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ABSTRACT

DEVELOPING TEST PROCEDURE AND DESIGN OF FIXTURE FOR
DYNAMIC TEST OF ROAD AMBULANCES

Kaya, Sinan
Master of Science, Mechanical Engineering
Supervisor: Prof. Dr. Mustafa {lhan Gokler

September 2019, 159 pages

The number of traffic accidents involving road ambulances is increasing. This
situation increases the risk of death and injury of the patients and healthcare workers
transported in the patient transport cabin of the road ambulances. Therefore, providing
a safer environment for these occupants has become important. Medical devices,
drawers, stretcher systems used in the road ambulances should be secured to avoid
endangering safety of the occupants. The conformity of the fixing systems designed
for this purpose must be verified by performing the 10 g tests of ambulance patient
transport cabin in a sled test facility as required by EN 1789+A2 standard. The rules
described in the standard cause some ambiguities during the evaluation of the test
results. In this study, a new test procedure has been proposed in order to prepare the
test sample properly, conduct tests and evaluate test results for the road ambulance
tests. According to EN 1789+A2 standard, the 10 g tests are performed for five
different directions (front, back, left, right, vertical). In METU-BILTIR Center
Vehicle Safety Unit, the fixtures are used to fasten the test sample (i.e. ambulance
cabin) to the sled during the tests. Dynamic analysis of the test fixture used for vertical
direction has been performed by using Finite Element Analysis (FEA) Software Ls-
DYNA. The results of FEA and deformations of the currently used test fixture during
the tests have been observed and compared. It has been evaluated that the design of



the fixture for the vertical direction test should be improved. Two completely new test
fixtures and one with modifications on the currently used fixture are designed and
FEA for these have been realized. It has been seen that these three alternative test
fixtures provide advantages over the currently used fixture by decreasing plastic
deformation.

Keywords: Road Ambulance Safety, Dynamic Test, EN 1789, Conformity

Assessment, Sled Test Fixture
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KARAYOLU AMBULANSLARININ DINAMIK TESTLERI iCIN TEST
PROSEDURUNUN GELISTIRILMESI VE FIKSTUR TASARIMI

Kaya, Sinan
Yiiksek Lisans, Makina Miihendisligi
Tez Danismant: Prof. Dr. Mustafa Ilhan Gokler

Eyliil 2019, 159 sayfa

Karayolu ambulanslarinin karistig1 trafik kaza sayilar artis gostermektedir. Bu durum hasta
tasima kabininde taginan hastalarin ve saglik calisanlarinin 6liim ve yaralanma risklerini
arttirmaktadir. Bu nedenle, yolcular ig¢in daha gilivenli bir ortam saglanmasi énemli hale
gelmistir. Karayolu ambulanslarinda kullanilan tibbi cihazlar, ¢ekmeceler, sedye sistemleri
yolcularin gilivenligini tehlikeye atmayacak sekilde tutturulmalidir. Bu amag i¢in tasarlanan
sabitleme sistemlerinin uygunlugu, EN 1789+A2 standardinin gerektirdigi sekilde, ambulans
hasta tasima kabinlerinin 10 g dinamik sled testlerinin gerceklestirilmesi vasitasi ile
dogrulanmalidir. Bu standartta belirtilen kurallar test sonuglarinin degerlendirilmesi sirasinda
bazi belirsizlikler yaratmaktadir. Bu g¢aligmada, test numune hazirliginin uygun sekilde
yapilabilmesi, testlerin gergeklestirilmesi ve test sonuglarinin degerlendirilebilmesi i¢in yeni
bir test prosediirii onerilmistir. EN 1789+A2 standardina gore farkli yonlerden (6n, arka, sol,
sag ve dikey) 10 g testleri gerceklestirilmektedir. Dinamik testlerin yapilmasi sirasinda test
numunesinin slede baglanabilmesi i¢cin METU-BILTIR Merkezi Arag Giivenlik Birimi’nde
fikstiirler kullanilmaktadir. Dikey yonde kullanilan test fikstiiriin dinamik analiz ¢aligmalari
Sonlu Elemanlar Analizi (SEA) programi Ls-DYNA kullanilarak gergeklestirilmistir. Analiz
sonuglar1 ve mevcut kullanilan fikstiirlin test sirasinda deformasyonu gézlemlenerek sonuglar
karsilagtirilmigtir. Dikey yon testi igin fikstlir tasariminin iyilestirilmesi gerektigi
degerlendirilmistir. Tamamen yeni iki test fikstiirii ve su anda kullanilan fikstiir izerinde

modifiye edilmis bir tane test fikstiirii tasarlanmis ve SEA gerceklestirilmistir. Bu ti¢ alternatif

Vil



test fikstiirtiniin plastik deformasyonu diisiirerek su anda kullanilan fikstiir iizerinde avantajlar

sagladigi gorilmiistiir.

Anahtar Kelimeler: Karayolu Ambulans Giivenligi, Dinamik Test, EN 1789,
Uygunluk Degerlendirme, Kizakli Test Fikstiirii
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CHAPTER 1

INTRODUCTION

1.1. Effects of Traffic Accidents on Road Ambulances

Today, emergency health services are supplied with widespread, specially equipped
land, sea, and air ambulance systems in Turkey [1]. Road medical ambulance
transportation plays one of the vital roles in emergency health services. The growing
demand for the emergency health care system automatically triggers an increased
number of ambulance vehicles in traffic. According to the 2017 Health Statistics
Yearbook, which was published by the Republic of Turkey Ministry of Health, the
total number of ambulance vehicles is almost doubled (from 2.963 to 5.760) in the last
fifteen years [2]. As a result of the increasing number of ambulance vehicles,
ambulance accidents have occurred more frequently and have been considered more
seriously in the Emergency Health Care System. For instance, the frequency of
ambulance accidents increased by 42.5% between 2009-2013 and 1886 ambulance
accidents happened and resulted in 1857 injuries and 55 fatalities during that same
five-year period in Turkey [3]. Furthermore, approximately 135 ambulance staff
passed away due to ambulance accidents between 2002-2013. While the probability
of death of ambulance staff in an ambulance crash in Turkey is 21.4/100.000, this
figure is considerably beyond what was reported in the USA (9.6/100.000) [3]. The
National Highway Traffic Safety Administration (NHTSA) estimates that an average
of 4500 vehicle crashes involving ambulances occurs yearly [4]. Over speed and time
pressure are the first and foremost causes of ambulance accidents. Ambulance staff,
patients, and other passengers are at high risk in terms of fatal injury or even die during
accidents involving ambulances. According to researches, occupants traveling in the
rear patient compartment of the ambulance are injured more frequently and die more
frequently [5]. National Highway Traffic Safety Administration (NHTSA) collected



ambulance accident data from 1992-2011, and it revealed that 17% of drivers and 29%
ambulance passengers were injured; on the other hand, 4% of drivers and 21%
ambulance passengers died in the ambulance accidents in the USA [4]. Different
factors that contribute to raising injury and the fatality rate are summarized in the

following section.

Figure 1.1. The scene after the accident [6]
1.2. Safety of Medical Ambulance Vehicle

When other passenger vehicles and medical road ambulance vehicles are compared,
ambulances are uncommon vehicles due to their weights, sizes, different designs, and
usage. Besides, ambulance vehicle types are quite varied such as vans, light, and heavy
trucks. Also, passengers can be transported in various positions and orientations,
comprising patients on stretcher and usually unrestraint medical staff in the rear
compartment of the medical ambulances. The typical ambulance patient compartment

is shown in Figure 1.2,

Figure 1.2. Ambulance rear patient compartment [7]



Three main categories cause deaths or severe injuries of ambulance staff or patients

who are transported with ambulances. These three main categories are listed below

[8]:

1. The inherent risks of driving/riding ambulance vehicle
a. Driving with lights-and-siren
b. Dangerous driving
I. Too fast
ii. Against traffic
c. Lack of ambulance worker’s situational awareness
d. Lack of public awareness and recognition of ambulance
2. Insufficient ambulance safety standard and design
a. Rear compartment environment
i. Unsecured equipment
ii. The projectile potential of unsecured equipment
iii. Sharp corners/edges of interior surfaces
iv. Side-facing seats
v. Large compartment size
vi. Equipment inaccessibility
b. Lack of crashworthiness standards
c. Insufficient crashworthiness testing
d. Vehicle retrofitted
e. Inadequate seat-belt design
3. Vulnerability to injury in the rear patient compartment of moving the
ambulance
a. Standing occupants
b. Lack of restraint during transportation
¢. Hands Occupied
d. Lack of head protection

e. Lack of restraint capability



When considering the second category, there is no doubt that insufficient ambulance
safety standards and design may contribute to high transportation injury and fatality

rates for ambulance vehicles.

Especially the rear compartment of an ambulance can be very dangerous because it
contains non-crash-proof structure, sharp corner edges, risky surfaces, projectiles,
dangerous head strike zones and poor interior design [8]. Basically, internal devices
such as; cabinets, seats, flooring/anchoring devices, medical devices, stretcher and
stretcher support, medical bags, accessories, patient luggage, bins, personal items, fire
extinguisher, oxygen tanks, etc. can be considered as potential threats during impact
or crash circumstances [9]. The other significant issue about the rear compartment
environment is unsecured equipment which causes sharp corners/edges as well as risk
for projectile effect. Cracking material, traveling items, all loose or not improperly

fixed items can cause most severe and fatal injuries.

It seems that patient deaths or severe injuries happened at a high rate within risky
ambulance patient compartment and are linked with low usage ratio of restraint
system; inappropriately restrained patients and equipment; head impact hazards;

structural inadequacies within the frame of the compartment in the ambulance [10].

Although road ambulances are related to higher crash fatality and injury rates, they
are mostly exempt from the automotive industry crashworthiness and safety standards
or regulations [11]. Furthermore, the expertise that has been gained in the automotive
industry has not yet been fully transferred to the safety of ambulance vehicles. The
other inadequacy is that there has been a limited study in terms of crashworthiness and

passenger protection performance of ambulance vehicles [12].

Then, the main questions emerge as to how safe these vehicles are and according to
which standards they are designed, tested, and evaluated. In order to recognize medical
road ambulance generally, their classification, characteristics, and safety requirements

are explained in the following section.



1.3. Road Ambulances, Classification and Testing

There are three main categories of medical ambulances, which are land, sea, and air
ambulance systems, as shown in Figure 1.3. EN 1789+A2 standard defines land
ambulances as “the ambulance is a vehicle or craft intended to be crewed by a
minimum of two appropriately trained staff for the provision of care and transport of
at least one stretchered patient” [13]. According to the intended use of ambulances,

there are three different types of road ambulances [13], which are:

e Type A- Patient Transport Ambulance: Road Ambulances which are produced
and hardwared for transportation of nonemergency patients
o Type Al: only one patient can be transported
o Type A2: one or more patient(s) can be transported
e Type B- Emergency Ambulance: Road Ambulances which are produced and
hardwared to necessary treatment and monitoring of patients
e Type C- Specially Equipped: Road Ambulances which are produced and

hardwared for extensive treatment and monitoring of patients

IL
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Figure 1.3. Ambulance vehicle classification




The integrated body shell-type ambulances, which are under the classification of van-
based ambulances, are the most commonly preferred body types in Turkey. The

integrated body shell-type ambulance is shown in Figure 1.4.

Figure 1.4. Integrated body shell-type ambulance [13]

Currently, road ambulances are designed and built by aftermarket ambulance
retrofitters/manufacturers in Turkey. These unique vehicles are modified from a
standard chassis, including two separated sections, the front section is almost the same
as other vehicles, yet rear compartment section is entirely different from other road
vehicles. There are several different types of vehicles such as Ford Transit, Mercedes-
Benz Sprinter, Volkswagen Crafter, Volkswagen Transporter, Hyundai H350, Fiat
Ducato which are the most commonly used brands by the aftermarket ambulance

manufacturers in Turkey.

Due to the different structures of ambulance vehicles, proper conformity assessment
of the ambulance rear patient compartment is crucial in order to mitigate severe injury
risk and fatality during crash events. EN 1789 + A2 standard specifies the requirement
for the design, testing, performance and equipping of road ambulances and it includes
requirements for the patient’s compartment; moreover, it is mandatory standard for
ambulance manufacturer in accordance with the Regulation in Turkey. Alongside
other requirements about safety, this standard proposes a dynamic test under five axes
(£x, 1y, +z) to verify the strength of mounting and fixation systems of the ambulance
patient compartment. According to the proposed dynamic test, test sample shall be



accelerated/decelerated in the longitudinal, transverse, and vertical directions [13].
The main purpose of this test is to verify the safety performance of the retrofit
modifications of the rear patient compartment rather than a test for the crashworthiness
performance and safety of the vehicle as a whole. All parts of the rear patient
compartment should be subjected to gravitation and the acceleration pulse caused by
the impact. The corridor for acceleration pulse acting on the rear compartment is

shown in Figure 1.5.
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Figure 1.5. Acceleration pulse corridor [13]

1.4. Scope of the Thesis

As discussed in the previous sections, conformity assessment of road ambulances
seems as a significant, complex and multidisciplinary area. In order to identify the
unclear issues and challenges of ambulance conformity assessment, personal
communications are conducted with related parties such as METU-BILTIR Center
Vehicle Safety Unit Test Engineers, EMS Mobil Sistemler A.S (Ambulance
Manufacturer), related departments of Turkish Standards Institution (TSE),
representatives of the Rescue Systems Technical Committee (CEN/TC 239). Also,



personal communication is conducted with the National Institute for Occupational
Safety and Health (NIOSH) safety engineer to identify best practices for ambulance

conformity assessment in other countries.

In the light of literature survey and communications with the above-stated parties, it
seems that key elements of conformity assessment such as authorization, the
mandatory standard for testing and implementation are well defined by the
Ambulances, Emergency Health Care Vehicle, and Ambulance Services Regulation
for road ambulance vehicles in Turkey. Especially after using this regulation, there
has been made significant progress for safer road ambulances. However, it is realized
the main problems that arise from the mandatory standard (EN 1789 + A2), which is
referred in this regulation. Especially insufficient and unclear dynamic test
requirements of the standard in terms of sample preparation, fastening of the test
sample to sled test platform, testing procedure, evaluation criteria of the dynamic test

result make proper conformity evaluations difficult.

For these reasons, the main intention behind this study is to develop and implement a
new test procedure, which includes sample preparation, test process, post-test
inspection and evaluation of test results. Besides, the published safety/crashworthiness
standards and limited safety and crashworthiness researches for ambulances are
reviewed to discuss undefined topics or missing issues about occupant safety. It is also
intended to observe and analyze the currently used test fixture, which is used to fasten
the bulky, heavy, non-uniform fully-equipped ambulance patient compartment to the
sled in the most difficult accelerating direction (i.e. vertical direction). After analysis
results and actual test observations, it is worth to propose new alternative test fixtures.
This study has been carried out in cooperation with METU-BILTIR Center Vehicle
Safety Unit and Turkish Standards Institution (TSE).

In the second chapter, related studies about dynamic testing of ambulance vehicles,
full vehicle crash testing and their results are summarized. The conformity assessment

structure of ambulance vehicles in Turkey is presented. The comparison between



various ambulance safety standards and regulations are expressed. METU-BILTIR
Center Vehicle Safety Unit test facility is introduced for dynamic testing in this

chapter.

In the third chapter, the proposed test procedure, which includes sample preparation,

test process, post-test inspection, and evaluation of test result is presented.

In the fourth chapter, geometrical modeling of the current test fixture which is used
for the vertical test setup, is presented.

In the fifth chapter, the finite element model of the currently used test fixture is

presented.

In the sixth chapter, observations of the sled tests performed in METU- BILTIR
Center Vehicle Safety Unit are presented.

In the seventh chapter, three alternative test fixtures are presented and the finite

element analyses are carried out for these, and the results are presented.

In the eighth chapter, the clamping method is presented to ease fixing the test sample
to the sled.

In the last chapter, the conclusions and proposed future works are presented.






CHAPTER 2

STUDIES AND STANDARDS FOR ROAD AMBULANCE SAFETY

2.1. Safety Studies

On the contrary to extensive R&D activities concentrated to occupant protection in
the passenger cars by both carmakers industry and automotive safety authorities in the
world, occupant safety of road ambulances, especially for the rear patient
compartment, has not been considered by the automotive safety perspective up to
recently [12]. As a result, there are limited studies on the crashworthiness point of
view and the biomechanics of occupant safety in the ambulance environment in the

literature. These studies have been reviewed and summarized below.

Marc Fournier et al. conducted studies to evaluate specially equipped ambulance in
terms of vehicle design and personnel behavior during transport. They also examined
potential trauma of patient and ambulance workers in the rear compartment by
executing one side pole impact test in a test sled with two anthropomorphic test
dummies (ATDs) and a post mortem human subject (PMHS), as shown in Figure 2.1.
The crash test was performed at 50 km/h (30mph) with the standard barrier equipped
with a pole and projected horizontally against the left side of the vehicle. According
to the test result, they stated that the medical equipment behaves like a projectile when
the sled test applies. The resultant acceleration of the PMHS head was measured 25
km/h at 40 ms after impact, and severe head acceleration occurred in 150 ms because
of head impact on the sharp corner of the storage compartment, as shown in Figure
2.2. They highlighted the risk of chest, abdominal, head trauma for dummies which
were placed perpendicular to the road in squad bench. They suggested that seatbelts
should be used during the transportation of EMS personnel and the patient in the rear

compartment. Due to the risk of expulsion and hitting against the sharp corners of a
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storage compartment, the vacuum stretcher should also be used for the restraining of
the patient and seatbacks should be placed in the same direction to the road secured

by seat belts anchored in three points [14].

Figure 2.1. Interior of test vehicle [14]
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Figure 2.2. Acceleration of the PMHS head [14]
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Nadine Robyn Levick et al. conducted vehicle to vehicle intersection crash tests in
order to show safety and crashworthiness of ambulance vehicles by observing crash
dynamics of the vehicle and its occupants. They used two different crash
configurations. The first one was 46 mph traveling Type Il ambulance vehicle crash
to right side forward of the midpoint of stationary Type | ambulance which
instrumented ATDs are positioned. The second one was 36 mph traveling Type Il
ambulance which instrumented ATDs are positioned impact a stationary Type Il
vehicle on the left side. During the crash, the restrained child ATD was subjected to a
head and neck impact from an unrestrained ATD, as shown in Figure 2.3. They stated
that insufficient restraint system, unrestrained staff, risky interior design, and contact
surfaces could cause life-threatening safety hazards, even impact acceleration is in the
survivable limit. They suggested that safety standards should be developed urgently

in order to improve the crash safety performance of Ambulance Vehicles [15].

Figure 2.3. Vehicle interior after the first crash test [15]

Nadine Levick, Guohua Li, John Yannaccone executed accelerator HY GE sled test in

ambulance rear cabin environment to obtain knowledge about occupant’s kinematics
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and forces generated under ambulance frontal crash circumstances with the target sled
pulse 26 G and the maximum velocity of 30 mph. The instrumented three-year-old
Hybrid-111 ATD, the instrumented 50th percentile male Side Impact Dummy (SID),
two un-instrumented 95th percentile male Hybrid-11 ATD are positioned in different
positions in rear ambulance cabin. According to test results, the recorded Head Injury
Criterion (HIC) value of three-year-old Hybrid-111 ATD is 171, which is lower than
1000 as the threshold by Federal Motor Vehicle Safety Standard (FMVSS) 213 [16].
When comparing pre-test and post-test position of 95th percentile male Hybrid-11 and
three-year-old Hybrid-11l ATDs, their restraint system performs well; however,
unrestrained SID impacted the front bulkhead cabinet shown in Figure 2.4. They
suggested that an effective restraint system should be designed and conveniently tested

under impact condition with the validated crush pulses [12].

Figure 2.4. SID position after sled test [12]

Nadine Levick and Raphael Grzebieta stated that the purpose of full vehicle tests is to
define crash test pulse parameters that could utilize to evaluate the real-world crash
dynamic performances of ambulance vehicles and their components in sled testing
platform. According to Levick et al. conducted a frontal full vehicle test with 44 mph

impact velocity and a resultant velocity change of 18.6 mph. They obtained a sample
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frontal vehicle crash pulse that has a different profile from both FMVSS 213 [16] and
FMVSS 208 [17], as shown in Figure 2.5. The test pulse which derives from real-
world intersection scenario (rear box of the bullet vehicle impacting a van ambulance)
is compared with the Current et al.’s [18] in Figure 2.6, the crash pulse which derives
from the average of all three full barrier tests for the rear box. Nadine Levick and
Raphael Grzebieta asserted that loads are distributed across the face of the vehicle
during the full barrier concrete wall impact test, so this test gives little information
about occupant intrusion frequently observed in real-world crashes. On the other hand,
offset the crash barrier test gives more reliable data for real-world frontal impact
crashes. They concluded that the test profiles derive from a full rigid barrier vehicle

crash test may not correctly represent real-world crash events [19].
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Figure 2.6. Comparison of frontal crash test pulses [19]

Richard S. Current et al. conducted the fixed barrier front impact tests by using the
three Type 11l ambulances (Ford E-350 van chassis) with a targeted impact velocity
of 48 kph and vehicle-to-vehicle side impact test by using one Type | ambulance (Ford
F-350 truck chassis) in order to focus on vehicle chassis behavior and acceleration
pulses in different directions, as shown in Figure 2.7. According to patient
compartment acceleration data sets, it reveals that shape, duration, the peak
acceleration of pulses are similar for three impact tests, and the resultant peak
acceleration of the patient compartment is given in Figure 2.8. During the frontal
impact test, acceleration values in the lateral (y-axis) are negligible. However, the
remarkable acceleration in the vertical plane (z-axis) occurs due to pitch-up or forward
rotation of the patient compartment, as shown in Figure 2.9. Besides, they stated that
forward rotation of patient rear cabinet considerable high and ranging up to roughly
16.5 degrees during the frontal impact test. On the other hand, distortion of ambulance
chassis and regional deformation near the accelerometers lead to complex crush pulse
for side impact. While the front and rear sections remained almost stationary, the

center of the ambulance accelerated more rapidly during the initial phase of the side
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impact. There were also differences between the forward box, and rear box
acceleration showed in Figure 2.10. They stated that pulse duration for the side impact
was roughly 165-180 milliseconds according to the test data. The researchers
suggested that the box interaction, chassis performance, and increased ambulance
weight effects and energy management should be considered to protect all occupants

in the front and back of Ambulances [18].

Figure 2.7. Fixed barrier front-impact test and side-impact test [18]
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Figure 2.10. Lateral ambulance box acceleration [18]

According to the studies mentioned above, it seems that the rear patient compartment
is very dangerous due to unrestrained occupants, inefficient holding and fixation
systems, sharp corners, availability of different seating positions, and inadequate
design, etc. as summarized in the first chapter. Most of the researchers point out the
necessity of more research to understand the biomechanics of occupant in the
ambulance environment for real accident situation, in parallel, they emphasize that the
proper safety standard and testing are crucial to make the ambulance vehicle safer.

The published standards about road ambulance safety are reviewed in the next section.
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2.2. Regulations and Standards of Road Ambulances

Before the publication of the first national Australian/New Zealand standard AS/NZS
4535 (ambulance restraint systems standard), there were no dynamic safety testing
and performance standards for ambulances globally. This standard proposes to
conduct 24 G forward and rear and 10 G lateral impact tests with the use of
anthropomorphic crash test dummies (ATD) [19]. 10 G forward, rear, lateral, and
vertical impact tests conducted during dynamic impact testing with the use of
anthropomorphic crash test dummies in EN 1789, which has been implemented since
2000 in Europe. After AS/NZS 4535 and EN 1789 were published, they have been
considered as the mandated standards [19]. EN 1789:2007 was prepared by the
“European Committee for Standardization (CEN) Technical Committee 239- Rescue
Systems” and was approved by CEN in 2007. CEN approved Amendment 1 and
Amendment 2 of the standard in 2010 and 2014, respectively. Turkish Standard
Institution (TSE) has accepted the last version of European Standard as a Turkish
Standard, and it was published as TS EN 1789+A2 in 2014, referred to as “EN
standard” or “EN 1789+A2” hereafter. Although the EN standard covers below-listed
examinations and tests for road ambulances [13], the first item is studied in this thesis;
= Testing of maintaining systems and fixations of the equipment in the patient’s
compartment
= Testing of the interior noise level in the patient compartment of the ambulance
= Testing of the acceleration of the vehicle in limited time
= Testing of rounded edges and radius inside the patient's compartment to
prevent sharp edges
= Testing of the system such as ventilation system, heating system, and cooling
system
= Testing of interior lighting
= Testing of an infusion holding system
= Verifying the patient's compartment properties, etc.
= Verifying the loading area properties

19



= Verifying the dimensions of the patient's compartment

= Verifying the size of seat

The Federal Specification for Star-of-Life Ambulances (KKK-A-1822) is the first
published specification for the ambulance by GSA (General Service Administration)
in the mid-1970s, and it became a well-known and commonly used standard in the
ambulance industry in the USA [20]. However, this purchase specification could not
be used as a safety performance standard due to the lack of guidelines for any dynamic
crash testing [21]. When the Society of Automotive Engineers (SAE) published ten
testing methods, the national bumper-to-bumper ambulance design standards and
specifications consisted of those testing methods as a reference [20]. Now in all three
national standards, GSA KKK-A-1822, National Fire Protection Association (NFPA)
1917 and Ground Vehicle Standard (GVS) have already referred to SAE publications.
The new ambulance crash test methods published by the SAE are given in Table 2.1
[22].

Table 2.1. SAE test methods and referred standards

SAE Topic GSA NFPA GVS
Number 1822 1917 v1.0
J2917 Front Crash Pulse Yes Yes Yes
J2956 Side Crash Pulse Yes Yes Yes
J3044 Rear Crash Pulse Yes Yes Yes
J3026 Seat Test Yes Yes Yes
J3027 Patient Litter (Stretcher) or Cot Test Yes Yes Yes
J3043 Equipment Mount Test Yes Yes Yes
J3057 Patient Compartment Test Yes Yes No
J3058 Interior Storage Cabinet Test Yes Yes No
J3059 Seat Occupant Head Excursion Measurement Yes Yes No
J3102 Patient Compartment Sub-Floor Test Yes Yes No
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As stated that there are different standards and approaches for road ambulance
vehicles in different countries. Although these standards are not well developed in
terms of safety when compared with automotive safety regulations, directives, and
standards, they can be improved in time by researching the ambulance vehicle
environment. When comparing to the specifications of the Society of Automotive
Engineers (SAE) and the European Norm approach in terms of dynamic testing
conditions, there are some main differences and similarities between those published

standards.

The proposed dynamic testing procedure and defined acceptance criteria are covered
under the Clauses 5.4 and 4.5.9 by the EN standard; on the other hand, there are related
ten recommended practices/test methods in the SAE standard. Thus, both of the
approaches are reviewed in detail to identify differences and similarities. In order to

conduct this review systematically, below stated areas are chosen:

Test pulses and test directions

Testing of the stretcher fixation to the vehicle floor

Testing of the stretcher system integrity

Testing of equipment mount devices and storage compartments
Testing of rear compartment seating integrity and restraint of occupant
Testing of box type patient compartment

N o a ~ w D oE

Similarities of two technical approaches

The first and foremost, the main difference is about the proposed crash pulse
characteristics for the dynamic test of occupant restraint and equipment mounting
integrity tests. There are more than one pulse forms in the SAE recommended
practices. SAE J2917 proposes impact sled pulse corridor for the frontal impact test
as shown in Figure 2.11 and the implemented pulse must fall into this upper and lower
limits during the test. The upper limit of this corridor goes to 22.5 G as the maximum,
and the total duration of the test is 0.140 seconds. During the test, total velocity change
Av shall be 31 mph +1 mph [23].
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Figure 2.11. SAE J2917 frontal dynamic (sled) test corridor [23]

SAE J3044 proposes impact sled pulse corridor for rear impact test as shown in Figure
2.12 and the implemented pulse must fall into this upper and lower limits during the
test. The upper limit of this corridor goes to 11 G as the maximum, and the total
duration of the test is 0.1 seconds. During the test, total velocity change Av shall be
10 mph £ 0.5 mph [24]. SAE J2956 proposes impact sled pulse for side impact test as
shown in Figure 2.13, and the implemented pulse must fall into this upper and lower
limits during the test. The upper limit of this corridor goes to 26 G as the maximum,
and the total duration of the test is 0.055 seconds. During the test, total velocity change
Av shall be 15 mph = 1 mph [25].
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Figure 2.12. SAE J3044 rear dynamic (sled) test corridor [24]
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Figure 2.13. SAE J2956 side dynamic (sled) test corridor [25]

On the other hand, when the EN standard is reviewed, it has just proposed one type of
pulse for five directions of dynamic test shown in Figure 1.5. Both upper and lower
limits of pulse values and Av which are given in SAE standards are much higher than
those given in the EN standard. Only the sled pulse corridor for the rear one, both the
maximum and the minimum limits are lower than the EN standard’s values. Also, the

total velocity change is lower than the EN standard.

When considering the test directions, in the SAE standard frontal/rear impact test,
which the pulse is applied parallel to the vehicle longitudinal axis and side impact test,
which the sled pulse is applied perpendicular to the vehicle longitudinal axis are
defined. In the SAE standards, there is no vertical test (+z) configuration, which is

required in the EN standard.

The second issue is the testing of the stretcher fixation to the vehicle floor. SAE J3102
defines dynamic test mass (representative of actual equipment) as “A rigid, inert
structure that represents the physical dimensions, weight and center of gravity in all
axes of the stretcher, 50th percentile male patient (77.6 kg or 171 pounds), and
Stretcher Retention Device or System” [26]. Thus, the ambulance substructure and
dynamic test mass shall be tested utilizing the pulse corridors specified in SAE J2917,
SAE J2956, and SAE J3044, respectively. On the other hand, stretcher and dummy
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test mass are defined as 126 kg (i.e., equivalent to 51 kg for the stretcher and 75 kg
for the patient) according to the referred standard in EN 1789+A2 standard.

The third issue is the testing procedure to qualify patient stretcher, stretcher retention
system, and patient restraint in stretcher when exposed to dynamic tests. SAE J3027
has been published for evaluating the performance of these types of equipment.
Qualification of the patient stretcher, retention, and restraint systems are beyond the
scope of EN 1789+A2, yet these types of equipment are qualified according to EN
1865, which consist of the following parts [27];

= Section 1: General stretcher systems and patient handling equipment
= Section 2: Power-assisted stretcher

= Section 3: Heavy-duty stretcher

= Section 4: Foldable patient transfer chair

= Section 5: Stretcher support

EN 1865-1 states that the fixation of the main stretcher (consists of stretcher part in
combination with an integrated or detachable undercarriage) shall satisfy Clause 4.5.9
of EN 1789+A2. When the main stretcher system subjected to
accelerations/decelerations of 10 g in required directions; the distance traveled by a
person or item shall not put at risk to the safety of persons and no items shall have
sharp edges [13]. The EN standard states “The maximum traveled distance of the
stretcher and any item attached to either the holding assembly or stretcher shall not be
more than 150 mm, yet displacement of the patient may exceed this distance” [13]. As
stated before, EN 1789+A2 does not cover patient stretcher, stretcher retention system,
and patient restraint qualification. However, TS EN 1865-1 shall also be used in the
related test to qualify fixation of the main stretcher. It should be emphasized that
dynamic testing procedure and test conditions are not well defined to qualify the
fixation of the main stretcher systems, neither in EN 1865-1 nor EN 1789+A2.

For the fourth issue, there is almost the same approach about testing and the pass-fail

criteria of Ambulance Equipment Mount Device/ Systems and Ambulance Interior

24



Storage Compartment Integrity, which are given in SAE J3043 and SAE J3058
respectively. Contrary to the EN standard, the test masses specification, their position
in storage compartments, test conditions and acceptance criteria are well defined and
detailed in SAE J3058. As the acceptance criteria, when the load-bearing components
are preserved, deformation of the storage compartment and a fracture is acceptable in
J3058. Besides, the closing/locking device ( doors with track, hinges, or drawer guide)
shall remain attached during and after the test [28]. However, in the EN standard

acceptance criteria for storage compartment testing are not clear.

The fifth issue is the ambulance rear compartment seating integrity and restraint of
occupant. SAE J3026 has been published to evaluate the performance of forward
facing, the side facing and rear-facing seating system and restraint system in the
patient compartment of an ambulance when applied to the side and frontal impacts. In
addition, all the lockable positions (such as 45 degrees) need to be tested for rotating
seats. For forward or rear-facing, measured and calculated biomechanical parameters
of 50th percentile adult male Hybrid 111 ATD shall not exceed the specified values in
FMVSS 208. For side facing, measured and calculated biomechanical parameters of
50th percentile adult male ES-2re ATD shall not exceed the specified values in
FMVSS 214. Alternatively, for side facing, the maximum calculated HIC3s (Head
Injury Criterion) shall not exceed 1000, the resultant acceleration from the thoracic
instrumentation shall not exceed 60 g when using the 50th percentile adult male
Hybrid 111 ATD [29]. In this way, SAE J3026 proposes the same occupant seat and
restraint system performance of seat belted passengers in light vehicles for the patient
compartment of an ambulance. On the other hand, there is no dedicated section for
ambulance rear compartment seating integrity and restraint of occupants in the EN
standard. Only directives such as 74/408/EEC, 76/115/EEC, 77/541/EEC are referred

for permanent seats, their anchorages, seat belts, and seat belts anchorages.

SAE J3059 also proposes the method in order to evaluate the maximum head travel
path of occupants who seated and were restrained position in the rear compartment of

an ambulance. The goal is to define the testing procedure to get data for designing a
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safe ambulance patient compartment for occupants for the ambulance manufacturers.
Excursion zones, which mean the volume of space when measuring the Head
Trajectory in three planes (X, Y, Z) for the given seating system in each configuration
tested, shall be identified by using SAE J2917, SAE J2956 and SAE J3044 [30].

The sixth issue, unlike in the EN standard, SAE J3057 has been published for box
body type road ambulances. Basically, this standard consists of strength testing to
prove the crush resistance, operation of doors and body mount-to-frame connection in
a rollover accident. The first test is a dynamic pre-load test which simulates the side
loading on the roof rail of the box body as it impacts to ground during rollover as
shown in Figure 2.14 [31]. During testing, a rigid moving barrier is used as a dynamic

load input device.

Platen

e ——

Impact
Direction

Figure 2.14. Dynamic pre-load configuration [31]

The second test is a quasi-static roof-strength test that simulates the loading on the
modular body when the vehicle is completely inverted. As shown in Figure 2.15, a
rigid moving platen applies the force quasi-statically. According to the standard, the
box body should bear a force which equals to 2.5 times of curb weight of the vehicle
[31]. Although the scope of the EN standard covers the ambulances which are
produced as a box body, there are no such tests in order to prove the strength of the

box body for the patient compartment.
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Figure 2.15. Roof load test setup [31]

According to similarities of two standards when the test mass represents the physical
dimensions, weight and center of gravity in all axes of the intended use of real
equipment, both of them allow to use the representative test mass for testing the
stretcher fixation to the vehicle floor, equipment mount devices and storage
compartments. Further, there is an option to conduct dynamic testing or static testing
in the standards. However, apart from EN 1789+A2, there are separate, detailed
sections for the static testing procedure in SAE recommended practices such as J3058,
J3043, J3002, etc.

Since European Standard (EN 1789+A2) defines the specifications for the design,
testing, performance and equipping of ground ambulances, it could not be expected to
have similar technical details with recommended practices of SAE, which are
customized for testing of ambulance vehicle. According to the above comparisons, it
seems that there are some ill-defined procedures in the dynamic testing and not well-
defined acceptance criteria, which need to be used for interpreting the test results. In
the forthcoming revisions of the EN standard, the Technical Committee (CEN/TC 239
Rescue Systems) should consider studies, researches and other related published
recommended practices for ambulance vehicles to contribute occupant safety in the

ambulance environment via elaborated safety standard for ambulances.

27



2.3. Conformity Assessment for Road Ambulances

According to TS EN ISO/IEC 17000, conformity assessment defines “proving
established requirements for a product, system, person, or organization have been
met” [32]. Conformity assessment activities can be specified, such as testing,

certification, inspection, and accreditation.

In Turkey, “Emergency Health Care Vehicle and Ambulance Services Regulation”
(Regulation No/Date: 26369 /07.12.2006) is in force to regulate all issues about road
ambulance vehicles. According to the amendment (RG-10/4/2012-28260) of this
regulation, TSE has been authorized by the Ministry of Health for the inspection of
road ambulances in line with “TS EN 1789+A2-Medical vehicles and their equipment
- Road ambulances”. Thus, this standard became a mandated reference standard for
road ambulances in Turkey. According to this authorization, the first inspection,
periodic inspection, inspection after modification are conducted by the supervision of
TSE. If all the requirements of the standard and the regulation are satisfied, then “TS
EN 1789 Appendix-C Certificate of Conformity” can be issued by TSE as an
authorized body.

As stated above sections, the current version of the EN standard (Clause 4.5.9 and
Clause 5.4) requires dynamic tests as a part of the conformity assessment of road
ambulance vehicles. These dynamic tests are conducted in an accredited laboratory
(accredited according to TS EN ISO/IEC 17025) with the supervision of the
authorized body. In the next section, the test facility which is capable of conducting
road ambulance dynamic tests in Turkey is going to be introduced.
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2.4. Test Facility for Dynamic Testing

Actual accident conditions can be simulated with full-scale crash tests; however, full-
scale crash tests are overpriced and complicated. Sled testing is the easiest way for
interpreting the crash safety of vehicle interiors without destroying vehicle structure.
Primarily, the sled test can be commonly conducted to assess the restraint systems.
The sled test utilizes a vehicle configuration as a sample to represent the passenger
compartment with its interior systems such as the seat, holding and fixation systems,
airbags, etc. Their performances, effectiveness, and resistances are identified by
subjecting dynamic loads, similar to a vehicle deceleration-time pulse in different

impact conditions such as frontal, side-impact, etc.

The IST Crash Simulation System has been founded in METU-BILTIR Center
Vehicle Safety Unit Sled Test Facility in 2009. The type of the test system at the
METU-BILTIR Vehicle Safety Unit is an accelerator sled type crash test system as
shown in Figure 2.16. In this study, this system has been used and the necessary

auxiliary test equipments are given in the following paragraphs.

Figure 2.16. Test facility in METU-BILTIR Vehicle Safety Unit
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Below are the testing capabilities and scopes of the crash simulation system [33]:

= Dynamic tests and static strength test for the seat belt, seat belt anchorages,
restraint system testing (ECE R 14, ECE R 16)

= Dynamic tests for the seat, anchorages, and headrests (ECE R 17, ECE R 80)

= Dynamic and overturning tests for child restraint system (ECE R 44)

= Dynamic test for road ambulances and their equipment (TS EN 1789+A2)

= Determination of a dynamically determined head impact zone for vehicle
interior fitting (ECE R 21)

= Head form and body form test for the steering mechanism (ECE R 12)

»= Dynamic seat testing to AS 8049 (Aerospace Standard)

= Crash simulation tests with dummies in the vehicle body or on a rigid fixture

= Plane Seat tests (FAR/JAR 23, FAR/JAR 25 and FAR/JAR 27)

»  Wheelchairs tests (NEN 2746, ISO/SD 10542, ISO/CD 7146, DIN 75078-2)

* EURO NCAP& US NCAP Frontal and Rear Crash Tests

The catapult rig is the loading unit of CSS (Crash Simulations Systems) and it mainly
consists of the following components; Pressure Accumulator, Return Qil Reservoir,
Hydraulic Control Manifold, Servovalve Unit, Bearing Oil Pump and Hydropuls®
Catapult Actuator with piston lock. The hydraulic system of the crash simulation

system is given in Figure 2.17.

The catapult rig simulates mechanical sequences of real traffic accidents is part of the
CSS (Crash Simulations Systems) in the laboratory. The Hydropuls® catapult actuator
accelerates the test sled with the pattern of the target signal. Basically, the test object
is at rest and mounted on top of a sled platform for an acceleratory type sled system.
Then the hydraulic cylinder hits the platform to bring its speed up to impact speed.
The pulse is produced during acceleration. Hydraulically actuated friction brake
system act and decelerates the sled. Parameters such as displacement, velocity and
acceleration on the dummy or the car body are measured by sensors. Thus, vehicle

crashworthiness and occupant safety can be evaluated by these data.
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Hydraulic power pack

Hydraulic control manifold

Two vane pumps (return oil pumps)
Return oil reservoirs

Pressure accumulator station

Servo valve unit

Catapult actuator with piston lock

loe] ~ (=)} wn S w (3] .o

Bearing oil pump

Figure 2.17. Hydraulic system [34]

The Hydropuls® catapult actuator is composed of Impact Piston, Piston Lock, Safety
Valve, Transducer, and Sensors. The impact piston of the Hydropuls® catapult
actuator can be accelerated with an acceleration force of up to 2,500 kN. The impact
piston accelerates the contacting test sled together with the test setup in compliance
with the acceleration characteristics. The piston’s working stroke is 1,700 mm. The

specifications of the catapult actuator are given in Table 2.2 [34].

Table 2.2. Catapult performance data in METU-BILTIR Vehicle Safety Unit [34]

Acceleration force max. 2,500 kN
Working stroke max. 1,700 mm
Payload max. 2,500 kg
Velocity max. 90 km/h
Acceleration max. 90 g
Acceleration gradient (typical value) >10 g/msec
Frequency range max. 150 Hz
Tolerance on maximum speed max. +/- 0,5 km/h
Repeatability (acceleration) +1lg
Repeatability (velocity) + 0,5 km/h
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Figure 2.18. Crash test dummies

According to the crash test requirement, the crash test dummies can be used as shown

in Figure 2.18. A crash test dummyis a “full-scale anthropomorphic test device

(ATD)” which exemplifies the size, weight and joint of the human body. They are

utilized as a test device for a broad range of test applications in the automotive,

aircraft, and defense industries. Dummies can be classified basically in two categories,

such as ballast dummies (dummies without sensors) and instrumented dummies

(dummies with sensors). Instrumented dummies provide measurements such as the

velocity of impact, acceleration, forces, moments, deflection, deceleration, etc. [35].

Nowadays, more than 20 different dummy types are available according to the

application type, as shown in Table 2.3 [36].

Table 2.3. Type of dummies [36]

Application

Anthropomorphic Test Devices Type

Frontal impact

Hybrid I11 family, THOR

Lateral impact

EuroSID, EuroSID2, SID, SID-HIII, SID lls, BioSID, WorldSID

Rear-end BioRID, RID2

Pedestrian POLAR

Children PO, P3/4, P3, P6, P10, Q-dummies, CRABI

Belt TNO-10

Impactor free motion head impactor, head/hip/leg impactor for pedestrian
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Crash test dummies have different weights and sizes. The Hybrid Il family of
dummies includes a 3-year-old, 6-year-old, 10-year-old, small adult female (5th
percentile), mid-sized adult male (50th percentile) and large adult male (95th
percentile). These dummies are basically generated for the frontal impact tests. Among
these, the Hybrid I11 50th percentile male dummy is the most commonly used crash
test dummy for the evaluation of automotive restraint systems in frontal crash testing.
METU-BILTIR Vehicle Safety Unit possess Hybrid 11l 50th percentile male
(instrumented and ballast), Hybrid 111 95th percentile male (instrumented and ballast),
Hybrid 111 5th percentile female (instrumented), BioRID Il, TNO-10 seat belt testing
dummy and child dummies (P-Series).

High-speed videos of the tests are recorded during the tests in order to conduct a visual
examination of testing and also it gives evidence for post-test inspection. As it is well
known, sled tests occur very quickly, such as a few hundred milliseconds and
movements of an object that cannot be seen clearly with naked eyes. As a result, high-
speed cameras are very convenient to make this too short event observable and
investigable in the sled crash type tests.

There are two types of high-speed cameras used at METU-BILTIR Center Vehicle
Safety Unit. The first type of these cameras is Visario G2, which records the tests up
to 1000 fps with 1536 x 1024 resolution and up to 2000 fps with 1024 x 768 resolution
as shown in Figure 2.19. The second one is the Speedcam Minivis camera, which
records the tests up to 500 fps with 1280 x 1024 resolution as shown in Figure 2.20.

In this study these two types of high-speed cameras are used.

CrashCam mini 3510 high-speed cameras (Figure 2.21), which records the tests up to
1000 fps with resolution (2560 x 1440), are also available in METU-BILTIR Center
Vehicle Safety Unit.
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Figure 2.19. Visario G2 high-speed camera

Figure 2.21. The CrashCam mini 3510
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Dynamic tests are conducted under strict safety standards and the repetition of each
test is very expensive, so the maximum amount of data should be extracted from each
test [37]. The high-speed data-acquisition system is used to gather the measurements
from the accelerometers, strain gauges, angle gauges according to the response of the
vehicle and occupant. There are two resemble reference standards (SAE J211-1, ISO
6487) for measurement techniques involving the instrumentation used in impact tests
carried out on-road vehicles. All measurements should be recorded, filtered, and
processed according to these standards. In METU-BILTIR Center Vehicle Safety
Unit, the Minidau Advanced used during the test has 32 analog channels, of which 16
of them can also be used as digital channels as a high-speed data-acquisition system

shown in Figure 2.22.

Figure 2.22. Minidau advanced with 32 channels

Lightning is significant in order to conduct sufficient investigation of the high-speed
imaging during the sled test; thus, the intensity of light is very crucial. The videos
gathered by high-speed cameras are not usable if sufficient light is not available. In
the lightning process, two light bank frames with six lights (digital control) with
approximately 150.000 lux are available in METU-BILTIR Center Vehicle Safety
Unit, as shown in Figure 2.23. There are also two movable and two onboard light

sources. The systems supply adequate light for high-speed cameras.
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Figure 2.23. Lighting system

In sled tests, different types of sensors are required according to applications such as
load cells, accelerometers, angle gauge, etc. Accelerometers are the sensors that
measure acceleration, which is the rate of change of the velocity of an object.
Acceleration is quantified SI unit meters per second (m/s?) or in terms of g-force.

Accelerometers are attached to the system on the bottom part of the sled shown in

Figure 2.24.

Accelerometer

-
s_—%

Figure 2.24. Accelerometer in sled
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CHAPTER 3

PROPOSED DYNAMIC TESTING PROCEDURE

3.1. Introduction

As stated in the second chapter, there are different types of standards and approaches
in order to evaluate the safety of strength of mounting systems and fixation of the
equipment in the patient’s compartment of medical road ambulances. Similar to other
dynamic test standards, the EN 1789+A2 standard also proposes a dynamic test under
various configurations. According to the proposed dynamic test, test assembly shall
be accelerated/decelerated in the longitudinal, transverse, and vertical directions in
order to test the stability and safety performance of the retrofit of the patient
compartment. As stated in the previous chapters, interpretation of the dynamic test
described in the EN 1789+A2 standard may cause ambiguities during the preparation
and conducting of the sled test and evaluation of the test results. To avoid the
ambiguities, a new test procedure, which includes sample preparation, test process,
post-test inspection and evaluation of test results, is proposed and explained in the

following sections.
3.2. Dynamic Test Process

A general flow chart that summarizes the basic steps currently applied in METU-
BILTIR Center Vehicle Safety Unit in dynamic tests is given in Figure 3.1. These

basic steps mainly include;

= Preparation of test sample,
= Testing,

= Inspection after test and evaluation of test results.

These steps are detailed in the following sections.
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Preperation of Test Sample ———

l

Auxiliary Test Equipment Preparation
and Locating

l

Pre-Test Inspection of Test Sample
and
Photography

l

Hydraulic Oil Temperature Control of
Test System

Temp. is
above 30
c?

Increase the temp.
above +—NO

30 C with strokes

YES
¥

Final Check of Auxiliary Test Re-Testing

Equipment then
Positioning Sled for Testing

Performing Test

Post-Test Inspection of Test Sample
and
Photography

Evaluation of Test Result

Pass the NO

Test?

YES
4

Final Reporting

Figure 3.1. General flow chart of dynamic tests in road ambulance vehicle

38



3.3. Preparation of Test Sample

The preparation of the test sample process can be divided into two major categories

such as interior and exterior preparation of the rear patient compartment of the vehicle

for dynamic testing.

_[

Interior Preparation of Test Sample

) N

»Main Stretcher fixation on the vehicle floor

*Medical devices fixation

«Storage compartments (cabinets, drawers) preparation
«Permanent Seats and their anchorages preparation

+Other equipment (fire extinguisher, oxygen system, etc.) fixation

_[

Exterior Preparation of Test Sample ]

*Test sample preparation to fasten the test fixture to the sled
*Back door fixation preparation of test sample
»Camera holding assembly fixation on the test sample

*Eye bolt fixation locations preparation on test sample for locating with
hoisting crane

Figure 3.2. Test sample preparation

As a general approach, below stated suggestions about test sample preparation should

be followed to ensure proper conformity assessment;

The manufacturer should conduct all interior and exterior preparation in the
supervision of the authorized body.

Representative test masses can be used instead of actual equipment if the
authorized body accepts their conformity.

The manufacturer should present technical documents for fixation and
mounting approach with all details, and these details should be verified before
and after the testing.

The authorized body should check reinforcements for fixation of the vehicle.
The authorized body should give final approval to test a sample before starting

dynamic tests.
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According to EN 1789+A2, the main field of interest for the dynamic test is;

= testing of the stretcher fixations on the vehicle floor
= testing of the medical devices fixations

= testing of furniture

Thus, while sample preparation is conducted, these three test areas which are all inside

the patient compartment of the ambulance should need more focus.
3.3.1. Stretcher Fixation on the Vehicle Floor

Ambulance manufacturers mostly use MDF (medium-density fiberboard) type sub-
structure and covered for the patient compartment floor in order to ensure a proper flat
surface and required anti-slip, tightness properties, etc. The dynamic test is required
to evaluate both the integrity of the ambulance floor structure and the fixation of the
stretcher assembly on the floor. The test set-up considers the fixation between the
actual road ambulance floor and stretcher. The conformity evaluation of the stretcher
assembly and the patient’s restraint system is not an objective of this test. Therefore,

it is allowed to use test mass, which represents the original stretcher and dummy mass.

According to regular use of stretcher, connection type may differ among ambulance
manufacturer, some of them may use interface between floor and stretcher such as
stretcher support. Test mass preference also may be different according to different
situations and needs of the ambulance manufacturer during testing. Flow diagram of

the preparation of the test sample is given in Figure 3.3.

Before the start of testing, connection type, which is a critical parameter for testing
stretcher fixations on the vehicle floor, shall be defined. Stretcher support may be used
in order to fasten the stretcher to the vehicle as an interface. In this case, the
manufacturer shall define the maximum weight and height of the center of gravity of
stretcher support. In addition, the stretcher support shall comply with EN 1865-5.
According to the normal usage of a stretcher defined by the manufacturer, the test can

be performed with floor-mounted locks without any interface structure. For either
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case, an actual stretcher or equivalent mass representing the stretcher and dummy can

be used unless there will be an evaluation of the stretcher assembly and the patient’s

Define Connection Type of Stretcher
on Vehicle Floor

restraint system.

Prepare Floor Mounted Lock fixation
NO—{ without any interface on Vehicle
Floor

YES
)

Prepare Stretcher Support fixation on
Vehicle Floor

k.

Define Test Mass

Stretcher
Fixation
System
will be

certified?

Prepare Surrogate Stretcher or Actual
Stretcher with Dummy

YES
'

Prepare Actual Stretcher with
Dummy as a test mass

k.

Fasten Test Mass to
Vehicle Floor

Figure 3.3. Preparation of stretcher on the vehicle floor
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For each case, total test masses are equal, and the test shall be carried out using a test
mass of 126 kg (equivalent to 51 kg for the stretcher and 75 kg for the patient). An
actual production stretcher and test dummy, which is referred in ECE-R 16, Annex 7
(m=75 kg) are used, are shown in Figure 3.4. The floor-mounted lock with actual
stretcher test sample representation is shown in Figure 3.4 and Figure 3.5. The test
may be performed with an equivalent mass representing the stretcher (i.e. surrogate
stretcher) and a dummy that meets the physical dimensions, weight, and center of
gravity in all axes. Besides, a representative stretcher shall be provided with the same
connection points to the substructure of the patient compartment that matches up with
the intended use of an actual stretcher. Representative test mass is shown in Figure
3.6.

As stated before the evaluation of the stretcher assembly (stretcher, undercarriage,
fixation and restraint system) and the patient’s restraint system is not an objective of
this test referred in EN 1789+A2 Clause 5.4.2, because another standard (EN 1865-1)
describes the designs and requirements for the stretchers, for the transport of
patients in the road ambulance. However, these two standards are firmly related that
the needs for the stretcher fixation system shall be in accordance with the Clause 4.5.9
of standard EN 1789+A2. For that reason, both fixations on the floor and fixation
system of stretcher can be tested at the same time according to manufacturer need. In
this case, an actual stretcher with dummy shall be used, and dummy shall be restrained
with the patient’s restraint system according to manufacturer instruction. No
reinforcement should be made to protect the patient stretcher. The actual fixation and
patient restraints should be used. If this is done, the patient stretcher and floor mount

could be qualified to EN 1865-1 simultaneously.
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Figure 3.6. Surrogate stretcher with stretcher support
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3.3.2. Medical Devices Fixation

Depending on the ambulance vehicle type (Al, A2, B, and C), the equipment carried
by the road ambulances are determined in Tables 9 to 19 of EN 1789+A2. There are
many different kinds of equipment, such as oxygen systems, ventilator, defibrillators,

vacuum aspirator, fire extinguisher, infusion pump, etc.

The main intention of this test is to assess the integrity of the equipment
mount/fixation device or system during the dynamic test. Before the test, type of
fixation, admissible mass and the location of the fixing points shall be defined. Test
mass, which represents the weight and dimension of actual equipment, can be used for

testing the holding system.

According to Clauses 5.4.3 and 6.3.5 of EN 1789+A2, both fixation points of medical
devices on the ambulance vehicle and medical device fixation system should be tested,
details of the test are shown in Table 3.1. For the first item in the table, there should
be an equipped ambulance body structure for testing fixation points. The fixation
points and fixation system of medical devices could be qualified according to EN
1789+A2 simultaneously. The original fixation points and fixation system of medical

devices should be used.

For instance, the preparation of fixation points and the original fixation system of the
injector pump, the defibrillator, the scoop stretcher are shown in Figure 3.7 and Figure

3.8, Figure 3.9 respectively.

From the comparison of standards presented in the second chapter; it seems fixation
system of medical devices can be dynamically tested by using a fixture representing
the ambulance body. However it is unclear in the EN 1789+A2.
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Table 3.1. Fixation of medical devices

Test Related .
No Name ltem Explanation
1 Testing of the | TSEN 1789 | Fixing points can be tested with a test

medical devices | +A2 Clause | mass corresponding to the permissible
fixations points 54.3 load declared by the manufacturer of the

ambulance for each point.

Testing Fixation/ | TS EN 1789 | The fixation systems of medical devices
Mounting System | +A2 Clause | shall hold the medical device to withstand

of Devices 6.3.5 accelerations or decelerations of 10g.

Note: If a rail system is used to maintain medical devices, the conformity should be
checked according to EN 1SO 19054.

I.Assemble to the
vehicle interior surface
with M6 screws

Original
Fixation Device of Medical
Device (Injector Pump)

II. Fix Representative
Test Mass (3kg) instead
of Injector Pump to
Fixation System

Figure 3.7. Injector pump fixation with original fixation device for testing
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I. Connect to support
frame of vehicle interior
surface with
4 x M8 x 60 bolt

Original
Fixation Device of Medical
Device (Defibrillator)

II. Fix Representative
Test Mass (12 kg)
instead of Defibrillator

to Fixation Device

Test Dummy
Weight for
Defibrillator

Figure 3.8. Defibrillator fixation with original fixation device for testing
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4 x 4.8X25 rivet

2 x M8 screws and
2XM8 nuts

2 x M8 screws and 2 x M8 nuts

Figure 3.9. Scoop stretcher fixation

3.3.3. Furniture

The main intention of this test is to evaluate the integrity of the interior storage
compartments such as cabinets, drawers used to contain and safely secure emergency
medical service supplies, tools, medical devices or other equipment within an indoor
space when exposed to dynamic testing from different directions. The manufacturer
shall define the maximum design weight permitted to be stored in the storage
compartment. Sandbag shall be made in order to use as a test mass with a weight
tolerance of +10 % and 0 %. It shall be ensured that the storage compartment door or
lid is closed and latching mechanisms are appropriately engaged after the test. The
preparation of drawers and storage compartments are shown in Figure 3.10 and Figure
3.11. In order to show the completed test sample (fully equipped patient
compartment), the 3D view is given in Figure 3.12.
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Sand Bag as a
test weight

Figure 3.10. Drawers with test mass

Sliding Door for
Consumables

Figure 3.11. Storage for consumables
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3.3.4. Exterior Preparation of Patient Compartment

In order to fixate a large and weighty patient compartment to sled in different
directions, there should be some reinforcement and interconnections in the
substructure of the vehicle. In parallel to the interior preparation of the test sample,
frame structure and connecting surfaces under the original vehicle body should be
prepared according to the sled and test fixtures dimensions (these dimensions are
given in the fourth chapter). As well as, the pipe should be placed to the test sample
doorframe in order to locate high-speed camera holders as shown in Figure 3.13. For
carrying the sample on the test facility, four eyebolts should be placed to the roof

structure in line with the dimensions of the test sample and overhead crane.

’ Camera Holder

Preparation for Test Rig
From Chassis Rail

Figure 3.13. Patient compartment exterior preparation

While preparation is conducting, below-listed points should be taken into
consideration;
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= Strengthen the body, or the arrangement of the patient's compartment shall not
lessen the normal deformation of the structure.

= Reinforcement in the subframe, chassis rails, chassis longitudinal box section
for fixing the vehicle body to the test sled is allowed.

= Preparations should not have a negative or positive effect on the performance

of interior components during testing.
3.4. Testing

According to EN 1789+A2, the dynamic test can be performed on the sled test facility.
The test assembly shall be accelerated in the longitudinal, transverse and vertical
directions in accordance with Figure 3.14. The dynamic testing acceleration curve is
given between the high-g and low-g acceleration area of the graph given in Figure 3.14.
The impact speed shall be between 30 km/h-32 km/h.

Acceleration [ms’]

150 Time [ms]

Figure 3.14. Acceleration impulse [38]
3.4.1. Test Pulse Generation

Before performing the test with an actual test sample, several iteration shots are
performed with dummy weight to obtain the target acceleration curve. In order to
obtain the target acceleration curve (green line shown in Figure 3.15) within
boundaries of the standard, the pulse should be generated before the test. In other

words, the system is adjusted, with the help of the dummy mass, until the mandatory
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pulse has been reached. This usually requires 3-6 test iteration shots. For the
ambulance tests, 2500 kg dummy mass, which approximately represents the total
weight of the test sample is fastened to the sled during the test pulse creation process.
Then, the parameters of the control unit of the sled's accelerator are configured with
iterative adjustments until the desired target is successfully reached for these dummy
mass. A sample final pulse (iterated pulse) generated at the end of the test runs is given
in Figure 3.15. As a result, the catapult actuator can accelerate the test sled with a test

sample in keeping with the pattern of the target signal.

14
Iterated Pulse
Target Pulse

12

10

Acceleration (g)

0,00 0,02 0,04 0,06 0,08 0,10 0,12 0,14 0,16
Time (s)

Figure 3.15. Target and iterated pulse generated before the actual test
3.5. Post Test Inspection and Evaluation

3.5.1. Post Test Inspection

After each test conducted in different directions, the inspection shall be carried out as

specified below:
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= The ambulance floor and test mass mounting hardware shall be inspected for
evidence of material fracture and deformation.

= Equipment mounting device, system structure, and hardware shall be inspected
for evidence of material fracture and deformation.

» The final location of the storage compartment’s door, drawer face, or the lid
should be inspected and documented.

= When the storage compartment remains closed, it shall be checked after test
whether or not the storage compartment can be opened.

= The inside and outside of the storage compartment shall be inspected for signs
of visible deformation and fractures.

= The storage compartment interior surfaces, latch or locking assemblies, and
hardware shall be inspected for evidence of material fracture and deformation.

= Any instances of deformation or fracture should be noted in the report with the
photos for all inspected items.

= Parts ruptured, partially or fully detached from the equipment mounting device
or system and other items should be documented with the photos and noted in
the report.

= It should be inspected and reported if the actual test mass or representative test
mass was retained in the substructure.

= The maximum travel distance shall be determined and reported for the
stretcher and items attached to either the holding assembly or stretcher. The
allowable maximum travel distance shall be 150 mm.

» The overall visual examination shall be conducted inside and outside of the
patient compartment to determine if any sharp edges occurred after the test.

= Video record shall be reviewed for evidence of any item behave such as

projectile.

In the patient compartment, exposed edges can be life-threatening during normal use
of ambulance vehicle or in crash conditions, because exposed edges could come into

contact with the occupant's hands, legs, head, etc. For those reasons, surfaces should
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be free of sharp edges and projections. In order to define the controlling method of
sharp edges, whether it is sharp or not, first of all, it should be defined. A sharp
exposed edge is an edge of rigid material having a radius curvature of not more than
2,5 mm according to Clause 4.5.1 of the EN standard [13]. The edges which occurred
after each dynamic tests should be checked with radius test apparatus (r=2,5) in order

to verify whether the radius of curvature is greater or equal to 2,5 mm.
3.5.2. Evaluation of Test Results

EN 1789+A2 Clauses 4.5.9 and 5.4 specify the acceptance criteria when the test
sample subjected to acceleration/deceleration of 10 g in the different directions [13].

The main criteria of the EN standard are summarized below;

= The maximum travel distance by item or a person shall not be harmful.

= The probability of the projectile effect shall be eliminated by restraining all
persons and interior objects.

= No items shall include sharp edges or endanger the safety of persons

= The stretcher or any item linked to the stretcher or its holding assembly shall
not travel more than 150 mm. However, the maximum travel distance of the
patient during the test may pass 150 mm.

= All persons in the road ambulance can be removed without the use of
equipment that is not being carried in the ambulance.

= Cracks and tears of sheet metal are acceptable as long as the test mass shall

remain fixed to the attachment point and no exposed sharp edge formed.

According to the above criteria, the pass-fail state of the test results should be
determined. However, some of the criteria are not so clear; therefore, the overall
approach of the EN standard, the severity of the incident and the injury risk of incident
for occupants should be considered for evaluation of test results. In order to ease the
evaluation process of the test results, the severity grading and further actions are
defined in Table 3.2. The defined levels of severity grading are similar to the

qualitative severity grading level of EN ISO 14971 (risk management standard of
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medical devices) [39]. In Table 3.2, five severity grading levels are defined according
to the potential failure type of maintaining and fixation systems for the rear patient
compartment of road ambulances and the main consequences of this failure. The
relevant acceptance criteria and the main focus area of parts/components are
summarized in Table 3.3. After the test is conducted, the test result should be evaluated

according to Table 3.4, in order to designate the “pass” or “fail” state of the test result.

Table 3.2. Severity grading level

Severity Potential Failure Type of

Grading Maintaining And Fixation Systems Further Actions

The test result is not acceptable.
Critical Fully detach or fully rupture Further action shall be necessary (Retest
preparation).

The test result is not acceptable.
Major Partially rupture or partially detach Further action shall be necessary (Retest
preparation).

The test result is not acceptable.
Further action shall be necessary (Retest
preparation).

Fracture (crack, tear, etc.)

Serious .
ou with sharp exposed edges occur

Fracture (crack, tear, etc.)
Minor with no sharp exposed edges occur
and no projectile potential

The test result is acceptable.
No further actions shall be necessary,

Deformation
Negligible with no sharp exposed edges occur
and no projectile potential

The test result is acceptable.
No further actions shall be necessary,
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Table 3.3. Acceptance criteria and main focus area for components

No | Item Name Evaluation Criteria Main Focus Area

L Stretcher Fixation on EN 1789+A2 Clause 4.5.9, Ambulance substructure and
the Vehicle Floor Clause 5.4 mounting hardware
Ambulance Equipment Equipment mounting, medical

) EN 1789+A2 Clause 4.5.9, o
2 Mounting device fixation system, and
j ) Clause 5.4, Clause 6.3.5 )

and Medical Device load-bearing components

Storage compartment and the
) EN 1789+A2 Clause 4.5.9, ) ]
3 Furniture closure device (door with track,
Clause 5.4 ] )
hinges, or drawer guide)

Main Stretcher and

o EN 1789+A2 Clause 4.5.9, Stretcher and Stretcher Fixation
4 Strecher Fixation
Clause 5.4 and EN 1865-1 System
System @
Test Analog/ Test EN 1789+A2 Clause 4.5.9,
5 Test mass
Mass Clause 5.4
6 Whole Vehicle Van EN 1789+A2 Clause 4.5.9, Ambulance patient
Shell Clause 5.4 compartment’s surface structure
EN 1789+A2 Clause 4.5.9,
7 | Stretcher Support @ Stretcher support
Clause 5.4 and EN 1865-5
g Seats and Head EN 1789+A2 Clause 4.5.9, Seats, anchorages, mounting
Restraint @ Clause 5.4 hardware, head restraint system
Notes:

(1) Conformity assessment of “Stretcher Fixation System” is in the scope of EN 1865-1.
According to manufacturing request, stretcher fixation system can be tested at the same
time while "Stretcher Fixation on the Vehicle Floor" test is conducting according to EN
1789+A2. In the case of testing the “Stretcher Fixation System,” actual stretcher and
dummy shall be used.

(2) Conformity assessment of “Stretcher Support” is in the scope of EN 1865-5. According
to manufacturing request, stretcher support can be tested at the same time while "Stretcher
Fixation on the Vehicle Floor" test is conducting according to EN 1789+A2. In the case of
the testing stretcher, support evaluation shall be conducted according to EN 1865-5 and EN
1789+A2.

(3) Conformity assessment of seats, their anchorages, mounting hardware, head restraint
system is not in the scope of EN 1789+A2. Permanent seats, seat belts anchorages, seat
belts shall comply with other regulations. During the test ambulance, permanent seats, their
components, head restraint shall be evaluated according to Clause 4.5.9 of EN 1789+A2.
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Table 3.4. Test results evaluation table

Failure Type Severity Test
Grading Level Result
S Observable deformation on ambulance floor or mounting hardware Negligible Pass
pr
2| Fracture on ambulance floor or mounting hardware without exposed sharp .
o Minor Pass
= | edges occur
(3]
<
<= | Fracture on ambulance floor or mounting hardware with exposed sharp . .
(S Serious Fail
< | edges occur
2
g
ir | Ruptured or detached items from ambulance floor or mounting hardware Major Fail
2
8
% Fully detachment or rupture between the floor and mounting hardware Critical Fail
Observable deformation of the storage compartment and/or the closure Negligible Pass
device (door with track, hinges, or drawer guide) glg
Fracture in the storage compartment and/or the closure device (door with .
: . . Minor Pass
track, hinges, or drawer guide) without exposed sharp edges occurs
Fracture in the storage compartment and/or the closure device (door with . .
) : . - Serious Fail
5| track, hinges, or drawer guide) with exposed sharp edges occur
'
T | Ruptured items from the storage compartment and/or the closure device Mai .
h - . ajor Fail
(door with track, hinges, or drawer guide)
Fully detachment or rupture between storage compartment and/or the . .
- : - . Critical Fail
closure device (door with track, hinges, or drawer guide)
The partially or fully detachment of drawers from locking mechanism Critical Fail
Observable deformation of the equipment mounting, medical device i
o - Negligible Pass
fixation system or load-bearing components
S Fracture of the equipment mounting, medical device fixation system or .
= ’ . Minor Pass
X | load-bearing components without exposed sharp edges occurs
Lo
8| Fracture of the equipment mounting, medical device fixation system or . .
z . . Serious Fail
g load-bearing components with exposed sharp edges occurs
S
2| Ruptured or detached items in of the equipment mounting, medical . .
3 S . Major Fail
< | device fixation system or load-bearing components
Fully detachment and rupture between equipment mounting, medical
device fixation system or load-bearing components Critical Fail
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Table 3.4. (continued)

Failure Type Severity Test

Grading Level Result
Observable deformation in stretcher assembly Negligible Pass
Fracture in stretcher assembly without exposed sharp edges occurs Minor Pass
Fracture in stretcher assembly with exposed sharp edges occurs Serious Fail

— | Ruptured or detached items from stretcher assembly Major Fail

o

B

< . -

| Fully detachment and rupture from fixation system in the floor or Critical Fail

5| stretcher support

=

5§’ The maximum travel distance the stretcher and any item attached to Critical Fail

& | either the holding assembly or stretcher is above 150 mm.

Observable deformation in test mass Negligible Pass

@| Fracture in test mass Minor Pass

=

@

= | Ruptured or detached items from test mass Major Fail
Fully detachment and rupture from fixation system Critical Fail
Observable deformation on the seat assembly Negligible Pass
Fracture on seat assembly without exposed sharp edges occurs Minor Pass

§%

% Fracture on seat assembly with exposed sharp edges occurs Serious Fail
Ruptured or detached items from seat assembly Major Fail
Fully detachment or rupture of seat assembly from fixation points Critical Fail
Fracture on surfaces without exposed sharp edges occurs Minor Pass

€

% Fracture on surfaces with exposed sharp edges occurs Major Fail

[a
Ruptured items from surfaces Critical Fail
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CHAPTER 4

CURRENTLY USED TEST FIXTURE FOR DYNAMIC TEST

4.1. Introduction

The road ambulance patient compartment should be fastened to the sled test platform
in different directions to verify the strength of mounting and fixation systems. For the
longitudinal and transverse directions, there is no requirement for the special fixture
to fastening the rear compartment body of an ambulance to a sled test platform.
However, a test fixture is essential to fasten the fully-equipped patient compartment
to the sled test platform in the vertical configuration (+z). This test fixture can be used
only for the vertical configuration (+z) of the test sample while conducting a dynamic
test. The road ambulance patient compartment coordinate system is shown in Figure
4.1. While testing in a vertical configuration, the z-axis of the ambulance rear
compartment becomes parallel to the direction of movement, and it is fastened to the
test fixture. Experience of METU-BILTIR Center Vehicle Safety Unit Test Engineers
has shown that the fixture in the vertical direction is critical. The rigidity and strength
of the test fixture are significant because it must remain attached to the sled with the
test sample during the test. In this chapter, the currently used test fixture is modeled
to perform FEA study for this particular fixture. The details of the currently used test

fixture are given in the following sections.
4.2. Geometrical Modelling Process

Assembly of the currently used vertical test fixture is made according to the following

sequence;

1. First of all, the main plate is fixed to the sled.
2. The test fixture is fixed to the back section of the main platform and sled.
3. The ambulance rear patient compartment is oriented and placed to the sled.
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4. The ambulance rear patient compartment is connected to the vertical test

fixture with fasteners.

The components generating for vertical configurations will be detailed in the
following subsections. CATIA V5 is used to generate the geometrical model of the

assembly.

Figure 4.1. Defined coordinate system for patient compartment of vehicle

4.2.1. Sled

As shown in Figure 4.2, the sled is an essential part of the dynamic test platform on
which the test fixtures are fastened. There are fastening locations for the test samples
on the right side and left the side of the sled. Figure 4.3 shows the 3D CAD model of
the sled. In addition, data acquisition systems for the sensors and the high-speed
cameras are located in the front part of the sled.

4.2.2. Test Fixture and Main Plate

The vertical test fixture and the main plate are shown in Figure 4.2 and Figure 4.3.

The main plate is used for all test directions while accelerating test samples in the
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longitudinal, transverse and vertical configuration; however, the vertical test fixture is
designed specifically to assembly test samples in the +z direction. The primary
purpose of using the main plate is to increase surface area and attachment points for
connections. The vertical test fixture is made mainly by vertical plate (to connect
ambulance rear compartment to fixture), horizontal plate (to connect the vertical
structure to sled), “I” and “square profiles” for supporting as shown in Figure 4.5.
Cross-sections of profiles are given in Figure 4.6 for square profiles and in Figure 4.7
for I-profiles. Plates and profiles are jointed by the welding process. M16 and M24
screws are used with different sizes of the bushing in order to secure the main plate
and the vertical test fixture to the sled through attachment points. S355 structural steel

is used for the main plate and the vertical test fixture.

-

.....

n Vertical Test y
F ixture s
. -

By

Figure 4.2. Actual vertical test fixture, main plate and sled
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Vertical Test Main Plate | | Sled

Fixture

Figure 4.3. 3D models of vertical test fixture, main plate and sled
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Figure 4.4. Dimensions of vertical test fixture
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Figure 4.5. Isometric view of 3D vertical test fixture

Figure 4.6. Cross section of 40 x 40 x 4 mm steel profile
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6.8 rmm

£
4.5 mm g

Figure 4.7. Cross section of I-beam steel profile

4.2.3. Rear Patient Compartment and Sub-Structure

According to the EN standard, while securing the ambulance patient compartment to
the test platform, reinforcements from the subframe of the rear compartment or chassis
rails or longitudinal box profile of the chassis are allowed [13]. While accelerating the
test sample in the longitudinal and transverse directions, the only configuration that is
shown in Figure 4.8 is sufficient. For the z-direction of the ambulance patient
compartment, the vertical test fixture (Figure 4.5) is attached to the sled and fasten to
the connecting plate with M16 screws. S355 structural steel is used for the connecting
structure and the connecting plate. Details of the rear compartment model are given in
Appendix A. The final configuration of the dynamic test assembly is shown in Figure
4.9.

64



Ambulance
Rear
Compartment

Connecting
Plate

Connecting
Structure

Figure 4.8. Rear patient compartment of road ambulance

Figure 4.9. Assembly configuration of dynamic test

65







CHAPTER 5

ANALYSIS OF THE CURRENTLY USED TEST FIXTURE

5.1. Introduction

Computer-Aided Engineering (CAE) make a contribution to the improvement of
product design, thus cost and time is considerably reduced in the product development
stage. Finite Element Analysis (FEA) has a significant role in CAE by analyzing the
defined models with solving partial differential equations numerically [40], [41]. FEA
has an extensive application area such as structural analysis, fatigue and fracture

mechanics, thermal analysis.

The model generation for finite element analysis begins with initially geometry
modeling or importing geometry from computer-aided design software. In order to
reduce the analysis time, and complexity of the model, complex geometries, sharp
edges, small fillets, and chamfers, etc. are simplified and cleaned up for meshing. Then
the representative model is discretized with appropriate mesh. Next, connections
between parts, material properties, initial and boundary conditions are assigned in the
pre-processing stage. After this phase, the primary program named “solver” is
assigned to solve the equation laws of conservation of mass, momentum, energy, and
entropy. In the last phase which named as post-processing, the resulting data related
to deformations, stress, strain, velocities, accelerations, forces, moments, energies are
acquired. The summary of the FEA process is given in Table 5.1. The implementation

of this process for the vertical test configuration is given in this chapter.

There are many available commercial FEA software, which supplies analysis
capabilities by using the finite element method. In this study, LS-DYNA, which is a
general-purpose finite element program that is capable of simulating complex

problems using explicit time integration, has been utilized [42]. Also, LS-PrePost-4.6
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has been utilized for the preparation of a mathematical model and reviewing

simulation results in the post-processing stage.

Table 5.1. FEA process [37]

= [|nitial Geometry
= Connections

Pre-Processor
= Material Description

= |nitial and Boundary Condition

Conservation Equation

= Mass

Solver

Momentum
Energy

Entropy

Material Model

Stress-Strain Relation
Equation of State
Failure Criterion

Post-Failure Mode

Post-Processor

Deformation, Stress, Strain, Pressure
Velocities, Accelerations
Forces, Moments

Energies
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5.2. Units

While modeling with Ls-Dyna, various unit systems can be used if units are consistent.

The units used for this study are given in Table 5.2.

Table 5.2. Units used in the finite element analysis

Length mm
Time S
Mass ton
Force Unit N
Stress MPa
Energy N.mm
Velocity mm/s
Acceleration mm/s?

5.3. Governing Equations and Integration Scheme

For a different type of application, both explicit and implicit time step schemes can be
managed by LS-DYNA. Explicit time step schemes are used to analyze for highly

nonlinear behaviors of structures, including;

e Complicated contact conditions
e Large deformations

e Non-linear material behaviors

Explicit integration is also preferred for dynamic problems which the responses are
highly affected by mass inertia and damping. The explicit solver is preferred for

simulating such dynamic problems because convergence problems might occur during
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using implicit solver [43]. Considering that the governing equations of motion, also

known as the dynamic equilibrium equation, is given Equation (5.1) [42];

MU 4 CU + Ripe(U) = Ryt (5.1)
where;

[M] = Mass Matrix

[C] = Damping Matrix

[U] = Global Nodal Acceleration Vector

[U] = Global Nodal Velocity Vector

[U] = Global Nodal Displacement Vector

Ri,+ = Internal Force Vector (Ri,: = KU for linear elastic system)
R.,: = External Force Vector

To integrate the equation of motion, which is given in Equation (5.1), the explicit
central difference integration scheme is using in LS-DYNA [42]. By using Equation

(5.1) the equations of motion at time n can be written in the form of ;

U™ =M~Y(R}, — CU™ — R, (5.2)

By using the central difference method, first and second derivative of the

displacement, U can be represented by Equations (5.3) and (5.4);

Un — ziAt ( U(n+1) _ U(n—l) ) (5.3)
y 1
in = o7 (UMD —2yn + 1) (5.4)

Then, by using Equations (5.3) and (5.4), at time n+1, a displacement equation can be

gathered as;
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U(n+1) = Un + U(n+1/2)At (55)
where;

gm+1/2) — (n=1/2) 4 [fM A (5.6)

As a result, geometry can be updated by adding the calculated displacement

increments (at time n + 1) to the initial geometry.

X"+l = X0 yn+l (5.7)

where;
X™*1: current state variable
XC initial geometry

Mass matrix [M] indicate the mass distribution within a system. The mass matrix can

be represented with two formulations in the finite element problems [44]:

= Consistent Mass Matrix

» Lumped Mass Matrix

Consistent Mass Matrix includes diagonal and off-diagonal terms with the difference
of Lumped Mass Matrix. However, off-diagonal terms make the calculation very
intensive for that reason Diagonalization of the mass matrix is very significant to solve

dynamic equilibrium equations efficiently.

There are many advantages to use diagonalization, for example, structure mass matrix
[M] can be easily structured from the element mass matrix, and inversion of mass
matrix [M]? can be calculated very quickly, in addition, diagonalized matrix is

beneficial to preserving storage space, because it can be stored as a vector [44].

For that reason, most of the explicit finite element codes prefer to use a lumped matrix
which results in a diagonal matrix. This matrix is also called a “lumped mass matrix”
[44]. For lumped mass [M]:
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i=1 [m1
n
[(Myen] = > my -l om ] 69
i=1
n l an
Z My
i=1 .
Inversion of diagonal matrices [M] is trivial:
Ifl/m1
M1 = I[ Yim, (59)

There are few essential issues such as time step size that are critical to the explicit
scheme. For the explicit integration scheme, time steps shall not be bigger than the
time needed for the acoustic wave to go through the element [44]. If the time step is
very small, the analysis will require too much computational time, on the other hand,
if the time step is too large, the solution might fail due to divergence. Thus it is well
realized that the explicit approach is conditionally stable and has to satisfy the
Courant-Friedriches-Levy condition on time step size [45].

bq

At,, = -2 (5.10)

a

where

(5.11)

()
Il
<=
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Lmin IS the smallest characteristic length of all the elements, and c is the speed of sound
in the material, p is the density, and E is Young’s modulus. The expression differs

depending on if solid, shell, or beam elements are used.

LS-DYNA settle a new time step size by taking the minimum value over all elements
[42].

At™! = a.min{At,, At,, Ats, ..., Aty } (5.12)

Where N is the number of elements, At is the time step, and a is the time step scale
factor. In this study, the default value of time step scale factor (0.9) is used. The scale

factor provides that time step is always %10 below the critical value.

Generally, the increase in time step as much as possible is needed in order to avoid
the long simulation duration; the maximum reasonable time step can be achieved with
the usual method named “mass scaling” (artificially increasing the mass of the
element) [43]. Since the mesh of the parts is consistent, artificial mass needs to be
added to elements in order to increase the time step and to decrease computational

time.
5.4. Finite Element Model Creation

In this study, the test platform (including sled, main plate, vertical test fixture, etc.)
the model is generated starting from the 3D CAD model of each part. All of the
geometry utilized to develop the FE model is created in the CAD design program of
CATIA V5. Then the preprocessing phase is conducted in two complementary steps.
In the first step, the CAD model that is generated in CATIA V5 software is imported
to MSC. Apex Grizzly as a step file in order to create mid-surface and meshing. The
solid structure is modeled with 2D, and one dimension of the structure is lost;
however, in order not to neglect actual structure behavior, this dimension is to be the
thickness of the 3D structure as a property. MSC. Apex Grizzly defines this thickness
such that the two-dimensional finite elements supposed to be in the middle of the

actual 3D element; thus, the 2D finite element generates the symmetry plane of the
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three-dimensional elements. In the second step, material description, initial and
boundary conditions, contact definitions, and other pre-process arrangements about
the model is created to get the final FE model in LS-PrePost-4.6. All parts of the

vertical assembly and their main belonging groups are listed in Table 5.3.

Table 5.3. Parts for FE model

= Sled

= Main Platform
I. Group

= Vertical Fixture

= Supports

= Connecting Structure
Il. Group = Connecting Plate

= Ambulance Rear Compartment

FE model development for the parts belongs to the first group is given in Figure 5.1,
and Figure 5.2. Sled, Main Plate, and Vertical Fixture are modeled as plates.
Therefore, plate-like structures are considered to simplify the solution. Four-node
reduced integrated elements (2D) are used due to its calculations are quicker than
others. The whole model consists of Tri and Quad shaped elements. For supporting
components, other structural solid type elements are defined in the form of reduced
integrated eight-node hexahedral solid (3D) elements. In order to lessen the
computational time, bolted connections are not modeled, two-node beam elements

Hughes-Liu [42] are used instead of bolt model by representing bolt diameter.
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Figure 5.1. FE model of the currently used test fixture

Main Plate

Supports
Test Fixture

Figure 5.2. FE model of the vertical test assembly configuration

FE model development for the parts belongs to the second group is given in Figure
5.3. The ambulance vehicle rear body and connected parts are modeled as plates.
Therefore, plate-like structures are considered to simplify the solution. Four-node
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reduced integrated elements are used due to its calculations are quicker than others.
The whole model consists of Tri and Quad shaped elements. Parts of assembly are

connected to each other with nodal rigid bodies.

Ambulance Rear
Compartment with
Chassis Frame

Connecting
Structure

Connecting
Plate

Figure 5.3. FE model of the patient compartment

All the parts should be linked together to generate the whole model after the meshing
process of the whole model is ended. In the test platform, there are bolt connections
at a different location in order to connect the main platform and the vertical fixture to
the sled, as well as connect to the ambulance rear compartment to the vertical test
fixture. Two node beam elements (Hughes-Liu) are used to create bolt connections as
shown in Figure 5.4. By using CNRB (Constrained Nodal Rigid Body), all the nodes
on the edge of a hole are retained in all six degrees of freedom to a point representing
the center of the hole using in LS-DYNA.

76



Two node
beam
element

R

CNRB

Figure 5.4. FE model for connections
The final model for the vertical test configuration is built by connecting all individual
parts together. The finite element model of the vertical test assembly is given in Figure

5.5.

Figure 5.5. Complete FE model for vertical test assembly
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5.4.1. Material Properties

This section describes all material models and material properties used in the FE
model of the whole model. S355 steel is used for the parts like vertical test fixture,
main plate, connecting structure, and connecting plate for the actual fixture. While the
dynamic event of crash testing, some of the materials in the fixture may undergo
plastic deformation and these type of materials can be modeled by using the
elastoplastic material model. For these kinds of materials, true stress and true strain
relation are used to define the plastic portion of the curve as an input to the material
model. In the simulation, this type of property is used for most of the structural parts
of the model, which might show elastic, plastic behavior during a dynamic event. In

the scope of this study true stress and strain diagram for steel is given in Figure 5.6.

N
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Figure 5.6. True stress and true strain curve for S355 [46]

In the simulation, the movement and transmission of the moment are of interest and
not stress and strain in the ambulance rear compartment itself; thus the material
properties are simplified, and a linear elastic material model is chosen as a sufficient
material. Also for bolt connections, a linear elastic material model is chosen. In the
test, inclined wood supports are using for the lateral surface of the rear compartment
in the vertical test configuration. Additionally, in such dynamic simulations where

there are high velocities in a short period, strain rate effects should be taken into
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account. For vertical text fixture, a piecewise linear plastic material model is
implemented with LS-DYNA MAT-24. Strain rate defined for using the Cowper-
Symonds model, which scales the yield stress with the factor [47];

O'y:

14 (;)%] Gy (5.13)

g, is the initial yield stress, € is the strain rate, C and p are the Cowper-Symonds strain
rate parameters. For these strain rate parameters C=40.4 s and p=5, which are most
commonly utilizing parameters for steel in the engineering field, defined by Cowper

and Symonds is taken as a reference for defining strain rate in the model [48].

Table 5.4. Summary for material properties [46, 49, 50]

Name of Parts E v p o, Plastic Strain at
(MPa) (ton/mm”3) | (MPa) Failure
(mm/mm)

Main Plate 210.000 0.3 7.85e-9 393 0.4
Vertical Test Fixture 210.000 0.3 7.85e-9 393 0.4
Connecting Plate 210.000 0.3 7.85e-9 393 0.4
Connecting Structure 210.000 0.3 7.85e-9 393 0.4
Bolt 210.000 0.3 7.85e-9 - -

Supports 11.370 0.32 5e-10 46.8 -

5.4.2. Load and Boundary Conditions

The sled is attached to the floor of a catapult system at the slider rails. The floor of the
sled is constrained in space in the transverse and vertical direction, and the
acceleration pulse applied to sled and gravity loads are applied to all other parts. Since
the sled is supposed to be move-in acceleration direction, it is right, and left edge
nodes are a constraint in X, z, Rx, Ry, Rz direction in accordance with real test setup.
Enforced motion is applied to the front face of the sled, which the impact piston
accelerates the contacting test sled together with the test setup in compliance with the

acceleration characteristics. The sled initially is not moved in the longitudinal
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direction on the rails which are located the bottom of the sled. Gravitational force is
given for all parts in a negative z-direction as 9.81 m/s? Initial and boundary
conditions are given in Figure 5.7. When the defined acceleration characteristic is
applied by the system through the impact piston, the sled is triggered by the
acceleration pulse diagram. For the so-called vertical test, the sled is propelled that,
during the test it total velocity change Av is 30-32 km/h and its acceleration curve is
called target acceleration (10 g) given between high-g and low-g acceleration area of

a graph given in Figure 5.8 and Figure 5.9.

—~ 2
| C

— 1<——

ﬂ \ . Direction of Acceleration
Sled
i . f

x=0, z=0
x=0, ry=0, rz= 0

Gravitational Force
Fz=9.81 m/s"2

Figure 5.7. Initial and boundary conditions
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Figure 5.8. Acceleration corridor and target acceleration
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Figure 5.9. Target acceleration and velocity change

According to Figure 5.9, the time period is limited to 120 milliseconds due to the enforced
motion are applied in this period. In the real test condition, deceleration is applied by the

brake system of the sled test platform after the acceleration period ended.
5.4.3. Termination Time for the Analysis

The most significant duration of the test is within the period when the acceleration
motion is performed. There is no requirement to analyze the motion further after the
acceleration impulse converges to zero. As a result, the period that will be considered
is from 0 to 120 milliseconds time period. In order to have successful analysis results,

one-millisecond incremental periods are chosen.
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5.5. Simulation Results
FEA results of the model are given in Figure 5.10 by 10 ms time intervals.

Time=10ms Time=20ms

Al — of (.
Time=30ms Time=40ms
o == .
Time=50 ms Time=60 ms
o ([ of [
Time=80ms
il I

f [

Time=110ms Time=120ms

|

af | |

Figure 5.10. FEA results of the whole model in different time intervals
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Von-Mises stresses are calculated and given with ten milliseconds time intervals for
all parts of the vertical test fixture during the simulation, as shown between Figure
5.11 to Figure 5.17.

Time= 0 ms

Effective Stress (v.m)
0.000e+00
0.000e+00
0.000e+00 __
0.000e+00
0.000e+00
0.000e+00
0.000e+00
0.000e+00
0.000e+00
0.000e+00
0.000e+00 _|

Time= 10 ms

Effective Stress (v-m)
7.993e+01
7.194e+01 ]
6.394e+01 |
5.595e+01
4.796e+01
3.997e+01
3.198e+01
2.398e+01
1.599e+01
7.999e+00
7.343e.03 |

Q

Figure 5.11. Von Mises stress representation of the fixture at 0 and 10 ms
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Time= 20 ms

Effective Stress (v-m)
2.904e+02
2.614e+02
2.324e+02 |
2.034e+02
1.744e+02
1.454e+02
1.163e+02
8.732e+01
5.831e+01
2.929e+01
2.741e.01 |

Time= 30 ms

Effective Stress (v-m)
5.907e+02
5.317e+02 ]
4.727e+02 _|
4.138e+02
3.548e+02
2.958e+02
2.368e+02
1.778e+02
1.188e+02
5.979e+01

7.972e.01 |

Figure 5.12. Von Mises stress representation of the fixture at 20 and 30 ms
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Time= 40 ms

Effective Stress (v-m)
6.383e+02
5.746e+02 ]
5.109e+02
4.472e+02
3.835e+02
3.198e+02
2.561e+02
1.924e+02
1.287e+02
6.494e+01
1.238e+00 |

Time= 50 ms

Effective Stress (v-m)
6.575e+02
5.917e+02
5.260e+02 _|
4.603e+02
3.946e+02
3.289e+02
2.632e+02
1.975e+02
1.318e+02
6.606e+01
3.508e-01 _|

Figure 5.13. Von Mises stress representation of the fixture at 40 and 50 ms
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Time= 60 ms

Effective Stress (v-m)
6.873e+02
6.187e+02 ]
5.501e+02 |
4.814e+02
4.128e+02
3.442e+02
2.755e+02
2.069e+02
1.383e+02
6.963e+01
1.002e+00 |

Time= 70 ms

Effective Stress (v-m)
7.095e+02
6.386e+02
5.678e+02 |
4.969e+02
4.261e+02
3.552e+02
2.843e+02
2.135e+02
1.426e+02
7.174e+01
8.802e-01 |

Figure 5.14. Von Mises stress representation of the fixture at 60 and 70 ms
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Time= 80 ms

Effective Stress (v-m)
7.158e+02
6.443e+02 ]
5.729e+02 _|
5.014e+02
4.300e+02
3.585e+02
2.871e+02
2.156e+02
1.442e+02
7.275e+01
1.298e+00 _|

Time= 90 ms

Effective Stress (v-m)
6.658e+02
5.994e+02 ]
5.329e+02 |
4.664e+02
4.000e+02
3.335e+02
2.67T1e+02
2.006e+02
1.341e+02
6.768e+01
1.217e+00 _|

Figure 5.15. Von Mises stress representation of the fixture at 80 and 90 ms
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Time= 100 ms

Effective Stress (v-m)
5.857e+02
5.273e+02 ]
4.688e+02 |
4.104e+02
3.519e+02
2.934e+02
2.350e+02
1.765e+02
1.181e+02
5.961e+01
1.150e+00 _|

Time= 110 ms

Effective Stress (v-m)
5.384e+02
4.847e+02
4.309e+02 _|
3.772e+02
3.234e+02
2.697e+02
2.159e+02
1.622e+02
1.084e+02
5.466e+01
9.073¢-01 |

Figure 5.16. Von Mises stress representation of the fixture at 100 and 110 ms
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Time= 120 ms

Effective Stress (v-m)
4.909e+02

4.418e+02 ]
3.927e+02 |

3.437e+02
2.946e+02
2.455e+02
1.964e+02
1.474e+02
9.829e+01
4.921e+01
1.327e-01 |

Figure 5.17. Von Mises stress representation of the fixture at 120 ms

According to simulation results, Von-Mises stress distribution shows a rapid increase
up to 30 milliseconds. According to the defined acceleration curve in Figure 5.9, after
30 milliseconds acceleration does not increase and sustains at the same level,
approximately up to 80 milliseconds. In parallel, after 30 milliseconds, a moderate
increase trend of stress distribution is observed, and stress value is reached to the

maximum value at 80 milliseconds.

As seen in the results, the maximum stress values are not completely on the vertical
test fixture. The maximum values are observed on the few elements on the vertical
test fixture. After this time, stress values begin to decrease up to 120 milliseconds.
However, stress values do not reach to zero because the real motion is not finalizing,
and it continues roughly up to 1225 milliseconds. Due to the deceleration trend of the
system, the simulation is not continued for the deceleration period of the system, and

it is ended in 120 milliseconds.

The element where the maximum stress appears is shown in Figure 5.18. The variation

of stress values in this element where maximum stress appears is given in Figure 5.19.
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Figure 5.18. The element which maximum stress appears
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Figure 5.19. Maximum stress values
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As seen in Figure 5.20, the maximum effective plastic strain of the vertical test fixture
occurs in the outer I-beam section (on the left side), and it can be seen that maximum
effective plastic strain is approximately 0.07 mm/mm and below than maximum
plastic strain at failure of the material. Thus, the failure is not observed during the

simulation in the currently used vertical test fixture.

Effective Plastic Strain
7.533¢-02
6.780e-02
6.027¢-02 |
5.273e-02
4.520e-02
3.767e-02
3.013e-02
2.260e-02
1.507e-02
7.533e-03
0.000e+00 _|

Effective Plastic Strain
7533e-02
6.7800-02
6.027¢-02 |
5.273-02
4.520e-02
3.767e-02
3.013e-02
60e-02

Figure 5.20. Effective plastic strain distribution in the test fixture
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In order to examine how the energy changes during the simulation, various types of
energy graphs are taken as the outcome of analysis results. First of all, the kinetic
energy graph is taken to see how it variates within time. Figure 5.21 demonstrates the
history of kinetic energy and time. The velocity of the system increases and then it
preserves a steady trend up to absolute time. Kinetic energy time history graph reflects

this kind of behavior of the velocity.

0.16 - - T T T T

0.14- A Kinetic Energy

0.12-

0.1
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Kinetic Energy (N-mm) (E+9)
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i} A 1 |
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Figure 5.21. Kinetic energy of the system vs. time graph

As a general guideline, the hourglass energy should not exceed 10% of the internal
energy during the analysis [37]. The internal energy and hourglass energy versus time
domain are shown in Figure 5.22. It can be seen that hourglass energy is approximately
0.89% of the internal energy during the analysis.
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Figure 5.22. Internal energy, hourglass energy vs. time graph
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Energy ratio is given in Figure 5.23; it can be seen that energy ratio is one during the

analysis.
T T T |
- _A_Energy Ratio
1.0015+ 1
1.001-- - ]
L=}
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max=A(0.016,1)

Figure 5.23. Energy ratio vs. time graph
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CHAPTER 6

PERFORMING DYNAMIC TEST

6.1. Introduction

In the fifth chapter, finite element analyses are performed and the results are discussed
for the vertical dynamic test configuration. In this chapter, the testing procedure,
which is detailed in the third chapter, is conducted. EN 1789+A2 proposes a dynamic
test under various configurations. According to the proposed dynamic test, the test
assembly is accelerated in order to test the stability and safety performance of the
retrofit of the patient compartment. Besides, observation is conducted in order to
examine the behavior of the currently used test fixture in the actual test condition, a
comparison between actual test observations and FEA results for the currently used

test fixture is given in this chapter.
6.2. Test Setup

The dynamic test is conducted with the IST Crash Test Simulation System. The test
pulse generation process which is summarized in the third chapter is performed in
order to obtain the iterated test pulse. Since video records for the dynamic test are one
of the significant data, Weinberger Visario G2 and two Speedcam Minivis high-speed
cameras are used to record the whole test. The cameras are set to 500 frames/second
(fps) for recording the interior compartment during the dynamic test on the other hand
off-board camera is set to 1000 frames/second (fps) for the exterior record during the
dynamic test. The connected on-board high-speed cameras and light for interior record

of the rear patient compartment during the test, are shown in Figure 6.1.
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Figure 6.1. High speed imagining cameras and light

According to the developed test procedure in the third chapter, test sample preparation

is conducted in two phases as defined below.

1. Interior Preparation of Test Sample:

e Main Stretcher fixation on the vehicle floor

e Medical devices fixation

e Storage compartments (cabinets, drawers) preparation

e Permanent Seats and their anchorages preparation

e Other equipment (fire extinguisher, oxygen system, etc.) fixation
2. Exterior Preparation of Test Sample:

e Test sample preparation to fasten the test fixture to the sled

e Back door fixation preparation of test sample

e Camera holding assembly fixation on the test sample

The interior and exterior image of a fully equipped ambulance patient compartment
sample are shown in Figure 6.2 and Figure 6.3. The list of medical devices which are
fastened to interior surfaces of the patient compartment is given Table 6.1.
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Figure 6.2. Interior view of test sample before test

Both fixation points of medical devices on the ambulance vehicle and medical device
fixation system are defined according to the test procedure for the devices which are
given in Table 6.1. The original fixation points and fixation systems of medical
devices are used with actual or approved representative test mass for testing.
Maximum design weight permitted to be stored in the storage compartments and

drawers is defined and loaded with the sandbags.

Figure 6.3. Exterior view of test sample before the test
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Table 6.1. List of medical device in the test

Medical Devices Piece | Actual or Representative Test Mass Weight
Main Stretchers 1 Representative Test Mass 54 kg
Scoop Stretcher 2 Actual Device 9,5 kg
Stretchers Support 1 Actual Device 45 kg
Spineboard 3 Actual Device 7 kg
Fire Extinguisher 2 Actual Device 3 kg
Vacuum Aspirator 1 Representative Test Mass 6.5 kg
Defibrillators 1 Representative Test Mass 12 kg
Infusion Pump 1 Representative Test Mass 3 kg
Ventilator 1 Representative Test Mass 15 kg
Oxygen System 1 Representative Test Mass 4 kg
Complete Emergency Kit 1 Representative Test Mass 11 kg
Basic Medical Materials Cases 1 Representative Test Mass 4.6 kg
Heater 1 Representative Test Mass 5.8 kg
Right Seat 1 Actual Device 30 kg
Front Seat 1 Actual Device 51.5 kg
Note: According to EN 1789+A2, the dynamic test may be performed with an equivalent mass
simulating the actual device with the physical dimensions, weight, and center of gravity in all axes.

All the connections and structural integrity for the specified equipment are checked

before and after the test:

Vehicle floor, Main stretcher fixation of the vehicle floor

Ambulance equipment mounting and fixation system for medical device
Storage compartments, drawers

Stretcher support

Seats

Whole vehicle body

© a0k~ w0 N e
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6.3. Evaluation of Test Results

After the test conducted, the steps of the inspection are carried in the test sample as a

post-test inspection:

= The ambulance floor and test mass mounting hardware are inspected for
evidence of material fracture and deformation.

= Equipment mounting devices, systems structure, and hardware are inspected
for evidence of material fracture and deformation.

= The final location of the storage compartment’s door, drawer face, or lid is
inspected.

»= The closed storage compartment is checked after test whether or not the
storage compartment can open.

= The inside and outside of the storage compartment are inspected for signs of
visible deformation and fractures.

» The storage compartment interior surfaces, latch or locking assemblies, and
hardware is inspected for evidence of material fracture and deformation.

= Any instances of deformation or fracture are noted.

= Parts ruptured, partially or fully detached from the equipment mounting device
or system and other items is noted.

= The actual test masses or representative test masses is inspected.

= The maximum travel distance is examined for stretcher any item attached to
either the holding assembly or stretcher.

= The overall visual examination is conducted inside and outside of the patient
compartment to determine occurred sharp edges after the test

= Avideo record is reviewed for evidence of any item behave such as projectile.
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Table 6.2. Test video inspection for ambulance rear compartment

Time:0 ms Time:20 ms
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Table 6.2 (Continued)

Time:120 ms Time:140 ms
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According to post-test inspection activities, five findings are recorded. The first one
is the bottom side of the storage compartment, which has a sliding door and is located
on the left side of the ambulance patient compartment body, as shown in Figure 6.4.
The second finding is in the same area with the first one and is detected in the sidewall
of storage compartments, which has a sliding door, as shown in Figure 6.5

Figure 6.5. Second finding by post-test inspection

The third one is detected inside the drawer, which is given in Figure 6.6. The fourth
finding is detected in the left upper side of the ambulance compartment, as shown in
Figure 6.7. In Figure 6.8, the comparison between pre-test and post-test photography
is given for stretcher lock pin and locking mechanism. As seen in Figure 6.8, the
stretcher lock pin and locking mechanism undergoes deformation, but they sustain
load-bearing behavior during the test.
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Figure 6.6. Third finding by post-test inspection

.

Figure 6.8. Fifth finding by post-test inspection
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There are no identified parts and components which are partially or fully detached
from their mountings and fixation systems and behave like projectiles during the test.
According to the defined test evaluation table criteria in the third chapter, the test is
failed due to fracture on the surface, which leads to sharp exposed edges, although
observable deformation is negligible.

Apart from interior inspection, external visual inspection is conducted to observe
vertical test fixture performance during the dynamic test. It can be inferred that
regional deformations occur in the backside of the currently used test fixture. This

regional deformation can be seen in Figure 6.9 and Figure 6.10.

Figure 6.10. Right-side of the test fixture
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6.4. Comparison of Simulation Outputs with Actual Test Results

In the scope of this study, basically the vertical acceleration configuration of the test
sample is analyzed in order to examine the vertical test fixture performance. Besides,
the actual test is conducted in METU-BILTIR Center Vehicle Safety Unit Sled Test
Facility according to the test procedure which is given in the third chapter. In this
chapter, the details of the vertical (+z) 10 g dynamic test of the ambulance patient
compartment is given. The dynamic test is recorded with high-speed cameras. Thus,
the results of simulation and camera images obtained from actual test are compared.
As seen in Figure 6.11, there is a comparison between test and simulation images in
the specified time intervals. Both of them demonstrate that the regions where the outer
long I-beams connected to the horizontal plate of the vertical test fixture, are critical
in terms of deformation. The regions and shapes of the deformation in the actual test
are almost similar with the simulation images. Besides this comparison, in order to
compare the acceleration outputs of simulation and actual test data, time history is
plotted, and the results are reviewed. Due to high-frequency nature in acceleration
signals, low-pass digital filters are using for filtering the acceleration data. As stated
before there are two resemble reference standards (SAE J211-1, ISO 6487) [51, 52]
for measurement techniques involving the instrumentation used in impact tests carried
out on the road vehicles. In both specifications, Channel Frequency Classes (CFC) for
impact tests carried out in road vehicles are defined. These channel frequency classes
are CFC 60, CFC 180, CFC 600 and CFC 1000 [51, 52]. According to SAE J211-1,
CFC 60 is recommended for sled acceleration tests [51]. In this study, the acceleration
is measured from the mounted accelerometer to the sled, and the same location of the
accelerometer is defined in the simulation for comparison. The node location where
the acceleration output is tracked is shown in Figure 6.12. The output data is filtered
with a channel frequency class of 60 as compatible with SAE J211 standard both in
simulation and the actual test. As seen in Figure 6.13, the acceleration time history of
the simulation has a similar trend line with the actual test. Thus it is demonstrating

that finite element analysis outputs are compliant with actual test results.
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Figure 6.11. Comparison of test and simulation results
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Figure 6.13. Acceleration time history
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To conclude, time frames from the vertical impact test demonstrate that the simulation
results show similar deformation shapes as in the actual test. Structural local
deformation areas and critical regions of the vertical test fixture which are observed
in the test, match with the simulation results. Besides, accelerometer outputs are in the
same trend both in the test and simulation. According to finite element analyses and
test result, it can be inferred that the vertical test fixture can withstand the load
experienced under 10 g acceleration; however, the performance of the fixture seems
inadequate, and some improvements works should be conducted. These design

improvements are presented in the seventh chapter.
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CHAPTER 7

ALTERNATIVE TEST FIXTURES

7.1. Introduction

The objective of this chapter is to propose alternative test fixtures that would have the
capability of fastening the fully-equipped patient compartment of the road ambulance
(i.e. test sample) to sled in the vertical direction, for conducting 10 g dynamic testing.
While developing new alternatives for the vertical test fixture, completely new designs
and modification options on the currently used test fixture are studied. Three
alternative test fixtures are proposed and FEA results are presented in the following

sections. The following steps are implemented for each alternative test fixtures:

= System constraints, material selections, the geometry of the profiles, alignment
of the structure are defined.
= Then, the analysis of the developed alternative test fixture is carried out by

performing FEA.

The alternative test fixtures have been characterized by its high safety, good operating
characteristics, validity according to EN 1789+A2, simplicity in design and

manufacturability.

High safety is considered as a first requirement of the test fixture. In order to satisfy
this requirement, structural integrity and durability of the components in the case of
dynamic loading conditions should be considered. As seen in Figure 6.11, the actual
test and the simulation results demonstrate that the regions where the outer long I-
beams connected to the horizontal plate of the vertical test fixture, are critical in terms
of permanent deformation in the currently used test fixture. The critical areas of the
currently used test fixture are taken into consideration to decrease permanent

deformations on alternative designs.
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Obtaining a reliable operation and good operating characteristic is the second
requirement to fulfill. In order to achieve this requirement, the developed test fixture
should display an optimal fit by remaining within system limitations. The test fixture
shall be modular in terms of the ambulance vehicle model. Easy handling of the test
fixture is also essential to support good operating characteristics. This one can be

realized with a quick installation of the test sample to the sled and good accessibility.

The validity of the developed test fixture, according to the EN standard is the third
requirement to fulfill. The rules for 10 g dynamic testing of road ambulance vehicles
are given in the EN standard. Thus the EN standard should not be violated by the

method used to secure the test sample to the sled and the developed test fixture itself.

As the final requirement, the developed test fixture should have the feature of
simplicity and cost-effectiveness in terms of design and production. In order to achieve
that, some targets are established, such as using a small number of parts/components,

utilizing standard products and prefering common materials for the test fixture.
7.2. Design Constraints

During the developing period of the new alternatives for the test fixture, first of all,
constraints are needed to be defined. The needs of METU-BILTIR Center Vehicle
Safety Unit Sled Test Facility, the sled design, the tools available in the test facility,
the requirements of EN standard, dimensional and mass constraints form a challenging
set of design constraints. The details of constraints are given in this section and the
summary is presented in Table 7.1.

The sled dimensions are the constraints for the test fixture development. The outer
dimensions of the sled are shown in Figure 7.1, which needs to be taking into account
while defining dimensions of the test fixture. The sled has outer dimensions of 4100
mm in length 1800 mm in width. The data acquisition systems are located on the front
side of the sled. Thus the area which is on the left side of the rectangular slot on the
sled could not be considered for specifying total available space for both vertical test

fixture and test sample. As a result, the total available length for the vertical test fixture
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and the test sample can be considered as 3507,5 mm as the maximum in a longitudinal

direction.

1370 mm
1800 mm

Front Side

: ® @ o o ® ®
° ° ° °
7N\ ol o Iy
Rectangular
Slot 1050 mm 1100 mm 1100 mm 257 5mm
I [

Figure 7.1. The outer dimensions of the sled

There are different types of vehicles such as Ford Transit, Mercedes-Benz Sprinter,
Volkswagen Crafter, Volkswagen Transporter, Hyundai H350, Fiat Ducato which are
the commonly used brands for the aftermarket ambulance manufacturers. Their patient
compartment height and width (upper face of chassis rails to top of roof) are the critical
dimensions to designate total available space for the vertical test fixture. The minimum
dimensions of the patient compartment are given for Type Al, Type A2, Type B and
Type C ambulances in the EN standard. Type C Ambulances require the largest

internal dimensions, as shown in Figure 7.2.
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Figure 7.2. Patient’s compartment dimensions for the Type C Ambulances

The height (H) measured from floor to roof and the width (W) measured from the right
side to the left side are the essential parameters in order to define the outer dimension
of the test fixture. While determining these dimensions, there should be no unwanted
contact between the data acquisition system and the test sample. There should be at
least 100 mm gap in the longitudinal direction for avoiding any contact between the

data acquisition system and the closest point of the test sample.

The above given dimensional constraints will form the base of the preliminary design

of the vertical test fixture.

The other constraint is about the maximum payload of the sled which is 2500 kg. It is
undesirable to exceed this maximum value, so the maximum mass of the fully
equipped patient compartment (with connecting structure and connecting plate) needs
to be defined. It seems that a fully equipped test sample mass fluctuates between 1500-
1700 kg according to test records of the METU-BILTIR Center Vehicle Safety Unit
Sled Test Facility. Thus, the total mass of the developed test fixture and the main plate

should not exceed 800 kg.

The EN standard requirements which are about securing the patient compartment of
the vehicle during the test can be considered as the other constraint for developing a

new vertical test fixture. In the EN standard Clause 5.4.1 specifies that;
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a) The method used to secure the vehicle during the test shall not strengthen the
body or the arrangement of the patient's compartment or to lessen the normal
deformation of the structure.

b) The only reinforcements allowed are a subframe under the original van shell
or chassis longitudinal box sections or chassis rails to fix the body/shell to the
test facility.

c) A supporting point (not a fixation) for the z-axis can be used as shown in

Figure 7.3.

- —

:I\

Figure 7.3. Supporting point [13]

By taking Clause 5.4.1 of the EN standard into account, chassis rails should be used
in order to fasten the body shell to the sled via vertical test fixture. As shown in Figure
7.3, fixation is not allowed, thus supporting structure should be placed for the side
panel of the ambulance patient compartment body. However, side panels of such
vehicles are generally not flat; as a result, irregular sloped surfaces need to be

considered for the support structure.



Table 7.1. Constraint summary for developing the new test fixture

= Sled design

= Number and locations of screw holes on the sled

= Test sample mass and dimensions

= Maximum payload of the sled test platform

= EN 1789+A2 requirements about securing of the ambulance patient

compartment

The currently used fixture design is also reviewed in this section in order to understand
the needs for development. As discussed in the fifth chapter, the maximum effective
plastic strain is approximately 0.07 mm/mm for the currently used test fixture (Figure
5.20). As seen in Figure 6.11, the actual test and the simulation results demonstrate
that this permanent deformation in the currently used test fixture is observable and
high. Although the failure is not observed during the test and simulations, the
permanent deformation should be reduced as much as possible. The whole assembly

for the dynamic test in the vertical direction is given in Figure 7.4.
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Figure 7.4. The currently used test fixture assembly

114



7.3. Alternative Test Fixtures

The alternative designs for developing a new test fixture are studied in this section in
order to make improvements and satisfy the defined objectives. The constraints and
the studies about the currently used fixture are taken into consideration in the
developing process. In order to determine the best alternatives, pre-studies are

conducted and alternative test fixtures are presented.
7.3.1. First Alternative Test Fixture

The first alternative test fixture is modeled by the composition of vertical plate, square
profiles and I-beams, as shown in Figure 7.5. The technical drawing of this alternative
test fixture is given in Appendix B. According to the objectives, the developed fixture
should have the feature of simplicity and cost-effectiveness in terms of design and
production. In order to achieve that, catalog products and easily available material

such as S355 structural steel are chosen for the model.

The same finite element model creation process, which is detailed in Section 5.4, is
implemented for this new alternative test fixture. The material properties, load and
boundary conditions, termination time for analysis are defined according to Section

5.4.1, Section 5.4.2, Section 5.4.3, respectively.

Von-Mises stresses are determined for the first alternative test fixture and the
maximum values are given in Figure 7.6 for the period from 0 to 120 milliseconds.
According to simulation results, Von-Mises stress distribution shows a rapid increase
up to 30 milliseconds for the models. After 30 milliseconds, a moderate increase trend
of stress distribution is observed, and stress values are reached to the maximum value
at 70 milliseconds (Figure 7.6). The maximum values are observed on the few
elements on the newly developed fixture. After 80 milliseconds, stress values begin to
decrease up to 120 milliseconds. However, stress values do not reach to zero because
the real motion is not finalizing. Due to the deceleration trend of the system, the
simulation is not continued for the deceleration period of the system, and it is ended
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in 120 milliseconds. The simulation results show that the maximum stress values in

the first alternative test fixture are lower than the currently used test fixture.

As seen in Figure 7.7, the maximum effective plastic strain is approximately 0.02
mm/mm for the first alternative test fixture, which is lower than the currently used test

fixture.

According to FEA results, the failure is not observed during the simulations in the first
alternative fixture and this developed fixture design has better performance in terms

of structural integrity and durability than currently used vertical test fixture.

Although the performance of the fixture is improved, its mass becomes much more
than the currently used test fixture. As stated in previous sections, there is a restriction
about the total mass of the test sample and fixture because of the maximum payload
of the sled. Thus, the total mass of the newly developed fixture and the main plate
should not exceed 800 kg. The first alternative test fixture and the main plate have a
total mass of 789 kg. Although this mass value is in the limit, when it is compared
with the total mass of the currently used fixture and the main plate (652 kg), it is very
high.
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Figure 7.5. First alternative test fixture and its assembled configuration
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Figure 7.6. The maximum von Mises stress results for the first alternative
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Figure 7.7. The maximum effective plastic strain in the first alternative

118



7.3.2. Second Alternative Test Fixture

The second alternative test fixture is mostly generated by using the plate-like
structures as shown in Figure 7.8. Two vertical supports and one sloped plate are
chosen after preliminary works are conducted. The technical drawing of this
alternative test fixture is given in Appendix B. According to the objectives, the
developed fixture should have the feature of simplicity and cost-effectiveness in terms
of design and production. In order to achieve that, catalog products and easily
available material such as S355 structural steel are chosen for the model.

The same finite element model creation process, which is detailed in Section 5.4, is
implemented for this new alternative test fixture. The material properties, load and
boundary conditions, termination time for analysis are defined according to Section

5.4.1, Section 5.4.2, Section 5.4.3, respectively.

Von-Mises stresses are determined for the second alternative test fixture and the
maximum values are given in Figure 7.9 for the period from 0 to 120 milliseconds.
According to simulation results, Von-Mises stress distribution shows a rapid increase
up to 30 milliseconds for the models. After 30 milliseconds, a moderate increase trend
of stress distribution is observed, and stress values are reached to the maximum value
at 70 milliseconds (Figure 7.9). The maximum values are observed on the few
elements on the newly developed fixture. After 80 milliseconds, stress values begin to
decrease up to 120 milliseconds. However, stress values do not reach to zero because
the real motion is not finalizing. Due to the deceleration trend of the system, the
simulation is not continued for the deceleration period of the system, and it is ended
in 120 milliseconds. The simulation results show that the maximum stress values in

the second alternative test fixture are lower than the currently used test fixture.
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Figure 7.8. Second alternative test fixture and its assembled configuration
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As seen in Figure 7.10, the maximum effective plastic strain is approximately 0.01
mm/mm for the second alternative test fixture, which is lower than the currently used
test fixture. When the load-bearing parts of the second alternative are only checked, it
can be seen that the maximum effective plastic strain has become very low, as shown

in Figure 7.11.

According to FEA results, the failure is not observed during the simulations in the
second alternative test fixture and this developed fixture design has better performance

in terms of structural integrity and durability than currently used vertical test fixture.

Although the performance of the fixture is improved, its mass becomes much more
than the currently used test fixture. As stated in previous sections, there is a restriction
about the total mass of the test sample and fixture because of the maximum payload
of the sled. Thus, the total mass of the newly developed fixture and the main plate
should not exceed 800 kg. The second alternative test fixture and the main plate have
a total mass of 786 kg. Although this mass value is in the limit, when it is compared
with the total mass of the currently used fixture and the main plate (652 kg), it is very
high.
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Figure 7.9. The maximum von Mises stress results for the second alternative
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Figure 7.10. The maximum effective plastic strain in the second alternative
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Figure 7.11. The maximum effective plastic strain in the load-bearing parts of the
second alternative

7.3.3. Third Alternative Test Fixture

Although the mass values of the first and second alternative test fixtures are in the
limit, they are very high when we consider the mass of the currently used fixture. This
increase in mass also leads to additional costs for ambulance manufacturers and it
makes the investment of new fixture design unfeasible. For that reason, modification
options on the currently used test fixture are studied. After conducting some studies,
the modified design is proposed as a third alternative test fixture and given in Figure
7.12.

According to the FEA results which are discussed in the fifth chapter, the permanent
deformation occurs in the backside of the currently used test fixture. For that reason,
some modifications are applied to the main plate, the horizontal plate and the backside
of the currently used test fixture for increasing the strength. Other properties of the
third one, such as I-beam dimensions and thicknesses are all the same with the

currently used test fixture.
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Figure 7.12. Third alternative test fixture and its assembled configuration
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Figure 7.13. The maximum von Mises stress results for the third alternative

The same finite element model creation process, which is detailed in Section 5.4, is
implemented for this alternative test fixture. The material properties, load and
boundary conditions, termination time for analysis are defined according to Section

5.4.1, Section 5.4.2, Section 5.4.3, respectively.

Von-Mises stresses are determined for the third alternative test fixture and the
maximum values are given in Figure 7.13 for the period from 0 to 120 milliseconds.
According to simulation results, Von-Mises stress distribution shows a rapid increase
up to 30 milliseconds for the models. After 30 milliseconds, a moderate increase trend
of stress distribution is observed, and stress values are reached to the maximum value
at 40 milliseconds (Figure 7.13). The maximum values are observed on the few
elements on the newly developed fixture. After 80 milliseconds, stress values begin to
decrease up to 120 milliseconds. However, stress values do not reach to zero because
the real motion is not finalizing. Due to the deceleration trend of the system, the
simulation is not continued for the deceleration period of the system, and it is ended

in 120 milliseconds.
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Figure 7.14. The maximum effective plastic strain in the third alternative
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The simulation results show that the maximum stress values in the third alternative
test fixture are lower than the currently used test fixture. As seen in Figure 7.14, the
maximum effective plastic strain of the fixture occurs in the outer section of the
stiffener. It can be seen that the maximum effective plastic strain is approximately
0.01 mm/mm for the third alternative test fixture, which is lower than the currently

used test fixture.

According to FEA results, the failure is not observed during the simulations in the
third alternative test fixture and this developed fixture design has better performance

in terms of structural integrity and durability than currently used vertical test fixture.

The performance of the third alternative test fixture is improved and its mass becomes
little more than the currently used test fixture. As stated in previous sections, there is
a restriction about the total mass of the test sample and fixture because of the
maximum payload of the sled. Thus, the total mass of the newly developed fixture and
the main plate should not exceed 800 kg. The third alternative test fixture and the main
plate have a total mass of 706 kg. This mass value is in the limit and when it is
compared with the total mass of the currently used fixture and the main plate (652 kg),

it is acceptable.

7.3.4. Comparison of the Alternative Test Fixtures

In this section, the comparison of modeling and analysis results for the currently used
fixture and newly developed alternative test fixtures are presented. Although the mass
and the dimension of three developed alternatives are within limits, the third

alternative test fixture provides advantages over the other alternative test fixtures.

As seen in Table 7.2, the outer dimensions of the third alternative test fixture are the
same as the currently used test fixture. The height of the second alternative is higher
than the others. On the other hand, the first alternative is wider than the first and third

alternative test fixtures.
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As discussed in previous sections, there is a restriction about the total mass of the test
sample and fixture because of the maximum payload of the sled. As seen in Table 7.3,
although all the mass values are in the limit, it seems that the first and second
alternative test fixtures are very heavy. These fixtures result in about 21 % increase in
mass when it is compared with the currently used test fixture. This increase in mass
also leads to additional costs for the ambulance manufacturers and it makes the

investment of new fixture design unfeasible.

On the other hand, the mass of the third alternative test fixture is lower than the others.
It only results in about 8.2 % increase in mass when it is compared with the currently

used test fixture.

As stated before, the maximum effective plastic strain is approximately 0.07 mm/mm
for the currently used test fixture. As seen in Figure 6.11, the actual test and the
simulation results demonstrate that this permanent deformation in the currently used
test fixture is observable and high. Although the failure is not observed during the test
and simulations, the permanent deformation should be reduced as much as possible.

As seen in Table 7.4, the developed alternative test fixtures have better performance
than currently used vertical test fixture. Especially, the second and third alternatives

show significant improvement when the effective plastic strain values are compared.

As a result, the newly designed fixtures are better than the currently used test fixture
in terms of structural integrity and durability, as shown in Table 7.4. However, all
these comparison data which are summarized in the tables (Table 7.2, Table 7.3, Table

7.4) prove that the third alternative test fixture performs best.
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Table 7.2. Dimensional comparison of the alternative test fixtures

Name of Fixture Properties Measurement
Height (H) 1600 mm
Currently Used Test i
) Width (W) 900 mm
Fixture
Length (L) 590 mm
Height (H) 1662 mm
First Alternative Test i
] Width (W) 1200 mm
Fixture
Length (L) 855 mm
Height (H) 1715 mm
Second Alternative Test i
) Width (W) 900 mm
Fixture
Length (L) 797 mm
Height (H) 1600 mm
Third Alternative Test i
) Width (W) 900 mm
Fixture
Length (L) 590 mm
Table 7.3. Comparison of mass
Name of Fixture Material Total Mass
Currently Used Test Fixture S355 652 kg
First Alternative Test Fixture S355 789 kg
Second Alternative Test Fixture S355 786 kg
Third Alternative Test Fixture S355 706 kg
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Table 7.4. Comparison of the FEA results

. Maximum
Maximum effective plastic

Name of Fixture von Mises stress P
(MPa) strain

(mm/mm)
Currently Used Test Fixture 715 0.07
First Alternative Test Fixture 625 0.02
Second Alternative Test Fixture 575 0.01
Third Alternative Test Fixture 578 0.01
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CHAPTER 8

PROPOSED FIXING METHOD

8.1. Introduction

The fastening method is significant to ease fixing the fully-equipped patient
compartment to the sled. Proper fixture planning can considerably reduce the time for

the preparation of the test sample.

Since there is no mechanism in the currently used vertical test fixture, it is very time-
consuming to bring two vertical plates face-to-face and fasten these two plates from
appropriate holes with bolt connections. For that reason, fastening solutions are
discussed and the necessary preparation of the fixture side and the patient

compartment side are presented in this chapter.
8.2. Fixing Method and Preparations
8.2.1. Preparations on the Fixture

At the bottom of the vertical plate of the fixture, there are three 30 mm diameter holes
for three pins. The center pin is used as a stopper for the safety plate, while right and
left ones are used for aligning the connecting plate. The right and left pins are longer
than the center pin, as shown in Figure 8.1. In order to fix the center pin from the
backside of the vertical plate, M12 x 55 mm bolt (DIN 6921) and washer (DIN 6340-
13) is used, and two M12 x 110 mm bolts and washers are used for aligning pins. It
should be checked that all three pins are entirely inside the holes on the vertical plate.
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Figure 8.1. Locating of pins

The safety plate is located to the vertical plate of the fixture, as shown in Figure 8.2.
The primary duty of the center pin is to restrict the horizontal motion of the safety
plate. 28 mm diameter holes in the safety plate are for the left and right pins and they

go through from these holes.

Figure 8.2. Safety plate

In order to fix the safety plate, two washers and two hexagon flange nuts (DIN 6923-
M12) are used on the left and right, as shown in Figure 8.3. The sectional view of the

safety plate connection is presented for details in Figure 8.4.

Figure 8.3. Fixation of safety plate
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Figure 8.4. The sectional view of the safety plate

There are four @ 30 mm holes on the right and left sides of the vertical plate. Four
locating pins are placed on the front side of the vertical plate so that the @ 30 mm
flange will be inside holes. Then, the fixation of the locating pins is conducted from
the backside of the vertical plate by using four washers (DIN 6340-13) and M12x80
bolts (DIN 6921). Details of this preparation are given in Figure 8.5.

Figure 8.5. Assembled locating pins

In Figure 8.6, there are six M8 threaded holes on the right and left the side of the

vertical plates for toggle clamps installation.
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M8 Threaded
Holes

Figure 8.6. Back view of the fixture

As seen in Figure 8.7, four M8x16 bolts (ISO 4762) are used in order to fasten the
toggle clamps from slots. There are two installed toggle clamps with 10 KN exerting
force and 11 KN holding capacity.

Figure 8.7. Installation of toggle clamps

8.2.2. Preparations on the Test Sample

After the preparations on the fixture are finished, it is also required to prepare the test
sample side for easy connection. For this preparation, the connecting plate which is
utilized to connect the vehicle rear compartment to the fixture is used.
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Three centering studs and two L-brackets with clamp holders are assembled on the
connecting plate, as shown in Figure 8.8. The centering studs are fixed to the

connecting plate from the vehicle side by using spring (conical) washers (DIN 6796-
24) and M20 nuts (DIN EN 1664).

0 2 ° o
Centering Pull Pins | M DT

. °°Ooooog°°
28886 00 86 ¢ 5 o

L-Brackets | —

Figure 8.8. Preparation on the connecting plate

Figure 8.9. Installation of centering studs

There are eight @15 mm holes (with M16 threads) on the left and right side of the
connecting plate at 700 mm and 800 mm from the top side of the connecting plate.
Each L-bracket is fixed with four M16x20 mm bolts by using slots, as shown in Figure

8.10. As seen in Figure 8.11, preparation of the fixture side and the vehicle side is
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completed. The technical drawing about fastening the test sample to the fixture is
given in Appendix C.
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Figure 8.10. Installation of L-brackets to the connecting plate

Figure 8.11. Final view of the fixture and the test sample
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8.3. Assembly Operations

Once the final fixation solution for test fixture is achieved, the main steps of assembly

operation are presented in this section.

1. The vehicle rear compartment is held with four ropes of two independent overhead
cranes.
2. Then it is moved according to the sled and the mounted vertical test fixture

positions (Figure 8.12).

Figure 8.12. First operation

3. Inthe second operation, the vehicle rear compartment is moved in the negative x-
direction (Figure 8.13).
4. YoZ plane of the vehicle rear compartment is expected to the with the test fixture

YoZ (symmetry) plane.

Figure 8.13. Second operation
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5. The vertical connecting plate is expected to be perpendicular to the y-axis. In other
words, the connecting plate is to be parallel to the vertical plate of the fixture
(Figure 8.14).

6. Use two cranes and a water gage if necessary.

Parallel with respect to
fixture vertical plane

Cooxdinate System]
] | [ -

Figure 8.14. Third operation

7. In the fourth operation, the vehicle is moved in the negative y-direction (Figure
8.15).

8. The connecting plate must be above the safety plate (Figure 8.15).

&

Safety Plate

Figure 8.15. Fourth operation
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9. The connecting plate must enter inside the four locating pins.
10. During this operation, the movement should be carefully observed from both sides

of the fixture.

4 Locating Pins

Figure 8.16. Fourth operation
11. At the end of the fourth operation, the connecting plate must be inside the four
locating pins and the safety plate (Figure 8.16).

12. The two vertical plates are expected to touch each other (Figure 8.17).

Figure 8.17. Fourth operation
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13. Then, the vehicle patient rear compartment is moved in negative z-direction
(Figure 8.18).

14. It should be checked that the three centering studs at the top of the connecting plate
are inside the V-slots (Figure 8.19).

15. It should be checked that the connecting plate is still inside in the safety plate and
touching on two pins on the bottom left and right (Figure 8.19).

—

Figure 8.18. Fifth operation

3 Centering Studs at Top
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Figure 8.19. Control points for the fifth operation
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16. In this step, two toggle clamps on sides should be locked (Figure 8.20).
17. At the end of this operation (Figure 8.21), the vertical plates are expected to be

face to face.
18. If there is a gap between the vertical plates, two cranes should be used for

alignment.

Figure 8.20. Locking of toggle clamps

Figure 8.21. Sixth operation
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19. Rings, Washers and M20 nuts should be placed to the three centering studs to fix
the plates (Figure 8.22).

20. Nuts should be fixed by starting from the center.

21. At the end of this operation (Figure 8.23), the two vertical plates are guaranteed to
be face to face without clearance between pieces.

22. The final assembly is shown in Figure 8.24.

Nut, Washer and Ring

Figure 8.22. Assembly of nut, washer and ring
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Figure 8.23. Seventh operation
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Figure 8.24. The final image of the full assembly
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CHAPTER 9

CONCLUSION AND FUTURE WORKS

9.1. Conclusion

In this thesis, firstly the published safety/crashworthiness standards, limited safety and
crashworthiness researches for ambulances are reviewed to discuss undefined topics

or missing issues about occupant safety of EN 1789 + A2.

As stated in the previous chapters, interpretation of the dynamic test described in the
EN standard causes ambiguities during the preparation and conducting of the dynamic
test and evaluation of the test results. To avoid the ambiguities, the new dynamic
testing procedure, which includes sample preparation, test process, post-test
inspection and evaluation of test results is proposed. In the test procedure, preparation
of main stretcher fixation on the vehicle floor, medical device fixation, storage
compartments (cabinets, drawers) is illustrated with flow charts and examples. For
post-test inspection, the list is prepared in order to determine inspection points that
need to check after the dynamic test. At the end of the procedure, the test results
evaluation table is presented along with the severity grading categorization. By the

proposed dynamic testing procedure, uncertainties have been eliminated.

The EN standard requires dynamic tests under five axes to verify the strength of
mounting and fixation systems of the ambulance patient compartment. Experience of
METU-BILTIR Center Vehicle Safety Unit Test Engineers has shown that the fixture

in the vertical direction is critical.

The rigidity and strength of the test fixture are significant because it must remain
attached to the sled with the test sample during the test. The currently used test fixture
is modeled to perform FEA study for this particular fixture. The simulation of the

vertical test fixture is completed, and the simulation results are discussed and
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compared with the conducted actual test results. It is demonstrated that the FEA results
reflect similar behavior of the currently used test fixture with the actual test results.
Thus, the FEA results are found to be reliable and new designs may developed and
analyzed using similar modeling techniques. From both the FEA results and actual
test observations development necessities are discussed for the currently used test

fixture.

In order to develop new alternative test fixtures, objectives are determined and
constraints are examined. According to design inputs, three alternative test fixtures are
generated and analyzed. According to the comparison of the FEA results, the newly
designed fixtures are better than the currently used test fixture and improvements are
achieved according to the design objectives. However, comparison data between the
three alternatives proves that the third alternative test fixture performs best.

Finally, the clamping method is proposed to ease fastening of the fully-equipped

patient compartment to the sled.
9.2. Future Works
Future work can be suggested for this particular study as follows:

= Proposed alternative test fixtures can be manufactured so the performance of
fixtures can be verified in the actual test condition.

= Proposed fixtures can be studied with light weight material in order to decrease
mass.

= Dynamic tests and simulations can be conducted with different pulses which
are proposed by SAE recommended practices to see differences.

= Dynamic test can be conducted by using dummies with sensors in order to
understand biomechanics of occupant in the ambulance patient compartment

environment.
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APPENDICES

A. CAD MODEL OF THE VEHICLE COMPARTMENT

Figure A.1. Side Panel (Left) of Patient Compartment

Figure A.2. Rear Door of Patient Compartment
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Figure A.3. Side Panel (Right) of Patient Compartment

Figure A.4. Floor Panel of Patient Compartment
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Figure A.5. Partition of Patient Compartment

Figure A.6. Roof of Patient Compartment and Whole Body
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B. TECHNICAL DRAWINGS OF ALTERNATIVE TEST FIXTURES

1. The First Alternative Test Fixture
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2. The Second Alternative Test Fixture
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3. The Third Alternative Test Fixture
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TECHNICAL DRAWING OF FIXTURE ASSEMBLY
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