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1. Introduction 

The objective of improvement of the means of transport is to in-
crease people mobility, including a possibility of driving at higher 
and higher speeds. At the same time, threats related to the use of that 
means become more and more serious [6, 11, 13, 16, 18, 20]:

constant excessive number of accidents and victims;––
the majority of people  occupy a position in a car that is unex-––
pected by manufacturers of passive safety equipment;
dynamic loads of passengers in the rear rows of seats are often ––
several times higher than in case of the front seat passengers.

These problems line out the area of considerations in this paper 
and refer to the issue of safe vehicle usage, presenting the example 
with passenger cars. Using a vehicle should be combined with aware-
ness of effects of improper use of passive safety devices (safety belt, 
seat). For example, a passenger position, unexpected by a manufac-
turer of safety devices, i.e. the so-called Out-of Position (OoP), can 
create possible threats for passengers. Studying these threats and rea-
sons of their occurrence when using a car make a subject of studies 
and analyses in this paper. The analysis of reasons of threats related to 
a position occupied in a car has a significant social aspect, including 
a scope of driver training.

The papers [4, 18, 19, 20] present a comparative evaluation of 
loads that affect the passengers in the front and rear seats of a car 
during a head-on collision of a car and an obstacle. It was found there 
that dynamic loads of people in the rear seats are often several times 
higher than the front seat passengers. These differences result from 
occupied positions, available space and efficiency of applied individ-
ual protection devices.

In contemporary passenger cars, rear seat passenger protection 
equipment might not be able to provide the same safety level as for 
the front seat passengers. Relations in injuries of adult passengers in 
the first and the second row of seats become reverse to the ones that 
were characteristic for cars 20–30 years ago [5, 7, 12, 16].

The authors of this paper [15] have carried out the analysis of the 
influence of a rear seat passenger’s position on the motion trajectory 
and dynamic loads during a head-on collision of a car and an obstacle. 
Tests were performed and measurements were made in order to define 
a course and dynamic load values, resulting from the action of the 
force of inertia and reaction of the seat belts.

A dummy was placed in the rear seat of a passenger car. It had a 
different initial position in the following tests. Detailed specification 
of dimensions and distances characterizing these positions are given 
in [15]. The effects of the initial position modification, observed on 
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Przygotowano i przeprowadzono badania eksperymentalne, które mają na celu pogłębienie analizy wpływu pozycji osoby siedzą-
cej na tylnym siedzeniu w samochodzie osobowym na ryzyko jej obrażeń w czasie wypadku drogowego. Ryzyko to jest rozważane 
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znacznych różnic w trajektorii ruchu oraz położeniu manekina w kulminacyjnej fazie testu zderzeniowego. Różnice te zostały 
szczegółowo opisane. Analizie poddano także wartości wskaźników kryterialnych, które dotyczą powstawania obrażeń głowy, szyi 
i klatki piersiowej. Wyniki obliczeń wskaźników potwierdzają wpływ już niewielkiej zmiany położenia nóg i torsu na ich wartości, 
a zatem na prawdopodobieństwo powstawania obrażeń u osób jadących na tylnych siedzeniach samochodu osobowego.
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the trajectory of the torso and head movement and on the dynamic 
loads, occurring during a head-on collision of a car and an obstacle, 
were analysed.

The objective of this paper is to deepen the analysis of the effect 
of the rear seat passenger’s position in a passenger car on a proper 
operation of the protection equipment. That operation is evaluated on 
the basis of analysis of the passenger displacement and a possibility 
of injuries during a road accident. The attention was focused on the 
torso and head movement analysis. Relation between the torso and 
the head displacement strongly affects the spine deformation on the 
neck section. The authors want to answer the question whether small 
changes in the initial leg and hip positions against the seat have a 
significant and measurable influence on the operation of protective 
devices, including the influence on the condition of dynamic loads af-

fecting the passenger’s torso, neck and head during a frontal collision 
of a car and an obstacle.

2. Test preparation and measurement conditions

A Hybrid III size M50 dummy (50-centile male) made the object 
of the studies. It was placed in the rear seat of a medium class passen-
ger car, including three following positions in the next tests:

classic one, where a passenger is resting his back on a rear seat ––
back, with the head in a  torso line and legs slightly extended 
forward, accordingly to a space available in a car, i.e. a distance 
to a preceding seat (test marked as 2P);
position as above but feet are withdrawn towards a seat, the ––
head and the neck are visibly inclined towards in relation to the 
torso (test marked as 3P); 

position with hips moved away from the ––
back but feet withdrawn towards the seat (test 
marked as 11P).

The experimental tests were a physical simu-
lation of a frontal collision of a car and a  rigid 
obstacle. The impact speed amounted to 48 km/h. 
Time t = 0 s is a beginning of a car contact with 
an obstacle. 

Figure 1 specifies single video frames that 
were chosen for a several characteristic moments 
from a course of a collision of a car and an ob-
stacle. They show relatively small differences in 
the initial dummy position and at the same time 
clear differences in the dummy positions at the 
final stage of the crash test (t=120 ms). These dif-
ferences are described in details further on.

3. Dummy kinetics in the tests 2P, 3P, 
11P

The following figures, prepared on the ba-
sis of the frame-by-frame analysis of crash test 
videos, show succeeding dummy positions from 
the moment of t = 0 to 200 ms. Silhouettes were 
drawn with 20ms interval in two sets:

time interval 0-100 ms, i.e. 6 following posi-––
tions in the forward dummy movement;
time interval 120-200 ms, which includes 5 ––
subsequent positions in the reverse dummy 
movement from the maximum inclined po-
sition to the position occupied at the final 
stage of the test.

Figures 2 a, b, c allow for general characteris-
tics of the dummy motion in individual tests, in-
cluding torso displacement in the dummy move-
ment on a seat and the head movement. Figures 
clearly illustrate the scope of the head movement 
at two stages of that motion: forward and reverse. 
Torso and head displacements in the tests 2P and 
3P are similar but not the same. However the 
dummy movement in the test 11P is definitely dif-
ferent than in two previous tests. Figure 2c shows 
ineffective operation of the seat belt. As a result 
there was a movement of hips from a seat to the 
space between the rear seat and the front seat as 
well as pushing and deformation of the front seat 
as a result of the leg pressure. 

Fig. 1.	 A diagram of the initial dummy position and its view in the tests 2P (a), 3P (b) and 11P (c) in 
time t=0 ms, 40 ms, 80 ms and 120 ms

a) b) c)
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4. Analysis of results in the tests 2P, 3P and 11P

4.1.	 Analysis of torso movement and affecting force

Analysis of the influence of the dummy position (silhouette) on 
its kinetics during a road accident was started from identification of 
leg (thigh) position change and kinematics. That area of analysis re-
fers to clearly visible differences of the initial state that might affect 
the behaviour of the dummies. Results of that analysis are presented 
in this paper [15]. They unequivocally indicate that initial leg posi-
tion and forces resulting from that position  affect the dummy’s torso 
movement. The dummy’s torso movement is characterized below by 
showing the longitudinal displacement of its centre and changes of the 
torso inclination angle  (fig. 3 and table 1). Inclination angle change, 

against the initial position for t = 0  s, characterizes the torso 
rotation around the centre of the hip joint. The way of determin-
ing the change of the torso position angle is shown on fig. 4. 
This rotation is most of all a result of action of forces of inertia 
(caused by a delayed movement of the car body after a car hit 
san obstacle) and reaction in the seat belt. The dummy’s position 
before the test defines the initial conditions of that movement.

On the basis of figure 3, a mutual relation between the com-
ponents of the torso movement i.e. its longitudinal displacement 
and inclination angle was evaluated in the following part of this 
paper. These relations depend on the initial torso position, as it 
results from the comparison of courses on figures 3 and 5. Ex-
cessive range of the torso movement (shift and rotation) results 
in a high range of head movement, including the area of risk of 
hitting the car body components.

The figure 5 shows that changes of the torso inclination an-
gle have a distinctly different course in the analysed tests. Posi-
tive values of the inclination angle indicate its forward move-
ment from the position at the moment t = 0 s (according to the 
direction of the pre-impact car speed vector). Negative values 
indicate that the angle of the torso inclination backwards is high-
er than its initial value (for t = 0 s) in the analysed test. It was 
possible when the dummy moved on the seat and its hips moved 
away from the backrest.

The change of the leg position in the test 3P compared to the 
test 2P affects the torso angle movement, visible on the speci-
fication shown on figure 5. The initial leg position assumed in 
the test 3P resulted in limitation of its longitudinal shift (knees 

hitting the front seat [15]). It caused the 
longitudinal hip movement limitation and 
further action of the force of inertia in the 
centre of mass of the torso resulted in a 
significant increase of the torso inclination 
angle at the final stage of the crash test. 
The extreme value of the torso inclination 
angle in 3P is twice higher than in 2P. The 
angle movement of the torso resulted in 

Table 1. Specification of characteristic values in the torso movement

Value Test 2P Test 3P Test 11P

Maximum longitudinal displacement of the centre of the torso, m 0, 24 0,24 0,39

Change of the torso inclination angle value in the forward move-
ment, degrees +7 +14 +6

Change of the torso inclination angle value in the reverse move-
ment, degrees -13 -10 -17

Fig. 2.	 Dummy displacements against the passenger cabin interior in the tests 2P (a), 
3P (b) and 11P (c)

Fig. 4.	 The way of defining the torso inclination angle using an example from 
the test 3P (time 0 and 120 ms)

Fig. 5.	 A process of changes in the torso inclination angle in the time 
functionFig. 3.	 Longitudinal displacement of the centre of mass of the torso (D) and change of 

the torso inclination angle (A) in the tests 2P (a), 3P (b) and 11P (c)
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significant acceleration values and force of inertia in the centre of its 
mass (fig. 6), that are 15 % higher than the ones occurring in the test 
2P and result in injury risk increase.

While the initial hip movement away from the rear seat backrest 
in the test 11P resulted in torso displacement 60 % higher than in 2P 
and 3P (table 1). The dummy’s hips slid down from the seat (fig. 1 and 
3c) under the lap belt, which could not operate properly in case of that 
initial dummy position. Obviously, the dummy motion, occurred in 
the test 11P, resulted in high dynamic leg and stomach loads, though 
the extreme torso acceleration values were significantly lower than in 
the tests 2P and 3P (fig. 6). The process of sliding down the dummy’s 
hips from the seat results in decrease of the acceleration paste in the 
centre of the torso mass, as the process of braking its longitudinal mo-
tion by the seat belts (at the final stage of the impact) becomes weaker, 
as it can be seen on figure 6 during 50÷60 ms.

The paper [2] identifies the following location of fatal injuries for 
the rear seat passengers, during frontal collision: head – 25 %, neck 
– 8 %, chest – 35 % and belly 30 %. The Hybrid III dummy had no 
sensors in the belly but significant forces in the lap belt, which slid 
down from the hips on the soft belly in the test 11P, confirm a high 
injury risk. So it is another important threat signal, which results from 
an occupied position in towards the passive safety equipment. 

The courses of resultant torso acceleration in the tests 2P and 3P 
are similar but the extreme values are about 15 % higher than in the 
test 3P. It can result from the time accordance (t = 70÷80 ms) of oc-
currence of the highest torso displacement and rotation in this test 
(compare fig. 3 and 6). So, despite similar courses of resultant accel-
eration in the centre of the torso, the change of the leg position angle 
in the test 3P towards their position in 2P affects the angular motion 
of the dummy’s torso.

The results of the measurement of forces in the shoulder belt (fig. 
7a) have similar courses in the tests 2P and 3P. While in the test 11P, 
the force values in the shoulder belt are clearly smaller than in the pre-
vious tests due to the reasons described above. Forces in the lap belt 
(fig. 7b) have different courses in all three tests. In the test 2P, the lap 
belt reacts on the dummy clearly earlier than in the tests 3P and 11P. 
At the final stage of the dummy’s movement forward (time 80÷100 
ms), the force in the lap belt decreases when the knees hit the front 
seat. On the basis of other observations, it should be also mentioned 
that the belt displacement on the grommet (between the lap and the 
shoulder sections) practically do not occur in these tests and it allows 
for a separate consideration of reaction of the both seat belt sections. 

The resultant torso accelerations in the tests 2P and 11P have 
various courses (fig. 6). However, due to a high scope of longitudinal 
dummy displacement, forces of inertia and belt reactions in 11P are 
lower than in 2P. The maximum force values in the lap and the shoul-
der sections of the seat belt are compared on figure 8. 

Additionally, the force impulse was calculated for the quantitative 
evaluation of differences in reaction of the seat belts in individual 
tests:

	  
0

Kt

t
I Fdt

=

= ∫ 	 (1)

where: 
		  F – belt stretching force, 

		  Kt - belt stretching time, F(t)>0.
Figure 8 shows that relations between the maximum force value 

and the force impulse are different. It confirms the idea of using the 
force impulse as a supplement of description of the belt load dur-
ing collision. The force impulse values are clearly smaller for the lap 
belt than for the shoulder belt, particularly in the test 3P, when the 
dummy’s knees hit the backrest of the front seat, resulting in the belt 
relief. 

4.2.	 Head movement analysis

Initial differences in the leg and torso positions (classic position 
2P and leg position change 3P and hip position change 11P) affected 
the head movement, and first of all it affected changes of its position 
towards the torso and the seat backrest. Determination of the head 
rotation angle changes is based on identification of position of the 
markers placed on the head in subsequent video frames of the experi-
ment, in a way shown before on figure 4.

On the basis of the frame-by-frame analysis of the test videos, 
values and a course of changes of longitudinal displacement of the 
centre of the head mass and its rotation (angular position change) dur-
ing collision of a car and an obstacle (fig. 9) were determined. That 
movement is shown towards the initial head position, i.e. for t = 0 s. 
In all tests, the head displacement is very high and amounts to 0,44 m 
in the test 11P and 0,49 m in the test 2P (table 2). A classic position of 
the body on the seat (test 2P) leads to the highest head displacements. 
In the test 11P, a significant scope of the torso movement resulted in 
limited head displacement.

Obtained results were referred to the paper [3], where many re-
sults of the tests on the scope of the human head movement in the 
crash tests were presented. The tests were performer during 1980-
1990. Based on that, an empirical dependence was determined:

	 0,94 (0,83 18)a v= ⋅ ⋅ ∆ + 	 (2) 

where:
		  a [cm]	 – a scope of the head movement towards the car 

speed vector,

Fig. 6. Resultant acceleration in the centre of the torso

Fig. 8.	 Maximum values of the force and the impulse of the force acting in the 
lap and shoulder portions of the seat belt strap (tests 2P, 3P and 11P)

Fig. 7.	 Comparison of changes in the force, measured on the shoulder seat 
belt (a) and the lap belt (b)
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		  [ / ], [ ]v km h a cm∆ 	 – head velocity decrease value during 
the test. 

On the basis of (2), longitudinal head displacement was calculated 
for the conditions of performed tests and the following value was ob-
tained a = 0,54 m. So the distance defined on the basis of experimental 
tests carried out during 1980–1990 [3] is higher by 10–17 % than the 
one currently observed in the tests of that type (table 2). It can be 
interpreted as a good proof of progress in operation of the individual 
protection equipment.

Conclusions from the comparison of results shown on figure 10, 
where courses of the head and torso position angle changes in the 
time function in subsequent tests are presented, are interesting. In the 
tests 2P and 3P, where the torso movement is strongly (but properly) 
limited (table 1) by effective influence of the belt reaction forces, the 
extreme values of the angular head and torso movement occur at the 
same stage of the car and obstacle collision process, i.e. 115–125 ms 
(fig. 10 a, b). While in the test 11P, where the belt did not operate 
properly, the extreme values of the torso rotation angle occurred al-
ready in 80–90 ms (fig. 10 c), and at the later stage of the impact the 
torso slides on the seat. During that slide the hips slide out from under 
the belt to the space between the rear seat and the front seat. The torso 

inclination angle decreases but the head rotation angle value contin-
ues to increase during the time up to 120 ms. 

4.3.	 Relation between courses of dynamic loads affecting 
the head and the neck (force in the neck)

Performed measurements confirmed that relatively small 
changes in the passenger position and location towards the in-
dividual protection equipment in a car have a significant influ-
ence on the risk of head and neck injuries during a road accident. 
These injuries occur as a result of forces of inertia caused by the 
presence of high head acceleration values. Courses of resultant 
head acceleration aG(t), compared on figure 11, show that posi-
tion change results in:

delay of the beginning of the intense acceleration value in-––
crease process (evaluated at the level of 10 g) by about 10 ms; 
the beginning of the intense increase of the value aG(t) in the 
tests P2 and P3 was observed in time of about 60 ms and 70÷72 
ms in the test 11P;

decrease of extreme head acceleration values by about 6-10 % ––
in the test 11P towards the values measured in the tests 2P and 
3P; 

delay of the beginning of the intense neck dynamic load in-––
crease process by about 5 ms (evaluated value obtaining time 
at the level of 30 % of the extreme values); that beginning was 
estimated for 68÷70 ms in the tests 2P and 3P and 72÷75 ms in 
the test 11P;

decrease of the extreme values of the resultant force in the ––
neck by 20÷24 % in the test 11P towards 2P and 3P.

5. Analysis of biomechanical index values

Calculations of biomechanical index values make the final 
element of the evaluation of the results of the passenger position 
change towards the seat and the seat belts. Three indexes were 
used HIC, Nij, CAcc. Head Injury Criterion (HIC) calculated on 
the basis of head acceleration, make the basis for the injury risk 
evaluation. Acceleration of the centre of the head, measured in 
three mutually perpendicular directions, was used in the follow-
ing way:

	
2

1

2,5

2 1
2 1

1max ( ) ( )
( )

t

G
t

HIC a t dt t t
t t

 
 = ⋅ −

−  
∫ 	 (3)

where:
			   aG(t) – resultant acceleration of the centre of the head 	

	 in g;

			   Δt = t2 − t1 - time interval in seconds when the highest 	
	 head acceleration values occur.

Calculated values, shown on figure 12, do not exceed the criterion 
HIC=1000 (and it means 50 % injury risk at AIS scale at the level of 
AIS2+ or 24 % at the level AIS3+ [17]). The highest value occurred 
in the test 2P. The highest head load level in this test is confirmed by 
results shown on figures 10 and 11 and in the table 2. They result from 
a free head movement towards the body in a classic passenger posi-
tion on a seat in a car. In the remaining two tests, where a small torso 
movement away from the backrest was applied and its higher angle of 
deviation backward from the vertical position than in 2P, a free head 
movement was limited and it resulted in a lower dynamic load.

The head movement towards the body can result in the neck spine 
injuries, and their type depends on the direction of the head movement 
under the influence of the force of inertia and the pressure of the torso. 

Fig. 9.	 Longitudinal displacement and rotation angle of the head towards the initial 
position in the tests 2P (a), 3P (b) and 11P (c) 

Fig. 10.	 Comparison of changes in the head and torso position angle changes in the tests 
2P (a), 3P (b) and 11P (c) 

Fig. 11.	 Resultant head acceleration and resultant force in the neck in the tests 2P (a), 
3P (b) and 11P (c) 

Table 2.	 Specification of characteristic values describing the head movement

Value Test 2P 3P 11P

Maximum longitudinal head displacement, m 0,49 0,47 0,44

Maximum change of the head inclination an-
gle value towards the initial position, degree 115 88 72
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The risk injury is evaluated by using the index Nij, and its value is 
calculated as follows [14]:

	 OCyz

zc yc

MFNij
F M

= + 	 (4)

where:
		  Fz, MOCy – axial force (FT, FC – tension, compression) and 

corrected moment of bending the neck towards the axis Oy 
(ME, MF –  flexion, extension),

		  Fzc, Myc – critical values of forces FT and FC and moments 
ME and MF .

The criterion index value ijN  should be lower than 1. The value 
Nij =1 means 30 % risk of occurrence of medium injuries at the level 
of AIS2+ or 18 % risk of very severe injuries AIS4+ [1]. In performed 
tests, the index values are high and highest ones in 2P and 3P. The 
definitely lower value of the neck injury index in the test 11P (lower 
by 20 %) is conditioned by excessive torso movement and it allowed 
for reduction of dynamic loads of the head and the neck, but it oc-
curred at the expense of excessive dynamic loads of the passenger’s 
legs, belly and the lower section of the spine.

During chest injury risk evaluation, the values of its maximum 
acceleration CAcc, were used that occurred in time of at least 3 ms. 
The  value CAcc = 60 g means 20 % risk of very severe injuries AIS4+ 
[9] . The risk of chest injuries is additionally evaluated on the basis 
of the maximum value of the force of stretching the shoulder belt 
during collision. Considering that they amounted to the level of 600-
700 daN (compare Fig. 7), so according to the paper [8], a risk of 
severe injuries (AIS3+) for people at the age of 30  years amounts  

to 5-10 %, but for people at the age of over 50 years it is as high as 
60-100 %. 

Calculated values of biomechanical indexes confirm that there is 
a high risk of injuries for passengers. The influence of the position 
change on the level of that risk is visible but not unequivocal. It in-
dicates that passive safety equipment is incompatible with passenger 
position change in cars. Despite the fact that the latest model of Hy-
brid III dummy model was used for the tests, it does not allow for de-
tection of all threats occurring due to a limited efficiency of operation 
of individual protection equipment. 

6. Summary

Test and measurement results were presented where three 
different initial dummy’s positions on a rear seat of a passenger 
car were applied. The results of the change to the initial posi-
tion towards the individual protection equipment caused by the 
changes to the torso and the head movement trajectory and dy-
namic load values, occurring during frontal collision of a car and 
an obstacle, were analysed. The subsequent figures show general 
characteristics of the dummy movement in individual tests, in-
cluding torso displacement in its movement on a seat and the 
head movement. Already small changes to the initial torso posi-
tion towards the classic position (test 2P) result in its displace-
ment at the final stage of the accident by over 80 % (compare 
test 11P). In all tests the head displacement is very high and 
amounts to 0,44 m in the test 11P and up to 0,49 m in the test 

2P. A classic body position on a seat (compare the test 2P) leads to the 
highest head displacements that are by over 10% higher than in 11P. 
In the last test a significant range of the torso movement resulted in 
limitation of the angular head movement.

It should be strongly highlighted that relatively small changes to 
a passenger position and location towards the individual protection 
equipment in a car have a serious influence on a risk of injuries during 
a road accident. That risk was evaluated for each position change. Cal-
culated values of the probability of the head, neck and chest injuries 
are high and directly indicate that there is a need to adjust protection 
devices to changing positions of the rear seat passengers, including 
changes to their position while driving. 

Fig. 12.	 Biomechanical index values, calculated on the basis of the results of measure-
ments for three positions of the rear seat passengers in a passenger car
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