

the co-drivers seat similar to the human subject in order to get comparable test conditions. The car was 

equipped with high-speed cameras and muscle activity of the human co-driver was measured via 

surface electromyography (EMG). The accelerations of the car were measured in the coordinate 

system shown in Figure 1 on the left with the positive y-axis pointing at the side of the driver.  
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Figure 1: Coordinate system, SIN setup: left, VDA setup: right 

     Figure 3 and Figure 4 illustrate the lateral accelerations of the car for the tests with the dummy and 

the human subject. Because of technical reasons tests with the human subject had to be started at the 

end of the track beginning with a left ground wave and a positive acceleration, whereas tests with the 

dummy were started with a right ground wave and negative acceleration values. 

 

VDA LANE CHANGE 

 

     In the second test configuration, road tests were performed within the European funded project 

ROLLOVER (G3RD-CT-2002-00802) for the assessment of muscle activation patterns with regard to 

the kinematics of the vehicle (Renault Megane Scenic). 

 

Figure 2: VDA test track with three light barriers L1 (0 m), L2 (12 m) and L3 (61 m) 

     Figure 2 shows the VDA test track with three light barriers at the beginning, after 12m and at the 

end of the track. The kinematics of the driver and co-driver was recorded by high-speed cameras 

installed in the vehicle and muscle activity measurement was performed using surface EMG. A tri-

axial acceleration sensor was installed inside the car as illustrated on the right hand side in Figure 1 

with the positive y-axis pointing at the side of the co-driver. The positive roll was defined clockwise 

with respect to the x-axis. Thus, during the first left curve the lateral acceleration is negative whereas 

the roll exhibit positive values (Figure 7, right). A test matrix for both experimental setups is 

summarized in Table 1. 

 

Road test Car Occupant Velocity 

[km/h] 

Purpose 
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SIN BMW X5 HYBRID-III (co-driver) 60 

SIN BMW X5 Human co-driver 60 

SIN BMW X5 HYBRID-III (co-driver) 80 

SIN BMW X5 Human co-driver 80 

Human versus 

dummy kinematics, 

EMG analysis 

VDA ISO 3888-2 Renault Megane 

Scenice 

Human co-driver 60 

VDA ISO 3888-2 Renault Megane 

Scenice 

Human driver 60 

Human kinematics, 

EMG analysis 

Table 1: Test matrix 

     In both test setups a telemetry based EMG equipment (NORAXON, MyoResearch XP) with eight 

channels was used at a sampling rate of 960 Hz. The sender was fixed at the back rest of the seat, the 

receiver and the laptop were mounted in the back of the car. EMG measurement was triggered with the 

other systems to ensure a synchronous signal recording. Two EMG-electrodes were applied to the skin 

above each muscle of interest in fibre direction. The reference electrode was attached to the brow of 

the subject. Preparing the skin by shaving and abrasion was done in order to achieve a better electrical 

conduction between the skin and the electrode. An introduction into electromyography particularly for 

biomechanical problems is given by De Luca (2001). Table 2 shows the muscles recorded during the 

road tests. 

Muscle Function Abbr. 

M. sternocleidomastoideus Head rotation, head flexion in the 

sagittal plane 

MSL, MSR 

M. trapezius Upper arm adduction, stabilization of 

shoulder girdle, shoulder lifting  

MTL, MTR 

M. obliquus externus 

abdominis 

Upper body lateral flexion MOL, MOR 

M. rectus femoris Knee extension, hip flexion MRR, MRL 

Table 2: Muscles recorded via surface EMG 

     In the following, the abbreviations for each muscle will be used. The last character in each 

abbreviation refers to the side of the body the electrodes were applied, e.g. MSL refers to the left 

sternocleidomastoideus. 

 

RESULTS 

 

     SINUSOIDAL ROAD TESTS were performed at two velocities with a human subject and a 

HYBRID-III dummy. In the following, the overall kinematics of the dummy and the volunteer will be 

compared for each velocity and with respect to the acceleration of the car. 

 

Figure 3: Lateral car accelerations for the dummy test (left) and volunteer test (right) for a velocity of 60 

km/h, r: right directed torso inclination, l: left directed torso inclination 
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     Figure 3 shows the lateral accelerations of the car for the test with the dummy (left) and the 

volunteer (right) at a velocity of 60 km/h with the time points representing the turnarounds of the torso 

and upper body inclination from left-to-right and right-to-left. A left directed inclination of the upper 

body of the volunteer can be found about 250 ms after the beginning of the positive lateral 

acceleration of the car. The first inclination of the dummy torso points at the right side occurring about 

400 ms after passing the first right ground wave. The turnarounds from left-to-right directed 

inclination can be observed close to negative acceleration peaks and turnarounds from right-to-left 

directed occupant movement can be found close to positive lateral accelerations for both test setups. 

 

Figure 4: Lateral car accelerations for the dummy test (left) and volunteer test (right) for a velocity of 80 

km/h, r: right directed torso inclination, l: left directed torso inclination 

     Lateral accelerations of the car for a velocity of 80 km/h are presented in Figure 4. The first 

inclination of the dummy towards the right side can be observed simultaneously with the onset of car 

acceleration without a delay as observed for a velocity of 60 km/h. Similar to the test results for a 

velocity of 60 km/h a first inclination of the human subject towards the right side is obtained about 

250 ms after passing the first ground wave. Inclination turnarounds appear nearly simultaneously with 

peak accelerations. While the human subject shows a kinematics that is similar to that described above 

for a velocity of 60 km/h, the dummy exhibits an opposite behaviour. Changes from left-to-right 

directed dummy inclination occur simultaneously with positive acceleration peaks, time points of 

turnarounds from right-to-left directed dummy movement are in correspondence with negative lateral 

accelerations. 

 

 

 

Figure 5: Video snapshots for corresponding time points t1, t2 and t3, representing three successive ground 

waves for sinusoidal road test, 80 km/h 
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     Figure 5 shows the kinematics of the dummy and the human co-driver for the time points t1, t2 and 

t3, where the car is in a corresponding position. The left snapshots represent the time points t1, where 

the lateral accelerations of the car exhibit negative acceleration peaks, the snapshots in the middle 

correspond to time points t2 and the right snapshots correspond to the time points t3. As elaborated 

above on the basis of Figure 4 the dummy and the human occupant show an inverse kinematics for a 

corresponding acceleration of the car. 

 

     Besides the torso, significant differences can also be found in Figure 5 concerning the kinematics 

of the head. While the human head rotates in the frontal plane with respect to the upper body, the head 

of the dummy doesn’t show an inclination with respect to the torso. 

     Figure 6 shows the lateral acceleration of the car and the rectified EMG signals from the neck and 

thigh muscles. During the first four ground waves there is no significant change in the activation level 

for the recorded muscles. By passing the fifth wave the EMG signals show a distinct activation for 

each muscle. The EMG-curves for the neck muscles MSL and MSR show an alternating activation 

with activity of the left one during a left-directed movement of the upper body and for the right muscle 

during a right-directed torso movement. EMG signals for the thigh muscles MRR and MRL (Figure 6, 

right), abdominal muscles MOR and MOL and for the trapezius muscles MTL and MTR show peak 

values for both, left and right directed inclinations of the upper body and do not exhibit a distinct 

activation pattern as obtained for the sternocleidomastoids. 

 

Figure 6: Lateral car acceleration, EMG signals of MSR and MSL (left) and MRR and MRL (right) for 

sinusoidal road test with human co-driver at 80 km/h 

     VDA ROAD TESTS revealed reproducible activation patterns for muscles of the driver and the co-

driver. Signals recorded by acceleration and rotational velocity sensors as shown in Figure 7 are used 

for the interpretation of muscle activation patterns. 

 

Figure 7: Camera view of the driver and co-driver (left), lateral acceleration and roll of the car (right) 
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     Figure 7 presents a view of the camera installed in the front of the vehicle just before the car drives 

through the third light barrier at the end of the test track. Both, the driver and the co-driver wore 

helmets with attached sensors. The signals of these sensors are not presented within this work. Figure 

8 shows the smoothed electromyographs from the sternocleidomastoids and recti femori for the co-

driver. The vertical dashed lines indicate the time points as the car passed the light barriers L1, L2 and 

L3. The upper plots represent the lateral acceleration of the car. 

 

Figure 8: EMG from sternocleidomastoids (MSL and MSR) and recti femoris (MRR and MRL) for the 

co-driver 

     Nearly simultaneously with the onset of lateral car acceleration towards the left side the EMG 

records of the co-driver for both left muscles (sternocleidomastoideus and rectus femoris) show 

activity. Passing the second light barrier the driving direction of the car is changed from left to right 

leading to a reduced activation of the left muscles and to an activity increase of the right muscles. At 

the end of the track, the car was steered to the left in order to bring it back to a straight forward course. 

Again, both left muscles show activity while the EMG signals from the right muscles decrease. 

 

 

Figure 9: EMG from sternocleidomastoids (MSL and MSR) and recti femoris (MRR and MRL) for the 

driver 

     The electromyographs from the sternocleidomastoids and recti femori for the driver are shown in 

Figure 9. Both EMG records for the driver and for the co-driver were captured for the same person 

within a few hours and without changing the surface electrodes. Thus, a qualitative interpretation of 

the EMG magnitudes is possible (Muggenthaler et al. (2005)). For the recti femori of the driver, the 

smoothed EMG signals show significant higher magnitudes than the EMD records for the co-driver. 
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Trapezius muscles (Figure 10) exhibit a similar shape for the co-driver and the driver. However, a 

definite activation can only be observed at the end of the track during the left curve and for the left 

muscle. The external obliques also show muscle activation but interpretable activation patterns can not 

be specified with respect to the acceleration of the car. 

 

Figure 10: EMG from mm. trapezii (MTR and MTL) for the driver (left) and the co-driver (right) 

 

DISCUSSION 

 

     SINOUSOIDAL ROAD TESTS at a velocity of 60 km/h showed comparable kinematics of the 

dummy and the human subject. For the higher velocity (80 km/h) the dummy showed an inverse 

behaviour with regards to the human subject and the dummy at a velocity of 60 km/h. Figure 11 shows 

the kinematics of the dummy schematically from behind for both velocities of 60 km/h and 80 km/h. 

 

1 2 3 4 5

1 2 3 4 5

A

B

1 2 3 4 51 2 3 4 5

1 2 3 4 51 2 3 4 5

A

B

 

Figure 11: Kinematics of the dummy, A: 60 km/h, B: 80 km/h 

     When the car passes a right ground wave at 60 km/h (Figure 11, A), the car shows a counter-

clockwise rotation. At the onset of car rotation the dummy retains the initial position due to inertia 

effects of the torso and head (Figure 11, A (2)). Further rotation of the car leads to an inclination of the 

dummy towards the left side of the car (Figure 11, A (3)). The following left ground wave induces a 

clockwise rotation of the car. Because of inertia effects the right directed dummy inclination initially 

lags the clockwise rotation of the car (Figure 11, A (4)). The continuing clockwise car rotation 

conclusively induces a dummy movement. As a result the dummy follows the car rotation in an 

upright position with respect to the seat (Figure 11, A (5)). The cervical spine of the dummy is a 

relatively stiff mechanical representation of the human spine. Thus, the head of the dummy does not 
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show any significant rotation of the head. The neck forms a straight line with the vertical axis of the 

dummy torso. 

     The kinematics of the human subject can be explained similarly. However, significant differences 

in the kinematics of the head can be observed. Following figure shows the kinematics of the volunteer 

schematically. 

1 2 3 4 51 2 3 4 5

 

Figure 12: Kinematics of the human subject, 60 km/h and 80 km/h 

     The flexible human spine influences the kinematics of a human subject significantly. Figure 12 

shows the volunteer from behind with a simplified representation of the human spine. The counter-

clockwise rotation of the car induces an inclination of the upper human body to the left side as already 

described for the dummy at a velocity of 60 km/h (Figure 12, (2) and (3)). Because of head inertia and 

due to the relatively soft head-torso coupling, the head maintains the upright position leading to a 

lateral flexion of the cervical spine (Figure 12, (3)). 

 

     Tests at a velocity of 80 km/h showed different kinematics for the dummy as described for a 

velocity of 60 km/h. The opposite kinematics for a velocity of 80 km/h is shown in Figure 11 B. 

Simultaneously with the onset of counter-clockwise car rotation the dummy torso shows an inclination 

towards the right side relative to the side window of the car (Figure 11, B (2)). Before the torso of the 

dummy inclines towards the left side, the car already passes the next ground wave. During the 

clockwise rotation of the car a left directed inclination of the dummy relative to the rotation of the car 

can be observed (Figure 11, B (4) and (5)). Thus, the torso of the dummy shows an inverse oscillation 

for a velocity of 80 km/h compared to the test with a velocity of 60 km/h. However, the kinematics of 

the human subject is similar to that described on the basis of Figure 12 for the velocity of 60 km/h. It 

can be concluded that the kinematics of the dummy for an increased velocity shows an inverse 

behaviour whereas the human subject shows comparable movement patterns for both velocities. 

 

     It is not possible to reproduce the kinematics of the car for repeated driving tests exactly. So, 

acceleration peaks may differ in amplitude and in time. These differences can influence the kinematics 

of the occupant to a certain degree. Figure 13 shows the lateral car accelerations for both tests with the 

dummy and the human volunteer at a velocity of 80km/h (curves shifted, volunteer curve negated). 

Both acceleration curves show a comparable shape with nearly coinciding acceleration peaks. The 

above described differences observed between the dummy and the volunteer kinematics are 

substantially greater than could be explained by differences in the car movement. 

 

Figure 13: Lateral car accelerations for SIN tests (dummy and volunteer) at a velocity of 80 km/h 

IRCOBI Conference - Prague (Czech Republic) - September 2005 320



 

     The sternocleidomastoids exhibit alternating activity with respect to the kinematics of the human 

upper body. During left directed upper body inclination the left sternocleidomastoid is active and 

during right directed body inclination the right neck muscle is active. This activation pattern can be 

explained as follows. When the upper body is inclined to the left / right side the head initially remains 

in the upright position causing a lateral flexion of the cervical spine as well as stretching of the left / 

right neck muscle. By activating the stretched neck muscle the volunteer presumably tries to stabilize 

the cervical spine and to prevent the head and spine from extreme flexions which can cause severe 

injuries of the neck-head complex (Morris and Thomas (1996)). Two strategies of muscle activation 

can be distinguished, muscle reflexes and voluntary contraction. Matthews (1991) describes two 

muscle reflex components, a short latency component within 30 ms and a long latency component 

within 60 ms following the eliciting perturbation. Muscle activation with response times longer than 

100 ms is defined as voluntary muscle contraction. During the first four ground waves, that means for 

the first 1.5 seconds no distinct muscle activation can be observed. From that it can be assumed, that 

for the described setup voluntary contraction plays the major role. Reflex responses, e.g. stretch 

reflexes of the elongated neck muscle may be also involved causing low level EMG signals which can 

not be distinguished from high level voluntary contractions. 

 

     VDA ROAD TESTS revealed activation patterns for the driver and the co-driver which can be 

interpreted with regard to the kinematics of the car. During the first left curve the left m. 

sternocleidomastoideus and the left m. rectus femoris of both, from the driver and the co-driver are 

active. EMG signals of the abdominal (external obliques) and shoulder (trapezii) muscles show 

contractions, although distinct activation patterns as observed for the recti femori and the 

sternocleidomastoids can not be detected. Without muscle actions the inertia of the upper body would 

cause an inclination of the occupants with respect to the car. In order to compensate the effects of 

inertia and to keep an upright posture, the occupants show an active response in the way described 

above. Activity of the left neck muscle leads to a bending and rotation of the head to the left. It seems 

that the passengers actively try to follow the driving direction with their visual field and to keep their 

position under control. Higher EMG magnitudes observed for muscles of the driver may be ascribed to 

active driving manoeuvres whereas the co-driver is a passive occupant just trying to maintain a stable 

posture. 

     The muscle contraction observed in human occupants is presumably voluntary by nature. The 

human response involves two components. Firstly, the occupant responds to perturbations caused by 

driving manoeuvres. Secondly, the driving experience and therefore the anticipation of the car motion 

presumably plays a significant role in the muscular response of the occupants. 

 

     FOR BOTH EXPERIMENTAL SETUPS only one test person participated in the tests. Thus, the 

results presented in this paper should not be considered as a representative data basis. In general, 

following limiting factors should be kept in mind when performing and analysing volunteer tests in the 

field of passive safety or impact biomechanics. Firstly, because of ethical reasons the impact energy 

has to be chosen at a level with minimised risks for the participants of sustaining severe injuries. 

Secondly, individual properties like sportiness, weight and stature may lead to results of high variance. 

Last but not least, apart from individual influences, different response strategies were found by Vibert 

et al. (2001). They performed sled tests with volunteers in order to analyse the kinematics of the head. 

Some volunteers showed a significant large movement of the head, referred to as the floppy type, 

whereas other subjects exhibited only small displacements, referred to as the stiff type. These findings 

have to be kept in mind when analysing volunteer tests. 

 

 

CONCLUSIONS 

 

     Crash test dummies are not able to reproduce the kinematics of human occupants during pre-crash 

scenarios. The deviations between a human occupant and a dummy result from differences in the 

mechanics of both systems as well as from human muscle activity. 
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     The dummy response in driving tests with low acceleration levels is characterised by the absence of 

relative movements of the head/neck, torso and pelvis regions with respect to each other. Thus the 

dummy resembles an inverted pendulum. The oscillation of the whole upper body of the dummy 

depends on the frequency characteristics of car movement. Consequently, experimental results from 

dummy tests at a distinct velocity can not be transferred to scenarios at other velocities. In contrast, the 

human occupant has a more flexible spine resulting in different kinematics with significant lateral 

flexions of the cervical spine. 

     Human occupants show active responses including reflex and voluntary muscle activity. Muscle 

activity was observed for both test setups in all recorded muscles. In pre-crash scenarios muscle 

response should be taken in to account as in low impact situations muscle activity influences the 

occupant kinematics significantly. The VDA lane change tests revealed distinct activation patterns for 

the neck muscles with respect to the lateral acceleration of the car. Thus, it can be assumed that certain 

acceleration patterns of the car bring about consistent response of the occupant. 

…..Future developments in the field of passive and active safety profit by the results of realistic pre-

crash volunteer tests. Further research is necessary in order to get more realistic hardware and software 

occupant models for the application in pre-crash as well as low level impact investigations. 
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