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Abstract
Millions of injured people are transported by ambulances each year. While the suspension
systems of ambulances dampen the road vibrations felt by the passengers, they do not attenuate
the vibration completely. To patients who have compromised physical states, vibration and
displacement can aggravate their condition and cause additional pain. Our solution to this
societal problem is the Vibration Attenuating Medical Platform (VAMP). VAMP consists of an
aluminum and steel structure that is moved with a pneumatic piston. This prototype is designed
to fit into existing ambulances and attenuate the vibrations not eliminated by the ambulances
suspension. After conducting background research, we found that max displacement in a vehicle
is 4 inches. Using a factor of safety of 1.5 we selected a 12-inch stroke length piston, with the
neutral piston position at 6 inches extended. A PID control system will be used for the half scale
prototype to verify system movement, while a MIMO system is planned as the final full-scale
system. No testing was performed on the physical prototype, but extensive analyses were
conducted on all components of the system to ensure that they would interface well once
assembled.
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Chapter 1: Introduction
1.1 Problem Statement
Each year millions of people are transported to hospitals via ambulances [1]. While the medical
equipment carried by ambulances has advanced at a steady pace, innovations in patient stability
and comfort have been few and far between and have mainly been focused on the stretcher.
This lack of stability in ambulances stems from a basic flaw that all ambulances suffer from:
their suspension system. Like personal cars and trucks, the suspension systems in ambulances do
not completely attenuate vibrations caused by irregular road surfaces. In a traditional car these
vibrations are of little consequence. However, for people who have compromised physical states,
like patients in an ambulance, those road vibrations can be harmful by either worsening the
injury or causing additional pain and discomfort during transport.

Figure 1.1: Paramedics on standby for a call

The team identified a need from both the patient and the paramedic perspective for an innovative
system that would improve patient stability and comfort during transport in an ambulance. From
discussions with Santa Clara County Fire Department paramedics, the team realized that much of
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the discomfort that patients feel during transport is caused by the various vibrations and sharp
movements that are transmitted from the ambulance to the stretcher and ultimately, to the patient.

1.2 Literature Review
Forces Acting During Air and Ground Transport
The first article in this literature review looks to quantify the shocks and vibrations experienced
by patients during air and ground transport. The article titled “Forces acting during air and
ground transport on patients stabilized by standard immobilization techniques” was written by
Dedrick Silbergleit who attached multiple three axis accelerometers to a backboard that had an
adult human man strapped and secured properly to it. The backboard was placed aboard both an
ambulance and a helicopter. Multiple experimental transport routes were driven and flown with
each vehicle, with accelerometer data being collected for each trial.

Analysis of the data brought out multiple trends and patterns within both methods of
transportation. The peak g-force experienced by patients was measured at 0.83g, while the
vibrational frequencies felt by the patients occurred at below 1 Hz, and between 10 and 15 Hz in
the ambulance [2]. This data and analysis, while from 1991, helps to establish a baseline of at
least what kinds of forces and vibrations can be expected when riding in a land vehicle. Vehicle
suspension technology has changed since 1991, though many of the same principles still apply.
The same basic design principles are still used on heavy duty truck chassis and off-road vehicles,
which are the two main vehicle platforms for medical evacuation.

Peak Acceleration in Ambulances
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This thesis paper is an interactive qualifying project for the Worcester Polytechnic Institute
whose focus was gathering data on vibrations and accelerations felt by patients in a range of
ambulances at varying driving speeds. They tested the peak accelerations and the root mean
squared accelerations of four different ambulances at speeds ranging from 25 to 70 mph on
different road surfaces. The researchers consistently found that average peak accelerations were
well above 2m/s which is the ISO standard for accelerations felt by passengers [3]. They also go
on to present engineering solutions of the past that could minimize vibrations felt by patients, but
many of these projects they discovered were never implemented on a large scale.

This data lends us more supporting data that ambulances have large vibrational and acceleration
issues that need to be addressed because they can cause harm to the patients being transported.
They also explored what frequencies that the eyes would have trouble functioning and perceiving
the environment. Frequencies under two hertz the eyes could adjust to easily, but from 10-20
hertz the eyes had a difficult time adjusting to the vibrations causing further patient discomfort
[3].

Ambulance with Position Stabilized Stretcher Support Platform
In 1992, a patent was filed for a stabilization system aimed at improving patient ride experiences
in ambulances. The patent’s design aims at keeping patient’s body level as the ambulance travels
over undulations in the road. Using data collected from a variety of sensors, an onboard
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computer compares the sensor data to a stable gyroscope to determine the adjustments necessary
to the patient platform to keep the patient level and immobile [4]. The stretcher itself is attached
to the system via a detachable mount, allowing it to act as a normal stretcher as in any
ambulance. Once secured, the stretcher’s longitudinal and transverse movements are controlled
by computer and a system of electric motors. The motors respond to various changes in the
vehicle’s location along the longitudinal and transverse axes in relation to the stable gyroscope
[4].

Said system is similar in some respects to a possible active system design the team is
considering. Given the large advances in computing and sensor technology from 1992 to now,
there is no doubt that the system described in this patent can be made to be much more precise,
effective, and less expensive. Computers today that can process the large amount of data from
the various sensors are incredibly inexpensive and require very little power or space. The
sensors themselves have integrated high-throughput outputs allowing for the collection and
transmission of a large amount of data to the computer in real time. Motors have also gotten
smaller and more efficient, meaning the system as a whole would place less strain on a given
vehicle’s electrical system than before. The main advantage of the improvement of technology
is size.

The system designed in the article was fit for an ambulance and looking at the images provided
in the patent application, the system should remain in the ambulance. A single mounting point
for the stretcher would most certainly disqualify this system from consideration in a rescue
vehicle. A multipoint system is much more stable and offers inherent stability in the event the
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system malfunctions. The useful portion of this patent comes from the explanation and diagrams
of where to best place certain sensors to measure vehicular motion [4]. Ensuring that the right
motion is measured at the right time so the computer can react properly is the single greatest
challenge facing an active design like this.

Active Seat Suspension
Another example of an active stabilization system that the team can call upon for guidance and
ideas is the actively suspended car seat. This journal article talks about the implementation of an
active, independent suspension system to isolate the driver and/or passengers of motor vehicles
from vibrations and forces associated with riding in a motor vehicle. The system has two degrees
of freedom; designed to account for forces and shock in both the vertical and rotational
directions. Utilizing a decoupled single input, single output control system to regulate the
triggering and movement of actuators attached to the seat, the system will be able to greatly
reduce or even eliminate vertical and rolling motion in passenger seats [5].

While active systems have been proposed before, many of them have been too large or bulky to
properly mesh with the interior of a car. This system is unique in that it was designed to be
compact so as to fully integrate into the seat, leaving little to no indication that the seat had a
large amount of electronics embedded in it. This is greatly significant in that it proves that an
active control system that regulates the movement of a human in response to shock and vibration
can be made small enough to be feasible. The article was also written in 2004, and a lot has
changed in computing technology since then. This system will also help the team to miniaturize
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certain components so as to reduce the overall system footprint and weight, expanding the
potential operator and customer bases greatly [5].

Sensors and Patient Transport
3 single axis accelerometers and 3 single axis gyroscopes assembled together (Inertial
Measurement Unit or IMU) with the purpose of tracking the orientation of the human body for
medical purposes. Using the integration of the angular velocity from the gyroscopes, along with
a Kalman filter, the system was able to accurately measure the orientation of the body parts
within 3 degrees RMS. The system was designed for small scale use but might be adaptable for
larger use as well [6]. Small amount of error was present due to integration drift/error although
the study claims such error could be easily accounted for.

This system described in the journal could be applied to the proposed project because using a
series of sensors we would be about to accurately tell the orientations of the platform, which
would allow for correction back to the set equilibrium state. Use of a gyroscope along with
accelerometers would give the highest accuracy and allow for the most precise corrections to
keep the patient equilibrium [6]. This system in conjunction with a feedback loop would allow
for the necessary corrections. This sensor base combined with an active suspension would be a
powerful system to solve patient stability.

Airbag Suspension Design
Another potential solution to the issue of stability is by using a Proportional Integral Derivative
(PID) controller to minimize the forces a vehicle experience. The system that was tested in this
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article was an airbag suspension which could be a possible solution for stability of the stretcher.
The airbag system is similar to that of a spring except that the airbag stores potential energy
through compressed air [7]. The airbag is able to adjust to its environment and absorb external
forces by building up or releasing pressure in the airbag, which raises or lowers its height. The
system distributes compressed air to the airbags through a pneumatic actuator controlled by a
PID controller. The PID controller limits suspension travel and minimizes passenger acceleration
due to irregular terrain. The paper concluded that a PID system is the best to control an airbagcontrolled suspension [7]. The simulations run showed that the airbag suspension was more
effective at minimizing suspension travel because of a bump input, as compared to a passive
system.

This journal can be used to provide insights into creating a PID controlled suspension for the
stretcher holding the patient when it is on the off-road vehicle to minimize the impact of drops
and bumps experienced by the patient during transit. Airbag suspension is an interesting potential
solution to the problem, because it would work well. This system would be bulkier than a passive
system as well as more expensive. A cost-benefit analysis would need to happen to go for an
active suspension design over a passive system design. Further research into airbag suspensions
would need to happen to see all of the benefits and to effectively weigh these with the costs,
because they are a more effective system than passive systems, according to this source.
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Figure 1.2: Acceleration vs frequencies experienced by an ambulance driving normal highway speeds,
the axes are the Power Spectral Density vs Frequency (Klegraefe [3])

Figure 1.3: Suspension reactions of a passive system vs and active system over the front and rear axles of
an ambulance (Lee [8])

Whole Body Vibration
Studies on the effect of whole body vibrations have been performed since the early 1900’s to
examine the effect of vibrations for vehicles that are land-based, water-based and airborne.
Mechanical modeling of the resonances and harmful vibrations have been determined through
the ISO standard 2631 (International Organization for Standardization) and this guideline was
used in the determination of performance criteria. The frequency range most subject to humans
in seated positions while driving was 1-50 Hz and the most harmful frequencies to humans are in
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the range of 3-8 Hz as they correspond to the resonance frequency of internal organs such as the
chest and belly [8]. Due to the various testing environments the range of acceleration for patients
that would still bearable in terms of discomfort was established as less than 2 𝑚/𝑠 $ .

1.3 Project Objectives
The Vibration Attenuation Medical Platform (VAMP) will be able to support a loading of 450
pounds on the platform and reduce forces from vibration felt by the patient by at least 50 percent.
The acceleration of the platform/patient system will be aimed to be under 2 𝑚/𝑠 $ to minimize
harm and discomfort from vibrations. It will operate with minimal impact to the vehicle
platform that it is installed on and will be user-centric for ease of use by paramedics during a
medical emergency. The system will reduce vibrations in the one to twenty Hz range that has
been identified as being the most prevalent and harmful to patients riding in motorized vehicles.

The objective for this Senior Design Project is to build and test a half-scale model of the VAMP
system to gain a greater understanding of system response, control system performance, and
physical platform performance to allow for proper design iteration. A full-scale power system
will be used in the half scale design to streamline the implementation into a full-scale model
when concept verification is complete.

1.4 Background and Motivation
The Vibration Attenuation Medical Platform (VAMP) is for those needing transport to the
hospital after serious injury, the best method of transport is the ambulance. Since the advent of
the motorized ambulance, significant advances have been made in medical technology that have
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allowed ambulances to become rolling trauma centers capable of treating almost any injury.
While the medical equipment carried by ambulances has advanced at a steady pace, innovations
in patient stability and comfort have been few and far between and have mainly been focused on
the stretcher.

The team identified a need from both the patient and the paramedic perspective for an innovative
approach to improving patient stability and comfort during transport in an ambulance.
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Chapter 2: System Level Overview
2.1 Customer Needs
The VAMP system was designed based off of a need identified by the team in the emergency
medical transport system. As stated previously, there are currently no available systems that are
either in development or in operation that function to actively or passively isolate an injured
patient from the movement of the transport vehicle. As such, the VAMP team decided that, with
millions of people being transported to emergency departments in the United States every year,
that this was a large need that could be addressed with a mechanical system.

Our needs are based off of information gained from a thorough literature search and a series of
interviews conducted with the Santa Clara County Fire Department paramedics. The literature
search revealed a plethora of background information that helped to develop and focus the series
of questions that were given to the SCCFD paramedics to review and respond to. The search
also identified vibration ranges and other performance data that helped to develop a
performance-need matrix. The paramedic interviews revealed various non-performance needs
that could be addressed in the design. These include expanding the platform to include a
paramedic seat positioned forward of the patient’s head and the functionality to disable the
system when performing CPR and other medical treatment that requires a non-deflecting surface.
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2.2 System Level Requirements
The primary performance requirement for the entire system is reduce acceleration of the
platform/patient system to less than 2𝑚/𝑠 $ in order to reduce the chance of patient harm or
discomfort. This criterion was directly derived from ISO 2631 in accordance with whole-body
vibrations harmful to internal organs (1-20 Hz Frequency Range). The full physical system built
in full-scale should meet the required working space of a Type I Ambulance without any
hindrance to the operations of the EMTs. Therefore, the VAMP system including all pneumatic
components will occupy a working space for a Type I Ambulance as mandated by the Cal Fire of
less than 275 𝑓𝑡 ' .The working actuator force required from the pneumatic system is determined
in Section 6.3 as 200 lbs-force for the max weight patient with a worst case scenario road bump.
The performance parameters of the control system are a settling time of less than 1 𝑠𝑒𝑐𝑜𝑛𝑑𝑠, a
rise time of less than 0.5 𝑠𝑒𝑐𝑜𝑛𝑑𝑠, and steady state error of less than 5%.

2.3 Functional Analysis
The Functional Analysis section will cover the physical sketch, user scenario, functional
decomposition and input and outputs description. The physical system is represented below in
Figure 2.1 with a SolidWorks physical sketch with appropriate material selections and
dimensions.
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Figure 2.1: Physical Sketch of VAMP structural system with piston fully extended

The user scenario includes the use of a standard Type I Ambulance or larger with industrystandard gurney attachments. The patient, secured in the gurney/backboard transport will be then
secured to the top platform as portrayed above. The ambulance, while traveling over adverse
terrain, will experience road irregularities which will in turn cause vibrations to the vehicle that
are not attenuated by the vehicle suspension. At this point the control system will take over with
the accelerometers reading incoming vibrations, feeding this information to the Arduino and
outputting a certain piston pressure and force. As seen below the functional decomposition
demonstrates this cyclic process.
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Figure 2.2: Functional Decomposition/System Level Sketch

The functional decomposition above shows the cycle of the control system for this project. The
road vibration is sensed by the accelerometers which sends this information to the Arduino using
the control system to delegate a piston force and displacement to attenuate the vibration. The
displacement and acceleration of the platform is again recorded back by the sensors and cycle
continues until equilibrium is reached. The main input for the system is the road input or
acceleration of the platform and the main output is the piston force or platform acceleration.
Ideal system output is less than 2 𝑚/𝑠 $ acceleration of the platform.

2.4 Benchmarking and Market Research
After extended researching of designs to solve the problem of patient stabilization in an
ambulance, it was decided by the team that no known systems are either under development, in
production, or were ever produced that are similar in scope to VAMP. As such, VAMP was
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benchmarked against an ambulance as it sits today. Specifically, this benchmark is a ambulance
gurney secured in an ambulance’s back bay.

2.5 System Level Issues
One of the largest issues the team ran into when designing VAMP was the power system to
move the platform. The design requirements that the team outlined demanded a power system
that provided a fast response time to effectively isolate the patient from the vibrations and
displacements of the ambulance while also providing enough power to move a patient and
stretcher load without a significant decrease in performance.

Another issue was the frame and platform materials. VAMP’s design required the frame be
constructed of materials that were strong, lightweight, easy to maintain, and cost effective. The
platform presented more of a challenge, since the main requirement was minimizing the
deflection the platform would see during VAMP operation. Another significant platform
requirement was a low weight to minimize the impact that the platform weight would have on
system performance during operation as well. The design of the platform was the most itterated
portion of the design, having to be redesigned multiple times to ensure that both of the above
requirements were met within the budget that was set out to procure platform materials.

2.6 System Options and Tradeoffs
To determine the final subsystem materials and methods, selection matrices were created for
each subsystem, where at least 3 different materials or methods were scored against each other.
The power system or Low Frequency System (LFS) had both the largest, and was the most
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important subsystem selection process, as the power system determined the design of the
majority of outer and inner frame components. As such, the selection matrix for the power
system was completed first and after the longest debate among team members. Referencing
Appendix A, there were five possible power systems under consideration to drive the platform.
These five were linear actuators, linear motors, hydraulics, pneumatics, and a rack and pinion
system. The pneumatic system scored the highest overall among all of the power systems in
rankings of settling time and response time, and as such, it was chosen to power VAMP. This
decision was also looked at from the perspective of a senior design team attempting to build the
system with the limited resources at hand. It was decided that most of the systems under
consideration, namely hydraulics, linear motors, and linear actuators were out of the team’s reach
in both technical complexity and cost. Pneumatics were determined as the as the most efficient
and effective option with relatively low weight and power consumption and superior response
and settling time. Ultimately, pneumatics passed both the selection matrix and the feasibility
check by the team and were selected. This process was followed for each major subsystem of
VAMP to ensure that the team had chosen the very best materials and methods to complete the
project with the performance standards needed.

For the frame and platform various materials were considered using a similar selection matrix as
shown in Appendix A, with options including steel, aluminum and polymer. The materials for
the frame were considered under weighting characteristics of weight, ease of manufacturing,
torsion, compression and tensile strengths. The characteristics of torsion and compressive stress
were most heavily weighted due to the user scenario of a max load patient with max road input
from a speed bump that would cause significant strain on the system. Ultimately the inner and
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outer frame were determined to be manufactured out of low carbon steel rods for the horizontal
connections for high torsion/compressive strength and the corner supports manufactured out of
aluminum blocks for weight and torsion strength.

2.7 Team and Project Management
As this project was started from scratch and was of the team’s own design the fall quarter of the
project was dedicated to project planning and research. A significant portion of time was spent
evolving our idea before the designed detailed in this report was settled upon. Also, during this
term some preliminary frame designs were created as was the sizing of the piston used in the
final design. Our team met internally on Thursdays and Sundays to inform each other on
individual progress from the week. Updates with our faculty advisor Dr. Gaetano Restivo were
done when significant milestones were achieved, such as when the driving system was decided
upon or when a component of the frame was created. The purpose of these meetings was to get
Dr. Restivo’s feedback and adjust plans based on that feedback.

Winter quarter was used to create the final frame design, both inner and outer, do FEA on the
components, and simulate the controllers that would be used in the final design. The design used
a half scale frame and platform to test the feasibility of the concept, while the piston was kept at
full size to keep the forcing the same between the half and full-scale models.

During Spring quarter, the physical manufacturing of VAMP was conducted. We split ourselves
into two teams: Kelek Olais and Tyler Gambill focused on the control aspect to get a small-scale
piston to move using our desired controller, while Cameron Fisch, Noah Friedman, and David
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Harris worked on the machining and structural aspect of the VAMP prototype by utilizing FEA
to further refine the frame design and the Santa Clara University machine shop to manufacture
the components.

2.7.1 Project Challenges and Constraints
The project challenges stemmed primarily from the complexity of our problem statement and the
resulting technology needed to fulfill the performance parameters. Active suspension systems
rely on the constraints of a rapidly functioning control system with competitive response times
between the sensing of the accelerometers to the command control of the pneumatic system. The
fraction of a second delay reading responses from our specific accelerometers posed a challenge
in lag time before the pistons moved. This was counteracted with the fine tuning of the PID
control system to make it as efficient and fast as possible in its feedback control loop
calculations. Project challenges in the structural system included the tradeoff between weight and
strength in many of our parts. For example, the platform was originally designed out of a 1”
thick steel plate, however due to weight constraints, the platform was re-designed to incorporate
a polymer platform with steel reinforcements. Finally, the space constraint of a Type I
Ambulance was a important challenge in the sizing and design of the entire system to ensure that
all system components could fit inside the ambulance without hindering the working space of the
EMTs.

2.7.2 Budget Challenges
The university granted the team a total of $2,500, which was the teams total budget for the
project. The main issue in managing the budget was the necessity of procuring a full-size power
system while building a half-size model. This necessitated purchasing a full size pneumatic
18

cylinder that would be used on the full-scale prototype, which was significantly more expensive
than purchasing a half-scale cylinder. The use of the full-size cylinder in the half-scale prototype
also meant that the frame would have to be designed to resist the forces and stresses placed upon
it by the cylinder during operation. This meant that the team also had to budget a larger amount
than previously thought to accommodate for the extra material needed for the frame.

2.7.3 Timeline and Design Process Challenges
Timeline challenges were a significant factor in the overall success of our project. The nature of
the VAMP project came after prolonged deliberation throughout the Fall Quarter about the scope
and objective of the design. The design process for VAMP began with the unanimous decision
by our group members to create and design a new project as opposed to a continued iteration of
past years or a school-suggested project. This decision resulted in the timeline challenge of
having to specify the problem statement and solidify a design solution by the end of Fall Quarter.
The problem statement started as an off-road rescue vehicle for wildland firefighters with a
gyroscope platform and vibration attenuating mechanisms. This entire system would require a
substantial budget for materials and testing. After much deliberation the scope of the project was
narrowed down to an actual platform and the customer was switched to urban emergency
vehicles. This new and final change in the design process incorporated a vibration attenuating
medical platform to be mounted in Type I Ambulance vehicles with a pneumatic piston
attenuation controlled by an Arduino. This change resulted in additional design challenges such
as design of the control system with very limited control system design experience. The
alteration in scope and customer about half-way through Fall Quarter had a significant effect on
the timeline pushing the resulting structural and control system designing sections to the start of
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Winter Quarter. This initial time lost has affected the progress and success of the project
throughout the rest of the duration of the school year.

2.7.4 Risk Mitigation
The manufacturing, assembly, testing, and disposal of the VAMP prototype posed significant
safety risks to both the team and bystanders. These risks and the steps taken to mitigate them are
detailed in a section-by-section breakdown
2.7.4.1 Manufacturing Risks and Mitigation
Multiple safety risks involving the manufacturing process were present during VAMP
manufacturing. A summary of the risks and mitigations are listed below.
● Cutting frame components for assembly: Possibility of severe injury due to the blade,
burns due to hot metal, abrasions due to metal chips
○ Utilize proper PPE and Machine Shop procedures to minimize risk of injury
○ Keep all body parts away from saw while in operation
○ Ensure all parts are allowed sufficient time to cool before handling
○ Do not attempt to remove chips from work area with bare hands
● Handling raw material components poses a risk of cuts or abrasions or drops
○ Handle raw material with gloves
○ Ensure that all sharp edges have been broken and all burrs removed prior to
handling
○ Wear proper footwear when handling raw material
● Machining components: Possibility of severe injury or death due to rotating components,
eye or skin injury due to flying chips
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○ Only operate machinery that has been inspected and found to be in good working
order
○ Inspect all tools for wear before use
○ Keep all loose clothing, hair, jewelry, or other objects away from machine while
in operation
○ Wear proper PPE during operation to protect against injury from flying objects
2.7.4.2 Assembly Risks and Mitigation
The pneumatic system was identified as being the main risk associated with system assembly.
Its risk and mitigation strategies are described below.
● Possibility of accidental discharge if system is pressurized which may cause debris to be
sprayed into eyes.
○ Wear proper PPE including safety glasses, pants, and closed toed shoes
○ Ensure the tank is depressurized and rendered safe before assembling the the
components
○ Install proper safety relief valves, gauges and other equipment to prevent an
accidental discharge
2.7.4.3 Testing Risks and Mitigation
The most risk that the team was to undertake would be during the testing phase. Two separate
safety plans in addition to the mitigation strategies listed below were created to specifically detail
testing safety procedure and emergency procedure. These plans can be found in Appendix F.
● Pneumatics: possibility of accidental discharge when system is pressurized, joint, hose or
pipe failure, over pressurization damaging components
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○ Inspect all joints, connections, hoses, and pipes are in good working order before
each system pressurization
○ Pressurize tank slowly to allow for time to identify leaks
○ Do not exceed maximum pressure limits of equipment
○ Maximum pressure will not exceed 100 psi
● System Operation: Possibility of getting loose clothing, hair, or other objects caught in
machine, unexpected system movement, parts flying off the design, structural failure
○ Test in an area that allows sufficient room in case of catastrophic failure
○ Keep a proper distance from the system during testing
○ Wear safety glasses and other PPE when system is in operation
○ Keep all loose items away from machine during operation
○ Ensure system is off, tanks depressurized, and other system rendered safe before
performing maintenance or other work on the system
● System Operation: Possibility of piston force moving the entire system vertically or
horizontally unexpectedly, possibly impacting a bystander or observer causing injury
○ Test in an area that provides a sufficient safety buffer distance to protect both the
team and the general public
○ Secure the system to the ground following the approved safety plan attached to
this document
○ Inspect all fasteners and linkages in the system before energizing and testing
○ Gradually increase the pressure in the system when testing to minimize testing
time at full pressure of 100 PSI
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2.7.4.4 Disposal Risks and Mitigation
Various risks are associated with the disposal of the VAMP system. These are detailed below.
● Electronic Waste: System contains electronic systems which need to be disposed of
properly
○ Remove all electronic components from the system and designate it for E-Waste
disposal
● Pneumatics: Cannot just throw away the fully assembled pneumatic system as it exists in
the design
○ Depressurize all components
○ Store and dispose of the fluid used in the design properly
○ Disassemble all components from each other
● Platform: Heavy piece of the system that cannot be disassembled easily because it is off
the ground
○ While disconnecting the platform from the other subsystem ensure that its weight
is supported so that it does not fall on the person disconnecting it
○ Platform should always be supported while someone is disconnecting it
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Chapter 3: Outer Frame
3.1 Introduction
The outer frame is one of the core design components of this project. Designed to house all other
components, the outer frame ended up being fairly large, mostly due to the size of the pneumatic
cylinder. Additional constraints were imposed on the system due to the physics-based model and
manufacturing capabilities. The primary constraints imposed based on these decisions were to
constrain the system to 1 DoF using the physical components instead of the piston, and that
welding was impractical due to the money required to hire a welder.

Figure 3.1: Final Outer frame design with Teflon runner in light gray (ASS01)
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3.2 Design Process
For the outer frame, the constraints were determined by the physics-based model, and the
decisions that came from it. The overall height of the system had to be at least equal to the height
of the pneumatic cylinder when at the bottom of its stroke. Additionally, the outer frame would
have the task of keeping the system to 1 DoF via physical connections. The result was that the
outer frame had to be sturdy enough to not just survive but avoid deflection during any transfer
of load that was not in the free direction. Deflection can cause issues when load transfer occurs
rapidly in a multitude of directions and can lead to unwanted loss of contact between physical
components. As such, minimization of deflection under load was key and will be discussed later
when discussing design criteria. The final constraint was imposed halfway through winter
quarter due to manufacturing capabilities. Initial designs had included welded connections
between outer frame components. This was deemed impractical as student welding was restricted
by the Mechanical Engineering department, and professional welding was deemed too expensive
to realistically consider.

For the second round of design, the design thinking process was used to generate the best results
possible. A simple design was formulated to address the defined problem, and then tested using
SolidWorks FEA. By checking the design using FEA it was possible to examine how close the
design was to meeting the design criteria, and then quickly make adjustments to improve the
design. Using this method, the design went through a series of rapid iterations where dimensions
and materials were adjusted to ensure a stable outer frame. Using Dr. Restivo as the “customer”
for the sake of the design process, several different design reviews were conducted to receive
continuous feedback.
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The design chosen using the design thinking method, shown in Figure 3.1, was selected due to its
success in meeting the criteria. The vertical components were quickly determined to be sturdy
enough to support the load placed on them with a width of .75”, however the supporting tubes at
that width were too small to avoid any substantial deflection. The primary issue was the long
support tubes which tended to deflect when a force of 450lbs was applied normal to the long side
of the frame, simulating the ambulance turning sharply at high speed and pushing the inner frame
with its max load into the supports. As such, the size of the tubing was iterated to best survive
deflection while still using standard tubing sizes. At 1’’ outer diameter, the tubing became sturdy
enough to support the force experienced due to a shift in weight. This forced the vertical
components to have a minimum thickness of 1.4” so as to allow the holes to be properly drilled.
This final sizing was done with the consultation of Don MacCubbin who advised that at least .2”
be left on either side of the holes.

As the design was required to be screwed together, fitment would be key. For this reason, it was
decided that a square slot should be included in half of the height components to assure the parts
formed a perfect 90-degree angle. While this decision would make machining more difficult, it
would ensure that each corner would fit together correctly during assembly, as well as shift the
force imparted on the outer frame from the screws holding the system together to much sturdier
vertical components. The resulting system was sturdier than early designs and would improve
ease of assembly once completed.
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With the inner frame intended to slide within the outer frame, a sliding surface was necessary.
The width of the vertical components of the outer frame were thus designed with the intention of
maximizing contact area to ensure the system stayed together as designed. FEA determined that
the width of the parts was a great factor in the rigidity of the system as well and this helped
determine the final width of the parts. Admittedly the width of these parts was slightly large and
the parts themselves were overbuilt. In the interest of saving time, finding the ideal width was
passed up and the final width of 3” was chosen. To minimize friction on the sliding plane, a very
thin Teflon sheet was placed over the length of the sliding plane. The low surface friction and
relatively higher cost of the Teflon was chosen over some form of cheaper linear bearings due to
the inability of such bearings to support any horizontal load due to the shifting of the platform
mentioned earlier. Bearings capable of handling this load were more expensive and deemed
impractical for this system.

3.3 Manufacturing
As mentioned in section 3.2, the outer frame is made up of four 19-inch-long aluminum bars and
eight lengths of low carbon steel tubing. The components for this subsystem created the most
manufacturing challenges that had to be addressed, mostly when working with the aluminum
bars. Figure 3.1 demonstrates the two major challenges these aluminum components created:
length and the amount of material to be removed. The 19-inch-long parts were held in a vice
equipped with six-inch jaws, leaving six and a half inches of overhang on each side of the vice.
This overhang from the jaws made it incredibly difficult to control the dimension of the part
from one end to the other, as the free ends allowed a significant amount of taper to be introduced.
The length also made it difficult to fit the part within the yellow safety shield, meaning extra
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attention had to be given to ensure that the shield did not impact the mill head. The second
challenge was the operation cycle times, which were directly impacted by the large amount of
material that needed to be removed to complete each operation. This amount of material resulted
in lengthy cycle times, slowing manufacturing productivity even when multiple mills were in
use.

Figure 3.2: Aluminum outer frame component manufacturing in process

3.4 FEA Testing and Results
FEA testing was done using the built-in FEA system on SolidWorks. This allowed for quick
changes to part dimensions to be made with ease as it limited the time required to transfer and
reconfigure the parts in a separate FEA software such as Abaqus. This was integral to the design
process as it provided nearly instantaneous feedback on the parts under analysis.

The process used for testing these parts for both the inner and outer frame is as follows:
1. Establish test case (e.g. fore-aft heave)
2. Apply boundary conditions (BCs)
a. Fixtures
b. Tractions
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c. Point-Loads
3. Material selection
4. Create mesh of system
5. Run test
6. Reduce mesh size and repeat until no significant change in results occurs

Using this process, 3 primary test cases were identified for and tested on the outer frame:
1. Fore-aft heave (due to acceleration/deceleration of ambulance)
2. Oblique (caused by turning of the ambulance)
3. Combined (acceleration/deceleration while turning)
Due to the symmetry of the design, it was assumed only one test for each test case was
necessary. It should be noted that no dynamic or fatigue loading was incorporated into the
testing. Dynamic and fatigue loading were deemed too time consuming to attempt for a project
of this scope, and time was better spent elsewhere. With permission from the group advisor Dr.
Restivo, static loading was used with a significant factor of safety (2) to ensure survival of parts
through tests. All loading cases are meant to simulate real world loading cases but are only valid
for the static case. Further and far more extensive analysis would be necessary to ensure the final
design survives the rigors of constant use. However, as this is meant to be a proof of concept,
simple static cases were substituted and used as stand-ins.

Fore-aft heave testing (Figure 3.3) was done by fixing the bottom of the frame as it would be in
an ambulance, and then applying load normal to either the front or back of the frame. A 450 lb
load was used, representing the max weight the platform was designed to support. In total, this

29

test case was designed to represent the result of a fully loaded platform, being thrown either
forwards or backwards due to the sudden braking or acceleration of an ambulance during
transport. Such a situation can be potentially very dangerous to components as sudden
deceleration from high speed to a standstill would result in a great deal of force and momentum
being applied to the outer frame.

Figure 3.3: fore-aft heave loading on the outer frame. Minimum yield strength is 39,000 psi. Purple
arrows designate force, green arrows designate fixtures

Oblique load testing (Figure 3.4) was performed by once again fixing the bottom of the frame,
then applying a force along either the right or left side of the vertical components. This force was
set at 450 lbs, equal to the maximum load the platform was designed to handle. The oblique case
is representative of a turn during transit, where the momentum of the inner frame will continue to
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travel while the outer frame stays fixed. While not as inherently dangerous as fore-aft heave due
to the force distribution over a larger area, oblique loading plays a very important role in
ensuring the does not fail under the circumstances of hurried transport in an ambulance. The
results of the oblique loading test are shown in Figure 3.4 demonstrate the strength of the design
under full load.

Figure 3.4: Oblique loading of outer frame. Minimum yield stress is 39,000 psi. Purple arrows indicate
force, green arrows indicate fixture

The final loading case for the outer frame is the combined loading case. This is designed to
simulate the combination of both fore-aft heave and oblique loading. In other words, the entirety
31

of the load is projected onto one particular corner of the outer frame. This is the most dangerous
case as the combination of two forces acting in different directions on the same surface can
increase the load beyond what is anticipated due to the principal stresses. Once again, the BCs
are set with the bottom of the frame fixed and the load applied normal to the vertical components
to simulate regular use loading. This particular test proved to be critical in the design of the
components due to this combined stress and higher load. As such, it was often the determining
factor in design decisions and the most important test run on the outer frame.

Figure 3.5: Combined loading case. Minimum yield stress is 39,000 psi. Purple arrows indicate force,
green arrows indicate fixtures
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Chapter 4: Inner Frame
4.1 Introduction
Within VAMP’s outer frame is the inner frame. This inner frame is connected to the piston and
moves vertically within the outer frame. Additionally, of the two, the inner frame is more crucial
compared to the outer frame. This has to do with final commercial implementation. If VAMP
were to be installed in an ambulance the outer frame would not necessarily be needed as the
body of the ambulance into which the inner frame would be installed would act as the outer
frame in which the inner frame would move.

4.2 Design Process

Figure 4.1: Inner Frame component isometric renderings from SolidWorks
Constraints for the inner frame were determined both by the physics-based model and the outer
frame design, while being held to the same standard as all of the other physical components. This
meant minimization of deflection, ensuring parts did not reach failure in the static case, and
being designed to avoid welding at all costs. Deflection became a key factor the in the design of
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the inner frame as the system had to slide within the outer frame. A deflection of the inner frame
due to a load transfer caused by braking or turning would result in the loss of contact between the
inner frame and the Teflon sliding surfaces. This loss of contact could cause the system to
behave unpredictably, and possibly cause severe damage to the piston.

Additional criteria that affected the design were imposed based on needs due to the physicsbased model as well as manufacturing concerns. As the inner frame is oscillating under the
power of the piston, mass plays a very key factor. Any additional mass imposed on the piston by
the frame is additional mass that must be accounted for in the state-space equations of the
physics-based model, also known as sprung mass. This would directly affect the response time
and ability of the piston to successfully attenuate vibrations.

From a manufacturing perspective, it was decided that the parts should be as simple to
manufacture as possible. The lessons learned from the outer frame were applied directly, with an
emphasis on reducing both the number of cuts that needed to be made as well as the size of the
cuts. Manufacturing was already being delayed due to the long machining time required for the
outer frame, so minimizing the number of processes was a key factor.

4.2.1 Platform Design
Design of the inner frame was split into two main components: the platform and the frame.
Initial platform designs had been developed in November, with a focus on simplicity. These first
designs revolved around a simple sheet of steel with little to no support. Through the design
thinking process, the design was tested and iterated using SolidWorks FEA with a heavy focus
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on minimizing deflection. Deflection in the platform would lead to unwanted vibration in the
system, vibration that would be unaccounted for by the piston. Thus, the entire physics-based
model of the system would be entirely obsolete, and the controllers would not be capable of
accurately damping out vibrations.

Issues with the initial design arose quickly as the steel plate deflected heavily under loading. It
was determined that the deflection should not exceed .2” for the design to be successful, a mark
the plate did not reach. Thickness of the plate was consistently increased using standard steel
sheet sizes, and different alloys were explored. Using 4340 steel with a thickness of .75” the
initial design finally reached the standard of .2” of deflection that had been set, with a calculated
deflection of .174”. However, upon calculating the mass of the plate, it was determined that
plate’s incredibly high weight of 367 lbs was unacceptable and far too heavy to even realistically
consider. As a result, the design thinking process was used again to attempt to construct a much
lighter platform that could support even more load.

The second design focused on cutting down weight while maximizing functionality through the
use of a composite platform. This design featured two steel outer layers with an inner layer made
of a polymer as shown in Figure 4.2. Using FEA, different iterations of this design could be
quickly tested to ensure the proper rigidity based on the dimensions, alloys, and types of polymer
used. Dimensions were selected using standard sizes to avoid additional manufacturing time,
while polymers were selected for combination of low density and high elastic modulus. The
resulting dimensions were .125” for both outer steel sheets and .75” for the PET middle layer.
This second design was slightly sturdier than the previous design, with only .159” of deflection,
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but was far heavier than anticipated. Despite weight saving measures, the total weight of 186 lbs
was deemed unacceptable, and a third round of design was needed.

Figure 4.2: Composite platform. Outer gray layers are steel, center layer is PET plastic

The third round of platform design instead focused on taking the load off of the platform. The
primary idea was to utilize the rest of the inner frame to support the load imparted by the piston,
and instead use the platform to simply carry the weight of the patient. With this design the
platform itself no longer had to be made of metal, but instead could be constructed out of a
polymer. Nylon 101 was chosen for its high tensile strength and elastic modulus which allowed it
to support the full 450 lb. load with ease. Due to the lack of load, as well as the higher strength of
the Nylon, the platform itself could be very thin and light, reducing the unsprung mass while
keeping the rigidity. This design also improved its deflection over the previous two designs,
bringing it down to .107”, nearly half of the maximum allowable deflection. The success of the
third design in meeting the criteria lead to the decision to use this iteration as the final design for
the purpose of the project.

4.2.2 Frame Design
The main function of the frame is twofold: maintaining contact with the outer frame while
sliding, and supporting the load imparted on it by the piston. Initial designs did not feature a true
frame at all, but instead simply had four vertical sliders (one for each corner) that would
maintain the necessary contact for the sliding motion. The decision to shift the load of the piston
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from the platform to the frame, along with the repeated failures of this design in FEA led to a
complete redesign, as well as the concept of an inner frame.

Keeping the four vertical sliders (IF01 and IF02), steel supporting rods were attached to absorb
any load in the X and Y directions and minimize deflection. All four sliders were also connected
via a sturdy top frame (Figure 4.3) constructed out of aluminum. To shift the force of the piston
onto the frame, as well as to add structural rigidity, a middle support (IF05) was designed. This
middle support connected to the two long supports (IF04) via screws and was designed to
connect to the piston via the piston connections. IF04 was originally designed with 1”x1”
aluminum bars but proved unable to support the load transferred from the piston. For this reason,
a 1”x2” aluminum bar replaced the old design and proved more capable of supporting the load
without failure or major deflection due to the additional material in the shear direction. A similar
story occurred with IF01 and IF02 as the length of the parts caused unwanted deflection under X
and Y axis loading.
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Figure 4.3: Inner frame assembly (ASS02)

The resulting inner frame met all design goals and massively reduced the sprung mass of the
system. Whereas the initial platform designs had been exceedingly heavy, the new design
weighed just less than 40 lbs. All masses were measured using the SolidWorks mass calculator
and serve as rough estimates for real world mass. With design goals met, the system was
displayed to Dr. Restivo for approval. Minor adjustments were made to address the concerns he
had about hole sizes and depths, but no significant changes were made. With approval from Dr.
Restivo, the system was approved for production.

4.3 Manufacturing
As described in section 4.2, the inner frame is made up of multiple bar and steel rod sections
bolted together. There were also manufacturing challenges associated with these parts, mainly
due to the length and size of the raw material being machined. For the aluminum parts, the four
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vertical sections were each 19 inches long with a smaller cross-section than the outer frame parts.
As such, machining along the length of the part introduced a large amount of chatter at each end,
necessitating the use of a clever setup to control. Length was also an issue with the rods,
specifically the four 32-inch-long pieces. These steel rods needed to be drilled and tapped on
center, requiring that they be machined on the lathe. The length of the rods necessitated a special
spindle fixture that reduced the amount of vibration the parts would experience when turned.
The spindle fixture acted as a makeshift spindle liner, reducing the diameter of the spindle to a
size slightly larger than the ½ inch diameter material being worked on.

4.4 FEA Testing and Results
FEA analysis was performed using SolidWorks FEA software, allowing for quick changes and
adjustments to be made to parts. For more information on the FEA process and techniques used
in this project, please see section 3.4. Additionally, no dynamic or fatigue loading scenarios were
tested for the reasons listed in that section. Loading cases for the inner frame are as follows:
1. Standard platform loading
2. Fore-aft heave
3. Piston loading

Standard platform loading was the standard method for testing the platform. This form of loading
is what would be expected during operating conditions in the maximum load case. In other
words, a load of 450 lbs distributed into 4 locations to represent the 4 wheels of a gurney, and a
single load of 1176 lbs in the center of the platform to represent the calculated maximum
necessary force of the piston. The platform was additionally fixed at each corner to prevent

39

motion, simulating the instantaneous static friction the sliding surface would have to overcome.
This test was used for all three variations of the platform, and is demonstrated by Figure 4.4,
depicting the first iteration of platform. This was the primary testing used to assess capability of
the platform. Deflection of the platform was the primary result of interest as discussed in section
4.2.1, with a deflection of .2” being set as the maximum allowed.

Figure 4.4: Platform loading case. Displacement shown in inches. Purple arrows indicate force, green
arrows indicate fixtures

As with the outer frame, fore-aft heave is meant to simulate the heavy acceleration/deceleration
of the ambulance during hurried driving. The top of the inner frame was set as fixed while the
front bottom edge of the vertical supports (IF01 and IF02) were subjected to a total load of 450
lbs (Figure 4.5). The primary desired result out of this test was very minimal deflection of the
vertical supports, with the goal being less than .1” of deflection. This ensured no contact was lost
between the vertical supports of the inner frame, and the Teflon runners attached to the outer
frame. Loss of contact would result in shear loading being placed on the piston, a load it is not
designed to handle and one that could severely damage the system.
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Figure 4.5: Fore-aft heave loading case of the inner frame. Results shown in inches of displacement with
goal of less than .1” maximum displacement

With the shift of the piston force from the platform to the frame during the design process, it
became imperative that the system be capable of supporting the load without failure. With a slot
being cut out of the long support (IF04) to allow the middle support (IF05) to sit flush, a stress
concentration was introduced to the system. IF05 is designed to take the load of the piston, and
thus transfers the entirety of the piston force directly onto those stress concentrations of IF04.
The test was performed by fixing the bottom of the vertical supports (IF01 and IF02) and then
applying the calculated maximum necessary load of the piston (1176 lbs) directly onto these
stress concentrations. For this test IF05 was omitted as SolidWorks would mesh both IF04 and
IF05 as contiguous parts, ignoring the stress concentrations that were the vital part of this test.
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The results of the piston loading test led to the decision to increase the size of IF04 to better
support the load. Width of the part was increased from 1” to 2” to achieve the desired results.
The primary focus of this test was on preventing failure of the part, although deflection also
played an important role. Figure 4.6 displays the stress results of the test.

Figure 4.6: Testing results of the piston loading test. Largest stresses occurred in screw holes, not the
described stress concentrations.
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Chapter 5: Piston Connections
5.1 Introduction
The final portion of the physical design was that of the piston’s connections to the rest of the
system. These connections do not include the pneumatic tubing since that would be the same
regardless of the design. Instead the connections dealt with in this section are the mechanical
connections of the piston to the rest of the frame. This system consisted of three parts: a clevis
and pin, a pivot bracket, and a sheet metal base.

5.2 Design Process and Manufacturing
The clevis and pin and the pivot bracket where not design by our team. Both were sold as
accessories for our specific piston. This allowed us to work under the assumption that the parts
would be able to handle all the forces the piston would produce. This saved us a lot of time since
we did not need to use time to do stress calculations. The clevis and pin had a threaded hole that
the piston could be screwed into, while the pivot bracket was screwed onto the underside of the
horizontal support member that the nylon platform rests on. These two pieces connect to each
other through the interface of the pin and the pivot hole.

Equally important is the connection of the base of the piston. This was done through a simple
piece of sheet metal with the ends folded up like a box. These folded up sides had holes drilled
into them where they could be connected to the tube steel of the outer frame’s lower half.
Additionally, the corners of the “box were cut out. This was done since we wanted the sheet
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metal to rest right against the tube steel for maximum stability. If these corners where not cut
away, then the additional thickness of the outer frame height components would create a gap
between the sheet metal base and tube steel.

The original design for the base connection was a block of aluminum that the piston would be
connected to. This block would then have tube steel running through it. This tube steel would
connect to the tube steel of the outer frame via clamps. This design was scrapped after our FEA
analysis showed that undesirable stresses were being added to the inner frame as a result of the
block’s added height.

Figure 5.1 and 5.2: Original (left) versus final (right) design for joining the bottom of the piston to the
frame

It is important to note that like the outer frame, the sheet metal base will not be necessary in an
ambulance set up as the body of the ambulance will serve the same purpose.
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Chapter 6: Pneumatic System
6.1 Introduction
The power behind the VAMP design is provided by the custom-designed pneumatic system. The
system makes use of a 4” bore, 12” stroke length, double acting pneumatic cylinder that provides
a maximum force of 1,257 lbs-f at the 100 psi system pressure. Figure 6.1 details the entire
pneumatic system from air supply to the cylinder, and specifically highlights the multiple safety
and regulatory features that have been designed into the system to minimize the impact of a loss
of pressure or loss of power incident on the patient. These features include three safety shut off
and drain valves, a secondary regulator and filter to back up the compressor, and a center-closed
solenoid valve that maintains cylinder pressure in a loss of power scenario, preventing the
platform from rapidly descending.

A pneumatic system was selected over hydraulic, linear actuator and linear motors. This system
would have the system response speed that we were looking for as well as being more cost
effective than other options. A pneumatic system will also be able to tap into an ambulances
existing air supply which will eliminate the need to incorporate an external pump into the design.
For testing purposes an external air supply was used to supplement the ambulance air supply.
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Figure 6.1: Pneumatic system schematic highlighting safety features of the team-designed pneumatic
system

Figure 6.2: Dry Set-up of Control System and Pneumatic System
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6.2 Design Process
The design process for the pneumatic system involved taking a deep look into how to ensure
high reliability and high safety in the same system. Multiple safety valves were a must,
especially with a double acting cylinder and a center-closed solenoid valve that would maintain
cylinder pressure even after being disconnected from the power source. A second regulator was
installed to insure against the possibility of a faulty regulator in the prototype compressor, and as
a means of regulating pressure in the full-scale model from the high-pressure air tank on a
commercial vehicle. A filter was also added to ensure a clean, dry supply of air that would
reduce the risk of fouling the piston or solenoid valve. Finally, a center-closed solenoid valve
was chosen to prevent the risk of a sudden platform drop when the system is turned off after
testing. The selection of the type, size, and power of cylinder to power the entire system was a
critical milestone in the design process of both the frame and the platform. A lot of discussion
and analysis went into making this decision. Since the prototype design is a half-scale model of
the final design, there was an argument to use a half-scale cylinder, as a smaller cylinder would
be much cheaper than a full-size cylinder. After lengthy discussions with professors and other
experts, it was decided that it was necessary to use a full-size cylinder in the half-scale model as
the performance characteristics between half and full-size cylinders do not scale in any analytical
way.

Ultimately, a double acting, 4” bore size, 12” stroke length cylinder was chosen to power the
system. A double acting cylinder was used as it affords greater control of position and speed
than a single action cylinder and can control the displacement to mid-stroke in order not to let the
platform fall. The 12” stroke length was found after analyzing various data sets used in other
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studies conducted on ambulances as well as the MATLAB simulations for maximum stroke of
our system mentioned in Section 6.2. Finally, a 4” bore size was chosen as it is the leading
characteristic of pneumatic cylinder’s capable force to move the platform as needed for our
project. Due to a school regulation limiting student-built pneumatic systems to a maximum 100
psi operating pressure, the cylinder will operate at approximately 100 psi with the appropriate
regulators and center-closed solenoid valve as described above. According to the manufacturer’s
website, the piston applies a maximum force of 1,257 lbs-force which is well above the
estimated needed force of 200 lbs-force as simulated in Section 6.2. This regulation of pressure
to 100 psi was deemed to be sufficient for powering the half-scale model, but the pressure should
be increased for the full-scaled model in future iterations.

Figure 6.3: 12 in. stroke double-acting pneumatic cylinder
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Chapter 7: Control System
7.1 Introduction
The control system was the most challenging aspect of this senior design project in terms of
sheer outside sources needed for reference. Some of these outside references who provided us
with guidance in the control systems component of the project were Dr. Michael Taylor, Dr.
Mohammad Ayoubi and PhD student Danop Rajabhandharaks. This section will cover the design
process of the control systems starting with the basic free body diagram progressing on to the
state space system representation and subsequent Proportional Integral Derivative Controller
(PID) and Linear Quadratic Regulator Controller (LQR). MATLAB and Simulink were utilized
in the initial stages of system modeling for the system as well as simulations however, the PID
and LQR control systems were integrated and controlled using an Arduino for the actual system.

7.2 State Space System and Modeling
The primary step in modeling the system for integration into a feedback control system is to
create a free body diagram based off Newton’s Equations of Motion in order to accurately relate
the transfer of forces throughout the system. A 1/4 model of the ambulance and platform system
was chosen to simplify the analysis while still representing all the necessary components of the
system. The 𝑀0 , or platform mass includes patient mass and is the control object in the system
and modeled with appropriate spring, damper and forcing constants equivalent to the actual
specifications of the pneumatic piston that is used. 𝑀1 represents the mass of a standard
ambulance with average spring and damper values collected from various real-world sources
(Raemaekers). 𝑀2 represents the mass of the tire with an equivalent spring constant to model tire
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stiffness with the tire damping neglected. All springs and dampers are modeled as acting in a
parallel linear fashion. The types of simplifying elements used to define our model included
plates for the platform and vehicle as well as beams for the frame so that the force transmitted
from each body is assume completely linear. The specific external conditions are the road input
or 𝑅4 modeled as a peak cosine function in the worst-case scenario. Additionally, the force of the
actuator, 𝐹0 , is an external input on the platform to compensate for the road input. The Model
and Free Body Diagram is shown below in Figure 7.1.

Figure 7.1: Quarter Car model and FBD with active suspension platform

This representation of the physical system is modeled with real-world inputs and mass, spring,
damper representations of the vehicle and tire. In the actual senior design project, a single degree
of freedom (1 DoF) will be manufactured and tested and therefore the free body diagram
simplifies to a single block as modeled on the right in Figure 7.1. The values for the mass,
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spring, and dampers of the respective vehicle were derived from (Raemaekers) as well as realworld ambulance specifications. These specific averaged ¼ quarter car values for a Type I
Ambulance are defined below in Table 7.1.

Table 7.1: ¼ values for Spring, Mass, Damper of 3 DoF System

Description

Variable

Value

Platform Mass

𝑀0

35 kg

Vehicle Mass

𝑀1

100 kg

Tire Mass

𝑀2

25 kg

Suspension Damping
coefficient

𝐵1

250 Ns/m

Piston Platform Damping
Coefficient

𝐵0

100 Ns/m

Piston Platform Spring
Constant

𝐾0

100 N/m

Vehicle Suspension Spring
Constant

𝐾1

90 kN/m

Tire Spring Constant

𝐾2

250 N/m

As mentioned, the model of the physical system assumes that all motion is acting in the vertical
𝑋direction and this motion is translated perfectly linearly throughout the system. This is a large
assumption considered there are multiple other inputs to the system including braking, turning
and irregular road input. These additional forces would add components in the 𝑍and 𝑌axes and
thus induce roll and pitch to the system. In order to account for these additional components, the
system would require additional complexity in both the control system and the physical system.
The physical system would need to be designed with four pistons positioned at each corner of the
platform instead of just one center-placed pistons. The control system, in order to control these
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four pistons simultaneously, would require the design and implementation of a Multiple-Input
Multiple-Output (MIMO) feedback control system. This type of control system is presented at
higher levels of education and thus due to the scope and resources of this project the goal was
determined to be a proof-of-concept 1 DoF control system implemented through PID.

The equations of motions were therefore derived in 1 DoF and then transformed to a state space
system in order to employ these equations in the control system through Matlab and Arduino.
Newton’s Equations of Motion were employed to find the equations of motion of the system
using the state variables (𝑥= , 𝑥$ , 𝑥' , 𝑥> , 𝑥? , 𝑥@ ) = (𝑥0 , 𝑥′0 , 𝑥1 , 𝑥′1 , 𝑥2 , 𝑥′2 ). Which results in the
system of equations as shown below.
𝑥′= = 𝑥$
𝑥′$ = 1/𝑀0 [−𝐾0 (𝑥= − 𝑥' ) − 𝐵0 (𝑥$ − 𝑥> ) + 𝐹0 ]
𝑥′' = 𝑥>
𝑥′> = 1/𝑀1 [𝐾0 (𝑥= − 𝑥' ) + 𝐵0 (𝑥$ − 𝑥> ) − 𝐾1 (𝑥' − 𝑥? ) − 𝐵1 (𝑥> − 𝑥@ ) − 𝐹0 ]
𝑥′? = 𝑥@
𝑥′@ = 1/𝑀2 [𝐾1 (𝑥' − 𝑥? ) + 𝐵0 (𝑥> − 𝑥@ ) − 𝐾2 (𝑥? − 𝑅4 )
Using these set of equations MATLAB and Simulink simulations and control system design
processes were performed which will be described in depth in the next section.

7.3 MATLAB and Simulink Optimization
The next step in the design process of the control system was to simulate the physical system
through MATLAB and also begin the design process of the Proportional Integral Derivative
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(1)
(2)
(3)
(4)
(5)
(6)

Controller (PID) and Linear Quadratic Regulator Controller (LQR) control systems in
MATLAB.

To begin, the simulation of the physical system’s reaction to a singular road input was an integral
component of our piston selection. The worst-case scenario of the max displacement input from
the road would effectively provide the max stroke length of the piston needed for this project.
This information could then be used as a constraint to size the piston and the corresponding
frame size for the system. In order to obtain this information, the max input road displacement
was input into MATLAB and the reaction of the system based on its state space system model
was recorded. With a road input modeled as a cosine function with a peak height of 0.3 meters
the simulation was run, and the response of the system is shown in Figure 7.2 below. The
average speed bump height is 0.1 meters, so this test implements the worst-case scenario of a
road irregularity at 0.3 meters.
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Figure 7.2: Quarter Car Simulation of Single Constant Input

The simulation shows that the platform will reach 75% displacement of the original input peak
displacement in the worst-case scenario depending on varying spring and damper constants. This
simulation primarily assists in the determination of the max stroke length needed for the piston.
This is as expected for our calculations and the capability of our system as our pneumatic piston
has a stroke length of 0.32 meters which is more than the platform displacement of 0.25 meters
in the worst-case scenario. Additionally, if the ambulance is equipped with standard spring and
dampers as found through research, the acceleration is significantly lower for the platform as
most of the initial acceleration is dissipated through the vehicle springs and dampers. This
primary simulation was mainly used for purposes of observing the worst-case scenario of the
system and as a constraint for determining piston size. As discussed, the actual build of the
system and testing was operated with a 1 DoF system tested using Hardware in the Loop (HIL)
and a mechanical input of a tabletop shaker table will be the final steps completed.
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Simulations were run using step inputs as well as cosine inputs over a finite amount of time. Step
inputs represent more sudden shocks and impulse that occur from road irregularities. The cosine
inputs will represent the body roll of the cab that is caused from initial shocks and to the
ambulance.

7.4 Design Process for the Control System
The control system is design around the desired input and output of the system. The input into
our system is undesired vibrations and shocks that can be caused during vehicular transport. The
desired output of the system is platform movement to mitigate acceleration in the system.
Acceleration is most important factor in the control system because minimizing acceleration is
the desired effect of the system on patients in transport.

The hardware involved in the control system includes sensors, a microprocessor, and the
connections to the pneumatic system. The primary sensor will be accelerometers to measure the
changes in acceleration that are caused by road irregularities such as potholes, speed bumps, or
road debris. The accelerometers will then be wired into a microprocessor. The microprocessor
that was chosen was an Arduino. It was chosen because of the open source projects and libraries
that exist on Arduino as well as the Arduino having the necessary ports and processing power to
run our controllers. The Arduino is where the control system will interact with the pneumatic
system that was selected for the platform. The Arduino controls a relay that completes a circuit
which powers the five-way center-closed solenoid valve which controls the airflow to the
pneumatic piston which controls the platform movement.
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7.5 PID and LQR Controller
A closed-loop feedback control system was determined to be used for this system controlled
through an Arduino with accelerometers to sense the input and the a 3-way solenoid valve to
control the piston pressure and force. The two control systems used were the Proportional
Integral Derivative Controller (PID) and Linear Quadratic Regulator Controller (LQR). The PID
system was chosen as the primary system due to its relative simplicity and the design team’s past
experience with the design and tuning of this type of control system. The LQR system was
chosen due to its ideal characteristics in comparison to the PID however, with added
complexities of design. Both control systems were designed in parallel in MATLAB however,
PID was primary implemented and tested first with LQR being a secondary phase for future
iterations.

PID is a closed loop feedback system that uses the error of the system in order to create a system
response to reach the steady state of the system. PID is a convenient and commonly used control
system to implement into system design because of its tunability. Using the state space equation
of the one degree of freedom system a transfer function was found through MATLAB. Using the
transfer functions, a block diagram was created in MATLAB to model the system behavior to a
pulse into the system.
=

L

𝐾𝑝 + 𝐾𝑖 ∗ L + 𝐾𝑑 ∗ MN∗LO=
The variables that govern the proportional (Kp), integral (Ki), and derivative (Kd) terms of the
equation can all be quickly changed and optimized to increase system performance in one or
more areas. The PID tuning function within MATLAB/Simulink were used to test different
variable and the effect on the system response, before ever moving toward live testing. An

56

(7)

example of responses found through the tuning method through Simulink is below. One response
plot was optimized for low overshoot and the other for quickest settling time.

Figure 7.3: Simulink of VAMP with System Specific Transfer Function and Square Wave Road Input

Figure 7.4: Simulink of VAMP with System Specific Transfer Function and Sinusoidal Road Input

As a result of initial tuning it was found that minimizing settling time was a more valuable to the
system response than minimizing overshoot. While minimizing overshoot it was found that more
overshoot was caused if another disturbance occurred before the steady state was reached. In the
plot that minimized settling time the same amount of overshoot occurred because of another
disturbance, because the steady state had already been reached. Having the fastest response time
from the PID controller will result in greater patient comfort, because the acceleration of the
system will match the acceleration of the ambulance to create a net zero effect of acceleration on
the patient.
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The Linear Quadratic Regulator control system was chosen as a secondary iteration of the project
for its ideal characteristics in comparison to the PID control system including a faster response
time, settling time and less overshoot. A MATLAB simulation was designed and tuned for the
LQR system and the next steps for the integration of this system into the physical system is the
transfer of the code from MATLAB to Arduino. The LQR is governed and tuned by a quadratic
cost function below.
𝑔(𝑥2 , 𝑢2 ) = 𝑥2 M 𝑄𝑥2 + 𝑢2 M 𝑅𝑢2

(8)

This function has two weighting matrices 𝑅and 𝑄weighting the input usage and state deviation
respectively. Using mathematical manipulation and the corresponding definitions of 𝑥through
the state space equations, Equation 8 was transformed, substituting 𝑥for 𝑥′′or acceleration. This
manipulation resulted in the 𝑄function weighting the state deviation in the acceleration of the
platform which was the primary criteria we want to minimize in the project. Therefore, by
adding more weight to the 𝑄function in the quadratic cost equation the state deviation in
acceleration would be minimized and the input usage would be arbitrary as long as it remains in
the realm of operating piston pressure. This procedure was used for the basic tuning of the LQR
system in MATLAB and it can be seen in simulated below in Figure 7.5.
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Figure 7.5: System Response Due to LQR Tuning (Left: Q=1 R=1 Right Q=10 R=1)

Figure 7.5 above shows the response of the system to tuning with 𝑅and 𝑄 being weighed equally
in the graph on the left and 𝑄being weighed more heavily on the graph on the right. This results
in a faster response time, quicker settling time and less overshoot as seen in the platform
acceleration plots in the middle. However, this smooth attenuation comes at a cost of higher
input piston force as seen in the Piston Force plots on the bottom. These piston forces required as
demonstrated in this simulation are within working conditions of our specific piston, but these
are parameters we will need to monitor in the actual implementation of the control system.

7.6 Simulations of PID Controller
Using the tuned response found through the Simulink program, simulations were run at different
frequencies that are commonly experiences during patient transport. Shown below is the
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simulation response plot of an arbitrary road input at two hertz. The frequency two hertz was
chosen because it is a commonly occurring frequency from unexpected road disturbances. The
yellow line on the graph is the PID response to the road input. An arbitrary value of road input
was used for the simulations, because this allows the response to be scaled to any input size that
could be expected during testing and/or operation. At this frequency from using Simulink’s
cursor tools rise time was 2.592ms, the percent overshoot was found to be 2.2%, and the steady
state of the system was reached at 0.163 seconds. Other response plots for different frequencies
are located in Appendix D.

Figure 7.6: Response Plot of PID Simulink Simulation at 2 Hz (Yellow Line is the system response and
the blue line is the road input, the axes are displacement with arbitrary units vs time)
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Table 7.2: Testing Goals for VAMP
Testing
Criteria

Simulation Response Simulation Response
Square Wave
Sinusoidal

Maximum Percent Overshoot [%]

5

2.2

0.2

Maximum Steady State Error [%]

5

1.5

N/A

Rise Time [s]

<1

2.952e-3

N/A

Settling Time [s]

1

0.165

N/A

Maximum Acceleration [m/s]

2

N/A

0.436*

*This number is from experimental ambulance data from (source) of the peak acceleration they recorded
of 7m/s (from PDS in Appendix C) and then multiplying that by the percent reduced acceleration constant
found through simulations

The maximum acceleration was found using a kinematic equation to solve displacement using
time and acceleration. The acceleration will be changing during the system response. However,
constant acceleration is assumed for the equation because only one point in time on the graph is
being examined. The point in time that was chosen was at the point where the system response
and road response have the greatest disparity in their values which will yield the highest
acceleration that the patient could feel. The equation used is as follows which is modified from
kinematic equations:
𝑎=

$T
2U

(9)

Where x is the displacement, a is the acceleration, and t is the time. The displacement used for
the equation was the arbitrary displacement assigned in the simulation and the response plot. The
time to the peak of the road input is found and the acceleration is calculated with the arbitrary
displacement value, 1. The acceleration is then calculated at the same time using the system
response and using the displacement of the system at the peak time. This will leave two
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accelerations that can create a dimensionless constant that can modify any current acceleration
experienced to the acceleration that would be experience had the system been employed.
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Chapter 8: System Integration: Assembly and Testing
8.1 Introduction
Our goal for the project was to have all of the components machined and fitted together in
conjunction with a control system capable of responding to an input with appropriate piston
movement. At the end of the project due to various circumstances including time and space
constraints this goal was not reached. The main obstacle that was encountered was that of time
starting with the design process in the fall quarter. The refinement of the design process from a
full vehicle with active suspension all the way to an actual platform actuated by a pneumatic
piston took the length of the fall quarter. This pushed the detailed design to be completed by the
end of winter quarter in which we had designed the outer frame to its final design with the inner
frame still being optimized via FEA. This resulted in the team only having the chance to begin
manufacturing in mid-March and consequently pushed our testing phase past the end of spring
quarter.

8.2 Assembly
As manufacturing picked up in intensity and speed, the team shifted gears to think about system
assembly. Both the physical assembly of the system as well as the safety of the team members
during assembly were considered. It was decided early on that the assembly of VAMP would
take place in the University machine shop on a combination of tabletops and the floor. Initial
assembly would involve fitting together all of the completed structural components to have a
complete mechanical system before integrating the pneumatic power system. The safety
concerns associated with the physical assembly were relatively minor and included the
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possibility of dropping the heavy aluminum pieces from a large height or sudden shifting of the
individual parts during assembly. As such, assembly was planned to take place at a measured
pace to reduce the chance of a physical accident occurring.

Pneumatic system integration would begin once the physical system was completed and verified
to be assembled correctly. For this step of assembly, the physical frames were relocated to the
floor as the final weight of the system with the pneumatic system installed would be over 100
pounds. The large piston would be installed and verified before any control or other pneumatic
components would be connected. The pneumatic system would then be completed as a whole,
with the air supply being disconnected from the system at all times to minimize the risk of an
accidental introduction of air into the system. The control system would be integrated last, and,
like the pneumatic system, the electrical power would remain disconnected from the system itself
during the entire assembly procedure.

These procedures were thought out and planned in great detail, but unfortunately were never
realized during the course of this project. Problems with the manufacturing of the machined
components prevented final assembly from ever occurring. The team was able to partially
assemble the inner frame for demonstration purposes, but the inner frame was a non-functional.
Future teams who take on this project would be encouraged to optimize the manufacturing
process to allow for time to complete assembly. For example, this may include sending parts to
an outside machine shop for the larger pieces or the time-consuming processes such as hole
drilling and tapping.
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8.3 VAMP Testing
Like the assembly chapter above, the testing protocol outlined in the following paragraphs was
thought out and thoroughly planned by the VAMP team, but due to manufacturing and control
system problems, the half-scale VAMP model was never able to be tested under these conditions.
The testing protocols have been included as a guide for future developers of the project when
planning their own testing protocol. This section will first detail the testing safety plan that is
featured in Appendix F, and then move on to the actual testing protocol for VAMP.

We were able to move the piston using the control system that was designed. However, the relay
was not able to switch channels as quickly as expected in order to provide and appropriate
response to input accelerations. The accelerometers used had a large amount of background noise
in the readings and would randomly spike without being moved. The testing was done with the
small piston which may have accounted for why the relay could not switch fast enough, because
at the pressure we were testing created a quicker than expected response. The large piston was
never used for testing due to safety concerns, but the relay may have been more effective at this
scale of testing.

Due to the incorporation of a large bore pneumatic cylinder running at high pressures and the
rapid movement of heavy components, the team was required to draft and submit a testing safety
plan for review by both the Mechanical Engineering department and the Santa Clara University
EHS Department. The plan details normal testing procedures to be followed when testing the
device, and also details specific actions to be taken in case of various emergency or unexpected
situations. The standard operating procedure for VAMP includes a startup and shutdown
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sequence, as well as specific bystander and operator safety steps to minimize the amount of time
the system would be energized to directly minimize the risk of a loss of pressure incident. The
two emergency situations detailed in the safety plan are a Pneumatic System Component Failure
and a Loss of Electrical Power incident.

The two primary methods that will be utilized for the testing of the system includes hardware in
the loop (HIL) and mechanical vibration testing using the tabletop shaker table at Santa Clara
University. HIL testing will be performed using a simulated by the Arduino such as step input
and reading the response of the isolated pneumatic system. The mechanical vibration testing will
be performed with one accelerometer mounted on the shaker table and one mounted on the
piston to measure the response as follows. The plan for the testing and analysis of the system as
included in our performance parameters is a settling time of less than 1 𝑠𝑒𝑐𝑜𝑛𝑑𝑠, a rise time of
less than 0.5 𝑠𝑒𝑐𝑜𝑛𝑑𝑠, and steady state error of less than 5%. These main constraints will be used
to measure the system success when testing is performed in both scenarios HIL and mechanical
vibration testing.
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Chapter 9: Business Plan
The VAMP system, if fully developed and tested at full scale, would be an excellent candidate
for commercialization to the emergency medical evacuation market. The VAMP system, as
described, is an active patient damping system designed to be installed and used in a variety of
emergency medical evacuation vehicles, with a specific focus on the ambulance community. It
was designed by the five-person senior design team mentioned in this report, and the company
itself would be managed by those same five people, each acting in different executive roles to
ensure the company runs smoothly. Currently there are no competitive products either on the
market or in development that can do what VAMP has been designed to do, so, as of now, the
market for VAMP is large and untapped.

The goals and objectives of the company would be to provide a high quality, durable VAMP
system for a reasonable cost that is accessible to the majority of emergency medical evacuation
providers in the United States. The company would focus heavily on refining the initial design
of VAMP to streamline the manufacturing aspects while maintaining the original commitment to
easy maintenance and extreme durability.

The VAMP system would be the main and only product of the company at launch. VAMP is an
actively controlled patient stabilization system that uses a pneumatic cylinder and various
sensors to actively isolate a patient from the various vibrations and shocks that an ambulance or
other medical transport vehicle generates while in motion. The key to the system is the control
system that uses multiple accelerometers interfaced with an Arduino to provide a fast and
accurate response to vehicle motion. This response is acted upon by the large pneumatic
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cylinder that sits underneath the patient and works to move the patient to counteract the
vibrations of the ambulance. This system offers an unobtrusive way to greatly increase patient
comfort and reduce the risk of vibration-associated injuries during transport.

Since there are no current devices on the market that perform similar functions to VAMP, the
team worked to identify a potentially untapped market. When designing the VAMP system, the
team was able to talk with the Santa Clara County Fire Department paramedics about various
aspects of the design and also whether they would see the device as a useful addition to their
plethora of medical tools. Multiple paramedics voiced that, in their opinion, VAMP would be a
huge addition to their ambulance. Their main issue with the current ambulance design is that
patients are placed in a situation where they can be in extreme pain that is aggravated by the
vibrations and shock of riding in an ambulance. The paramedics recalled multiple instances
where they patients became extremely uncomfortable on the ride to the hospital. They expressed
that pain medication could sometimes be administered to patients, but in some cases, they did
not want to give a patient pain medication due to various circumstances. In this case, the patients
become uncooperative due to the pain and created a hazardous environment for the paramedics
to perform their jobs in. After this interview, the team identified the ambulance market in the
United States as the initial target market for VAMP.

Since the device was developed in California, it would make sense to enter the market in
California, working with emergency transport providers throughout the state to equip their
ambulances with VAMP. If the system takes off, the team will look at measured and calculated
expansion into the surrounding states, taking care to ensure that the company does not grow
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beyond its means. Eventually, the team hopes to offer VAMP to emergency ambulance
providers nationwide by partnering with emergency vehicle retailers.

There are no competitive devices on the market today in any part of the country that can do what
VAMP has been designed to do. Once VAMP enters the market, and if it is a success, the team
expects to see companies beginning to design and field their own VAMP adaptations. The team
would look to patent the design to prevent competitors from reverse engineering VAMP into
their own product.

Starting out, VAMP would be sold as a direct-sales model from the company to various
ambulance providers as a kit to be retrofitted onto existing ambulances. As the market gains
strength, the team would look to expand VAMP into the new ambulance building market by
partnering with ambulance manufacturers and emergency vehicle dealers to offer the VAMP
system as either a factory installed, or aftermarket dealer installed option for emergency transport
providers. Sales people would be engaged mainly in trying to get VAMP into the hands of as
many manufacturers and dealers as possible, with a smaller staff working to introduce the
various emergency transport organizations to the VAMP product to encourage them to order it
through their dealer.

Manufacturing wise, the team would be looking to open a company-owned and managed
manufacturing facility. Many of the parts would be manufactured by third party shops, with only
a small portion being manufactured in house. The assembly of the system would take place inhouse, and the majority of the components would be sourced as off-the-shelf to make
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maintenance and repairs easy. The team estimates that it will take two million dollars of initial
investment to outfit a facility that can meet the demand in California. As the team expands,
manufacturing would be moved to a progressively larger facility, and as the company expands
further east, the team would begin to look at opening a second manufacturing facility to serve the
Midwest and East Coast markets. Manufacturing time per VAMP system would likely be one to
two hours, as the system would not be fully assembled in the assembly plant. Only certain
subassemblies would be put together, then all of the parts necessary to construct a VAMP system
would be sent out in kit form for dealers and manufacturers to install on their vehicles. This
method of manufacturing greatly reduces both manufacturing overhead costs and manufacturing
time per unit. Inventory management will take place in the same facility as manufacturing, and
the VAMP system will be aimed to be produced as a made to order system with little to no
inventory on hand at a given moment. Inventory will be sold to dealers and manufacturers in
bulk, who will handle the inventory costs associated with keeping the kits in their facilities.

Since there is no competition in VAMP’s market, the team has the burden of determining a
pricing structure that effective for both the consumer and the business. The pricing will begin
with a calculation of the cost per unit. This is based off of the team’s design and construction of
the half-scale prototype unit. The total unit cost was just north of $2,500, which included all
components sourced at retail prices. Accounting for both an increase in material use for a fullscale model, the elimination of the outer frame when installed in an ambulance, and the effect of
wholesale prices on material cost, the team estimates that the per unit costs for material for each
VAMP system should be approximately $1,500. The labor cost to assemble one VAMP will be
based on Glassdoor reported wages for assembly line workers, which is $17 per hour [10]. The
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simple labor cost for VAMP will be, at the most, $34 in wages. Note that this cost does not
include benefits or other employee or labor costs. Total labor costs can be estimated to be
approximately $100 per VAMP system, bringing the total per unit cost of VAMP to be $1,600.

Fixed costs include space and equipment costs that are considered overhead. Space and
equipment costs will include rent, utilities, and upkeep of both the facility and any machinery
used for production as well as the initial $2 million investment in the facility. These total costs
are estimated to be $50,000 per month in addition to the $2 million initial investment. Using the
combination of fixed and per unit costs, the team decided that a retail price of $2,500 per VAMP
system is appropriate. This price provides a sufficient profit margin for the company to cover
expenses and generate a good amount of cash that can be reinvested in the business to promote
growth.

In terms of service and warranties, the ultimate goal for the company would be to offer a lifetime
warranty on the frame components and a multiple year warranty on the system as a whole.
Obviously, this warranty structure is expensive to maintain and requires significant investments
in quality of workmanship during manufacturing. The team feels, though, that VAMP has been
engineered from the ground-up to be a rugged and durable system, and the best way to market
and live up to the hype of those words is to offer a lifetime frame warranty. Service on any of
the physical components including the frame, piston, or other structural items can be performed
by any choice of mechanic that has experience in servicing structural systems. VAMP will be
designed to accept OEM replacement parts, but should also work well with third party parts,
granted they meet certain design specifications. Any servicing or tuning of the controller,
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sensors or control system should be done by a VAMP company certified tech so as not to create
a scenario where damage to the system is introduced by an improperly tuned control system.

The team hopes to generate funding for starting this project from a variety of sources, but mainly
from traditional business loans. The team is determined to not give up equity stake in the
company in exchange for funding and would prefer to fund this business by traditional means.
As such, the ROI for investments in simply interest payback on the business loans and nothing
more. The team hopes to not owe any further portions of our profits to investors past repaying
our initial loans, as that profit would be better served expanding the VAMP brand nationwide.
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Chapter 10 Engineering Standards and Project Constraints
10.1 Social Impact
The two main societal impacts that VAMP will have is improving overall patient comfort during
emergency medical transportation and reducing the frequency of transport-induced injury
severity escalations. While VAMP is designed to be used in all ambulances, regardless of
medical emergency type, the focus for the development of the system was to increase patient
comfort during massive injury or trauma events, including fractures, sprains, burns, and other
injuries that may be especially painful. This focus is justified through the use of CDC
emergency department attendance figures. According to the 2015 National Hospital Ambulatory
Medical Care Survey, 15,887,000 people were admitted to hospital emergency departments
nationwide with these massive trauma injuries [1]. While no further breakdown was available to
distinguish the method of transportation used by the patients to get to the hospital, it can be
assumed that with such injuries that a large portion of the patients sought the assistance of
professional emergency medical transportation services versus a private vehicle.

The second societal impact that we expect VAMP to have is in the realm of reducing the number
of injuries that increase in their severity as a result of being transported by an emergency medical
transport vehicle. The design team identified the patient group for this impact as mainly being
those patients suffering from a spinal cord or intracranial injury where there is a risk for paralysis
if the patient is exposed to sudden and jarring motion. Again, making use of the 2015 National
Hospital Ambulatory Medical Care Survey, 2,076,000 people were admitted to emergency
departments around the country with vertebral column or traumatic brain injuries [1]. Not all of
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these patients were transported to emergency departments by emergency transport vehicles, but
most likely more than a large portion of them were. These individuals are already accounted for
in the first social impact, but they represent a group of patients that receives further, and arguably
more important benefits from the implementation of the VAMP system.

The societal impact of VAMP has the possibility of revolutionizing the emergency medical
transport industry by increasing the comfort level of the roughly 15 million patients transported
to emergency rooms with traumatic injuries [1]. This increase in comfort level will help reduce
patient pain outbursts, making the paramedic’s job both easier and safer as they do not have to
perform emergency medical procedures on patients that are in constant pain. The 2 million
patients who arrive at emergency departments with spinal column or traumatic head injuries gain
a second benefit from VAMP which is a reduction in the possibility of transportation increasing
the severity of their injury [1]. The patients will be actively isolated from the jarring motions
and movements of the ambulance, which will increase their possibility of getting to the hospital
with the same injury that they got into the ambulance with.

10.2 Health and Safety
By picking a pneumatic system to drive the VAMP system, the team investigated both the risks
to themselves during the prototype assembly and test phases as well as the theoretical case of
VAMP entering full-scale production with wide adoption. Multiple safety concerns associated
with using a pneumatic system were brought to the team’s attention and were mitigated through
a combination of design and procedural safeguards.
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During the testing and assembly phase, much of the risk associated with the system is directed at
the team members directly working on and with the device. Safety hazards include sudden
depressurization of the system, loss of electrical power, pneumatic component failure, and
unexpected system movement. In a sudden depressurization of the system, the loss of air
pressure is not catastrophic but has the ability to cause the platform to unexpectedly drop if not
properly cautioned against. For procedural safety methods, no team member is allowed to be
within 10 ft. of the platform while the system is energized. The design safety measures to
mitigate this risk are the same as those implemented for the loss of power incident. A centerclosed solenoid valve is used in the design because, in the case of an upstream loss of pressure or
a loss of electrical power, the solenoid retains air pressure in the cylinder, eliminating the rapid,
unexpected drop of the platform to its datum level. The component failure safety risk is
mitigated by limiting system pressure to 100 psi or less, which is well below the rated pressures
of each of the components that make up the pneumatic system. Finally, in the case of
unexpected system movement, the main risk from this is the movement of the entire platform if
not properly secured. The team has designed a safety plan that incorporates securely fastening
the VAMP prototype to the ground during testing. Safety valves have also been installed to
prevent pressure from suddenly being introduced into the cylinder in the case of an accidental
pressurization of the system. Figure 6.1 outlines the pneumatic system design and highlights the
safety features of the pneumatic system as a whole.

In the context of VAMP being widely deployed, the main risk to health and safety is a loss of
electrical power that causes the platform to suddenly drop from a height, creating a large
displacement and jarring impact for the patient that has a high possibility of injuring the patient.
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The center-closed solenoid valve mitigates this risk because, as stated above, the valve retains air
pressure in the cylinder in its unpowered state, ensuring that the cylinder can be safely lowered
by emergency medical personnel without injuring the patient any further.

10.3 Manufacturability
The design team looked long and hard at the manufacturability impact that certain aspects of the
design would have, chiefly the decision to assemble the frame using threaded fasteners instead of
welding. Welding components of the frame together would have simplified both the design and
manufacturing processes for the prototype and would also have been an excellent candidate for
scaling up VAMP manufacturing to full scale. Prototype manufacturing restrictions drove the
decision to design the frame to be bolted together, but the decision to maintain this fastening
system through full scale prototyping and production was driven by a need to have the system be
easily repairable and sustainable.
Functioning as part of an emergency medical transport system, VAMP needed to have high
reliability and quick maintenance and turnaround times to minimize system downtime. A
welded frame would be difficult to make quick repairs to in the field and would necessitate
removing the ambulance or other vehicle from service for an extended period of time. A screw
fastened system, on the other hand, would utilize standardized parts that could be kept in stock
and swapped in a relatively short amount of time by a single mechanic or a team. The team
understood that future manufacturability of the design would suffer slightly due to having to both
machine the complex parts necessary to fasten the frame with threaded fasteners and assemble
the parts with threaded fasteners. The team believes that these manufacturability tradeoffs, and
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ultimately and higher finished cost are justified by the significant increase to the serviceability of
the system.

10.4 Economic Impact
VAMP has two main areas of the population where it could make a substantial economic impact
if scaled up to full scale production and implementation. The first is the economic impact that
the system would have on ambulance operators. The VAMP system, while designed to be
rugged and durable, is also an expensive system to integrate onto a vehicle. With a prototype
cost of almost $2,500 for a half scale prototype, the retail price of a unit is expected to be more
than $10,000. To install this system on a large majority of ambulances in the country would be
an enormous financial undertaking by both the public and private ambulance providers. These
costs would undoubtedly be passed on to the “consumer” who in this case is a patient in need of
emergency medical care. VAMP has the possibility to increase already staggeringly high
ambulance ride costs in the United States with its integration. It is thought though, that these
cost rises would be temporary as the systems mature and go further into their operational
lifespans. The replaceable parts design, combined with an easy-to-service frame make the
system relatively inexpensive to maintain, hopefully leading to a reduction in ambulance ride
costs back to close to pre-VAMP levels.

Where VAMP can have a positive economic impact is on the patients who are being transported.
If a patient incurs an injury escalation as a result of an ambulance ride, that could mean a longer
and more expensive hospital stay than if the patient was admitted with the original injury. This
reduction in healthcare costs, especially incurred by those who are uninsured, can save both
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individuals and the taxpayers large amounts of money every year. The added gains of increasing
patient comfort in an ambulance also means that a paramedics job becomes ever so slightly less
stressful, leading to less paramedic turnover.

10.5 Environmental Impact
The environmental impacts of the system are going to be considered from the point of view of
the system having entered full scale production. The VAMP system is another component that
needs to be integrated into an emergency medical transport vehicle during assembly, leading to
an increase in the amount of materials used, which creates an environmental impact. VAMP is
also designed to tie into a transport vehicle’s existing air system, which will place an added load
on the system, but has been designed to create no more than a 1% increase in emissions from
ambulances.

Our goal for the environmental impact of VAMP is for the system to be highly recyclable by the
FTC definition that all parts except for “minor or inconsequential parts” must be recyclable and,
at most, a 1% increased impact on emissions for a standard ambulance [11]. Both the outer and
inner frames are made out of aluminum and steel, both of which are recyclable materials. The
nature of the VAMP assembly allows for easy separation of the aluminum and steel components,
facilitating an easy recycling process once the system has reached the end of its feasible life.
The pneumatic tubing is all recyclable plastics, and the valves, piston, and other pneumatic
components have usable lifespans that surpass that of the frame components, so they can be
reused, and also ultimately recycled as well. Since all of the major components are recyclable,
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VAMP can be considered a highly recyclable system and can be marketed with said label when
sold to consumers.

The VAMP system is designed to work with installed air systems on ambulances built on truck
chassis. The cylinder installed in the VAMP system is a 4” bore, 12” stroke, double acting
cylinder. Through testing, it has been determined that, during normal operation, the stroke
length and stroke time of the piston can be averaged to equal 3 inches and 1.5 seconds,
respectively. Using an online calculator, the cylinder requires about 6 CFM to operate
effectively. It is recommended that ambulance buyers who purchase a VAMP system should
upgrade their compressor size to allow for the extra 6 CFM to be provided. Upgrading from the
standard compressor to a heavy duty one creates an additional 2.8 horsepower demand on the
engine [12]. In addition, compressors operate on a 25% duty cycle, and taking this into account,
the full-time power impact of an upgraded compressor is 0.7 horsepower. For the typical
emergency response vehicle diesel engine total fuel consumption is 8.5 × 10Z' 𝑖𝑛' , and the fuel
consumption per horsepower is 3.02 × 10Z? 𝑖𝑛' [13]. Using this data point, the upgraded
compressor causes an increase of 2.11 × 10Z? 𝑖𝑛' in total fuel consumption, leading to an
increase of 2.04 × 10Z@ lbs of CO2 emitted per second. This is an increase of 0.25% in CO2
emissions, which is well below the 1% limit that was set for VAMP.
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Chapter 11: Cost Analysis
11.1 Prototype Cost
The prototype budget was set as $2,500 as this was the amount of funding that the team received
from the School of Engineering. No outside funding was procured. As seen in Figure 11.1, the
majority of the budget has been dedicated to the structural and pneumatic subsystems of the
design. The large structural budget was due to the design being largely reliant on large
dimension aluminum parts, though it should be noted that aluminum was both a cheaper and
lighter option when compared to making the same parts out of low carbon steel. The pneumatic
budget was large due to having to purchase a full size pneumatic piston even though the
prototype was designed and built at ½ scale. A full-size cylinder was necessary due to the
control system outputs not scaling linearly with an increase in piston size. To eliminate this
factor, the team decided to build a half scale structural model with a full-size piston and air
system.
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Figure 11.1: Pie chart showing the cost breakdown for the prototype from a total budget of $2,500.

While Figure 11.1 indicates a cash reserve of $170.56, this was not actually the case. This
reserve cash was prior to buying the long connectors, sheet metal, and pivot and clevis. These
items would have exceeded that reserve amount. It was debated buying the material’s out of the
team's own pockets, but it was rejected as the time left to assemble and test was not sufficient to
make the expense worth while
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Chapter 12: Summary and Conclusions
12.1 Project Summary
While we did not reach our original goal of having a complete half scale model and working
pneumatic system, this project still should be recognized for what it did achieve. We came up
with a project that was of our own creation and came up with a design for it. As far as the
machined components go we proved that we followed technical drawings with enough precision
that the pieces made by different members at different times still fit together as originally
designed.

12.2 Moving Forward
What was accomplished with this project has the potential to act as a starting point for a future
senior design project. From the work that has been accomplished so far, a frame can be
manufactured more efficiently. Currently the frame components are being stored in the Santa
Clara University machine shop. These pieces could be used in completing the frame to save time
or used as test pieces if the hypothetical future team decides to start over.
On the control sides there is also room to expand the project. While the piston used in this design
could be used again, a way to improve upon the design would be to have four pistons located at
the corners instead of a single piston in the center. By having 4 pistons, pitch and roll could be
added to VAMP’s movement capabilities, but this would require making the system a Multi
Input Multi Output (MIMO) control system.
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Appendix A: Subsystem Selection Matrices
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Appendix B: Detail and Assembly Drawings
System

Part Name

Part Number

Quantiy

Machined/
Bought

Notes

Piston

PC00

1

Bought

Sheet Base

PC01

1

Machined

Clevis and
Pin

PC02

1

Bought

Pivot

PC03

1

Bought

Height
Component 1

FC01

4

Machined

Height
Component 2

FC02

4

Machined

Long
Connector

FC03

4

Machined

2 have 3
additional
holes

Short
Connector

FC04

4

Machined

2 have an
additional
hole

Right
Vertical
Support

IF01

2

Machined

Left Vertical
Support

IF02

2

Machined

Cross
Member

IF03

1

Machined

Long Support IF04

2

Machined

Piston
Connection

Outer Frame

Inner Frame
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Middle
Support

IF05

1

Machined

Platform

IF06

1

Machined

Long Support IF07
Rod

4

Machined

Short Support IF08
Rod

2

Machined
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Appendix C: PDS
Project Design Specification
Design Project: Vibration Attenuating Medical Platform
Team: VAMP

Date: April 15, 2018

Revision: 02

Datum: F-350 DRW Ambulance with Standard Deck
Performance Requirements
Units

Datum

Target-Range (Half
Scale)

Suspension Travel

Inches

7

6

Settling Time

Seconds

3-4

1

Rise Time

Seconds

None (Passive)

0.5

Transmissibility

Unitless

0.60

0.25

7*

2

Peak Patient Acceleration

Meters/Seconds

$

Additional Requirements
Cost

dollars

included

2500

Functional Requirements
Weight

lbs

included

250

Dimensions
inches
included
19x12x33
* peak z-axis patient acceleration varies with speed and data was not found for F-350 ambulance,
F-450 ambulance was used for this datum
Criteria
Reduce ambulance vibrations transferred to patients
Have a user (EMT) friendly interface at least comparable to current solutions
Focus on a single degree of vibration suppression
Attenuate lower frequency vibrations that are of harm to patients
Adaptability of platform to different vehicles (Helicopter, Coast Guard Boat etc)
References
1. “Ambulances.” Ambulances - Type I, Type II, Type III and Type IV Ambulances,
Metronix, www.metronixinc.com/site/ambulances.h
2. Raemaekers, A.J.M. “Active Vibration Isolator Design for Ambulance
Patients.”Eindhoven University of Technology, Department Mechanical Engineering
Eindhoven University of Technology, 2009.
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Appendix D: PID and LQR Simulations

Figure D.1: Response Plot of PID Simulink Simulation at 1 Hz (Yellow Line is the system response and
the blue line is the road input, the axes are displacement with arbitrary units vs time)
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Figure D.2: Response Plot of PID Simulink Simulation at 4 Hz (Yellow Line is the system response and
the blue line is the road input, the axes are displacement with arbitrary units vs time)

Figure D.3: Response Plot of PID Simulink Simulation at 10 Hz (Yellow Line is the system response and
the blue line is the road input, the axes are displacement with arbitrary units vs time)
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Figure D.4: Response Plot of PID Simulink Simulation at 20Hz (Yellow Line is the system response and
the blue line is the road input, the axes are displacement with arbitrary units vs time)
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Figure D.5: System Simulink Response Plot of an Arbitrary Sinusoidal Road Input at 1 Hz (Yellow Line is
the system response and the blue line is the road input, the axes are displacement with arbitrary units vs
time)
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Figure D.6: System Simulink Response Plot of an Arbitrary Sinusoidal Road Input at 2 Hz (Yellow Line is
the system response and the blue line is the road input, the axes are displacement with arbitrary units vs
time)
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Figure D.7: System Simulink Response Plot of an Arbitrary Sinusoidal Road Input at 4 Hz (Yellow Line is
the system response and the blue line is the road input, the axes are displacement with arbitrary units vs
time)
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Figure D.8: System Simulink Response Plot of an Arbitrary Sinusoidal Road Input at 10 Hz (Yellow Line
is the system response and the blue line is the road input, the axes are displacement with arbitrary units
vs time)
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Figure D.9: System Simulink Response Plot of an Arbitrary Sinusoidal Road Input at 20 Hz (Yellow Line
is the system response and the blue line is the road input, the axes are displacement with arbitrary units
vs time)
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Figure D.10: System MATLAB Response Plot LQR control system Q:R =1
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Figure D.11: System MATLAB Response Plot LQR control system Q:R =10
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Figure D.12: System Response Plot LQR control system Q:R =20
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Appendix E: FEA Results
All results in imperial units. See sections 3.4 and 4.4 for further details on FEA process and loads
used.

Figure E.1: First platform iteration displacement results

Figure E.2: First platform iteration stress results
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Figure E.3: Displacement results for composite platform

Figure E.4: Stress results for composite platform.

Figure E.5: Displacement results for final platform design
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Figure E.6: Stress results for final platform design

Figure E.7: Stress results for inner frame piston test
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Figure E.8: Displacement results for inner frame piston test
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Figure E.9: Stress results for inner frame fore-aft heave test
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Figure E.10: Displacement results for inner frame fore-aft heave test
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Figure E.11: Fore-aft heave stress results for the outer frame
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Figure E.12: Stress results for oblique loading of outer frame
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Figure E.13: Deformation results for oblique loading of outer frame

133

Figure E.14: Stress results for combined loading of outer frame

134

Figure E.15: Deformation results for combined loading of outer frame
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Appendix F: Detailed Safety Plans
Safety Plan for Securing Device to Ground During Testing
One of the largest identified hazards associated with building and testing VAMP is the
possibility of the entire system moving unexpectedly during testing from its original test
position. As such, this plan details the methods by which we are proposing to secure our device
to our test surface to reduce the risk of the entire system moving during testing.
Device Specifications and Important Values
● System Specifications
o System Dimensions – Fully Retracted: 30” x 12” x 22”
o System Dimensions – Fully Extended: 30” x 12” x 31”
o System Weight: 250 lbs.
o System Materials: Aluminum, Steel, Polyethylene
● Cylinder specifications
o Bore Size: 4”
o Maximum Force @ System Pressure (100 psi) : 1,257 lbs.
o Designed Maximum Pressure: 250 psi
The cylinder can apply a maximum force of 1,257 lbs. at 100 psi which is the operating pressure
of the pneumatic system. While this may be the maximum force of the cylinder, this force will
be applied in an upward direction in such a way that it cannot be directly applied to the
movement of the entire system. As such, the assumption is made that the anchoring system will
not need to be designed to withstand the entire force of the piston. It is anticipated that anchors
with at least a maximum operating force of 500 lbs.-force should be sufficient to secure the
device and prevent any movement outside of the expected vertical motion of the platform.
Identified Options for Securing the Device During Operation
● Drop-in Concrete Anchors
Concrete Anchors
This plan is both the safest, but also the most invasive plan of the three options. It requires that
the device be assembled and tested in an area that has a solid concrete floor that can be altered.
A drop-in anchor system is the preferred system as the system can be secured and detached an
unlimited number of times, allowing the team to test and alter the device continuously without
wearing out the anchors.
Design
The anchor system design has taken into account multiple factors to maximize the strength of the
anchoring system. We have decided to use 3/8” drop-in anchors that have a maximum useable
load of 635 lbs. Each drop-in anchor requires a 7/16” hole to be drilled at least 1-9/16” deep into
the concrete to achieve maximum strength. The spacing pattern indicated in Figure F.1 takes
into account that the anchors need to be spaced at least 3-1/2” apart to achieve maximum
strength.
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Figure F.1: Schematic depicting the anchor layout plan to secure the device to the floor. The green
outline is the device, the red circles represent anchors, and the blue outline is the concrete floor.

Once the anchors have been installed, the system will be secured to the anchors using metal
strapping that will be bolted across the 1” diameter pipe sections that are represented by the
green lines in Figure F.1. Each mounting point will be secured by multiple layers of metal
strapping to ensure the straps are as strong, if not stronger than the anchors that they will be
bolted to.
The advantages of this system are that we are able to provide a safe and strong mounting system
that can be rapidly engaged and disengaged to allow for changes to the system to be made and
then tested in an efficient manner. The anchor system is also permanent, allowing for future
senior design teams to effectively continue working on this project.
The disadvantages of this system are the 8 permanent anchors that will remain embedded in the
concrete after the conclusion of the project. If this project is allowed to be worked on in the
engineering school buildings, then this disadvantage can be nullified as the buildings are
scheduled for demolition in the Fall of 2018.
Method for Executing the Safety Plan
1. Mark out hole pattern specified in Figure G.1 with hole distances no less than the 4”
specified in Figure G.1.
2. Use a hammer drill with a 7/16” hammer drill bit that has been marked to the appropriate
hole depth
3. Properly clean and prep finished holes prior to installing drop-in anchors
4. Install drop-in anchors following correct protocol
5. Position system in proper position for securing
6. Bolt straps to the drop-in anchors to secure the system
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7. Check anchoring system to ensure the system is properly installed before operating the
system
Materials Required for The Anchoring System
● Hammer Drill with 7/16” drill bit
● 8 Hilti HDI-L+ 3/8” Drop-In Anchors
● 1 Hilti Manual Install Tool
● 8 5/8” long, 3/8” bolts
● 1 roll metal strapping with holes
Safety Plan for Testing of VAMP
Testing this device is the single largest hazard that the team will face when executing this senior
design project. This safety plan outlines a proposed safety procedure to be followed during the
course of normal operation as well as various safety protocols for expected or serious
malfunctions.
Device Specifications and Important Values
·
System Specifications
o
System Dimensions – Fully Retracted: 30” x 12” x 22”
o
System Dimensions – Fully Extended: 30” x 12” x 31”
o
System Weight: 250 lbs.
o
System Materials: Aluminum, Steel, Polyethylene tubing
·
Cylinder specifications
o
Bore Size: 4”
o
Maximum Force @ System Pressure (100 psi): 1,257 lbs.
o
Designed Maximum Pressure: 250 psi
·
Solenoid Specifications
o
Maximum Working Pressure: 115 psi
o
Proof Pressure: 215 psi
·
Manual Shut Off and Relief Valve Specifications
o
Maximum Working Pressure: 130 psi
o
Proof Pressure: 215 psi
·
Filter/Regulator Specifications
o
Maximum Working Pressure: 145 psi
o
Proof Pressure: 215 psi
·
Tubing Specifications
o
Polyurethane
o
0.250” OD, 0.156” ID
o
Maximum Working Pressure: 180 psi
o
Burst Pressure: 540 psi
Operator and Bystander Safety Protocol
To protect those who will be around the project during testing operations, we will require that
those not associated with the test remain at least 25 ft. away from the device during operation.
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For those who will be closer than 25 ft. to the device, proper personal protective equipment,
including long pants, closed-toed shoes, and safety glasses, at a minimum will be required..
Pneumatic System Design

Figure F.2: Schematic of the pneumatic system design, connection lengths and positions are not to scale

The design of the pneumatic system shown in Figure F.2 has been thought out to maximize
safety for the operator and bystander. All of the components besides the cylinder will be
accessible by the team members during operation without having to approach the device. Safety
valves will be labeled and identified for ease of use. Our choice of a center closed solenoid
means that in the case of a loss of power to the solenoid valve, the valve defaults to a closed
position, which leaves the cylinder pressurized and creates a hazard. The two safety valves
installed downstream of the solenoid allow us to relieve the pressure in the cylinder in case of an
emergency like this.
Pinch Points
This system has moving parts, which introduces the risk of pinch points. To combat this risk, the
platform will be physically secured to the exterior frame with a motion restriction device that
will prevent the platform from moving up and down except for during testing. Our testing
procedure also incorporates inspections aimed at making sure the identified pinch points are free
from obstructions.
Standard Operating Procedure for Testing the System
1.
Set up the 25 ft. cordon around the testing area and put on all required PPE
2.
Secure the system in place using the anchor system approved by the University
3.
Inspect anchor system to ensure that it has been set up properly
4.
Assemble the pneumatic system with all three safety valves set to the off/drain positions,
the regulator set to 0 psi, and the air source hose disconnected from the system
5.
Inspect the pneumatic system to ensure all connections are made properly and all valves are
in the off/closed/drain positions
6.
Connect electrical and control system and power up the electronic controls
7.
Inspect electrical connections and dry test the solenoid to ensure it is in working order
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8.
Perform final visual inspection of the system to ensure all connections have been made
properly and all pinch and motion points are free and clear
9.
Release the platform from the motion restriction device, freeing up the platform to move
when activated
10. Retreat to a safe distance and connect the air supply hose to the pneumatic system
11. Open all safety valves
12. Slowly increase regulator pressure to 25 psi and test solenoid and piston to ensure free and
clear movement
13. Increase regulator pressure to 100 psi and commence testing
Standard Operating Procedure for System Shutdown
1.
Slowly decrease regulator pressure until regulator pressure reads 0 psi
2.
Close regulator safety valve to depressurize the system upstream of the cylinder
3.
Close the two-cylinder safety valves to depressurize the cylinder and return it to its stable
state. Leave all safety valves in the off/closed/drain position
4.
Disconnect air supply from pneumatic system
5.
Inspect air system to ensure the system is completely shut off
6.
Power down and disconnect electrical components
7.
Disconnect air system components
8.
Secure the motion restriction system to render the system safe to move
9.
Unsecure system from the anchoring system for transport
Emergency Procedure for Pneumatic System Component Failure
In the event of a catastrophic loss of pressure incident, the team will follow the following
procedure:
1.
Close regulator safety valve to isolate the cylinder from the air source
2.
Close pressure regulator to shut off air flow
3.
Close and drain cylinder safety valves to drain cylinder
4.
Disconnect air source from pneumatic system
Emergency Procedure for Loss of Electrical Power
In the event of a loss of electrical power that affects the air supply, the team will follow the
following procedure
1.
Close regulator safety valve to isolate cylinder
2.
Close pressure regulator to shut off air flow
3.
Disconnect air source
4.
Close and drain cylinder safety valves to return cylinder to zero state.
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Appendix G: Senior Design Conference Slides

Design Process

Introduction
= Ambulance rides are uncomfortable
– Fast travel speeds amplify vibrations
– Possibility of further injuring patient

= Overview of Design Process and System Components

= 28,004,624 estimated EMT transports annually (2009)

Figure 1 : Picture of Medium Ambulance

Figure 2: Class 1 Ambulance

Figure 4: System Sketch

Figure 5: Solidworks Assembly of Structure
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Our Solution

Presentation Outline
=
=
=
=
=
=
=
=

Introduction to our Problem
Design Process
Control System
Prototyping
Testing and Analysis
Measures of Success
Future Improvements to Design
Q&A

= Vibration Attenuating Medical Platform (VAMP)
– Active Pneumatic System
– Pneumatic actuator controlled by an Arduino
= Powered by built-in ambulance air supply

– Aluminum and steel frame with polymer platform

= User Scenario
– VAMP is placed in an ambulance, pickup, off road vehicle
– EMT will place the patient on the platform and no more input would be
required
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Customer Needs
= Ambulances rely on traditional vehicle suspension
– Unable to completely attenuate road vibrations
– Motion transferred to patient can cause further injury and pain
= Patient safety and comfort is critical
– 0 to 10 hertz most harmful to patient

Vibration Attenuating Medical Platform
David Harris, Kelek Olais,Tyler Gambill, Noah Friedman, Cameron Fisch
Faculty Advisor: Dr. Gaetano Restivo

Figure 3: Ambulance bay with gurney
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