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Abstract Vehicle frontal low-speed impact creates vehicle frontal component
damage and driver injuries. In conventional vehicle frontal impact protection system,
the frontal foam and reinforcing bar reduce the amount of damage and the degree
of injuries, and it is the fact that heavier opponent needs stiffer structure and lighter
opponent need less stiff structure but those structural components behave similarly
in every crash situation. This work deals with using controlled pneumatic actuator
as low speed and adaptable impact absorber in vehicle frontal impact absorption
system in order to create dynamic behaviour of impact absorber and achieve suffi-
cient damping during the event of crash. In this work, air spring dynamic property
is simulated using ABAQUS simulation software and all controlling electrical and
electro-pneumatic components behaviour is animated by using both Proteus 8 Profes-
sional and ARDUINO. To control the system, different electrical sensors, controllers
and actuators are used. At the back of the air spring, the pressure sensor is mounted
to control the amount of pressure needed in the air spring and the compressor control
system is coded to pre-conditions to maintain the amount of pressure needed and to
make idle the control system when the situation is in crash situation. The microcon-
troller is coded with the ARDUINO software by studying the real-time scenarios and
it uses the input from the ultrasonic sensor to measure the distance between cars. In
line with the ultrasonic sensing, the vehicle speed is sensed, and then the microcon-
troller compares the distance and the speed of the car and decides whether the car
can achieve 0 kph within this distance or not. The result of electro-pneumatic shows
a sufficiently good agreement with the physical parameter taken and the controlled
system is able to execute and take action within 15 µs which is less than the impact
duration for low-speed frontal crash and stiffer air spring column is maintained when
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the severity of crash is higher by comparing speed and distance between cars and
less stiff air spring column is maintained when the severity of crash is minimum.

Keywords Vehicle frontal protection system · Frontal collision · Air spring

1 Introduction

Vehicle collision is a big challenge being faced by automotive field. In the design
of an automobile, the most important task is to minimize the occurrence and conse-
quences of automobile accidents. Automotive safety can be improved by “active” as
well as “passive” measures. Active safety refers to technology which assists within
the prevention of a crash. Passive safety includes all components of the vehicle that
help to scale back the aggressiveness of the crash event. Crash protection priorities
are directly proportional to the speed of the car when crash occurs: at speeds up to
15 km/h, themain goal is tominimize repair costs, at speeds between 15 and 40 km/h,
the first aim is to protect pedestrians; at speeds over 40 km/h, the most important
concern is to guarantee occupant protection [1–3].

The term “Crash Management System” is usually wont to describe the structural
module consisting of the bumper and therefore the related attachments which hook
up with the longitudinal beams of the car. Front bumpers are connected to the front
chassis rail by a separate deformation element (“crash box”). Energy absorbers are
loaded in compression or tension also because the bumper moves from a designed
outer position toward the vehicle body and are operative to soak up the energy of the
impact. After impact, these energy absorbers recover at various rates to return related
to bumper assembly toward its original pre-impact position. Most of crash boxes are
mechanical impact absorbers they did not return to their original position and shape
after impact [4–6].

Pneumatic actuators are devices and they use controlled compressed air to create
mechanical motion. It gives both linear movement and angular rotation with simple
and continuously variable operational speed of the car. And also, it can be used as
impact absorbers by controlled restricted flow [7–9].

2 Methodology

This work is done with the main objective of developing adaptive low-speed electro-
pneumatic frontal impact absorption system for crossover vehicles. The air spring
with various controlling electrical components is used. Air spring is simulated by
using ABAQUES simulation software. Then, all the system components including
mechanical components installation are done with the help of Proteus software. The
controlling code is written in ARDUINO programming. After all the Arduino code
is loaded in to Proteus microcontroller.
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The response of the system simulated by varying different parameters such as

• The distance between cars
• Vehicle speed
• Air spring internal pressure.

2.1 Development of Electro-Pneumatic Impact Absorption
System

Low-speed electro-pneumatic frontal impact absorption system is a system designed
to reduce the occupant injuries and vehicle components damage during low-speed
collision (30 kph). The system uses controllable damping element called air spring
and controlling element called microcontroller by receiving the input data through
sensors and send signals to the actuators.

2.1.1 Air Spring

Air springs consisting of actuators made of rubber or fabric and are supported by a
compressed air column. These air springs are generally used as vibration isolators
and as pneumatic actuators. Air springs do not consist of pistons, connecting rods,
dynamic seals, etc. like pneumatic cylinders. This behaviour is good to make them
suitable to handle various impacts and even off-centre impacts.

Air springs make use of the fact that air has elastic or springiness when
compressed. Air springs are normally noise-free because of the virtue of their
construction. Material properties of air spring are stated in Table 1.

Table 1 Air spring materials Material Parameters Value of parameters

Steel Elastic modulus 2.1e+5 MPa

Density 7.8e−9 t/mm3

Poisson ratio 0.3

Rubber density 1e−009

Mooney–Rivlin parameters
c01

80

Mooney–Rivlin parameters
c10

80

TEMP 25

Air Gas constant 287 J/kg K

Temperature −273.15 + 25 K
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2.1.2 Terms in Air Spring

Assembly. Assembly of air spring includes the flexible member like
rubber body, top plate and bottom plate.

Assembly volume. Air spring assembly volume is working volume exclusive of
any external working volume.

Compression stroke. Compression stroke in air spring is reduction of height from
its designed operational height.

Design load. Maximum static load expected to be acting on the spring under
normal conditions.

Design height. The overall height of the air spring.
Effective area. The working area perpendicular to air spring output force. It

is not the actual cross-sectional area of the air spring.
Reservoir volume. It is the volume of the reservoir which is located externally to

the air spring and supplying the air for functioning of the air
spring.

Vertical parameters to describe air spring vertical parameter.

• The elastic part is described by Kez

Kez =
(

1
p0Ae2n

Vb0+Vr0
+ Pg

dAe
dz

+ 1

Kaux

)−1

(1)

• Viscous part is described by Kvz , Czβ , β and M.

Kvz =
(

1
p0Ae2n
Vb0
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dAe
dz

+ 1
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)−1

− Kez (2)

• Mass (M) to describe the inertia of air in the surge pipe

M = 1s As P

(
Ae

As

Vr0

(Vb0 + Vr0)

)2

(3)

• Nonlinear viscous damper Czβ , β

CZβ = CsK
1+β
wz = Cs

(
Ae

As

Vr0

(Vb0 + Vr0)

)1+β

(4)

• equilibrium internal absolute air pressure is

P0 = mbg

Ae
+ Pa (5)
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2.2 Modelling of Air Spring Using Abacus

The air spring modelled in abacus is cylindrical in shape with inner diameter of 100
and 150 mm outer diameter. The idealization of the air spring consists of two metal
discs of circular shape connecting with each other with a component made of rubber.
The radius of the lower disc is 70 mm and the radius of upper disc is 72 mm and they
are coaxial with a distance of 70 mm between them.

The fluid cavity is modelled using the surface-based fluid cavity capability, and to
define cavity completely and ensure proper calculation in three-dimensional models,
surface elements are defined along the bottom and top rigid disc boundaries of the
cavity, even though no displacement element exists along those surfaces. Since two-
dimensional surface elements are provided by abacus, structural elements were used
instead of surface elements for modelling the rigid disc boundaries.

The rubber component is modelled as shell element, and the circular top and
bottom plates are modelled as rigid element.

Boundary conditions and materials

• Fluid cavity inflated to a pressure at step one
• For bottom plate—U1 = U2 = U3 = UR1-UR2 = UR3 = 0
• For top plate—U1 = UR2 = UR3 = 0
• For top plate—U3 = UR1 = UR2 = 0
• For top plate—U2 = 30 cm
• Top plate and rubber body has tie contact
• Rubber body and bottom plate has tie at centre and surface-to-surface contact

with the others (adjust slave surface to its initial position)
• Contact property between rubber body and bottom plate is rough
• Top plate is modelled as rigid body (adjust point to centre of mass at start of

analysis)
• Bottom plate is modelled as rigid body.

2.3 System Control and Components

Ultrasonic sensors are a type of sensors used to measure the distance of an
object from the point the sensor is placed. Ultrasonic waves are sound waves with
frequencies higher than 20 kHz which cannot be heard.

Pressure sensor: Pressure is one of the most important physical parameters in
fluid operation, and it is the force exerted on a unit of area.

Speed sensor uses the principle of variable reluctance magnetic sensing. In this,
there is a coil wire wound around a cylindrical permanent magnetic core and is
mounted on stationary hub carrier.

Quick exhaust valves work by providing a rapid exhaust of controlled air when
placed directly onto an air cylinder after the control valve.
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3 Results and Discussion

Speed has been identified as a key risk factor in road traffic injuries, influencing
both the risk of a road crash as well as the severity of the injuries that result from
crashes. Controlling vehicle speed can prevent crashes happening and can reduce the
impact when they do occur, but collision occurs unintentionally so building a system
to reduce the consequence is important.

It is the fact that injuries and damages during collision are directly proportional to
the amount of kinetic energy generated during the motion of the vehicle, to minimize
risk of injury and damage, and it is important to remove the kinetic energy as slowly
and evenly as possible.

Kinetic energy is directly proportional to themass and the square of the speedof the
vehicle, so at different speed the vehicle will have different amount of kinetic energy.
To remove this varying kinetic energy, it is important to develop adaptive kinetic
energy removing system to reduce injuries and damages happen during collision.
Figure 1a, b shows the undeformed and deformed shapes of air spring.

In simulation of air spring using abacus, an incompressible Mooney–Rivlin
(hyper-elastic) material with c10 = 80, c01 = 80, d1 = 0 and temp = 25, and
the steel with E = 210.0 Gpa and v = 0.3 is used. Figure 2a, b shows the material
distribution in the model.

The simulation result in Fig. 3 shows the von Mises stress concentration on the
inflated air spring when the spring is compressed about 30 cm in the negative y-
direction, and as the graph Fig. 4 indicates the stress concentration is below the
Tresca stress and we can say it is safe.

As the graph in Fig. 5 shows all the stress components during the simulation of
air spring lies below the Tresca line, so it is safe to use the air spring with this range
which is proportional with the required range.

(b) deformed shape of air spring(a) Undeformed shape of air spring 

Fig. 1 a Undeformed shape of air spring and b deformed shape of air spring
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Fig. 2 a Material orientation on deformed shape sectional view and b material orientation on
deformed shape

As indicated in the parameter, the air spring is first inflated to the required pressure
level and then compressed in 30 cm in the negative y-direction, so the graph in Fig. 6a,
b shows the characteristics in both steps. The effective area of the air spring change is
negligible; pressure is directly proportional to the applied force so as the compression
force increases the pressure also increases.

3.1 Spatial Displacement

When the air spring is compressed to 30 cm in the negative y-direction, the rubber
body compressed in the same direction is shown in Fig. 7. The following result in
Figs. 8, 9, 10, 11 and 12 shows the magnitude and the direction of displacement.
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Fig. 3 Stress contour on the air spring

Fig. 4 Von Mises stress

4 Conclusion

To reduce the damage in the vehicle components and occupant injuries, adaptive
electro-pneumatic system is used, and this designed system is mounted in the vehicle
frontal structure. Then, the system operation is animated in Proteus 8 Professional
result of electro-pneumatic shows a sufficiently good agreement with the physical
parameter taken and the controlled system able to execute and take action within 15
µm which is less than the impact duration for low-speed frontal crash.

In this paper, the timely response of the system is observed. Air column unit can
able to perform efficiently for low-speed crash impact load and the required amount
of stiffness is achieved by varying the air pressure inside the air column unit, and
impact energy damping is achieved by controlling the quick exhaust valve diameter.
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Fig. 5 Stress components

(a) Stress versus time (b) ressure versus time

Fig. 6 a Stress versus time and b pressure versus time

To check the response and operation of the system, the following dynamic
operation condition is simulated and the result is as follow:

• When both the speed and distance between colliding cars are minimum in this
condition, the probability of crash between the cars is very low so the valve
condition remains closed.

• When speed of the car is maximum and the distance between colliding cars is
maximum, in such scenario, the vehicle is at 50 kph and the distance between the
cars is 11 m apart then this condition is not enough to trigger the valve so the
valve remains closed and the signal voltage reading is 0 V.
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Fig. 7 Magnitude and symbols on air spring

Fig. 8 a, b Displacement versus time
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Fig. 9 Rotational displacement versus time

Fig. 10 Valve control solenoid operation with respect to speed of the car

Fig. 11 Relationship between distance, speed and valve diameter

• When speed of the car is maximum and the distance between colliding cars is
minimum, the system is checked by suddenly decreasing the distance between
the car to 4 cm, and the speed of the car was at constant speed which is 50 kph
and quick exhaust valve opens about 40%.

• When speed of the car is minimum and the distance between colliding cars is
maximum in this extreme condition, the speed of the car suddenly drops to 8
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Fig. 12 Valve diameter versus damping

kph and the distance between the car rises to 11.1 m at this condition the system
compares the actual condition and the pre-condition set and maintain the valve
condition in closed state because the vehicle in motion has sufficient distance to
bring the vehicle to 0 kph.

• When distance is constant but speed varies even if the speed of the car is increasing
but the distance between the cars is constant or in a safe distance to bring the car
to 0 kph, the valve remains in closed command.
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