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ABSTRACT

This Major Qualifying Project used experimental methods, mathematical analysis tools
and solid modeling applications to determine the dynamic characteristics and reliability of a
force plate design as a solution to attenuate disruptive and harmful road-induced vibrations
experienced in the patient-care compartment of an ambulance. Vibration data were collected
experimentally from four different tests, each including a different ambulance traveling over four
distinct road surfaces in three different speed ranges. The data were processed and analyzed for
correlations to safety and patient care. Additionally, the vibrations characterized through
experimentation were used to determine an appropriate mathematical modeling solution to
attenuate the mast harmful vibrations experienced in the ambulance patient compartment.
Finally, the model was applied to discover the ability of a supplemental force plate suspension
design that would support and protect passengers in the back of the ambulance through the use of

both passive mechanical springs and dampers, and an active, controllable attenuation device.
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CHAPTER 1: INTRODUCTION

According to the National Hospital Ambulatory Medical Care Survey, over 18 million
ambulance transports to United States emergency departments alone occurred in 2006. Standard
emergency medical service procedure is to stabilize and transport the patient to the nearest
hospital as quickly as possible, which requires that a variety of diagnostic and treatment
procedures be carried out while the ambulance is in transit. However, the ability of emergency
medical personnel to carry out such procedures is made difficult during patient transport in the
back of an ambulance. With the health of the patient already at risk in an emergency situation,
and the limitations on treatment caused by the environment of the moving ambulance, the need
to examine and improve on existing emergency medical services has become a focus of both

behavioral and administrative studies as well as a motivation for engineering innovation.

Much of the literature available about emergency transport is focused on injuries and
fatalities caused by accidents involving emergency vehicles. The high risk associated with
ambulance transportation has led to enhanced safety policies, such as more rigorous crash test
requirements for the vehicles and more extensive driver training and practice. Despite the
implementation of these policies, there are still additional risks to the health and safety of both
injured or ill patients and emergency medical personnel. These risks are generated from
potentially dangerous shocks and vibrations transmitted through the ambulance as it travels over
uneven road surfaces. Whole-body shocks and vibrations that are felt while in a traveling
vehicle can have possible negative effects on a variety of human physiological systems and may

affect human sensory perceptions and motor functions.

Although studies to determine the direct physical effects, if any, which are caused by

whole-body shock and vibration have resulted in unclear and indefinite conclusions, it is



generally understood that such shocks and vibrations do have potential to be dangerous to human
health. In addition, it has been established that diagnostic and treatment activities are limited and
difficult for emergency medical personnel to perform while traveling in an ambulance. The
disturbances caused by vibrations may also interfere with diagnostic equipment and their use,
particularly those which require the use of human sensory interpretation or sensitive electrical
signals. It is apparent that ambulance patient care and comfort would benefit from a reduction in

shocks and vibrations currently transmitted through the ambulance suspension system.

The recurrent vibrations that occur in typical ambulance travel vary over a wide range of
frequencies. These frequencies can be correlated to various road surface profiles and travel
velocities based on studies found in literature and developed mathematical road models. Several
methods for predicting discomfort caused by vehicle shocks and vibrations have been developed
and are used in the automotive industry to aid in the design of vehicle suspensions to reach
optimum passenger comfort. One mathematical model commonly used as a tool in designing
suspension systems, with concern for comfort as the main objective, is the quarter-car model.
This model can be used to accurately measure the ability of an ambulance suspension system to

support the required load and isolate road excitations.

Using the quarter-car method, it has been shown that a standard ambulance chassis
suspension does not sufficiently suppress significant road-induced vibrations that can be harmful
to patients and emergency medical personnel traveling in the ambulance. The vibrations present
in the ambulance during travel can directly affect the health of injured or ill patients and also
hinder the performance of the emergency medical personnel responsible for their care. The

ultimate goal of this project was to develop and model an active force plate design that would



work to suppress the most harmful vibrations transmitted through the current standard ambulance

suspension system.



CHAPTER 2: BACKGROUND

Road Surfaces and Vehicle Vibrations

Techniques for characterizing road surfaces and measuring the vibrations transmitted to

vehicle passengers have been used in multiple studies on the subject of occupational hazards

caused by continual vibration exposure as well as to aid in the evaluation of suspension design

for ride comfort. Many of these studies make use of mathematical models to simulate, test, and

analyze approximate road surface excitations. In their study, Tamboli and Joshi compared the

power spectrum density of imitation road excitations, created by the application of oscillatory

functions, and actual road excitations and were able to conclude that their sinusoidal model was

an accurate approximation of actual measured displacements (Tamboli & Joshi, 1999). Figure 1

below shows a diagram of the power spectrum density comparison.
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Figure 1: Comparison of power spectrum density of actual (1) and formulated (2) road

excitations (Tamboli & Joshi, 1999, p.200)



Other vehicle vibration studies only use actual vibration data collected directly from
measurement in actual traveling vehicles. Exposure severity and limits have historically been
measured by several methods, including the use of shake tables, ride simulator experiments, ride
measurement in vehicles, and subjective ride assessment (Barak, 1991). In their study, Paddan
and Griffin measured vibration data from 100 different vehicles tested over 461 experimental
trials (Paddan & Griffin, 2002). Figure 2 displays the power spectrum curves for the 25 cars that
were evaluated as part of this study. Although the road excitations experienced by each of these
vehicles were diverse, the variability and range of the power spectrum curves is fairly tight.
Although many methods have been employed in the study of vehicle vibrations, the power
spectral density measurement method shows significant consistency across many studies, even

with variable frequencies and amplitudes of road excitations.
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Figure 2: Power spectrum density of vertical vibration measurement on seats of the 25 cars
tested by Paddan and Griffin (2002, p203)



Human Response to Vibration

Two international vibration standards can be applied to vibration studies: the
International Organization for Standardization (1SO) 2631 (International Organization for
Standarization, 1997) and the British Standard Institution 6841 (British Standards Institution,
1987). Both of these standards require vibration magnitude data to be calculated using vibration
dose value, which accounts for the frequency, magnitude and length of the exposure to the
vibration under investigation. However, acceleration information is obtained for three axes and
the resultant axis under the British Standard, while only the most severe axis acceleration is
obtained for the 1SO standard. Both standards express vibration exposure limits in terms of time,

establishing these limits based on comfort levels and decreased proficiency due to fatigue.

In the Paddan and Griffin study that measured vibrations in 100 different vehicles, results
were assessed relative to both 1SO and British standards (Paddan & Griffin, 2002). The range of
vibration amplitudes for all the vehicles tested ran from 0.14 m/sec® to 1.52 m/sec?. Paddan and
Griffin found that the majority of the measurements indicated that the location which measured
the worst frequency-weighted accelerations was the vertical axis of the seat pan. The vibration
evaluations that were calculated in accordance with the ISO standard resulted in lower values
than those calculated with the British standard, which consequently resulted in a lower likelihood
of exceeding the “health guidance caution zone” proposed in the ISO standard versus reaching
the “action zone” of the British standard. The lack of uniformity between the international
standards used to evaluate the potential hazard of vehicular vibrations makes it difficult for
conclusions to be made about the physical characteristics of vibrations or how vibrations can be

harmful.



Although conclusions cannot be drawn about the direct effects of vibrations on human
health, some general observations can be made about how the human body can be affected by
shocks and vibrations. Effects from vibrations are frequency, magnitude, direction, and duration
dependent. Relative discomfort or danger related to a specific magnitude vibration must also be
correlated to the frequency, direction and duration of that vibration. Table 1 below displays the
natural frequencies of the human body as summarized by Paschold (2008, p.54). Human
biological systems are most sensitive to vibrations which resonate that the same frequencies as
their natural frequencies. This means that the effects of vibrations are dependent on factors both

external and internal to the human body.

Table 1: The natural frequencies of the human body and its various parts as summarized by

Paschold

Study authors Natural frequency (Hz) Body, part or organ
Randall, Matthews & Stiles, 1997 12 Whole body, standing
Brauer, 1994 4 -6 Whole body, seated
Brauer, 1994 3-4 Whole body, supine
Wasserman, 1996 4-8 Whole trunk, vertical
Kroemer and Grandjean, 1997 4* Lumbar vertebrae
Brauer, 1994 20-30 Head, relative to body
Kroemer and Grandjean, 1997 5-30*
SafetyLine Institute 20- 30
Mansfield, 2006 20
Kroemer and Grandjean, 1997 20- 70* Eyes
SafetyLine Institute, 2007 20- 90




Kroemer and Grandjean, 1997 5* Shoulder girdle
Kroemer and Grandjean, 1997 3-6* Stomach
SafetyLine Institute 4-5

Kroemer and Grandjean, 1997 4- 6* Heart

Kroemer and Grandjean, 1997 10-18* Bladder

*seated posture

Effect of Vibrations on Ambulance Patients

While there is substantial literature and international standards to back up claims made
about vehicle comfort, there are few studies that link vehicle vibration to health or injury risks. In
the case of ambulance patients, physiological effects of exposure to shocks and vibrations are
generally limited to the short-term, acute effects of ambulance travel, which are difficult to
define because of the patients’ compromised health conditions which are pre-existing. While
there have been an array of experimental studies that have attempted to characterize the effects
of ambulance vibrations on patients being transported, the human physiological responses to

vehicular vibrations are not well enough understood to draw concrete conclusions.

In their study involving the monitoring of patients being transported in ambulances,
Waddell, Scott, Lees and Ledingham discovered that the direct physiological stimuli from riding
in the ambulance, including the vibrations felt and noise from sirens, as well as the limited ability
of emergency medical service personnel to perform diagnostic and care procedures while in the
moving vehicle caused a variety of cardiovascular and respiratory effects in patients (Waddell,
Scott, Lees, & Ledingham, 1975). In another study, 7 percent of patients diagnosed with either

myocardial infarctions or unstable angina prior to transport experienced arrhythmias, chest pain,



hypotension, and cardiac arrest during ambulance transport (Schneider, Borok, Heller, Paris, &
Stewart, 1988). In a similar study by Griffin, vertical vibrations in the 1-20 Hz range were
shown to cause increases in heart rate and blood pressure measurements, which could be

potentially dangerous to individuals with existing cardiovascular conditions (Griffin, 1990).

While drawing conclusions from these experimental studies is difficult, it is apparent that
there are some significant effects on critically ill patients caused by the stress and physiological
stimuli during ambulance transport. The studies have also shown that the vertical vibrations
experienced in the ambulance patient compartments often exceed the limits in place for healthy
adults, which could likely have adverse effects on pediatric and ill patients travelling in
ambulances. More studies should be done to further understand the possible direct physiological

effects of whole-body vibrations on patients.

Effect of Vibrations on Emergency Medical Service Personnel and Patient Care

Vibrations can have several effects on the ability of emergency medical service personnel
to care for patients in the back of a moving ambulance, ranging from physical limitations to
equipment malfunction. Important medical procedures that require high perception, motor and
control skills are often completed before transport because of the impact that shocks and
vibrations can have on these functional skills. In addition to the physical difficulties in
performing medical procedures in a moving ambulance, some medical equipment used to aid in
the diagnosis or treatment of patients can also malfunction as a result of the vibrations felt in the

patient compartment of the ambulance.

Visual perception is one of the most effected of the senses when exposed to shocks and

vibrations. Movement of the observer, of what is being observed, or a combination of both can
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cause blurred vision. Vibrations below 2 Hz do not typically effect visual perception because of
the ability of the eye to move and follow moving objects. However, vision becomes
compromised as vibration frequencies reach around 10 Hz because the human vision system can
no longer accurately adjust for the displacement of the image on the retina. Vibrations with
frequencies about 20 Hz also begin to effect resonances within the human eye muscles and can

cause even more distortion of visual perception (Griffin, 1990).

According to Griffin, there are three causes of vibration-affected manual skills: (1)
vibration-correlated error, (2) input-correlated error and, (3) remnant. Vibration-correlated error
is caused by vibrations that are transmitted through the body to the arm and hand. Vibrations
reach a maximum affect around 4-5 Hz when transmitted through the human body (Griffin,
1990). Figure 3 shows the vibration transmission to an outstretched hand when in a seated
position. The random vertical vibrations produced large displacements of the hand in the x and z
axes in the range of 2-6 Hz frequencies. The largest displacements occurred between 4-8 Hz in
the y axis. The graphs show curves for hands outstretched to different distances and also holding

weight.
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Figure 3: Transmissibility to the hand of vertical vibrations applied to a seated subject as
measured by Griffin

In input-correlated error described by Griffin relates to the error due to limitations of the
human visual and motor system. These errors are present even in the absence of shocks and
vibrations, but can become more apparent when skills are affected by vibrations. Also, the
remnant error is an inherent error that accounts for human and biological control systems acting
in a non-linear fashion when completing a complex visual-motor function. An example of
remnant error is the tendency for a person to slow down the execution of a task to improve the

accuracy of completing that task (Griffin, 1990).

The total positioning error is the sum of all of the types of errors described above. This
total error can be expressed as a root mean square tracking error, in dimensions of length. The

total error in visual-motor tasks reaches a peak value at 4-8 Hz frequencies, which is the range
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that causes the highest values of vibration-correlated error. Vibration-correlated error and total
error both increase with increasing acceleration magnitudes. This is shown in Figure 4 which
depicts a handwriting legibility test during which participants were asked to write on a hand-held

clipboard while subject to whole-body vibrations at increasing amplitudes and frequencies

(Griffin, 1990).
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Figure 4: Handwriting samples of individuals subjected to whole-body vibrations as presented
by Griffin (1990)
Figure 5 also depicts a study that demonstrates the frequency range of vibration-
correlated errors. In this study a tracking task was performed by seated individuals subjected to

sinusoidal vertical vibrations at 3.15 and 5.0 Hz (Griffin, 1990).
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Figure 5: Total and breakout error in visual motor tasks as a function of vibration amplitude as
reported by Griffin (1990)

The physical effects of shocks and vibrations on the perception, motor and control skills
of emergency medical personnel performing in the back of an ambulance cause much of the
important and sensitive medical procedures to be performed before transport begins, to avoid

unintentional errors or unnecessary stress.

The limitations of emergency medical personnel are not only limited by the physiological
effects of shocks and vibrations, but also are inhibited by the malfunctioning of sensitive medical
equipment when subject to vibrations in the back of an ambulance. When speaking with
emergency medical personnel at UMass Medical Center in Worcester, MA, equipment
malfunction was a major factor in degradation of patient care in an ambulance. Personnel
discussed the limitations associated with using any medical instrument that required auditory
perception, such as using a stethoscope to hear heart and chest sounds or to make blood pressure

measurements. Portable electrocardiogram machines used as a major diagnostic tool by
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emergency medical personnel was also said to be unreliable when used in the moving vehicle,

historically giving false readings.

Electrocardiogram machines are used to take a “snapshot” of how the human heart is
functioning, and are often considered the most powerful and important piece of diagnostic
equipment on the ambulance. An electrocardiogram has twelve electrodes, or leads, are attached
to the body across the chest, abdomen, legs and arms to detect and measure electrical signals
coming from the heart (Healthwise, Inc., 2008). The signals are then translated into outputs,
usually digital or printed graphs. Malfunction of this equipment is affected by vibrations in
several ways, but most apparent in the sensitivity of the electrodes and connecting wires. When
the wires and electrodes are exposed to shocks and vibrations, it correlates to incorrect heart
measurements because the machine cannot distinguish the external “noise” factors present. False

outputs of this machine can have drastic effects on patient diagnosis and treatment.

Blood pressure, a basic triage measurement taken for all patients, can be measured both
manually and automatically. However, both methods of measurement are affected by exposure to
vibrations in a moving ambulance. Manual blood pressure measurement makes use of a inflator
cuff which cuts off circulation in the arm until no blood is flowing through to the lower arm. A
stethoscope is used to hear when the first beat is heard as the cuff deflates (Pickering, et al.,
2005). Auditory perception is a necessary element in taking a manual blood pressure
measurement, which can be made very difficult because of the noise associated with the moving
ambulance, as well as outside of the ambulance. Automatic blood pressure measurement devices
also use an inflation cuff to cut off blood circulation to the lower arm. As the cuff deflates, the
machine records when it detects the pressure to no longer be steady, but pulsating. This pulsating

pressure indicates the systolic blood pressure number, and a return to steady pressure indicates
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the diastolic pressure measurement. This device can easily malfunction if vibrations caused by
transport affect the pressure measures in the cuff as the arm is jostled (Kinast, 2005). Personnel
at UMASS indicated that the use of automatic blood pressure monitors have had limited success

being used in ambulances because of their sensitivity to shocks and vibrations.

Summary

Many experimental studies have shown the relationship whole-body vibrations and
degraded perception and motor skills. In addition, it is accepted that whole-body vibrations have
negative health effects on the human body at certain magnitude and frequencies, and can cause
high levels of discomfort in individuals with extended exposure. A reduction in the vibrations
that are transmitted to the patient compartment of an ambulance would allow for emergency
medical service personnel to perform more effectively and lead to better diagnosis and treatment
of patients during transport, subsequently reducing the time it takes for a patient to reach the
hospital. Reductions in vibrations would also ensure better patient comfort and reduce the health

risks that may be associated with exposure to vibrations while being transported.
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CHAPTER 3: METHODOLOGY

The goal of this project was to develop and model an active force plate design that would
work to suppress the most harmful vibrations transmitted through the current standard ambulance
suspension system. The project will be completed in three steps: (1) experimentally characterize
vibrations experienced during a typical ambulance ride, (2) process and analyze the vibration
data collected to correlate the human physiological effects, and (3) analytically determine a
model force plate design that would successfully attenuate harmful vibrations experienced in the

ambulance.

Ambulance Vibration Characterization

In order to characterize the vibrations experienced in the back of an ambulance,
experimental testing was done on four different ambulances in the New England area. Each of
the ambulances was driven over four different types of road surfaces within three different speed

ranges.

Vehicle selection

The four ambulances tested for this project included both Type | and Type Il model
configurations. The ambulances were built on four different chassis, including a Chevrolet C-
4500, a Ford E-450, an F-450, and an F-550. Three of the ambulances featured classic leaf spring
and shock absorber suspension systems and one featured an air ride suspension system. All four
of the ambulances were manufactured in different years, including two newer ambulances and
two older ones. All of the ambulances were also built to KKK-A-1822 star-of-life standards.

Characterization of the four ambulances is outlined in Table 2 below.



Table 2: Test Vehicle Characteristics
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Date of EMS Body | Mfg. Yr. | Suspension | Type | Class | GVW Tires
test mfg. Chassis (Ibs)
UMASS 2005 IS;:P g arrior|1 16000 2R2159/ZSO
1 | 12/2009 | Memorial Horton | Ford &shopck 9 | 1 '
EMS F450
absorber
2001 Standard 225/75
2 | 12/2009 Putnam, CT Lifeline | Ford leaf spring i 1 14050 R16
EMS & shock
E450
absorber
UMASS 2008 IS(::P (s]I arrior|1 16500 2R21%/ZSO
3 |12/2009 | Memorial | Braun | Chevy &Shopck 9 1 1 '
EMS C4400
absorber
Woodstock, 2009 225/70
4 | 1212000 |CT Lifeline | Ford | Airride |1l |5 17950 | R19.5
EMS F550

Photographs of each of the vehicles tested as well as detailed specifications for each can

be found in Appendix A of this report.

Road surface selection

The four common road surfaces found in the New England area were characterized as

highway, secondary road, city street, and unpaved road. The four different road surfaces were

used in this experiment to ensure comprehensive results that included a broad range of

vibrations. Photographs of each of the four road surfaces are shown in Figure 6 below.
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Figure 6: Photographs of local road surfaces including: (a) unpaved roads, (b) city streets, (c)
secondary roads, and (d) highways

In addition to the typical road surfaces, random shocks due to road surface irregularities
were also included when testing the ambulances on each type of road surface described above.
These irregularities included potholes, speed bumps, and severely worn or crowned road

surfaces.

Speed range selection

The three different speed ranges used during experimentation in the ambulances were
speeds less than or equal to 35 miles per hour, speeds anywhere between 36 and 64 miles per
hour, and speeds greater than or equal to 65 miles per hour. Not all vehicle speeds were tested
over each of the road surfaces because drivers were limited by posted speed limits as well as
road surface conditions. Table 3 outlines the road surface and speed range combinations that

were tested to obtain the most comprehensive results.
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Table 3: Road surface and speed range combinations for testing

Road Speed
Surface > 65 mph 36-64 mph <35 mph
Highway 4 v v
Paved secondary road v v
Paved city street v v
Unpaved road v

Experimental Set-Up

Steps were taken to ensure that the experimental set-up was the same in each of the four
ambulances tested. Each test included appropriate loading to mimic the loading of a real
ambulance service run by the use of a Laerdal Nursing Anne full-body, articulated training
manikin strapped to the standard transport stretcher of the ambulance being tested. Loading of
the emergency medical technicians in the ambulance were mimicked by individuals conducting
the experiments riding the back of the ambulance with the stretcher and manikin. The

experimental set-up with and without the loaded stretcher are depicted in Figure 7 below.

Figure 7: Experimental set-up before and after loading the manikin on the stretcher
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The accelerometer used to take measurements for the experiment was attached to the
floor of the ambulance using 2 inch wide, 0.012 inch thick, Shurtape DF 550 double-stick carpet
tape, and was located approximately 50 inches (+/- 5 inches depending on the ambulance
configuration) from the back of the ambulance compartment and 35 inches (+/- 5 inches) from
the side of the ambulance compartment. This position was chosen because of its rough
orientation with the location of where the patient’s chest would be located. Orientation of the

axes of the accelerometer was set-up as shown in Figure 8 below.

Figure 8: Axes orientation in ambulance compartment

The accelerometer axes location with respect to the vehicle where such that the x-axis
extended side-to-side of the ambulance, the y-axis extended from front to back of the ambulance,

and the z-axis extended from the floor to the ceiling of the ambulance.

Acceleration recorder
The accelerometer used during these experiments was an Instrumented Sensor

Technology EDR-3C-10 Shock & Vibration Sensor/Recorder. This recording device is equipped
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with a built-in tri-axial accelerometer for simultaneous measurement of accelerations in all three
axes. The device also features three piezo resistive elements which provide the low frequency
response (true DC) which was required to collect vibration data at the frequencies of interest
during this experiment. Detailed specifications for the device can be found in Appendix B of

this report. The sensor is shown in Figure 9 below.

Figure 9: Photograph of IST EDR-3C-10 Sensor

Each road type and vehicle speed range combination was sampled multiple times for each
ambulance in discrete ten second intervals called events. In addition to providing acceleration
data, the device also captured and recorded the date and time for each of the measured events.
Approximately 70, 10-second events were recorded for each vehicle. All events were sampled
498.8 times per second (498.8 Hz) for acceleration values. Additionally, a remote trigger switch
was used to manually initiate recording of the acceleration data for each event. The start time of
each event was logged on data sheets which could later be inspected to match the acceleration
data to the road type and vehicle speed range being tested.

Other instruments used with the accelerometer included a Toshiba Satellite L-305 laptop
computer running EDR3CCOM and IST Dynamax software to set-up and calibrate the

accelerometer and a wired remote toggle switch which allowed for data to be recorded only
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when traveling over the road surfaces being tested. The computer was connected to the
accelerometer via a serial cable at the start of each experimental run in order to download set-up
parameters and engage the unit. The device was set to auto-calibrate before the recording of each
event. Data stored in the memory of the recorder was downloaded to a computer after each

ambulance was tested for long-term storage and analysis.

Data Processing and Analysis

The vibration data collected from the accelerometer after testing included time domain
accelerations from all three axes as well as the root mean square acceleration. Using the
Dynamax proprietary software provided by IST, peak acceleration values from all three axes and
the RMS accelerations were also obtained. In order to characterize the vibrations experienced in
the ambulances in relation to their impacts on passengers according to the ISO measurement
standards, two additional data sets were generated using Microsoft Excel. This data included
mean RMS acceleration values for each measured axis and mean peak accelerations in each axis.
Mean RMS values specified the overall vibration levels experienced when traveling over certain
roads within certain speed ranges, while the mean peak values showed the magnitudes of the

vibrations likely caused by the road irregularities, such as potholes.

Force Plate Model Development and Analysis

For the last portion of this project, a model force plate design was developed and
analyzed. Using the vibration data collected experimentally, forcing functions were derived and
used as inputs to the model to discover the feasibility and reliability of the force plate design as a

solution to attenuating the harmful vibrations experienced in the ambulance.



CHAPTER 4: RESULTS AND DISCUSSION

Event Description

For this experiment each ambulance was tested on certain road surfaces within certain

speed ranges in 10 second intervals called events. The event numbers for each vehicle

categorized by road surface and vehicle speed range are given in Table 4 below.

Table 4: Test and Event Numbers

Event #’s
Amb | Total Highway Secondary City Un-
# # road street paved
events road
<35 36-64 >65 <35 36-64 <35 36-64 <35
mph mph mph mph mph mph mph mph
1 64 1-3 4-6; 7-14 | 21-23; | 24-26; | 41-64 | 38-40 | 33-37
15-20 27-29 | 30-32
2 63 1-3 4-6; 7-9; | 25-27; | 31-33; | 19-24; | 28-30 | 34-43
10-15 | 16-18 | 50-52 | 58-60; | 44-49;
61-63
g 71 1-3 4-6 7-15 | 16-18; | 19-21 | 34-58 | 31-33 | 25-30
22-24
4 93 16-18 | 19-24; | 25-30 | 4-6; 1-3; 7-9; | 37-39; | 71-76
31-35 10-12 | 13-15; | 34-36; | 59-67
41; 49-58;
43-45 | 68-70;
77-82;
91-93

Each event represents a 10 second recording interval.

Vibration Amplitude Data

The data collected as part of the experiment for this project provide characterizations

such as magnitude and frequency spectra necessary to evaluate the effects of the vibrations

experienced in the patient compartment of an ambulance according to ISO standardized

measures. Acceleration data was collected for the X, y, z, and resultant axes, with both peak axis

data and total vibration values reported. However, for the purposes of this project, vibrations
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experienced in the z-axis, or vertical axis, were the focus of the analysis. The raw vibration
amplitude data collected from the experiment are presented in Appendix C of this report. The
data includes z-axis, worst axis and resultant, tri-axial accelerations for overall vibrations (mean

RMS), and shock accelerations (maximum peak and mean peak).

Characterization of ambulance vibration amplitude data by vehicle

The data collected from each ambulance test was analyzed to evaluate the differences
between the vibrations experienced from vehicle to vehicle. Table 5 below lists the overall
magnitude of the z-axis vibrations as well as the magnitudes of the average peak vibrations for
each separate ambulance in terms of the mean rms acceleration values and the mean peak
acceleration values. The results are also shown graphically in Figure 10.

Table 5: Vibration magnitudes separated by vehicle

Overall magnitude of Magnitude of bumps and shocks
vibrations z-axis
z-axis
Mean RMS Mean peak
(m sec-2) (m sec-2)

For ambulance #1, all speeds, all road surfaces
Min | Max S n X Min | Max S n
115|060 | 241 | 55 | 64 | 6.08 | 3.44 | 1356 | 3.2 | 64
For ambulance 2, all speeds, all road surfaces
Min | Max S n X Min | Max S n
0.83 | 062 | 1.05 | 0.16 | 63 | 3.88 | 2.88 | 5.36 | 0.96 | 63
For ambulance #3, all speeds, all road surfaces
Min | Max S n X Min | Max S n
134 | 0.71 | 255 | 056 | 71 | 7.03 | 3.90 | 1545 | 3.64 | 71
For ambulance #4, all speeds, all road surfaces
Min | Max | s n X Min | Max S n
0.64 | 046 | 0.96 | 0.16 | 93 | 3.20 | 1.87 | 440 | 0.86 | 93

>
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Figure 10: Graph of z-axis mean rms acceleration and mean peak acceleration for each
ambulance at all speeds and road surfaces

Figure 10 shows that ambulances 1 and 3 (the two ambulance tests run in Worcester,
MA) experienced higher average and peak accelerations than ambulances 2 and 4 (the two
ambulance tests that were run in Connecticut). Looking further at the data, which is presented in
Appendix C of this report, there do not appear to be significant differences between measured
vibrations taken on the same road surfaces within the same speed ranges in different ambulances.
This means that the differences between the ambulances that appear in the graph in Figure 10 are
likely caused by another factor, such as driver handling or road conditions and could be deemed

insignificant for the purposes of this project.

Characterization of ambulance vibration amplitude data by road surface

The data collected for each ambulance was then analyzed to evaluate the differences
between the vibrations experienced over the four different road surfaces. Table 6 lists the
magnitudes of the overall average z-axis vibrations and of the average peak z-axis vibrations
experienced separated by the four different types of road surfaces tested. The results are also

shown graphically in Figure 11.



Table 6: Vibration magnitudes separated by road surface

Overall magnitude of vibrations Magnitude of bumps and shocks

z-axis z-axis
Mean RMS Mean peak
(m sec-2) (m sec-2)

For all speeds, all ambulances, highway travel
Min | Max S n X Min | Max S n
089 | 059 | 1.63 | 031 | 73 | 428 | 3.07 | 7.25 | 1.20 | 73
For all speeds, all ambulances, secondary road travel
Min | Max S n X Min | Max S n
093 | 050 | 1.34 | 0.28 | 49 | 465 | 250 | 6.42 | 1.40 | 49
or all speeds, all ambulances, city street travel
Min | Max S n X Min | Max S n
090 | 0.60 | 1.29 | 0.26 | 110 | 490 | 292 | 8.03 | 1.71 | 110
For all speeds, all ambulances, unpaved road travel
Min | Max S n X Min | Max S n

154 | 046 | 255 | 1.09 | 27 | 8.44 | 1.87 | 1545 | 7.06 | 27
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Figure 11: Graph of z-axis mean rms acceleration and mean peak acceleration for each road
surface for all ambulances at all speeds
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The results shown in Figure 11 correspond to what was expected to happen between the
different road surfaces which were tested. The highway has relatively lower vibration
magnitudes in both overall and peak values than all the other road surfaces, while unpaved roads

showed the highest magnitude values.

Characterization of ambulance vibration amplitude data by vehicle speed

The data collected for each ambulance was also analyzed to evaluate the differences
between the vibrations experienced when traveling within the three different speed ranges. Table
7 lists the magnitudes of the overall average z-axis vibrations and of the average peak z-axis
vibrations experienced separated by the three different speed ranges tested. The results are also

shown graphically in Figure 12.

Table 7: Vibration magnitudes separated by vehicle speed ranges

Overall magnitude of vibrations Magnitude of bumps and shocks

z-axis z-axis
Mean RMS Mean peak
(m sec-2) (m sec-2)
For all road types, all ambulances, speed < 35 mph
X | Min | Max S n X Min | Max S n

094 | 046 | 255 | 0.62 | 151 | 5.18 | 1.87 | 15.45 | 3.78 | 151

For all road types, all ambulances, speed 36 — 64 mph
Min | Max S n X Min | Max S n
099 | 060 | 1.34 | 0.26 | 57 | 492 | 262 | 8.03 | 1.68 | 57
For all road types, all ambulances, speed > 65 mph
Min | Max S n X Min | Max S n

118 | 096 | 1.63 | 031 | 29 | 490 | 350 | 7.25 | 1.63 | 29

i

i




28

Bl z-axis mean rms
I z-axis mean peak

(o2}
1

(&)
1

N w »
1 " 1 " 1 "

Z-Axis Mean RMS Acceleration (m/sec?)
1

o
! "

<= 35 MPH 36 - 64 MPH >= 65 MPH

Vehicle Speed (mph)

Figure 12: Graph of z-axis mean rms acceleration and mean peak acceleration for each vehicle
speed range for all ambulances on all road surfaces

The results depicted in Figure 12 show that there is little significant difference between
traveling over a variety of road surfaces at the three different speed ranges tested. The reason for
the closeness in vibration magnitudes could be due to the fact that the most significant vibrations
were experienced while traveling over unpaved roads and city streets, where road conditions and
posted speed limits did not often allow for testing to be done above the 35 mile per hour range.
This effectively skewed the data in such a way that the lower speed range showed relatively high
vibration magnitude values.

Figures 13(a-b) show the results of the mean rms and mean peak z-axis vibration
magnitude values for the different speed ranges when only considering travel over highway type
road surfaces, which allows for further analysis of speed ranges as the changing variable of the
experiment. In Figure 13(a) it seems that the increase in speed correlates to an increase in

vibration magnitude, however Figure 13(b) does not show the same correlation as clearly.
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Figure 13: Graphs of (a) z-axis mean rms vibration magnitudes and (b) mean peak vibration
magnitudes by three different speed ranges with all ambulances on highways

Characterization of ambulance vibration data summary and comparison

For the purpose of comparing the data collected from this experiment to the data found in
other studies, the data was processed to find the minimum, maximum, and mean values for both
the z-axis and the resultant axis in terms of the overall vibrations experienced and the shock
vibrations experienced. The overall z-axis magnitudes from all of the ambulance tests had a
range from 0.46 to 2.55 m/sec® with a mean value of .99 m/sec?, while the overall resultant-axis
magnitudes had a range from .66 to 2.94 m/sec® with a mean value of 1.33 m/sec?. The shock
vibrations experienced in the z-axis, which were likely caused by some irregularity in the road
surface such as a pothole, ranged from 4.16 to 15.45 m/sec? with a mean value of 5.00 m/sec?,
while the resultant-axis shock vibration magnitudes ranged from 2.88 to 16.08 m/sec? with an

average of 5.64 m/sec?. These values are represented graphically in Figures 14 and 15.
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Figure 14: Graph of overall magnitude of z-axis and resultant-axis mean rms accelerations
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Using these average values for both the overall vibrations and the average peak
accelerations experienced in the ambulance, the data collected as part of this project was
compared to data found in literature. Table 8 lists several ambulance vibration studies and shows
that although there is variability in values from different studies, data collected as part of this

project are within appropriate range of accelerations found in those studies.

Table 8: Comparison of vibration magnitude data

Max Mean Road profile Measurement
Study Peak R.M.S. description configuration
Authors accel. accel.
(ms?) (ms?)
I;ighvx(/jay, Triaxial vector sum
econdary Resultant Axis
Cotnoir & 16.08 1.78 Roads, City ( )
Klegraefe, Streets & _ ]
2010 Unpaved Vertical axis on compartment
1545 | 1.04 roads floor
Triaxial vector sum
Sherwood, 15 . City & measurement on mannequin
et. al., 1994 highway forehead, vehicle floor and
base of isolette
o . Vertical axis in isolette, on
Bellieni, et. 11.8 1.3 C.Ity & passenger seats, & on driver’s
al., 2004 highway
seat
Shenai, et. 50- 29_60 Highway @ Vertical axis on supine infant
al., 1981 13.0 ' ' 48 mph head, abdomen, thigh
. . Bumpy road, | Triaxial vector sum
St"t;?rgllgg’l 31-8107-19 city road and | measurement on standard
o highway backboard at head position
Mcnab, et. B_umpy road, | Triaxial vector sum _
0-17 |0.0-0.7 city road and | measurement from acoustical
al., 1995 .
highway measurements
Pichard, et. | 0.16 - B City & Z-axis, head-to-toe of
al., 1970 0.85 highway recumbent patient
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Data Analysis
Once the ambulance vibration data was characterized and found to be comparable to
studies already completed, the data could then be correlated to the human physiological impacts

associated with the amplitudes and frequencies experienced in the ambulance.

The Dynamax software that came with the Instrumented Sensor Technology
accelerometer which was used for experimentation was capable of outputting the data collected
as a time domain function and also had the capability of creating a power spectrum density
(PSD) plot from the data. The PSD graphs showed the distribution of energy in the form of
power over the frequency domain, which showed at which frequencies the energy in the
vibrations peaked. Although the accelerometer device used in the experiment recorded data for
all three axes, for the purpose of this project only the z-axis data was needed. Below is an
example of the z-axis acceleration time domain function as well as a z-axis PSD plot. These
graphs are representative of the data collected from ambulance 3 driven over a highway road
surface at speeds greater than 65 miles per hour. Time domain graphs and PSD plots for more of

the experimental tests are given in Appendix D of this report.
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Figure 16: Z-axis acceleration time history for ambulance 3 on a highway at +65 mph
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Figure 17: Z-axis power spectral density plot for ambulance 3 on highway +65mph

Though only one test run is represented in the graphs above, many of the time history
graphs and PSD plots for other test runs in this experiment showed very similar results. All of the
PSD plots showed that the concentration of energy experienced in the ambulances was below the
10 Hz level, with most of the highest peaks in the plots occurring between the 0.12 Hz and 5.50

Hz markers.
Human Physiological Response to Ambulance Vibrations

Effects on patient safety and comfort

The vibration data collected for this experiment had an average magnitude between 0.46
and 2.55 m/sec? at frequencies between 0.1 and 6 Hz. These types of vibration magnitudes and
frequencies coincide with the natural frequencies of many of the human body systems, as
indicated in Table 1, and can impact these systems negatively, particularly in patients who may
already be in compromised situations. Some of the systems that can be affected by vibrations
experienced in an ambulance have been superimposed on a PSD plot of ambulance 3 traveling
on the highway at speeds greater than or equal to 65 miles per hour in Figure 18. The lines with
each body system indicate the frequencies at which the particular system naturally resonates,

which is where that system is most susceptible to interference from vibrations.
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Figure 18: Physiological effects of superimposed on PSD graph of z-axis PSD from ambulance 3
on a highway at +65 mph

Although the comfort of humans exposed to the type of whole-body vibrations that are
experienced in an ambulance is hard to quantify, there are general observations that have been
made about the tolerance levels of humans exposed to these vibrations. Wong does provide an
estimated set of guidelines for human responses to whole-body vibrations such as the ones
experienced in a traveling vehicle (2008). These guidelines are represented in the graph shown in
Figure 19 with the average z-axis vibration data values from this experiment superimposed
within. Though the graph only shows the mean value of the vibration magnitudes reaching the
“fairly uncomfortable” level presented by Wong, it is understood that the guidelines are
conservative estimates that are intended to be measured using multiple axis root mean square
values. In this case, the z-axis values from this experiment are lower than what would be found

using all three axes to find an average.
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Figure 19: Effects of vehicle ride on comfort superimposed on a graph of the mean RMS z-axis
accelerations

There are also guidelines set forth by the Society of Automotive Engineers (SAEJ670g,
1978) and the International Standard (ISO 2631-1978(E)), which provide the least conservative
and most conservative values of human tolerance levels. These two standards are represented in
Figure 20 with the yellow block representing the mean z-axis vibration magnitudes and the red
block representing the mean z-axis peak vibration magnitudes. The graph shows that much of the
z-axis mean peak values exceed both standards’ tolerance limits, and that several of the average

z-axis values exceed the SAE tolerance limit.
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Figure 20: Human tolerance limits for vertical vibration with the mean and peak z-axis
accelerations superimposed. (Human tolerance values adapted from Gillespie, 1992, p. 183)

Effects on personnel performance and patient care abilities

Because so many of the tasks performed by emergency medical personnel require the use
of eye-hand coordination and fine motor skills, impedance and errors caused by the presence of
whole-body vibrations can affect how the personnel interact and care for patients traveling in an
ambulance. The graph in Figure 21 depicts the average tracking errors of individuals exposed to
whole-body vibrations at 3.5 and 5.0 Hz frequencies. The yellow block superimposed onto the
graph indicates the data collected as part of this experiment, with the dotted line representing the

RMS average value.
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Figure 21: Average tracking error associated with whole body vibration with the mean rms z-
axis accelerations superimposed. (Tracking error values adapted from Griffin, 1990, p. 153)

The intersections between the measured RMS values from this experiment and the study
conducted by Lewis and Griffin show that at 3.5 Hz there was a total tracking error of
approximately 10.5 millimeters and at 5.0 Hz there was a tracking error of approximately 12.5
millimeters. These tracking error values would have significant ramifications on the performance
of important tasks that may need to occur in the back of an ambulance, such as inserting an
intravenous line to administer medicine, or the insertion of nasal cannulas to aid patient

breathing.

Another study completed by Moseley and Griffin (1986) tested the average reading errors
of people subjected to various whole-body vibrations. Participants were asked to read characters
that were 1.1 millimeter high from a distance of 750 millimeters while both themselves and the

display were exposed to vibrations from 1.0 to 2.5 m/sec? over a range of frequencies from about
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0.4 Hz to 4 Hz. Again, the yellow block is representative of the z-axis mean vibration magnitude
values measured in this experiment and show that reading errors associated with such vibrations
range from 30 up to 80 percent. Such reading errors occurring during patient transport could

impact the abilities of medical personnel to read medicine labels or medical equipment read-outs

and displays.
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Figure 22: Vibration spectrum of z-axis excitation and associated reading errors with rms z-axis
accelerations superimposed

In addition to affecting the reading abilities of medical personnel, whole-body vibrations
were also shown to have impacts on writing ability in a study also conducted by Griffin (1990).
Figure 23 shows some of the results from this study, with a clear degradation of legibility as
acceleration magnitudes increased at the same frequency range of 4.5 Hz, a frequency level at

which the data collected in this experiment shows significant vibration energy.
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Figure 23: Amplitude and frequency of ambulance vibration and examples of associated
handwriting performance (Data adapted from Griffin, 1990, p. 139)

Force Plate Model Development

The final leg of this project required the use of the vibration data collected from
experimentation as an input into a designed force plate system to test its functionality and
reliability as a source of vibration attenuation in an ambulance. The forcing functions found from

the data gathered during experimentation allowed for analytical validation of the force plate

model design.
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The force plate design needed to incorporate measures that would aim to attenuate the
most harmful vibrations experienced in the ambulance patient compartment. The previous
sections of this report explain that the vibrations that fall into the category of being harmful to
human physiology and discomfort are typically in found to have frequencies in the range of 1 to
10 Hz. Therefore, for the purpose of this project, the force plate model was designed to work to
attenuate the low frequency vibrations rather than the high frequency noise vibrations shown in

the data.

An analytical vehicle ride model has been developed for the ambulance and is depicted in
Figure 24. This is a seven degree-of-freedom model that takes into consideration both sprung and

unsprung masses in the vehicle and a number of other variable parameters.

Figure 24: 7-degree-of-freedom model

This generalized ambulance model can be further simplified by reducing it to a quarter-
car model and focusing in on only the vertical accelerations that are pertinent to this project.

Several authors have made note that using this quarter-car model is sufficient in initial
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suspension design analysis and takes into consideration all the necessary components to evaluate

passenger comfort (Gobbi and Mastinu, 2001; Wong, 2008; Gillespie, 1992).

M, = Spruvg mass

k, = spring stiffiess

.F’P‘!u = WNSpraTE mass

\ ¢, = shock ubsarber dumping

¢, = tire damping

k, =tire stiffness ——_ .

Figure 25: Quarter-car ambulance model

Treating the quarter-car model as a two-degree-of-freedom model assumes that the tires
are mass-less springs, but still takes into consideration the sprung and unsprung masses of the
vehicle. This type of analysis is considered adequate for evaluating systems exposed to vibration
frequencies up to 50 Hz (Genta, 1997, p. 392). However, for this project, a single-degree-of-

freedom model was chosen because the following assumptions could be made:

1. The vehicle vibrations of interest are only in the vertical direction.

2. The stiffness and damping effects of the tire could be neglected.

3. The tire has good traction and never leaves the road surface (tire hop is not an issue).
4. The frequencies of interest to analyze are low, typically below 10 Hz, and in the

neighborhood of the natural frequency of the sprung mass.
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The single-degree-of-freedom model, unlike the two degree-of-freedom model, considers
the tires to be rigid bodies and does not take into consideration the unsprung mass of the vehicle.

The single degree-of-freedom model is shown in Figure 26 with all of its parameter listed below.

-

Figure 26: Single degree-of-freedom quarter-car ambulance model

For the single degree-of-freedom quarter car model:
ms = sprung mass
ks = suspension stiffness (leaf springs)
Cs = shock absorber damping
z, = vertical displacement of tire at ground contact point
z, = vertical velocity of sprung mass, starting at equilibrium position

F(t) = excitation force function acting on wheel due to profile of road surface

Model parameter values for the vehicles tested as part of this project are given in Table 9.
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Table 9: Ambulance quarter-car model parameters

Parameter SI Units
Ms— Sprung mass 2137 kg
m,— unsprung mass 50 kg
ks = suspension stiffness 110 KN/m
k; = tire stiffness 200 KN/m
c¢= tire damping 353 N:s/m
Cs = shock absorber damping 1500 N- s/m

Using Newton’s Second Law to derive an equation of motion for the sprung mass of the
ambulance leads is standard practice among vehicle vibration researchers (Gobbi & Mastinu,
2001; Sun, Zhang, & Barak, 2002; Wong, 1993; Gillespie, 1992) and yields the following

equations and figures.
F =ma (1)

The free body diagram of the SDOF model is shown in Figure 27.

F = ma
T mz,
m, — m,
k(@zz) ¢z,2)

Figure 27: Free body diagram of single degree-of-freedom quarter-car model
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The equation of motion for the system follows as:

meZs+ c5(2, +21) + k(2 —21) =0 ( 2)

We can define the terms z, z, Z, such that they represent the relative displacements,
velocities and accelerations, respectively, between the sprung vehicle mass and the tire at the

road surface, leading to:

Z:ZZ_Zl (3)
=17, — 2, (4)
z2=12,- 74 (5)

Substituting equations 5.3 — 5.6 into equation 5.2, and rearranging, yields the equation of
motion in terms of the forcing function input determined experimentally for this project:
mZ + ¢,z + kyz =—mi, (7)
Therefore, the forcing function may then be defined as:
F(t) = —mi, (8)
Since the ambulance sprung mass, suspension stiffness and shock absorber damping
constants were known for the vehicles tested, measured values of acceleration, along with
calculated velocities and displacements of the sprung mass were substituted into equation 5.7 to
calculate the forcing functions for a representative sample of ambulance, road surface, and speed
range experimental variables tested as part of this project. The collections of forcing functions

developed are listed in Table 10 according to the variables they represent.
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Table 10: Forcing function developed for model analysis

Ambualnce Road Surface Speed
1 Highway <= 35 MPH
1 Highway 36 - 64 MPH
1 Highway >= 65 MPH
1 Secondary Road <= 35 MPH
1 City Street <= 35 MPH
1 Unpaved Road <= 35 MPH

The figures that follow all emerge from the same data set, the test from ambulance 1
traveling over a highway road surface in the speed range from 36 to 64 miles per hour. From the
acceleration data gathered from the recording device used during the experiment, the velocity
and displacement of the sprung mass of the ambulance was calculated in the time domain. All

three time domain functions are shown in Figure 28 below.

Time vs. Displacement Time vs. Velocity Time vs. Acceleration
02 06 12
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Figure 28: The z-axis (a) displacement, (b) velocity and (c) acceleration time history graphs for
the sprung mass of ambulance 1

Using the values of acceleration collected through experimentation and the values
calculated for the velocity and displacement, the forcing function for each of the cases was
derived from the left-hand side of equation 5.7, yielding the time domain graph depicted in
Figure 29. This graph clearly shows the presence of noise components in the signal, which may

be attributed to vibrations from the engines and drive trains of the vehicle.
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Time Domain Forcing Function
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Figure 29: Time domain forcing function in the z-axis

The final analytical tool used to process and examine the data was a phase portrait plot,
which is indicative of the stability and linearity of the system being examined. The phase portrait
plot for this data set is presented in Figure 30, and clearly shows stability, but also multiple
equilibrium points which indicate non-linearity in the system. This phase portrait further proved
that the current suspension system in the ambulance is not adequate to sustain the vibrations

experienced when traveling over common road surfaces.
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Phase Portrait
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Figure 30: Phase portrait plot for ambulance 1

The current suspension system design for most Type | and Type Il ambulances consists
of two multi-leaf, single-stage leaf springs with a ground rating of 4286 kilograms (9450 pounds)
supported by a solid axle (2008 Ford Trucks body builders layout book, 2007, p58). The
ambulance is equipped with this simple and stiff suspension system because both the payload it
is required to bear, reaching to between 1,800 and 2,200 kilograms (4,000 and 5,000 pounds).
This loading constrains the design because prevents the use of independent suspension systems
commonly found in passenger cars because they are not stiff enough to support such a heavy

load.

All ambulances manufactured in the United States are built to the specifications laid out
by the federal star-of-life ambulance standard, KKK-A-1822F which is put out by the U. S.

General Services Administration (2007). Of particular importance to this project, there is a
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specification that regulates the floor height of the ambulance module to be no higher than 34
inches from the ground. This height restriction is a major constraining factor when considering
making a change to the suspension system design of the ambulance. This height constraint
prevents commonly used air ride systems from being used because of their need for large
volumes of working space between the axle and module floor that would be needed to support

the payload.

With the given constraints on the design, choosing to keep the simple leaf spring
suspension system is practical, but not ideal. In order to address the insufficiencies of the current
suspension system, a type of supplementary suspension system would be a possible solution. A
feasible design solution would be to implement a force plate into the floor of the ambulance
compartment that would work to suppress the most harmful vibrations from the road surface by
means of both passive and active attenuating devices. The force plate would fit into the floor of a
typical ambulance module to support the passengers without needing to support the entire
payload. Figure 31 shows how the force plate system would fit into the interior of the ambulance
compartment. The force plate design would consist of two plates in between which small, active

hydraulics and passive spring and damper systems would be inserted.
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Figure 31: Top view of force plate fitted into the interior of a 167” ambulance compartment

The force plate was then modeled using the 3-D computer aided design software,
Solidworks for visualization purposes. Figure 32 shows in image of this solid model. The force
plate display was set to be transparent in order to be able to see the locations of the active and

passive devices under the plate.

Figure 32: 3-D solid model of the force plate design
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With the insertion of this supplementary suspension system, the model used previously in
the chapter then changes to the representation shown in Figure 31. It is simply the single degree-

of-freedom quarter-car model with the force plate system inserted on top.

m
[ . }—1 %
II’:.I g
k, " ¢
I m, I — 2

Figure 33: Force plate system model

The parameters for the model in Figure 33 are as follows:

ms = sprung mass of vehicle

m, = mass of force plate and supported load

ky = stock vehicle stiffness

¢y = stock vehicle damping

ko = passive stiffness of force plate

0(z) = active stiffness of force plate

h(z )= active damping of force plate

Cp = passive damping of force plate

zg(t)= vertical displacement of tire at ground contact point

z,= vertical displacement of ambulance, starting at equilibrium position
7= vertical velocity of force plate mass, starting at equilibrium position
F(t) = excitation force acting on wheels due to profile of road surface

The equation of motion then also takes on a different form, which is given below.



o1

myz, + ¢,(1+ g(24,2,)) (2, — 1) + kp(1+ h(zy,2,)) (2, — 21) (9)

= U(zq, 22, 1 + 6oY(1))

Where,

9(z4,z,)= non-linear damping function
h(z4,z,) = non-linear restoring force
U(z4, 25, 1+ 64Y(t)) = control law

u= deterministic divergence parameter

6, =noise intensity parameter

y(t)= stochastic noise function

And,

Z=2Z2— 2721, Z2> 71
Additionally, the natural frequency and damping ratio of the system can be given as:

Finally, substituting these into equation 9 yields the following motion equation for the

complete force plate model system.

72(t) + 2{w,(1+ g(z,2))z(t) + wi(1+ h(2))z(t) (10)
2
= ~2,(D) + SR (0, 20— 7),2(0), 1 + GoY(®)

Where:
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-Z,= ambulance vertical forcing function

z(t)= ambulance vertical displacement

z(t — )= ambulance vertical displacement with time delay
z(t) = ambulance vertical velocity

u = deterministic divergence parameter

o,y (t)= stochastic noise term

The right-hand side of this equation is the control law, which allows for design
parameters for the force plate to be determined in order to best attenuate the vibrations in the
ambulance to provide a safer, more comfortable ride for both patients and medical personnel.
Additionally, the collection of data created by this experiment can provide a number of inputs
into the function so that appropriate designs can be created for a variety of different service area

profiles.
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CHAPTER 6: CONCLUSIONS AND RECCOMENDATIONS

Conclusions

This project served to accomplish the following goals:

1. Vibrations experienced during a typical ambulance ride were characterized by time
histories and power spectral densities to correlate human physiological responses
during ambulance travel.

2. The data collected as part of the experiment was processed and analyzed to determine
a mathematical design model that would adequately capture the motion of the
complete suspension system with and without supplementary system designs.

3. Aforce plate system design, with both active and passive elements included, was
explored as a possible solution to attenuating the most harmful vibrations experienced

in the patient compartment of an ambulance while in motion.

Through experimentation, the magnitudes, frequencies and energy of the vibrations
experienced during a typical ambulance ride were all able to be quantified, both for comparison
and correlation. Four different ambulances were tested on four different road surfaces at three
different speed ranges, and accelerations in the z-axis were recorded for further processing and
analysis. The results of the experiment yielded average vibration magnitudes between 0.46 and

2.55 m/sec?, with the energy of the vibrations concentrated between 0.1 and 6 Hz.

The frequencies of the vibrations measured as part of the experiment correlated to natural
resonances of many of human body systems, making them vulnerable to disruption and harm,

particularly in patients whose health is already compromised, as well as impeding on the
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performance abilities of medical personnel trying to execute delicate medical procedures.
Additionally, the average magnitudes and peak magnitudes experienced during experimentation

were above generally accepted human tolerance levels for comfort.

Finally, other plots such as phase portraits and forcing functions derived from the data
were used to develop a mathematical model of a possible suspension system design that included
the existing suspension system and a supplementary force plate suspension design that included
both passive mechanical springs and dampers as well as an active component to account for non-
linearities, random events, and time delays. This model will serve as a basis to calculate the
necessary parameters for a force plate design that would adequately suppress the most harmful

vibrations experienced in the ambulance.

Recommendations

There is room for further analysis into detailed design requirements for space, material
selections, economic and technical feasibility of this mathematical model of a force plate
suspension system as a solution to attenuate harmful vibrations experienced in an ambulance that

should all be explored.

In addition to furthering the work presented in this report, there is huge opportunity in the
emergency medical field for more vibration research. Medical equipment could be redesigned to
better withstand the affects of the vibrations experienced while traveling and other attenuation
systems and designs could be worked into stretchers and mattresses, which would all positively

impact the emergency service field.
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APPENDIX A

Selected test ambulance & chassis specifications

Ambulance #1

Ambulance mfg. Horton Emergency Vehicles Co.
Date of mfg. Oct. 2005

Ambulance type/model F453-1CT 4x4

Chassis mfg. Ford Motor Co.

Chassis model / yr. F450 / 2006

Vechicle type I

Vehicle class 1

Chassis GVWR 16000 Lbs.

Allowable. Payload per KKK-A-1822 4199 Lbs.

Tires 225/70 R19.5

Options
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Ambulance #2

Ambulance mfg.

Life Line Emergency Vehicles

Date of mfg.

May 2001

Ambulance type/model

Type 111 Superliner — Floor Plan A

Chassis mfg.

Ford Motor Co.

Chassis model / yr.

E450 Super Duty

Vechicle type

Vehicle class 1

Chassis GVWR 14050 Lbs.
Allowable. Payload per KKK-A-1822 3390 Lbs.
Tires 225/75 R16

Options

Automatic tire chains




65

Ambulance #3

Ambulance mfg.

Braun Industries, Inc.

Date of mfg.

October 2009

Ambulance type/model

Chief XL

Chassis mfg.

General Motors Corporation

Chassis model / yr.

Chevy C-4500 / 2008

Vechicle type

Vehicle class 5
Chassis GVWR 16500 Lbs.
Allowable. Payload per KKK-A-1822 3434 Lbs.

Tires

225/70 R19.5

Options

UMassMemorial

Emergency Medical Services

AMBULANCE
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Ambulance #4

Ambulance mfg.

Life Line Emergency Vehicles

Date of mfg.

August 2009

Ambulance type/model

Type | Superliner — Floor Plan A

Chassis mfg.

Ford Motor Co.

Chassis model / yr.

Ford F-550 / 2009

Vechicle type

Vehicle class 1
Chassis GVWR 17950 Lbs.
Allowable. Payload per KKK-A-1822 4470 Lbs.

Tires

225/70 R19.5

Options

Air ride suspension




STANDARD POWERTRAIN/CHASSIS EQUIPMENT SPECIFICATIONS

2006 SUPER DUTY F-250/350/450/550

F-450 Chassis Cab

DRIVE: 42 4ud
POWERTRAIN: Refer To The Ondering Guide For 50 States Usage
Engne™ — Typ= B.5L {415 CID) 3W SEFI V-10
Transmission — Typ= Heawy-Duty Manual
— Spesds G-Speed Owerdrive
Chutch Diameter 11.8" (13" With 6.0L V-B Dies=l)
Transfer Case — Typ= — Part-Time, 2-Spesd
— LowHigh Gear Ratio — 27211.00:4
AXLES:
Front Axle — Type Monobeam, Dana Super 80
— Capacity (Rating § Ground) 7000 Ibs.
— Hubs Type — Manual Locking
Rear fuxde — Type—Full-Floating Ciana
— Capacity (Rating (@ Ground) 12,000 lbs.
BRAKES:
FrontRear Disc — Typs Crueal-Piston Pin-Slider Calipers, Bolt-on Adapters, Wrap-around Tie Bars
— Rotor Diameter—FrontRear 14.53715.35"
Power Assist Unit — Type Hydro Boost
— Effective Diameter 158" Power Piston
Anti-Lock System 4-Wheeel (3-Channsl)
Parking Brake (Fear Brakes) 9.5 DewmIn-Hat (Foot-Operated, Hand Release)
ELECTRICAL:
Altemator — Rating 110 Amperes, 1650 Watt
Battery — Typ= Maintenance-Free
— Rating 78 Amp-hr.. 750 CCA (Dual 7B Amp-hr., 750 CCA With 6.0L V-8 Diesel)
Hamesses — Typ= 7 Blunt Cut and Labeled Wires With Relays For Backup Lamps, Running
Lamps and Battery Feed
FUEL TAMK: — Capacity 40.0 Gal. (151 L) (Filler Hose Thru Hode In Frame Siderail)
STEERING: — Typ= Power, Ford XR-50 (Includes Steering Damper)
— Rabo 18.0:1
SUSPENSION:
Frame — Typ= Ladder Type. 36,000 psi Steel With Front Blocker Beam
— Section Modulus (cu. in) 10.1; 17.2 With 188.8" WH and 200.3" WB Regular Cab
Springs, Front — Typ= Cioil, Assigned Rating
— Rating @ Ground (rmin_} Refer to page 29 for usage and ratings
Springs, Rear — Typ= Leaf, Single-Stage Constant Rate Main and Auwliany
— Rating @@ Ground {min_) Refer to page 29 for usage and ratings
Shock Absorbers — Gas-Type 138"
Stabilzer Bar Front and Fear
TIRES: — Typ= Steel-Belted Radial, All-Season, BSW
— Size Six, 225/7DRx19.5F
WHEELS: — Type and Size Sie, 10-Hole Disc, 12.5 x & Shesl

SPRING SPECIFICATIONS — REAR LEAF

Combined
Rating @ Mumber Total Overall Deflection Rate Rating Each
Super Duty Ground  of Thickness Length Width (lbs. pe 1" i@ Pad (lbs.
Series/Model {lbs.) Leaves (@ Pad (in.) {in.) fin.) spring) per spring)
Main Leaf & Auxiliary Spring (Including Spacer)
F-250 Pickup' 7000 [] 4.18 58.1 3.00 J30M50/1290 3133
F-350 SRW Pickup™ 7000 [] 4.18 58.1 3.00 230501290 3133
F-350 DRW Pickup BD00 [i] 437 AR.1 3.00 45701422 4024
F-250 SRW Chassis Cab 7280 i0 476 ] 3.00 G17/1342 3Im
F-250 DRW Chassis Cab @750 i2 5.80 ] 3.00 10141644 5305
F-450 Chassis Cab 12,000 1 6.75 (Incudes Top Plate) 55.0 3.00 12532170 5324
F-550 Chassis Cab 13,660 1 6.75 (Incudes Top Plate) 55.8 3.00 12582120 8150
Main Leaf Only
F-250 Pickup B100 5 268 568.1 3.00 Ja4TTa 2805
F-350 SRW Pickup™=! 7000 ] 268 58.1 3.00 33050 3133

{1
(2 :I
13
4]

Pickup and Box Dedete models inchude two-stage. variable rate springs. Chassis Cab models include single-stage, constant rate

rings.

Epsﬁ?sm stagelsecond eithind stage as applicable

BAapcliary rear spring available and included with Camper Package, Heavy Senvice Suspension Package, Snow Plow Prep
Package and Heavy Service Package For Pickup Box Delete only at Job? 1. Auxiliary rear spring available and included with
Camper Package and Heavy Senvice Package For Pickup Box Delete only at Jobst

Z
1 A ﬂmﬂ; b= deleted as standard and included with Camper Package and Heavy Senvice Package For Pickup Box

Delete only at
Standard and avalable at Jobs 2
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2006 SUPER DUTY F-250/350/450/550

WEIGHT RATINGS

F-450 DRW Chassis Cab - GVWR/Payload/Spring & GAWR (Front Assigned)/Base
Curb Weight

Spring'GAWR [Ibs. =T Base CurhWelgh‘l

'mum mum
th! o GVWR (Ibs.) Pagln;ll:l (Ibs.}™ Frod Rear Total
{in} Tr.ansmlssmnstd Front {lbs.) Rear (lbs.} {th ] (lbs. )
larCal G.ELManual 16,0001 5 DCIC 4E0D 12,000 3 Ed15

1408 GOCManud 16,0000 5,000 5 c: EI:I_ 5200 12,000 5]

Grcan GELManid | 16,0000115,000 L SEDD 12,000 ES15
- 1648 EOLManud__ 16,000/15,000 & 5000 12000
Grcan | GELWMand 16,0000 5,000 & =] 12000
il - 1588 GO0UManud __ 15,000015,000 & 5500 12,000
Groan | GELMaud 16,0001 5,000 & Eii] 12,000
- 200 GOLManud 16,0000 5,000 6500 12,000
ReguiarCac | GELManud  16,00015,000 o] 12,000
4nS- 1408 BOLMania__ 16,000/15,000 58 5E00 2,000
REqQUErCab | GELManud _ 16,00015,000 S0 12,000
And - 1B4E GOCManud 16,0000 5,000 5000 12,000
FEQuErCab | GELManud 6000015000 =] 12000
4ud - 1588 GO0LManud__ 16.,000/15,000 & 5500 12,000
Reguiarcab | GELManual  16,000015,000 EEOD 12,000
43 - 2006 G.0UManud_ 16,000/15,000 & 5500 12,000
SR BELMamual 15,0000 5,000 5 ] T2 000
- elE BOUManid _ 16,000/15,000 & 5E00 12,000
SuperCat G.ELManual 16,0000 5,000 L] 12,000
44 - 161.E GOLManud 16,0000 5,000 5000 12,000
a0 G.ELManual 16,0000 5,000 SO0 12000
42 - 1752 5.OUManua__ 16,000/15,000 5600 12,000
Crew Can G.ELManual 16,0000 5,000 Ei] 12,000
4 - 2002 EOLManudl__ 16,000/15,000 B40072 5500 12,000
[=] GELManud 16,0000 5,000 Bz T2 000
s - 1782 GO0UManud 16,0001 5,000 & 5000 12,000
Trew Cab BELManud 16,000/ 5,000 Eii] 12,000
a4 - 200.2 GOLManud  16,00005,000 510077100 5500 12,000

] Lmnmrngmesemw-mdmralmmaw&gﬂo’pemle wmm@mmmmmwmﬂmamm

waight
2 Grusanle Fating Is determinad cmad;y e minimum componeant of the axe s) e, computer-
! m:";gn rg ::ras;ed%tv:-ﬂde Front and rear SAWR'S wil, In 3l cases, sum 0 3 toar
;'EaH r::n tiie Gw-ﬁfcrm particular vehicle. ua.ﬂm.rr Ipaded vehilce {Inciuding passengers, equipment and payload)

Cannot excaed M2 GV rating or GAVWR (fom of r2ar]
NOTE: Resar 1o page 21 o Standan] PowesrainChacek £ Ipment Spechications. Refer o Opion/Payload Workshest on pagas
35-32 Tor opuona SqUIDTENE Weights. i DpsePRy!
NOTE: Front sorng/GAWR on Chiassis Caib modis |5 assigned or specifically selected. Refer to page 32, “Chassls Cab - Optional
Front Spng/GAWS Avalailty, for specific Tront spring' GAWR upgrades Induded In avallable optian packages.

2006 SUPER DUTY F-250/350/450/550

TECHNICAL SPECIFICATIONS

Suspensions
FRAME SPECIFICATIONS
Manmum Side
il Section Section  Yield
uper Dty Wheelbase Mo OF _E!:Ie ht x Width X Modul Strength
Cab Style  SeriesiModel fin} Crossmembers ness) (in)™" jcuin)® (psi)
Reguiar Cab  F-250-350 PickupBox Delete 1370 5 BE7TX236x 264 BT 36,000
F-250 Chassis Ca0 1408 [ TEOR2T4x 380 BT 36,000
1648 T To0E274x 250 &7 36,000
F-450-550 Chassls Cab 1408 [ To0x2T4x 320 10 36,000
g;-ﬁ?m'“-ﬁ D.GVWR  TEiE T TEOxZ7ax 320 i0d 36,000
! 1853 [ TE0X274% BO T2 36,000
2008 E] T.E0x2.74% 60 7.2 36,000
F-550 (15,000 [b. GVWR Only) 164.8 T T.E0E2.74% B0 7.2 26,000
2008 a T.o0E2.74% .60 T2 36,000
SuperCan F-250-350 Pickup 1413 [ 667 x2.36x 364 BT 36,000
F-250-350 Pickup/Box Delete 1580 B BEFX236X 264 67 36,000
F-250 Chassis C30 161.8 T TEOR2TAx 380 BT 36,000
F-450-550 Chassls Cab 161.8 T TEOE274x 220 104 26,000
Crew Cab F-250-350 Pickup 1562 T BEETE23Ex 288 A7 26,000
F-250-350 PickupBox Dielete 1724 T BETE23x 2648 A7 36,000
F-350 Chassis Cab 1762 7 T.50x2.74x 350 BT 36,000
F-450-250 Chassls Cab 1762 T TEOE2T4x.320 104 36,000
2002 ] TEOE2TAx 320 101 26,000
(1) Measured to Insde of metal.
(21 Cross-secional modulus calculaiad at back of cab, to Inslde of metal.
(3) Calculabed at back of cab, w:l.mn'erehrcr:::-clser:br 7.2 56 at upper fange, 13.3 SM at lower flange.
SHOCK ABSORBER SPECIFICATIONS
Front Rearl
Super Duty Wheelbase No.  Piston No. Piston
Model {in.} Usage Used Dia. (in) Type Used Dia. [in) Type
PickupChassls Cab Al Std. 2 1.38 GagPressurized 2 1.38 Gas-Pressunzed
Fickup Al opt™ 2 138 Gas-Pressurzed 2 1.38 Gas-Prassunzed

il ”mﬂ rear shodk absorers with Plokup modsis.
2) In with FX4 Off-Road Package. Unigue Rancho shock absorbers with whibe housing and red belows.



APPENDIX B

IST EDR3C-10 Detailed specification and calibration data

CERTIFICATE OF CALIBRATION

Model Number: EDR-3C-10 Hardware Version: HC11v5A
Serial Number: 89 Firmware Version: SCV1-61
Memory: 4 MB Logic Version: 9100
Internal Accelerometers: CH1 (x) CH2 (y) CH3 (2)

Channel Gains (mV/ent): ny. 0-03326 . 0.03326 ;3. 0.03326

Accelerometer Sensitivities (mV/g): na: 1:473 4. 1.427 134: 1-427

Accelerometer Measurement Range (g): 11.5 11.9 11.9

Accelerometer Measurement Resolution (g): -023 -023 -023

- [}

Tempetature Coefficient (per °C): ATC: Dadt '8 Calibration Temperature: e

Accelerometer Frequency Response: ‘i 88 0 gz

Accelerometer Resonant Frequency: &
External Accelerometers:

Channel Gains (mV/cnt): EBlv: = AORT Boy: © 958t E3V: * 9639
Temperature Sensor, Humidity and Battery Voltage:

Internal Temperature Sensor (°C per cnt): I78: ° 2%2%

Accelerometer Temperature Sensor (°C per cnt): ATS: N/A

External Temperature Sensor (°C per cnt): ETS:

166.9 «1569
Humidity Sensor: HSO: HSG:
2 4
Battery Voltage Sensor (V/cnt): BVS: 0148

Fixed Hardware Operating Characteristics:

Accelerometer Channel Low-Pass Filter (Anti-Aliasing) 3db Cut-Off:

I I 90 Hz
nternal: g Hz
External:
Power-Up Voltage: 2- gg

! 4.
Automatic Power-Down Voltage: 547F
Software Power-Down:

Instrumented Sensor Technology, Inc.’s calibration procedure is traceable to NIST through the following:

- . 131081 - 04/09/09
Tempc.erature/Humndlty Probe: 3146225274 Date: 01/26/09
DVM: 15496 Date: 95/12/09
Accelerometer(s): I Date:

Calibrated by: .- }/})'/l/{ryﬂ%) 5 Date: PRSI

4704 Moore Street
Instrumented Sensor Okemos, Michigan 48864
Technology 517-349-8487
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EDR-3 Series Recorder Specifications

EDR-3 EDR-3C EDR-3D

DATA ACQUISITION
#Selectable High Speed CHs: 3(3) 3(3) 6(6)
#Simultaneous High Speed CHs: 3 3 6
Digitization 10-bit 10-bit 10-bit
#Low Speed CHs: 4 4 8
#Simultaneous Low Speed CHs 4 4 8

Temperature Sensor CHs 1(1) 1(1) 2(2)

Humidity Sensor CHs 1) (1) (2)

Battery Voltage CHs 1 1 2
#Trigger CHs ()] M (3]
High Speed Digitization Rate 125-3200 (4800) 125-3200 125-3200

Low Speed 1 sample every 15 sec to 1 sample every 166 hours all models

Digitization, Agreggate MAX, sps 9600 (14400) 9600 19200
DATA STORAGE
MegaByte- Non-volatile SRAM 1(2,4) 1(2,4) 2(4,8)
DATA MANAGEMENT
Fill & Stop Memory Mode X X X
Overwrite Memory Mode X X X
Sliding Window Overwrite Mode™ X X
Sliding Window Overwrite with

Event Type Partitioning X
Sliding Window Overwrite with

Channel Set Partitioning X
Sliding Window Size N/A Selectable 1 min to 30 days
# Separate Time Windows N/A Selectable 1 to 100

() = Optional
Window Overwrite™ (SWO) is a trademark of Instrumented Sensor Technology, Inc.




DATA COMMUNICATION
Plug & Play Serial RS-232, modem compatible

SENSORS
Internal Accelerometer: Piezoresistive Triaxial
Accelerometer fs Range Choices

2g,5gfs

10g, 50g fs

100g, 200g fs
Signal Filtering: 4th Order Anti-Aliasing
Standard 3dB cutoff choices
Automatic Auto-Zero Offset Correction
External Accelerometers:

PROGRAMMABILITY
High Speed Sample Rate
Trigger selection
Triggering
Amplitude Threshold
Separate channel thresholds
Duration (time at level) Threshold
Separate channel thresholds
Trigger Duration Threshold
Time Trigger Delay

(forced time delay between triggered recordings)

Time Triggered Recording
Maximum Number of Events
Event Length:
Pre-trigger samples
Post-trigger samples
Maximum Event Length cutoff:
Memory Modes:

OPERATIONAL
Temperature Recording
Range/Resolution
Humidity Recording
Range/Resolution
Usable Temperature Range

Digital Clock
Date & Time Tagged to each acceleration event
Resolution/Accuracy
Auto ON and OFF times

Connectors

Battery Life(Typical) Alkaline C-cell Batteries

Data Memory Backup

PHYSICAL

Size

Housing

Weight

Operating Temperature Range
Shock Fragility

STANDARD ANALYSES
(with DM95-BASE Software package)

OPTIONAL ANALYSIS
SOFTWARE

HARDWARE OPTIONS
Memory expansion

External Channel inputs

Relative humidity sensor

Higher digitization rates

Auxiliary battery pack

Hand-Held remote trigger (HRT-1)
Remote Alarm Module (RALM-1)

'ST Instrumented
Sensor Technology

EDR-3 Series Recorder Specifications

EDR-3 EDR-3C
9.6kBaud 9.6 to 115kBaud
X X

42, +5, +10, +20, +50, +100 + 200, 500 all models

DC-250 Hz, DC-350 Hz
DC-400 Hz, DC-1000 Hz
DC-1500 Hz, DC-2000 Hz

EDR-3D

9.6 to 115kBaud

60, 80, 90, 110, 140, 170, 200, 340, 420, 510, 620, 750, 930, 1120, 1915 Hz

1% fs/sec all models

Voltage mode piezoelectric, 0.5mA, 3.4V bias, 0.5mv/g to 1000 mv/g, all models

X X X
Internal or external channels and/or external trigger input, all models
X X X
X X X
X X
X X X
X X
1 to 34463 samples all models
0 to 35000 seconds all models
1 sample every 15 sec to 1 sample every 166 hours all models
5291 5291 10582
Fixed or Data Dependent
2 to 9997 all models
1 to 9999 all models
9999 samples all models
FS, OW FS, OW, sSW FS, OW, SWO, SWO-ETP-CSP
‘Internal & external all models
-40 to +70°C/ +3°C all models
Internal & external all models
0 to 100% RH / £3% RH all models
110 60°C all models
Month/Day/Year, Hour:Min:Sec all models
53 msec / +3 min/Mo all models
X X X
DBS for RS-232 serial all models
(4-pin microdot for external RS-232, aux. power, all models)
(10-32 for external )
30-40 days 20+ days 15+ days
12+ months all models
42"x44"x22" 42°x44"x 22" 4.2"x4.4"x 2.5"
Black Anodized Aluminum, watertight, gasket sealed
221b 221b 2.6 1b
-40 to + 70°C all models
500g or 20 x fs, all models
3-Channel process
Spreadsheet tabulation of max, min, peak, duration, RMS, crest factor,
velocity change, temperature, humidity, dew point, battery volt
Data editing and sorting by event
Digital filtering- low pass, high pass, bandpass
DM95-int Velocity and Displacement wgvefomi
DM95-psd Power Spectral Density (PSD) calculation and analysis
DM95-srs Shock i (SRS) and analysis
DM95-drop F Drop height - Eq impact, Zero-G free fall,
package trajectory animation, impact direction & type.
DM95-deriv Jerk and display
2,4 Mb 2,4 Mb 4,8 Mb
3 accel, temp, power, COM, trigger
internal and/or external
X
X X X
X X X
X X X

4704 Moore Street * Okemos, M| 48864 = 517/349-8487
E-Mail Address: info@isthg.com * Web Site: http://www.i

Printed in the U.8.A. 1/99

Fax 517/349-8469
sthg.com
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APPENDIX C

Raw vibration data collected from experimentation

Highway Road Surface Data

Table 11: Ambulance vibration amplitudes due to highway travel at speeds < 35mph

Speed < 35 mph - Highway
Mean r.m.s. Maximum peak Mean peak
accel. accel. accel.
(m sec-2) (m sec-2) (m sec-2)
Z- Worst | Resultant | Z- Worst | Resultant | Z- Worst | Resultant
axis | axis Tri-axial | axis | axis Tri-axial | axis | axis Tri-axial
sum sum sum
1,060 060 |0.80 6.92 [ 6.92 |7.48 3.44 | 3.44 3.96
(2) (2) (2)
2 1062 [062 |0.87 481 (481 |5.58 3.17 | 3.17 3.44
(2) (@) (2)
3071 [0.71 |0.87 790 | 7.90 |9.13 3.90 |3.90 4.46
(2) (2) (2)
4 1059 180 |1.96 6.38 | 6.38 | 7.69 4.06 | 4.06 5.39
(x) (2) (2)

Table 12: Ambulance vibration amplitudes due to highway travel at speeds 36-64mph

Speed 36 - 64 mph - Highway
Mean r.m.s. Maximum peak Mean peak
accel. accel. accel.
(m sec-2) (m sec-2) (m sec-2)
Z- Worst | Resultant | Z- Wors | Resultant | Z- Worst | Resultant
axis | axis Tri-axial | axis | taxis | Tri-axial |axis | axis Tri-axial
sum sum sum
1,084 084 |0.96 10.32 | 10.32 | 14.63 5.05 |5.05 6.34
(2) (2) (2)
21078 [0.78 |0.87 413 413 |4.21 3.07 | 3.07 3.28
(2) (2) (2)
31118 [118 |1.31 10.80 | 10.80 | 11.05 5,53 |5.53 6.11
(2) (2) )
4 10.67 |0.67 |0.79 594 |594 |6.38 3.57 | 3.57 4.05
(2) (2) (2)
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Table 13: Ambulance vibration amplitudes due to highway travel at speeds > 65mph

Speed > 65- Highway

Mean RMS Res-Axis Acceleration (m / s%)

Mean r.m.s. Maximum peak Mean peak
accel. accel. accel.
(m sec-2) (m sec-2) (m sec-2)
Z- Worst | Resultant | Z- Wors | Resultant | Z- Worst | Resultant
axis | axis Tri-axial | axis |taxis | Tri-axial | axis | axis Tri-axial
sum sum sum
1112 |1.12 |1.36 783 |[7.83 |7.95 445 | 445 |4.89
(2) (2) (2)
2 1102 102 |1.26 480 [4.80 |4.86 3,50 |350 |[4.15
(2) (2) (2)
31163 [163 |1.81 15.05 | 15.05 | 15.16 725 | 725 |7.62
(2) (2) (@)
4 109 |09 |1.12 5,71 | 571 |5.80 440 |4.40 |4.69
(2) (2) (2)
B <= 35 mph | M <- 35 mph |
= Tougrg B o4 mon [ | el

2.0 travel 204 travel
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Figure 34: Overall vibration level — highway travel all ambulances all speeds
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Figure 35: Mean peak vibration level — highway travel all ambulances all speeds
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Secondary Road Surface Data

Table 14: Ambulance vibration amplitudes on secondary roads at speeds < 35mph

Speed < 35 mph — Secondary roads
Mean r.m.s. Maximum peak Mean peak
accel. accel. accel.
(m sec-2) (m sec-2) (m sec-2)
Z- Worst | Resultant | Z- Wors | Resultant | Z- Worst | Resultant
axis | axis Tri-axial | axis |taxis | Tri-axial | axis | axis Tri-axial
sum sum sum
11091 [091 |1.23 8.28 |8.28 |8.35 446 |4.46 |5.14
(2) (2) (2)
2 1088 088 |1.16 9.04 |9.04 |9.04 521 | 521 |556
(2) (2) (2)
31099 099 |1.10 9.72 |9.72 |9.72 499 (499 |5.23
(2) (2) (2)
4 1050 | 050 |0.66 3.47 | 347 |3.94 250 | 250 |2.66
(2) (2) (2)

Table 15: Ambulance vibration amplitudes on secondary roads at speeds 36-64mph

Speed 36 - 64 mph — Secondary roads
Mean r.m.s. Maximum peak Mean peak
accel. accel. accel.
(m sec-2) (m sec-2) (m sec-2)
Z- Worst | Resultant | Z- Wors | Resultant | Z- Worst | Resultant
axis | axis Tri-axial | axis |taxis | Tri-axial | axis | axis Tri-axial
sum sum sum
11120 |[1.20 |1.46 782 (782 |7.86 6.42 | 6.42 |6.93
(2) (2) (2)
2 1105 105 |153 748 |7.48 |8.32 5.36 |5.36 |5.89
(2) (2) (2)
31134 | 134 |200 8.16 |8.16 |8.62 5,62 | 562 |6.21
(2) (2) (@)
4 1060 |0.60 |0.92 3.48 348 |4.17 262 | 262 |3.17
(2) (2) (2)
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Mean RMS Res-Axis Acceleration (m/s’)

Mean Peak Res-Axis Acceleration (m/s’)
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Figure 37: Overall vibration level — secondary road all ambulances all speeds
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Figure 38: Mean peak vibration level — highway travel all ambulances all speeds
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Figure 39: Max peak vibration level — highway travel all ambulances all speeds

City Street Road Surface Data

Table 16: Ambulance vibration amplitudes on city streets at speeds < 35mph

Speed < 35 mph — City streets
Mean r.m.s. Maximum peak Mean peak
accel. accel. accel.
(m sec-2) (m sec-2) (m sec-2)
Z- Worst | Resultant | Z- Wors | Resultant | Z- Worst | Resultant
axis | axis Tri-axial | axis | taxis | Tri-axial | axis | axis Tri-axial
sum sum sum
11084 {092 |150 7.60 | 760 |9.62 461 |(4.61 |5.60
(x) (2) (2)
2 1062 (064 |1.15 10.38 | 10.38 | 10.48 3.67 |367 [4.30
(2) (2) (x)
31099 [099 |1.32 12.04 | 12.04 | 12.14 548 |548 |5.92
(2) (2) (2)
4 1060 |0.60 |0.97 9.79 |9.79 |17.87 3.69 |3.69 |4.74
(2) (2) (@)
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Mean RMS Res-Axis Acceleratio (m/s’)

Table 17: Ambulance vibration amplitudes on city streets at speeds 36-64mph

Speed 36 - 64 mph — City streets
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Mean r.m.s. Maximum peak Mean peak
accel. accel. accel.
(m sec-2) (m sec-2) (m sec-2)
Z- Worst | Resultant | Z- Wors | Resultant | Z- Worst | Resultant
axis | axis Tri-axial | axis | taxis | Tri-axial | axis | axis Tri-axial
sum sum sum
11124 |1.24 1.75 760 |7.60 |8.06 6.61 |6.61 |7.36
(2) (2) (2)
2 10.88 |0.88 1.00 6.59 |6.59 |6.60 421 421 |4.46
(2) (2) (2)
31129 |1.29 11.09 11.09 | 11.09 | 11.16 8.03 |8.03 |956
(2) (2) (x)
4 1077 |0.77 6.62 483 | 483 |6.64 292 (292 |3.70
(2) (2) (2)
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Figure 40: Overall vibration level — city street all ambulances all speeds
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Figure 41: Mean peak vibration level — city street all ambulances all speeds
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Figure 42: Max peak vibration level — city street all ambulances all speeds



Unpaved Road Surface Data

Table 18: Ambulance vibration amplitudes on unpaved roads at speeds < 35mph

Speed < 35 mph — Unpaved roads

Mean RMS Res-Axis Acceleration (m/s”)

Mean r.m.s. Maximum peak Mean peak
accel. accel. accel.
(m sec-2) (m sec-2) (m sec-2)
Z- Worst | Resultant | Z- Wors | Resultant | Z- Worst | Resultant
axis | axis Tri-axial | axis | taxis | Tri-axial | axis | axis Tri-axial
sum sum sum
1]241 | 241 2.77 15.31 | 15.31 | 15.43 13.56 | 13.56 | 13.53
(2) (2) (2)
21075 |0.75 0.98 458 (458 |4.86 288 |288 |3.14
(2) (2) (x)
31255 | 255 2.94 22.29 | 22.29 | 23.72 15.45 | 15.45 | 16.08
(2) (2) (2)
4 10.46 |0.63 0.94 236 | 294 |3.65 187 |1.88 |2.90
) ) (x)
I <= 35 mph Il <= 35 mph
50 H 50 =
1 Unpaved J Unpaved
454 Road 45 Road
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Figure 43: Overall vibration level — unpaved road all ambulances all speeds
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Figure 45: Max peak vibration level — unpaved road all ambulances all speeds



APPENDIX D
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Vibration time history and power spectrum density graphs derived from experimental data.
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Figure 46: Ambulance #1 — Highway, 35mph, Z-Axis R.M.S., typical 10 sec event interval
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Figure 54: <35 mph, Highway, Ambulance #3, Z-Axis R.M.S., typical 10 sec event interval
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Figure 55: 36-64 mph, Highway, Ambulance #3, Z-Axis R.M.S., typical 10 sec event interval
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Figure 56: >65 mph, Highway, Ambulance #3, Z-Axis R.M.S., typical 10 sec event interval



APPENDIX E

Forcing function graphs derived from data collected during experimentation.

Time Domain Forcing Function
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