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Abstract

With the need for testing airbags for unbelted passenger crash scenarios, a compo-
nent test setup was developed to test the passenger side airbags for the USNCAP
FFRB 25 mph 50th percentile unbelted load case. This test setup simulates the
physics of a frontal vehicle car crash while mimicking the kinematics of a dummy
loading into the airbag. Honeycomb (HC) is used to decelerate the sled that holds
the dummy interacting with the airbag. Although the HC achieves the deceleration
target with a good strength-to-weight ratio, it is plastically deformed and must be
discarded after each test. The purpose of this thesis is to find an alternate decel-
eration feature that can make the test setup configuration repeatable and robust
for dilerent load cases, thus broadening the scope of the test setup. A compara-
tive study was conducted on dilerkent deceleration features and a damper system
proved to be a good alternate to the HC when assessed with design criterias. This
damper system was incorporated into the existing Computer-Aided Engineering
(CAE) model, which is closely validated to the test setup using the finite element
method. This report explores designing a damper with a discrete element feature
available in LS DYNA, and parameter studies were conducted to understand the
damper behaviour. A simplified model was built that could reproduce the physics
of the crash configuration to understand the discrete element characteristic with
multiple iterations. Later the finalised damper was incorporated into the full scale
CAE model by replacing the honeycomb. The findings of this thesis will be useful
to the industry in the future when designing a damper for various load conditions
using Finite Element Analysis (FEA) in the LS DYNA platform.

Keywords: Component test rig, Damper modelling, Crash deceleration feature, LS
DYNA, Finite element
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1 Introduction

1.1 Background

According to the National Highway Tra ¢ Safety Administration (NHTSA), frontal
airbags saved 50,457 lives in the United States alone between 1987 and 2017 [1].
Due to the deployment of frontal airbags, driver fatalities are reduced by 29% and
passenger fatalities are reduced by 32% for those aged 13 and above [2]. Despite
the fact that safety standards are improving year after year around the world, ac-
cidents involving unbelted passengers continue to prevail. In most car accidents,
the deployment of airbags is critical to prevent serious injuries to the occupants.
Early deployment of the airbag produces a rm cushioning e ect, whereas late de-
ployment produces a low sti ness, causing the occupant to collide with the vehicle's
sti er elements, such as steering wheel or dashboard, resulting in an injury. With
today's computing capacity, multiple airbag deployments may be tested using CAE
methodologies to anticipate injury to an occupant in a variety of load conditions.
Though the ndings of modern CAE techniques are near to forecasting reality, val-
idations must be carried out using physical crash tests.

Setting up a full frontal crash test is expensive and time-consuming, and involving a
full car crash just for airbag testing, is not bene cial to the corporation. To address
this issue, an airbag component test setup was built to test airbags at a cheaper
cost. The test setup validates the airbag by evaluating the head and neck injury
criterias on a Half dummy (HD). The lower torso of the HD is attached to the
sled, and limbs are neglected as the focus is only on the head and chest interactions
with the airbag. In the testing of passenger airbag (PAB) for unbelted load cases,
the torso and head of the human body dummy is accelerated up to a certain speed
towards the instrument panel (IP) of the car. This requires a controlled deceleration
during the test phase from the airbag component and the test equipment, working
together. The deceleration of the sled is achieved by an aluminum honeycomb (HC)
block placed in an anvil, under the instrument panel. The HD interacts with the
airbag and the HC decelerates the sled that the HD is attached to. This test setup
represents the dynamics of a frontal collision impact of a car. The component test
setup used for testing airbag is shown in Figure 1.



Figure 1: Test setup for testing PAB

Although the HC is good enough to decelerate the sled at a controlled rate, it has
few major drawbacks. In the current test setup, the aluminum HC block can be
used only once as it undergoes plastic deformation during each test. The manual
work of cutting the HC blocks to precise measurements for each test is not feasible
as there are irregularities on the edges of the block as seen in Figure 4. This leads to
misalignment in positioning of the HC block inside the anvil. Figure 2 shows that the
velocity pro les of the sled for di erent tests conducted. The steps observed in Figure
2 could be the required crash pulse in the test or it could be due to crushing of the
HC block in di erent stages or could be due to movement of the HC block between
the anvil and the sled leading to more contact friction opposing the sled. From
Figure 3 it can be noticed that for tests with impact velocity greater than 12 m/s, a
huge peak in acceleration upto 1200 m?ds obtained. This means that the HC block
has bottomed out and is unable to absorb the energy from the sled. The dimensions
of the aluminum HC used in the current test setup ar@78 247 96mm (I b h).



Figure 2: Velocity of sled due to HC

Figure 3: Acceleration of sled due to HC

Di erent crash pulses can be created by altering the sti ness of the HC block by
varying the cell size as shown in Figure 5.1t is not feasible for the industry to pur-
chase HC with di erent properties for various tests. The current HC block used in
the crash test setup has around 18-20 pores per 9 cm of length. Various HC blocks
were tested previously from 8 - 10 pores per 9 cm of length to 24-25 pores per 9 cm

of length.



Figure 4: HC used in test setup

(a) ne pores

(b) course pores

Figure 5: HC with various cell sizes in market [3]

The test setup when used with HC is not robust and does not deliver repeatable
results. The crushed HC block also leads to aluminum waste which is unsustainable
for the industry.



1.2 Objective

The objective of the thesis is to propose a suitable system of deceleration technique
that could replace the HC block and replicate an existing crash test result as shown
in Figure 12. The initial task of the thesis was to select an ideal result from the exist-
ing physical test data sets conducted with the aluminium HC block. This proposed
deceleration feature should be reusable, repeatable and sustainable. It is preferable
to nd a solution that could be industry friendly and tunable for di erent load cases.

The following are the design criterias listed by the company :

Deceleration: The new system or deceleration feature should withstand the high
impact loads and decelerate the sled in a controlled manner, without bottoming out.
The system should replicate the acceleration curve of a regular car crash.

Re-usability:  The system must return to its initial condition for the next test to
be conducted within a stipulated time frame. The number of test conducted is one
per hour since it can take time to t a new airbag for testing, to reset the sled and
the HD. Hence, the new system should reset for the next test within one hour.

Tunability:  The test setup is currently designed to test the PAB with a 50 per-
centile half dummy. The system should recreate the real life crash scenarios with
di erent load cases, by varying the HD, mass and impact velocity. The combined
mass of sled and HD could be varied from 78 - 95 Kg, and the impact velocity could
be varied between 8 - 14 m/s.

Repeatability: A good test setup should produce similar results for similar load
cases. The new system to be designed should not lose its capabilities over overtime
or drop in its e ciency, leading to inconsistent results, making the results untrust-
worthy. The system should reproduce the same test results for same load cases to
ensure the precision of the test setup.

Packaging space: The current test setup is con ned to a space around the IP
framework. There is a possibility to increase the length of the rail but currently the
space above the anvil and the HC packaging space is restricted. The new system
must t compactly in the limited space available as shown in Figure 1.

With the proposed system of deceleration, a complete product assessment is to give a
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conclusion, from building the CAE model to running simulations that can match the
existing test result. An extended objective is to test the CAE model with di erent
load cases, as it is feasible and more cost e ective for an industry to conduct several
simulations, than using a physical test setup.

1.3 Understanding the existing test setup

The existing test setup consists of components as shown in Figures 6 and 7.

Rail box: It houses the guide rails and serves as the foundation to the test setup.
In the current design, the anvil is placed at the front end and have a bu er space
that could be used to t into the IP rig.

IP Rig: It holds the instrument panel and the airbag xtures. It is intended to
replicate the driver and passenger side of a commercial vehicle. Currently, the ralil
box is only on the passenger side of the rig to test PAB. The CAE model does not
represent the exact IP test rig, but rather a template of a regular vehicle, as shown
in Figure 7.

Anvil: It has a compartment in which the HC is placed and also acts as a hard
stop if in case the HC fails to decelerate the sled .

Honeycomb: The HC pores are oriented longitudinally to the impact direction,
resulting in increased longitudinal sti ness. The Young's modulus of the existing
HC is 70 GPa. The HC CAE model can be seen in Figure 7.

Sled: It is the component that is accelerated into the HC at the required velocity

and holds the HD. The sled allows the HD to replicate the motion of a unbelted
human associated during a vehicle crash. The two A pillars, illustrated as black
pillars in the Figure 6, contain a net that catches the HD during rebound.

Half dummy : A CAE model of the HD was built using a 50th percentile Huma-
netics Hybrid 11l model. The limbs and lower body were removed, leaving behind
the torso and the head region that is su cient to evaluate the PAB.



Figure 6: CAD model of the test setup

Figure 7. CAE model of the test setup

1.4 Scope

" For velocities greater than 12 m/s, the HC bottoms out and the data exhibits
unusual behaviour. As a result, for velocities greater than 12 m/s, the CAE
model cannot be correlated.

" The test setup with HC block is to replicate a real life frontal crash scenario.
Recreating the existing test result with the damper as an alternate deceleration
feature is two steps away from the reality of the frontal crash.

" There is limited space between the rails and instrument panel for designing

the placement of a deceleration feature.

The resources and knowledge in modelling the dynamics of damper in LS

DYNA using nite element techniques are limited.



2 Theory

2.1 Selection of analysis type

The type of analysis to be carried out on a system can be classi ed based on the
signi cance of inertial force fmx) , damping force €x) and the spring deformation
force (kx) in the dynamic equation of motion (Egn. 1) , wherd, is the time varying
external force on the system.

mx + cX + kx = F¢ (1)

Static analysis

Static analysis best suits for a system that is under investigation for a long time
frame and the force is essentially constant throughout. The signi cance of inertial
forces and damping forces can be neglected in this analysis, resembling human sitting
on a seat.

Figure 8: F vs T graph for static analysis

Steady state dynamic analysis

Steady state dynamic analysis implies a system that has a harmonic force in the
speci ed time frame. The in uence of inertial, damping and spring forces are quite
signi cant in this type of analysis, resembling rotor in a motor.



Figure 9: F vs T graph for steady state dynamic analysis

Modal analysis
A modal analysis implies a system that is disturbed and left to slowly adjust to its
natural frequency, resembling a simple pendulum set into motion. The in uence of
the structural damping can be neglected in this analysis.
r
I = LS lg=! 1 2
m

-n —

Transient dynamic analysis

Transient dynamic analysis suits a system that is not harmonic in nature and occurs
to due to sudden impact in a very small time frame. The time frame (T) for

this analysis is usually in milliseconds and the inertial forces are signi cant in this
analysis.

Figure 10: F vs T graph for transient dynamic analysis

The transient dynamics analysis is best suited for the given problem of decelerating
the sled, as the time frame of the crash is occurs in 35-45 ms with high inertial
forces.



2.2  Crashworthiness (physics of a vehicle crash)

When considering a scenario in which an occupant is traveling in a vehicle on regular
roads. Attime T =0 (moment before the crash), the occupant and the vehicle
travel at the same speed, i.e. relative velocity between the passenger and vehicle
is zero Ve = 0). Attime T = 0% (moment after the crash), the vehicle hits an
obstacle and begins to slow down, whereas the occupant continues to travel at the
same speed until obstructed by an instrument panel or a steering wheel. The front
end of the vehicle is crushed and absorbs energy, slowing down the rest of the vehicle.
The principle of crash can be obtained from Newtons laws [4] for Mass (M), Velocity
(V), Force (F) and time (t)

Change in momentum= impulse
M V=F t (2)

considering the moment to be equal for two di erent crash scenarios

F t = constant

hence
1

F/ =
t

This demonstrates that for a very short period of time, very large forces are involved,
or in other words, a good vehicle should be able to absorb a large amount of force
in a very short period of time. All safety features in automobiles, such as airbags,
seat belts, and front ends, are designed to absorb crash forces using this principle.

Inspecting two crash scenaridsin which the front end of vehicle A is crushed to
0.3 m length and the front end of vehicle B is crushed to 0.6 m length. Vehicle B's
sti ness is less than that of Vehicle A, so the crush is greater. The e ect of mass
Is also crucial in the crush of the vehicles; the rigid barrier's mass is considered to
be signi cantly greater than the mass of both Vehicle A and B. According to obser-
vations from both crash results, if the occupant in Vehicle A experiences around 40
g deceleration, the occupant in Vehicle B can experience around 20 g deceleration,
because the time the force acts on the occupant in Vehicle B is doubled due to twice
the crush distance.

1 Assuming that the e ect of frontal packaging space, geometry and mass of the vehicle A and
B to be identical
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Figure 11: Crash worthiness example

In the automotive industry, crash worthiness refers to a vehicle's structural ability to
plastically deform while still maintaining a su cient survival space for its occupants

in crashes with reasonable deceleration loads [5]. The aim of the test setup was to
simulate the physics of a vehicle during a crash while also mimicking the kinematics
of a human with a HD. The HC is crashworthy because it crushes while absorbing
heavy sled impact loads. The HC resists load transfer to the other components of
the test setup, thereby preventing the test setup from damages. These crashworthi-
ness characteristics could be similar to the vehicle's front portions ability to absorb
maximum impact loads, culminating in the loads not being transferred into the pas-
senger cockpit. The proposed deceleration (energy absorption) system is meant to
mimic the crashworthiness of the HC while also being reusable for multiple tests.

2.3 Alternate deceleration systems for the sled

To decelerate the sled, various deceleration systems that could potentially replace
the HC were analysed. The deceleration system could either be a newly formed com-
posite material block or a dynamic system. These deceleration systems should meet
the design criteria®. The following are a some of the identi ed deceleration systems:

Arrestor gear using high tension cables: The sled could engage on to uni-
directional cables that winds itself with a help of an arrester, causing the sled to

2Design criterias discussed in detail in Section 1.2
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decelerate. Similar cables that are typically 2.5 to 3.2 cm in diameter[6] are used in
decelerting military aircraft carriers.

Memory foam composite, Expanded Polypropelene and Nitinol compos-

ite: Memory foams and composites are widely used in the automotive safety as
crash boxes, bumpers and side impact protection systems [7]. Poly urethene foams
[8] of density 30 - 400 kg m® are used in the industry as well for various purposes.
Nitinol composite is a shape memory alloy that remembers its original shape and
regains it upon unloading. The drawback is that it only has8% strain recovery
rate[9] [10].

Scissors lift X: Generally used to raise or lower a platform using hydraulics. A
similar concept in horizontal direction, where the platform can be moved back to
its original place in a controlled manner. The stack up and the movement of the
support frame could be good replica to the HC's crush characteristics.

Springs with locking mechanism: The idea is to replace the HC block with
springs of equivalent sti ness. Since, rebound is not preferred in the crash test rig,
a locking mechanism is required to hold the spring.

Balloon mechanism: Conceptualised as a re-in atable airbag with a larger sur-
face area capable of absorbing energy. The medium of the balloon could be a uid
or foam pellets, with the ller element either escaping (open loop) or being reused
(closed loop). The drawback is that there are inadequate resources to conduct in-
depth uid analysis on the ller element inside.

Dampers: The damper is e ective in converting the kinetic energy of the impact

object into heat and noise through friction. The test lab employs a wide range of
dampers for a variety of purposes, proving to be industry-friendly in terms of instal-
lation and service.

12



2.4  Acceleration, velocity and displacement plots

The acceleration, velocity, and displacement plots aid in visualizing the crash dy-
namics, therefore understanding these plots is crucial. A crash system is depicted
in Figure 12. A crash event can be divided into four time frames (A,B,C,D,E), as
shown Figure 12.

Figure 12: Bench marked test data acceleration, velocity and displacement plots
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The crash propagates from point A, where there is a large peak in the acceleration
plot (or the deceleration pulse), to point B. During the interval the velocity begins
to drop as well.

Phase B-C is the energy absorption phase with the highest acceleration. In the
acceleration plot, the curve plateaus in this phase. An unusual sudden peak in the
plateau phase indicates that the system has bottomed out and is no longer able
to absorb energy. Another interesting crash parameter is theV, which can be
estimated by subtracting the velocities from points A and D. This V is critical for
predicting the severity of the crash.

The system begins to approach rest at point C, where the acceleration approaches
zero. The system begins to rebound from this stage on owing to its elastic nature.
The di erence between the displacements from points C and E is the rebound dis-
placement.

The plots in Figure 12 are the plots obtained from the test setup using the HC.
These plots are to be recreated with the new deceleration system.

2.5 Force, deformation and velocity characteristics

A complex crash scenario consisting of multiple elements can be reduced to a simple
system as depicted in Figure 13, which consist of a single element mass, damper and
a spring.

Figure 13: Schematic sketch of a crash system

The area under the force (F) vs. Displacement (D) curves represents the energy
absorbed in the system during a crash event, which is critical in designing a decel-
eration system. The system begins with a negligible elastic response and the actual
deformation recorded in the plastic response until it reaches the crush limit. The
system then tends to unload, resulting in an elastic response with a rebound e ect,
as shown in Figure 14. It should also be noted that the slope obtained from the F
vs. D curve is the system's sti ness (N/m).

14



Figure 14: Force vs. Displacement curve

The force vs. velocity (V) plot is similar to the system's behaviour as mentioned in
Figure 14. This plot is the main parameter required in modelling a damper. The
area of F vs. V curve represents the amount of energy transferred per unit time,
l.e. power (Watt) whereas the slope of the curve is system's damping coe cient
(KN-s/m). The system's damping coe cient (DC) between the points A and B is

calculated approximately as 4.16 kN-s/m as shown in Equation 3. The implementa-

tion procedure and the signi cance of the this F vs. V curve is explained in Section
3.4

Figure 15: Force vs. Velocity curve
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2.6 Units in LS Dyna

When using the LS DYNA platform, consistent units must be prescribed. Figure 16
highlights the most appropriate set of units for mass (M), length (L), and time (T)
utilized to understand the system throughout the thesis research. A crash incident
occurs in less than a second, and the time required for an air bag to completely
in ate is approximately 35-40 ms. As a result, it is more convenient to deal with
ms for "T," and according to industry best practices, "L" was set in mm and "M"

in kg.

Figure 16: Consistent units used in LS DYNA.[11]

2.7 Calculations

An internal test of was selected throughout the project. The average acceleration
and damping coe cient in the system, can be determined by interpreting the sled
as a element mass connected to a spring and a damper as shown in Figure 3. The
parameters for calculations are as follows:

Mass (m)= 86:4kg 4)

Velocity (v) =11:82m=s (5)

Kinetic energy (K.E.) = % mv? (6)
= % 864 1182

= 6035:58J (7)
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Since change in energy is work done

K.E. = Workdone (W.D.)
W.D = Force (F) deformation (d)

Honey comb deformation(d) from test data is 203mm

wW.D

F= e (8)
_ 603558
~ 0:203
F =29731:89N (9)
also,
F=m a (20)
F
= — 11
a= (11)
_ 2973189
~ 864
a=344:12m=¢ (12)

Considering the system with pure damping condition and no external force acting
on the system. The structural dynamic Equation 1 can be simpli ed as

mx+cx+0=0 (13)
864 ( 34412)+c (11.82)=0
_ 2973189
- 1182

c=251539Ns=m

In Equation 13 the sign of acceleration is negative as the damping action causes the
mass to decelerate.
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3 Methodology

Figure 17 describes the work ow of the thesis. Once the problem was identi ed
to decelerate the sled, data collection and analysis were crucial. From the many
conducted tests, one good test result was chosen for benchmarking. Further, a
survey was done on various alternate impact deceleration systems and dampers were
chosen among them as the practical option that could satisfy all the design criteria.
The selection process is explained in the Section 3.1. FE modelling of the simple
systems and full scale system is explained in Section 3.2 - 3.6. The procurement,
redesign, and testing of the designed deceleration system could not be completed
within the 20-week time frame.

Figure 17: Flow chart of methodology

3.1 Selection of Damper system

Comparative studies were carried out on each design options to decelerate the sled,
to nd the best alternate to the HC. In industry, heavy equipment sleds are deceler-
ated utilizing frictions brakes or magnetic resistance brakes. These features were not
studied as modi cation on the rails and sled was restricted, due to design constraints.

A criteria-based decision-making matrix known as the Pugh matrix [12] is used to
nalize on a potential solution for the given problem description in order to nd
an optimal solution among the various alternate deceleration systems. The Pugh
matrix aids in prioritizing the criteria for developing a specic system. Section
1.2 discusses the ve design criteria for replacing the honeycomb. Various design
options were investigated in order to decelerate the sled while still replicating the

18



curves from the test results. Each design criteria is assigned a weight based on its
priority.

Each design option can be marked with a+1" if it is predicted to be more compe-
tent than the existing design with honeycomb, a " 1" if it is less competent, and

a "0" if it is equal to the honeycomb's performance. Once each criteria for each
design option has been scored, the total weighted score waas calculated, which aids
in ranking the design option.

3.2 Building simpli ed FE models of the crash test rig

Modelling the damper system was the next stage in the thesis. This was done using
the discrete element option in the LS DYNA platform. A general practise in the
industry is to design a damper using a multi or rigid body analysis tool such as
ADAMS, but the challenge is to be able to model the damper in the nite element
analysis using LS DYNA, to have a common platform to integrate new designs into
the existing CAE model.

To understand the physics behind the discrete element, the entire sled can be simpli-
ed into a plate or a point mass element. The in uence of an airbag is neglected in
the simpli ed model. Di erent simpli ed models were created to be able to replicate
the sled decelerating as shown in Figure 18. A movable plate was made to replicate
the damper's head, and an impactor plate was built to replicate the sled impacting
the damper. The sled's boundary conditions such as the velocity and mass is as-
signed to the point mass, the movable plate and impactor plate respectively in these
simpli ed models shown in Figure 18.

3.3 Variations in the simpli ed FE damper model

The energy to be absorbed by the damper is 6-6.6 kJ in a timeframe of 35-40 ms.
Combinations of discrete element in series and parallel might be required to solve the
problem as the energy is high and time period is very low. Di erent combinations

of models with dampers and springs in series and parallel were created and tested.

As shown in Figure 19a, two dampers are connected in parallel to the movable

plate. The drawback of this method is simultaneous contact of the sled with both
the dampers would not be precise. Similarly, a FE model of a spring with low sti -

19



(a) Model with point mass

(b) Model with moving plate

(c) Model with impactor plate

Figure 18: Simpli ed models to replicate the sled
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ness is modelled in parallel to the damper, thus creating a model that represents
a shock absorber, as shown in Figure 19b. This is to numerically achieve a small
rebound displacement of the impacting mass after a crash.

Figure 19d shows two dampers connected in series. The motive of dampers in series
connection is to achieve variable DC at di erent stages of the test. It is built by
joining both the discrete elements by a node.

Though it is practically di cult to engage the spring later to the ideal damper, a
model variation b was built as shown in Figurel9c, to understand the in uence on
how a spring and a damper work together.

(a) Parallel connection

(b) Spring and damper e ect together (c) Spring e ect later to damper

(d) Series connection

Figure 19: Variations in simple model
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3.4 Linear and non linear viscous damper parameter study

To understand the response of a linear viscous damper and a non linear viscous
damper for our system under consideration, simple analyses were made to compare
the velocity curve variations with accordance to the change in DCs. The force
vs. velocity input curves to the discrete element are crucial in understanding the
response of the discrete element. The mean-squared error (MSE) method was used
to calculate the deviations in the output velocity plots for each case studied.

3.4.1 Linear viscous damper

The input parameter for material damper linear viscous (MAT S02) in LS DYNA is
the DC (kN-ms/mm), which will be constant throughout the range of velocity. The
keycard (*MAT_DAMPER_VISCOUS) used from LS DYNA Manual Volume 2 [13]
shown in Figure 21. Linear viscous damper means that the relationship between the
force vs velocity is linear as shown in Figure 20. The dynamics of a linear damper
were studied by increasing the DCs by 50% in intervals, beginning with 2 kN ms/mm
(2000 Ns/m).

Figure 20: F vs. V for a linear viscous damper
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Figure 21: LS DYNA linear viscous damper material card

3.4.2 Nonlinear viscous damper

A non linear damper aids in variable DCs. This helps in obtaining tunable sti ness in
the damper model at di erent stages. The *MAT_DAMPER_NONLINEAR_VISCOUS
keycard from LS DYNA Manual Volumne 2 [13] is used as shown in Figure 22. The
variable DC's are tabulated in Table 1. The DC1 is de ned from 12 m/s to 4 m/s
velocity and DC2 is de ned from 4 m/s to O m/s. The piece-wise linear load curves
for the non linear viscous damper are de ned in ANSA as shown in the Figure 23.
Di erent combinations of DCs are chosen to understand the dynamics of a non linear
viscous damper.

Case DC1 DC2
1 2 9

2 2 6
3 9 2
4 9 5

Table 1: DC values chosen for non linear viscous damper parameter study
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Figure 22: LS DYNA non linear viscous damper material card

Figure 23: Load curves used for nonlinear viscous damper parameter study
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3.5 Finalised simple FE model

Simplifying the problem of decelerating the sled to a mass of 87 kg travelling at a
velocity of 12 m/s, decelerated by a damper (or shock absorber in this case) placed
at one end within a stroke length of 350 mm.

Considering the simpli ed approach, a simple FE model of the system was created
to understand the basic dynamics of the system. A pair of nodes were created at a
distance of 350 mm from one and another in x-direction. One of these nodes was
placed on the origin and is xed in all directions, referred to as the " xed node
end". The other node has only one degree of freedom, i.e. translation in x direction
only and is referred to as the "moving plate end". By using the discrete element
option in LS DYNA, the two nodes were picked to create a discrete element between
the two selected nodes. A non linear viscous damper material property has to be
assigned to this discrete element to create a damper element. Similarly two more
nodes were created to build the discrete element for the spring. The spring and the
damper element are now parallel to each other in y-direction as shown in gure 24.

Figure 24. Selected simple FE model representing the test setup

Two plates with similar dimensions are modelled with 5 mm thick shell elements.
One of the plates is referred to as "movable plate” and the other one as the "im-
pactor”. Maintaining a distance of 5 mm between the two plates will result in
contact between the two plates at the time of impact. The movable plate is 350
mm from the origin in x-direction. The "moving plate end" nodes are constrained
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