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Dr. Paul E. Labossiere, P. Eng 

E1-546, Engineering Information and Technology Complex,  

75A Chancellors Circle 

Winnipeg, MB R3T 5V6 

 

December 1, 2014 

 

Dear Dr. Labossiere: 

We herewith submit Team #9’s final design report entitled “Fire Truck Cab Entryway 
Improvements Final Design Report.” This document is submitted for the final evaluation of our 
Mechanical Engineering capstone project. 

This report presents our design for a pneumatically actuated, automatically deploying step 
system, utilized to integrate an ergonomic full width interior floor into an emergency response 
vehicle produced by our client Fort Garry Fire Trucks.  

Also included are preliminary finite element analysis results requested by the client to 
determine whether this same vehicle meets the roof loading requirements for commercial 
vehicles established by the European Union.  

Sincerely, 

Rhys Werdermann, Martin Long, Chee Him Cheung, and Youssef Amin 

 

Enclosed: Fire Truck Cab Entryway Improvements Final Design Report 
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EXECUTIVE SUMMARY 

 Our team has partnered with Fort Garry Fire Trucks (FGFT) to solve an issue facing their 

current emergency response vehicle design. Currently in their Crown cab design, the interior 

floor partially overhangs the entrance steps, creating a tripping hazard while entering the crown. 

Additionally FGFT’s competitors offer products which have an interior floor that extends the 

entire width of the vehicle, placing them at a competitive disadvantage when bidding on 

contracts. 

 FGFT has tasked us with modifying their Crown design to implement a full width floor, 

integrating automatically actuating steps to create an ergonomic entrance when entering and 

exiting the Crown. Consulting with our client, they emphasized that they desired a creative 

concept, one which would differentiate them from the competition. 

 Our final design achieves a full width interior floor, integrating a pair pneumatically 

actuating sliding steps on either side of the Crown. The actuation is designed to automatically 

extend the steps when the door is opened past 65°, and to retract the steps when the door is 

closed past this same point. The steps have been designed to meet the National Fire Protection 

Association’s standards for automotive fire apparatus. The steps are 18” wide, a design 

consideration to eliminate any interference between the door and step during the actuation 

process, while maintaining a functional width for entering and exiting the Crown. A uniform rise 

height of 8-1/4” has been designed between the steps, with a uniform distance of 8” between 

leading edges of each step when they are deployed. Steel diamond plate is used to construct the 

tread face to provide a non-slip surface. 

 Considerations have been made within our design to ensure it fulfills FGFT’s 

manufacturing capabilities, and to utilize materials common to their Crown design. The frame of 



 

ix 

each step is constructed of 1-1/2” x 1/8” square 6061 aluminum tubing. 2” x 3/16” square and 

2”x3”x3/16” 6061 aluminum tubing is used to construct the subframe used to mount all of our 

design components into the existing crown frame. Wherever possible, off-the-shelf parts have 

been used.   

 The pneumatics within our design are powered by an air storage tank that is charged by 

the fire truck's air brake system. Each step is actuated by its own pneumatic cylinder, an 8" 

cylinder for the upper step and a 16" cylinder for the lower step, which are connected in parallel 

so they actuate in unison. Double-acting pneumatic cylinders are used to provide powered out-

strokes and in-strokes during actuation. In the fully extended position, the pneumatic actuators 

remain pressurized to hold the step firmly in place. 

 In order to control the pneumatic cylinders, an electrical control system was 

implemented. This control system consisted of two limit switches to sense the door position, and 

a third switch to allow the user to depressurize the pneumatic cylinders manually for 

maintenance. The switches route power to the solenoids of a 4-way pneumatic valve, opening 

and closing the valve to provide pressurized air to the pneumatic cylinders. 

 For our design, we had been given a budgetary goal of $1500. Breaking down the cost of 

all the components in our design, without considering labour costs, the total cost of our design 

was shown to be $1773.11, an overshoot of 18%. Reviewing our component costs there are no 

clear areas where cost can be further reduced within our chosen design. 

 To implement our design, it is recommended that FGFT builds an initial prototype of the 

system. This prototype is needed to fine tune the dynamic interaction between the slides and 

pneumatics, by adjusting the air flow within our system to ensure the actuation of the step 

doesn't hit the door during operation. This prototype will also be used to assess the need for 
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bumpers between the door and steps in the stowed state, and the optimal positioning for the 

manual depressurization switch. 
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1 INTRODUCTION 

For our MECH 4860 design project, our group has partnered with Fort Garry Fire 

Trucks to design an actuating step mechanism that will allow them to extend the interior 

floor of their cab the full width of the vehicle. We have also been asked to analyze their 

current Crown cab structure to ensure it meets the roof loading requirements for 

commercial vehicles set out by the European Union.  

1.1 Background 

 Fort Garry Fire Trucks (FGFT) is Canada's largest manufacturer of emergency fire 

vehicles, providing fire trucks, pumper trucks, water tankers, and other rescue vehicles to 

fire departments across North America [1]. FGFT is currently looking to expand its market 

share by modifying their current design to better compete in the North American market 

and by expanding into the European market. 

 The initial model that FGFT intends to introduce to the European market, and the 

model they have asked us to modify for the North American market, is built on a 

Freightliner chassis (as shown in Figure 1); with a supplementary custom built cab, called 

a Crown, added behind the Freightliner cab to provide seating for an additional three to 

four firefighters and to house the controls for different equipment.  
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Figure 1: Fort Garry Fire Trucks Pumper Tanker with Crown cab  

[1] 
 

 The issues facing the current layout of the Crown are the ergonomics of the 

entrance steps, and the lack of a full width floor. Currently, when entering the Crown, 

there is a considerable tripping hazard created by an overhang of the interior floor as 

shown in Figure 2.  

 

Figure 2: Current entrance step of the Crown 
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This overhang is neccesitated by the seating arrangement of the Crown (shown in Figure 

3); without this floor extension, the two seats on the outside of the Crown would lack 

support for the feet of the firefighters seated there. Additionally, FGFT's competitors 

currently produce vehicles with full width interior floors, which places FGFT at a 

competitive disadvantage when bidding  on contracts. 

 

 To alleviate these issues, FGFT has tasked us with creating a design concept which 

extends the interior floor the full width of the Crown and integrates an actuating 

mechanism which will deploy ergonomic stepping platforms when the door of the Crown 

is opened. 

 

Figure 3: Overhead view of seating arrangement of Crown with current floor configuration 
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1.2 Design Requirements 

 There are some basic requirements for our design as provided by our client. These 

requirements are stipulated by the National Fire Protection Association (NFPA) - 

specifically NFPA 1901: Standard for Automotive Fire Apparatus [2] which states any 

step must: 

 Support 500 lbs applied to a 5" diameter circle 

 Be a minimum of 5" wide and 8" deep 

 Be a maximum of 24" from the ground with a  maximum of 18" between steps 

 Have a non-slip surface 

 The client has also specified that the step must open and close in conjunction with 

the door opening and closing and should be as ergonomic as possible; specifically, the step 

should not be ladder-like. 

1.3 Design Constraints 

 Our design must also fulfill a number of constraints related to space availability, 

manufacturing capability, and cost. 

 The major constraint of our design is the space within the Crown that our 

mechanism may occupy. Our mechanism must fit within the space currently occupied by 

the fixed steps at the Crown door (shown in Figure 1 and Figure 2). Currently, behind this 

space is a heater, used to heat the Crown in winter. After consulting with our client, they 

agreed that the space currently occupied by the heater may also be utilized by our design, 

as the addition of the full width floor above the heater will cause it to be ineffective in 
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heating the passage compartment. The dimensions of our design space are shown in 

Figure 4. 

 

Figure 4: Space allocation within Crown for our mechanism, dimensions shown in inches. 

 There are also some material and manufacturing constraints imposed due to the 

manufacturing capabilities of FGFT's facility. The Crown structure is primarily 

constructed out of aluminum alloys with steel also being used. This precludes our design 

from being constructed out of composites or plastics. FGFT does have a CNC plasma table; 

therefore, we can incorporate this into our design to construct more complicated geometry 

if needed. 

 Additionally, FGFT has given us a budgetary goal of $1500. This budget includes 

all materials and components required to implement our design on both sides of the 

Crown. Labour costs have been omitted.  
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1.4 Crown Roof Loading Analysis 

 FGFT is currently looking to expand its market share further into the European 

market and gave us the additional task of assisting them in ensuring their emergency 

response vehicles meet the standards and criteria for use in Europe. 

 Only the Crown needs to be analyzed, as the Freightliner chassis used in the model 

they asked us to analyze meets European Union commercial vehicle standards. Of prime 

interest to FGFT is the roof loading standards, subsection 7.4 of Regulation No. 29 of the 

Economic Commission for Europe of the United Nations, which states that the roof of the 

Crown must be able to withstand a static load equal to the maximum mass authorized for 

the front axle of the vehicle up to a maximum of 98kN [3]. This corresponds to a load of 

12,500 lbs, or 55.6kN, for the model being analyzed.  

 We were asked to perform a finite element analysis (FEA) on the Crown design to 

test whether it will meet this criterion. This analysis factored heavily into the early stages 

of our project, as it was used to determine the scope of our design content. If the Crown 

was shown to pass, FGFT is confident their design will meet the other requirements 

presented in the European standards and did not asked for any supplemental analysis 

from us. However, if this analysis were to show any deficiencies in their current design, 

our design task would have been to modify their Crown structure to fix these deficiencies. 

The results obtained from this analysis demonstrated that the crown will pass the static 

roof loading requirement, which allowed us to define the scope of our project as outlined. 

As this analysis of the Crown roof loading does not factor into our actuating step design, 

the results can be seen in Appendix A: Preliminary FEA Results. Based on the results of 

this analysis, FGFT intends to perform physical testing to confirm the results. 
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2 DESIGN CONCEPTS 

As the design content of our project could not be defined until the after Crown 

analysis was performed, a process which was not completed until mid-October, our 

concept development process needed to be condensed. A full Gantt chart detailing our 

project development can be found in Appendix D. Additionally, there was a 

misunderstanding of scope and client need during the initial concept development of our 

actuating step project, which further condensed the time available for concept 

development. Our team still developed several ideas to redesign the steps in the Crown 

with a concept development process focused on two categories: a rotary step and a sliding 

step. 

2.1 Rotary Step 

The rotary step concept, seen in Figure 5, has the steps rotate into position as the 

door opens.   
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Figure 5: Rotary step design at fully extended position 

 

 

For this concept, steps are attached to a pivot located inside the Crown near the 

pivot point of the door. The step assembly can be actuated by a mechanical linkage 

connecting the door to the step assembly. When the door is opened, the link will pull the 

steps to the deployed position; when the door is closed, the link will push the steps back 

into their stowed position. Additionally, a locking mechanism will be used to hold the 

steps in position while in use. The major limitation of this design is the depth of the 

allocated space; as this restricts the maximum width of the deployed step, potentially 

impacting ergonomics and usability.  
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2.2 Sliding Step 

The sliding step concept has the steps move out linearly when door is opened, as 

shown in Figure 6.  

 

Figure 6: Sliding step design at fully deployed position 

 

The linear motion of the sliding steps mechanism introduced an additional 

constraint on the width of the steps in order to prevent the steps colliding with the door. 

This, again, potentially impacts the ergonomics and usability of the step. 

With the sliding step, multiple actuation and slide mechanisms were considered. 

These mechanisms are described below. 

2.2.1 Actuation Mechanisms 

In order to deploy and retract the steps as the door opens and closes, two actuation 

mechanisms were considered: pneumatic actuators and mechanical linkages.  
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2.2.1.1  Pneumatic Actuator 

Pneumatic actuation utilizes linear pneumatic actuators, also called pneumatic 

cylinders, to deploy and retract the steps. Pneumatics was considered over electronic 

actuators or hydraulics due to the availability of an onboard air source; the pneumatic 

system can be run as an accessory of the airbrake system on the fire truck. Sensors 

monitoring the door position are required to control the pneumatic actuators, deploying 

or retracting the steps as the door opens and closes. Choosing an appropriately-sized 

pneumatic cylinder during our final design process will provide an actuation mechanism 

that can rapidly deploy and retract the steps, with valves and flow control being used to 

tune the speed of the mechanism.  

2.2.1.2  Mechanical Linkage 

The second actuation mechanism investigated was a mechanical linkage between 

the door and the steps. However, unlike the mechanical linkage used in the rotary step 

concept (which merely translated the rotary motion of the door to a rotary motion about a 

parallel axis), this mechanism would be required to convert the rotary motion of the door 

to a linear motion of the step. Two mechanical linkage concepts that could be utilized for a 

linear step were investigated. 

The first mechanical linkage design is shown in Figure 7. A rigid arm is used to 

connect the door and steps. In this configuration, the linkage acts as a two-force member. 

As such, during opening and closing, an equal amount of force is being directed 

perpendicular to the step travel at certain points, reducing the efficiency of this 

mechanism. 
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Figure 7: Mechanical linkage with small rigid arm 

 

The second design is shown in Figure 8. In this design, an arm is connected to the 

door, and a pin provides a connection between the arm and the step. A track is mounted 

within the Crown. During operation, the pin will move along this track, which shifts the 

rotary motion of the door into a linear motion. However, this design increases the 

mechanical complexity as compared to the first design, while suffering from the same 

efficiency issues. 
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Figure 8: Bottom view for mechanical linkage with long arm (step at extended position) 

 

2.2.2  Slide Mechanism 

To facilitate the sliding action of the mechanism, a pair of mechanical tracks (called 

slides) is required. For our design, the slides need to satisfy several functional 

requirements. First, they must be of sufficient length to allow the step to extend to an 

ergonomic position and have a retracted length which neatly fits into the allocated space 

within the Crown. Second, they must be strong enough to support the weight of a 

firefighter when the step is fully extended, fulfilling the 500 lb load requirement from the 
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NFPA standards. Third, friction from the slide needs to be minimized in order to reduce 

the force required of the actuation mechanism we implement.  

At first, a custom-designed option was considered. This would require the design of 

a fixed track and a wheeled slide. When considering the loading involved when the 

extended step is supporting 500 lbs, and the dynamic requirements of the slide, it was 

quickly determined that custom-built slides were infeasible due to our manufacturing and 

material constraints. Researching commercially produced slides, a number of different 

manufacturers were found to produce slides which meet all of the requirements of our 

design. It was decided that utilizing an off-the-shelf product would be the ideal solution 

for a sliding step mechanism, if it were to be chosen for our final design, with further 

research required. 

2.3 Concept Selection 

The selection of the concept with which we chose to move forward was primarily 

driven by discussions with our client and research of competitor designs. Our client 

emphasised that they were interested in receiving a creative concept from us that would 

differentiate them from their competitors. In our meetings with the client, and our 

independent research, we saw that the competitors utilize rotating step designs. As such, 

the sliding step concept was chosen for our final design, as it was determined to best 

satisfy our client’s wants and needs. 

For the two possible actuation methods for this design, it was determined that the 

mechanical linkage had some major drawbacks which precluded it from being an optimal 

solution. For one, to prevent interference between the door and step during actuation, 

there must be a considerable gap between the two when they are fully open. This leaves 

the linkage unguarded, meaning it would be easy for the user to accidentally step on and 
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damage the linkage when egressing the cab. Secondly, the off-the-shelf slides we intend to 

implement are designed to support vertical loading. As previously mentioned, the 

mechanical linkage will cause loading perpendicular to the motion of the step when 

opening and closing, a loading condition for which the commercial slides are not designed. 

The dynamics of the slides under these loading conditions are unknown, and seizing of the 

mechanism may occur. 

Considering pneumatics, the major drawback is the increased complexity and cost 

over the mechanical linkage. However, pneumatic cylinders don't exhibit any of the 

following drawbacks of a mechanical linkage: The pneumatic components can be located 

inside the Crown, with the cylinder attached below the tread of the step, which eliminates 

the possibility of the user accidentally damaging the component. Also, pneumatic 

cylinders operate in a purely linear fashion, which fits the designed loading conditions for 

the off-the-shelf slides.  

Further research was conducted to determine the feasibility of utilizing 

pneumatics, and it was determined that the controls that would need to be implemented 

for our application can be fit into our $1500 budget without need for compromise in other 

areas. 
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3 FINAL DESIGN 

 Our design achieves a full width interior floor in the Crown, integrating a set of 

pneumatically actuated sliding steps which extend and retract in conjunction with the 

door. Renderings of our design within FGFT's Crown model are shown in Figure 9. 

 

Figure 9: Render of our final actuating step design in the deployed position 

 The actuation is designed to extend the steps when the door is opened past 65° and 

to retract the steps when the door is closed past this same point. The width of the step, 18", 

has been designed to eliminate any interference between the door and step during the 

actuation process, while maintaining a functional width for entering and exiting the 

Crown. Figure 10 shows a diagram of the ergonomic factors of our design. 
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Figure 10: Measurements of extended step position 

From this, we see our step design has a rise height of 8-1/4", tread depth of 9-1/8", and 

going of 8". The tread of each step is constructed out of stainless steel diamond plate to 

provide a non-slip surface.  

 The pneumatics within our design are powered by an air storage tank that is 

charged by the fire truck's air brake system. Each step is actuated by its own pneumatic 

cylinder, an 8" cylinder for the upper step and a 16" cylinder for the lower step, which are 

connected in parallel so they actuate in unison. Double-acting pneumatic cylinders are 

used to provide powered out-strokes and in-strokes. In the fully extended position, the 

pneumatic actuators remain pressurized to hold the step firmly in place. 

 Considerations were made in our design to address functionality if mechanical 

failure or loss of electrical power occurs. If stuck in the retracted position, our design will 

still function as a ladder, impacting ergonomics during egress but still being functional. 
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The pneumatic control valve we selected has a default exhausted position. This means that 

if power is lost, pressure in the cylinders is vented; so, the step can be manually retracted. 

This design consideration eliminates the chance of the step being stuck in a deployed 

position, which would prevent the door from being closed. A power disconnect switch is 

also included in our design, giving the user control to exhaust the cylinders if the step 

needs to be manually extended or retracted or to perform maintenance.  

 Further details of the individual design components, including selection criteria 

and analysis, are detailed in the following sections. 

3.1 Tread Design 

The tread of our design is formed by a welded tube structure, constructed out of 1-

1/2"x1/8" square 6061 aluminum tubing, and a formed piece of 1/8" stainless steel 

diamond plate which is riveted to the frame. The tread design is shown in Figure 11. This 

tread has a tread depth of 9-1/8" and a width of 18". Mounting holes are provided along 

the sides of the tread to fasten it to the slides. To accommodate the pneumatic cylinder 

which will be paired to this component, the rear tube is offset above the rest of the frame, 

allowing the pneumatic cylinder to be positioned in parallel with the centreline of the step. 

A mounting tab to fasten the clevis of the pneumatic cylinder is provided on the front tube 

of the step frame.  
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Figure 11: Tread design 

 

 To meet the design requirements, the tread is designed to support a load of 500lb. 

To test this, FEA was performed on the tread. For this analysis, the sides of the tread 

(where it is bolted to the slides) were set as fixtures, and a 500 lb load was applied to a 5" 

diameter circle on the face of the tread. A stress plot of this simulation is shown in Figure 

12. 

 

Figure 12: Stress plot of tread structure with 500 lb load applied 

 From this plot, we see a peak stress of 85.6MPa in the steel tread face; this is much 

less than the 220MPa yield strength of the stainless steel plate. Deflections in the plate 
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were demonstrated to be less than 0.5 mm. Notable stress concentrations in this analysis 

were seen in the areas of contact between the tube structure and plate, which would be 

unexpected in a riveted connection between the two. As such, the tube structure was 

analysed separately resulting in the stress plot shown in Figure 13. 

 

Figure 13: Stress plot of aluminum tread frame subjected to 500 lb remote load. 

 For this analysis, the same fixture conditions were used, with the 500 lb load now 

distributed along the top faces of the aluminum tubes using a remote load application 

point analogous to the user stepping on the tread face. From this plot, we see a maximum 

stress of 13.4MPa - less than the 55.1MPa yield strength of the 6061 tubes. This analysis 

demonstrates that our step meets the loading criteria of our design. 

 Engineered drawings of this component can be found in Appendix C. 
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3.2 Slide 

 In selecting an off-the-shelf slide, four criteria were considered: maximum allowable 

load, extension length, retracted length, and cost. The chosen slides needed a designed 

capacity of at least 500 lb applied at a point near full extension. They need extension 

lengths capable of reaching the designed distance for the deployed steps, which are 8” and 

16” for upper and lower step respectively, while maintaining retracted lengths that fit into 

the allocated space in the Crown. The cost of the chosen slide is a major consideration, as 

eight slides are required in total. 

Slides from the GSF Sliding Systems DTS 60 series, pictured in Figure 14, were 

chosen for our final design. These slides were chosen as they meet all of our requirements 

while having an economical price that fits into our budget. 

 

Figure 14: GSF Sliding Systems DTS 60 series telescopic slides.  

[4] 

These slides are a two section telescopic slides, milled out of C45E+C steel. The I-

beam structure of the middle slide component gives this product high strength while 

maintaining a compact profile. Additionally, this product is considered excellent for 
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applications experiencing dynamic loading (which describes our application well) and are 

designed to be shock and vibration resistant.  

The loading rating for these slides is based on a distributed load at the centre of the 

slide. As our load is concentrated at approximately 3/4 of the length of the slide, it was 

determined the rated load for these slides of 900-1000 lbs would be sufficient. A summary 

of the properties of the selected slides is shown in TABLE I. Full technical specifications 

for this product can be found in Appendix B. 

TABLE I: PROPERTIES FOR SELECTED SLIDE [4] [5] 

Part Number 4015.DTS060.0250 4015.DTS060.0450 

Installation 
(retracted) length 

9.84" 17.72" 

Extension length 
(in) 

9.84" 17.72" 

Load per pair of 
slides (lbs) 

904 lbs 970 lbs  

 

3.3 Pneumatics 

A pneumatic actuating system consists of three main components: the air 

compressor, the compressed air tank, and the air cylinder. The first component is the 

compressor, providing the high pressured air needed to operate the system. In our project, 

our system is run as an accessory of the vehicle’s air brake system, which provides our 

pressure source. The second component is the compressed air tank, which is used to store 

the compressed air. This results in greater volumetric flow rates and, thus, greater piston 

speeds; it also allows our design to operate when the vehicle’s engine is not running. The 

team has chosen a one gallon tank to store the pressurized air. The final component is the 

pneumatic cylinder, the requirements of which are described in the following section. 
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3.3.1 Cylinder Requirements 

 In order to operate the sliding step in the final design, two pneumatic cylinders are 

utilized: one for the lower sliding step and a second for the upper sliding step, as shown in 

Figure 15.  

 

Figure 15:  The configuration of the two cylinders, highlighted in blue, required for the upper and 
lower sliding step 

 

 In order to ensure the sliding steps function as intended, the pneumatic cylinders 

must meet five constraints: They must be double acting, have appropriate stroke lengths, 

operate in low temperatures, have an outside diameter which fits in our space constraints, 

and operate under an appropriate pressure. Double acting cylinders will be used, as they 

allow for forward movement of the steps when the Crown door opens and backward 

movement of the steps when the Crown door closes. To meet the design requirements, the 

stroke length of the cylinder attached to the lower tread must be 16”, and the stroke length 

of the cylinder attached to the upper tread must be 8”. To fit within our space constraints, 
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specifically to nest underneath the step frame, the cylinders must have an outside 

diameter less than 1-1/4”. Lastly, the operating pressure of the two cylinders must be 

within 80 - 150 psi.  

 Cylinders from the McMaster Carr switch-ready stainless steel air cylinder product 

line were chosen, as they meet all the preceding constraints. The smaller cylinder of our 

design is shown in Figure 16. 

 

Figure 16: The Small Cylinder of 8” Stroke Length 

 [6] 

 

A summary of the properties of the selected pneumatic cylinders is shown in TABLE II. 

Full technical specifications can be found in Appendix B. 

TABLE II: PROPERTIES FOR PNEUMATIC CYLINDERS 

Part Number 4952K229 4952K251 

Bore Size 3/4" 3/4" 

Stroke Length 8" 16" 

Retracted Length 13-1/8" 21-18" 

Outside Diameter 1-1/8" 1-1/8" 

Minimum 
Operating 
Temperature 

-30°C -30°C 
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To control the air flow going in and out of the cylinders, an air flow control valve is 

used.  An air flow control valve is a device that reduces the flow rate of the air, 

consequently reducing the extension and retraction speed of the pneumatic cylinder. 

3.3.2 Cylinder location   

Both air cylinders are located in the allocated space below the interior floor of the 

crown, nested underneath and behind the tread in the retracted position, as shown in 

Figure 17. The cylinders are centred behind each step to provide even force between the 

paired slides during actuation. Furthermore, the location of the two cylinders provides 

easy access to perform maintenance on the cylinders. 

 

Figure 17: Location of the pneumatic cylinder. Cylinders are highlighted blue. Tread face has 
been hidden to better illustrate cylinder position. 
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3.3.3 Cylinder Mounting Components  

The choice of mounting style can improve the pneumatic cylinder performance by 

avoiding misalignment between the cylinder rod and the axis of step travel and preventing 

buckling of the cylinders [7]. The team has chosen rear pivot mounts for both the small 

and large cylinders, as shown in Figure 18, utilizing the pivot brackets designed for the 

McMaster Carr product line. On the longer cylinder, an additional foot bracket is added at 

the front end of the cylinder. This is added to reduce the length of the unsupported 

cylinder at full extension in order to reduce buckling loads. Technical specifications of 

these mounting components can be found in Appendix B. 

 

 

Figure 18: Small And Large Cylinders Mounted to Pivot Bracket and Large Cylinder Mounted To Foot 
Bracket 

 

3.3.4 Cylinder Maintenance  

The selected cylinders are non-repairable, meaning that these parts need to be 

replaced as a unit if they fail.  Repairable pneumatic cylinders were also researched, 

however the cost difference between the two option made non-repairable cylinders the 
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preferable option. The piston seals and rod seal of the chosen cylinders are made of nitrile 

rubber, which has a high wear resistance; this in turn, increases the life span of the 

cylinder [8].  

3.4 Mounting 

 To mount and support the different components of our design, additions to the 

frame of the Crown must be made. After determining the geometry of the design and 

selecting the different components that will be utilized; a subframe was created to connect 

all the components together, which was then integrated into the existing Crown frame. 

Figure 19 shows how this frame fits into the existing frame. 

 

Figure 19: Subframe addition to support design components. Dark grey components are new 
frame members which will be added to the existing Crown frame. 

 The subframe is constructed using material and manufacturing operations 

consistent with the rest of the Crown frame. The subframe contains mounting surfaces for 

the slides and pneumatics. To ensure it is robust enough to support the loading from our 
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design, FEA was performed. A plot of the stresses observed in the structure when 

subjected to load analogous to 500 lbs on each step is shown in Figure 20. 

 

Figure 20: Stress plot of subframe subjected to 500 lb loading on each step. 

 From this plot we can see that the 500 lb load is supported by this subframe while 

maintaining a factor of safety greater than two. 

 Engineered drawings of this component can be found in Appendix C. 

3.5 Control System 

As the steps are to be deployed automatically as the door opens, a system is required 

to control the flow of air to the pneumatic cylinders in order to deploy and retract the steps 
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at the proper times. The following section details the design process and final design of the 

control system for the automatic steps.  

The control system was designed by first evaluating the desired behaviour of the 

system, identifying the necessary inputs and outputs of the system and their relationships 

to each other. With this done, a hardware system was then designed to detect the required 

inputs and translate them into the corresponding outputs. 

3.5.1 Desired Behaviour 

When the door opens, the steps are to deploy; however, if the steps deploy too 

early, they will hit the door - forcing it open. Thus, in order to avoid that situation, the 

steps should not begin to deploy until the door has opened enough that it will not interfere 

with the fully deployed steps. Similarly, when closing the door, the steps should begin to 

retract to their stowed position before the door hits them. When the door is fully closed, 

the pneumatic cylinders should be depressurized to limit air leaks in the system. Finally, in 

order to allow for maintenance; the user should have the ability to move the steps freely, at 

their discretion, regardless of the current door position. 

3.5.2 System Inputs and Outputs 

From the above behaviour, three inputs can be identified: The first is whether the 

door will interfere with the fully deployed steps; this corresponds with an opening angle of 

approximately 60°. A small buffer will be added and, thus, the point along the door’s arc at 

which the steps will deploy or retract is 65° (henceforth referred to as the “deploy/retract 

point”). The second input detects whether or not the door is completely closed, and the 

third input allows the user to manually depressurize the system. 
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Furthermore, these inputs lead to four possible states: The first is the stowed state. 

The system is in the stowed state when the door is completely closed. In this state, the 

pressure in the pneumatic cylinders is exhausted, and the steps are only held in place by 

the door and the back of the slides. The second state is the deployed state, active when the 

door is opened beyond the deploy/retract point. In the deployed state, pressure is applied 

to the back of the pneumatic cylinders while the front is exhausted, deploying the steps; 

and, once deployed, holding the steps in place. The third state is retracted. The system is 

in the retracted state when the door is between the deploy/retract point and the fully 

closed point. While in the retracted state, pressure is applied to the front of the pneumatic 

cylinders while the back is exhausted, pulling the steps back to their fully retracted 

position and holding them there so that the steps do not collide with the door. The final 

state is the maintenance state in which the pneumatic cylinders are depressurized at the 

user’s discretion regardless of the door position. This allows the steps to move freely, 

simplifying maintenance. Of these four possible states, the stowed and maintenance states 

both result in the pneumatic cylinders being depressurized; thus, these two states can be 

considered a single output which can be the result of multiple possible input conditions. 

3.5.3 Implementation 

In order to control the double acting pneumatic cylinders and put them into the 

required three distinct states (deployed, retracted, and maintenance/stowed); a 4-way, 3-

position, double solenoid, center exhausted valve was selected.  Such a valve will put the 

system in the deployed state when solenoid 1 is energized, the retracted state when 

solenoid 2 is energized, and the stowed/maintenance state when neither solenoid is 

energized. 
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The specific model selected was a NITRA Pneumatics AVS-513E1-24D, as it met 

the specific needs of this system (with the exception of poor cold weather performance, as 

the valve is only rated to -5°C [9]). There are valves with lower minimum operating 

temperatures that fit the needs of this system; however, these options were significantly 

more expensive, costing several hundred dollars more. Detailed specifications of the 

NITRA Pneumatics AVS-513E1-24D can be found in Appendix B. 

To energize the proper solenoid, three switches are used to detect the inputs detailed in 

section 3.4.2. One switch senses when the door reaches the deploy/retract point (switch 1), 

sending current to solenoid 1 when the door is opened beyond 65° and to solenoid 2 when 

the door is opened at an angle less than 65°. A second switch senses when the door is fully 

closed (switch 2), at which point it opens the circuit cutting power to the solenoids. The 

third switch is used to manually put the system into the maintenance state (switch 3), 

again, by opening the circuit. The two limit switches used to sense door position (switches 

1 and 2) are both single pole double throw (SPDT). A normally closed, single pole single 

throw (SPST) switch could be used for switch 2; however, as the price difference between 

SPST and SPDT switches is negligible, it would be more advantageous to simplify the 

production and maintenance of the system by having switches 1 and 2 utilize the same 

model of SPDT switch. Switch 3 is a SPST rocker switch, allowing the user to quickly and 

easily put the system into the maintenance state. These three switches are wired in series 

as seen in Figure 21.  The specific switches chosen were C&K Components ASKHF3T04AC 

for switches 1 and 2, and an Arcolectric C1500WABB-B for switch 3. Detailed 

specifications for both switches can be found in Appendix B. 
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Figure 21 : Circuit diagram for the step control system 

3.5.4 Switch Positioning 

Switch 1 is mounted to the floor of the step enclosure, 4” back from the forward 

edge of the door frame and ¼” in from the doorsill. A plate (Figure 22) is attached to the 

inside of the door 1.5” from the bottom and flush with the front edge of the door. The plate 

is a quarter circle with a radius of 4” and extends out horizontally from the door. When the 

door is closed, the plate depresses switch 1, routing power to solenoid 2. When the door is 

opened beyond the deploy/retract point, the switch is uncovered, re-routing power to 

solenoid 1 and setting the system to the deployed state. 

 

Figure 22: Sensor Plate 
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Switch 2 is mounted to the inside of the doorframe between the two steps (Figure 

23). In this position, the switch will only be depressed (opening the circuit) when the door 

is in the fully closed position. 

 

Figure 23: Switch 2 positioning 

The exact positioning of switch 3 is relatively unimportant as the only requirement 

is that it is accessible to the user. The team determined that the most convenient place 

would be just inside the door, about 2’ above the floor of the Crown, as the user could 

easily reach this position from both inside and outside of the Crown. 
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3.5.5 Control System Overview 

The double acting pneumatic cylinders are controlled by a  4-way, 3-position, 

double solenoid, center exhausted valve (NITRA Pneumatics AVS-513E1-24D). This valve 

is, in turn, triggered by three switches wired in series. Switch 1 flips when the door opens 

beyond the deploy/retract point, switch 2 opens when the door is fully closed, and switch 3 

is toggled by the user. Figure 24 shows a diagram of the control system in the maintenance 

state. 

 

Figure 24: Control system diagram 

3.6 Cost Breakdown 

To determine the total cost of our design, it has been broken down to the component 

level in TABLE III. This table has been subdivided into three categories to demonstrate the 

cost distribution; raw materials, pneumatics, and slides. 
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TABLE III: COST BREAKDOWN OF FINAL DESIGN 

Part Description Part Number QTY 
Cost Per 
unit ($) 

Total 

Cost($) Reference 

Raw Materials 

1-1/2" x 1/8" wall 
6061 Aluminum 
Square Tube 

- 22 ft. 1.65/ft 36.30 [10] 

2" x 3/16" wall 6061 
Aluminum Square 
Tube 

- 24 ft. 3.60/ft 86.40 [10] 

3” x 2” x 1/8” wall 
6061 Aluminum 
Rectangle Tube  

- 5 ft. 5.99/ft 29.95 [10] 

Stainless Steel 
Diamond Plate 

- 6 sqft 6.42/sqft 38.42 [10] 

   Subtotal $191.17  

Pneumatics 

Air Flow Control 
Valve - 1/8” NPT 
Female x 1/8” NPT 
Female 

62005K613 2 

 

24.47 48.94 [11] 

Air Hose 1/8" ID  451029 12 ft. 0.42/ft. 5.04 [12] 

Air Hose Connector 
1/8” Pipe to 1/8” 
Hose Fitting, Pack of 
10 

11924-1-PKG 2 

packs 

8.12/pack 16.24 [13] 

Coupler Plug ¼” 
NPT to 1/8” NPT 

G4978023 2 0.77/Plug 1.54 [14] 

Horizontal Pressure 
Tank, 1 Gallon 
Capacity, 6" 
Diameter x 11" Long 

9888K9 1 202.02 202.02 [15] 

Pivot Bracket with 
Pin for 3/4" Bore 

4952K675 4 4.48 17.92 [16] 

Foot Bracket for 
3/4" Bore Cylinder 

WWG5THP1 2 2.97 5.94 [17] 

Rod Clevis with Pin 
for 3/4" Bore 
Cylinder 

G0385043 4 6.07 24.28 [18] 
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Air cylinder 8” 
stroke ¾ bore  

4952K229 2 57.36 114.72 [6] 

Air cylinder 16” 
stoke ¾ bore  

4952K251 2 76.10 152.20 [19] 

Valve 4-way  
3-position 
pneumatic valve 

AVS-513E1-24D 2 42.00 84.00 [20] 

Switch snap SPDT 
switch 

CKN9948-ND 4 5.32 21.28 [21] 

SPST rocker switch 1091-1161-ND 2 4.14 8.28 [22] 

12v DC-24v DC 
converter 

811-1584-5-ND 1 15.84 15.84 [23] 

   Subtotal $718.24  

Sliding Rails 

DTS-60 Heavy Duty 
Slide Length of 
9.84” 

4015.DTS060.0250
  

4 87.73 350.92 [5] 

DTS-60 Extreme 
Duty Slide Length 
17.72” 

4015.DTS060.0450 4 128.22 512.88 [4] 

   Subtotal $863.80  

Total $1773.11  

  

 From this, we see that our design has gone over our budgetary goal of $1500 by 

18%. Looking at the subsection costs in the table, we see that the slides are the most costly 

components, accounting for 48% of our final cost. From our research of other slide options 

when determining the optimal slide for our design, the chosen DTS-60 slides were 

considerably less expensive than other suitable options, almost half the cost of the other 

options. As such, it is unlikely that the cost of the slides can be reduced much more. If this 

design is to be implemented widely in FGFT’s production, it may be possible to get a bulk 

discount greater than the current 10 percent bulk discount factored into our cost analysis. 

Reviewing the cost of other components within our system, it is unlikely overall cost can 

be reduced further without modifying the functionality of our design. 
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4 RECOMMENDATIONS 

An initial prototype of our design will be required before implementing it into FGFT 

production. This prototype is needed to fine tune the dynamics of the slides and 

pneumatics; as certain mechanical properties, such as the efficiencies of the slides and the 

linear speed of the entire mechanism, are unknown or cannot be calculated to a sufficient 

degree of accuracy.  

 To tune the speed of the mechanism as a whole, the air flow regulating valve will be 

adjusted to ensure the actuation of the step doesn't hit the door during operation. The 

need for a damper on the door to limit the closing speed will also be further assessed 

during this test. 

 When the step is retracted and the door is closed, the system is depressurized. This 

means, depending on the inherent friction provided by the pneumatic cylinder and slides, 

that the step may shift around and hit the door when the vehicle turns. If it is noted that 

the step is moved easily when depressurized, bumpers will be added to either the door or 

the step to prevent potential damaging impacts between the two components. In this 

situation it may also be necessary to add a mechanical means to fix the steps in the ladder 

failsafe mode. 

 Physical testing will also help to determine the optimal position for the 

depressurization switch, ensuring it is adequately accessible when the user is standing 

inside or outside of the Crown. 
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5 CONCLUSION 

 FGFT tasked us with improving the entryway ergonomics of their Crown cab 

design, by extending the interior floor the full width of the Crown, and implementing 

automatically actuating steps.  

 Our final design achieves a full width interior floor, integrating a pair 

pneumatically actuating sliding steps on either side of the Crown. The actuation is 

designed to automatically extend the steps when the door is opened past 65°, and to 

retract the steps when the door is closed past this same point. The steps have been 

designed to meet the National Fire Protection Association’s standards for automotive fire 

apparatus. The steps are 18” wide, a design consideration to eliminate any interference 

between the door and step during the actuation process, while maintaining a functional 

width for entering and exiting the Crown. A uniform rise height of 8-1/4” has been 

designed between the steps, with a uniform distance of 8” between leading edges of each 

step when they are deployed. Steel diamond plate is used to construct the tread face to 

provide a non-slip surface. 

 The pneumatics within our design are powered by an air storage tank that is 

charged by the fire truck's air brake system. Each step is actuated by its own pneumatic 

cylinder, an 8" cylinder for the upper step and a 16" cylinder for the lower step, which are 

connected in parallel so they actuate in unison. Double-acting pneumatic cylinders are 

used to provide powered out-strokes and in-strokes during actuation. In the fully extended 

position, the pneumatic actuators remain pressurized to hold the step firmly in place. 

In order to control the pneumatic cylinders, an electrical control system was 

implemented. This control system consistes of two limit switches to sense the door 
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position, and a third switch to allow the user to depressurize the pneumatic cylinders 

manually for maintenance. The switches route power to the solenoids of a 4-way 

pneumatic valve, opening and closing the valve to provide pressurized air to the pneumatic 

cylinders.  

Our design has been demonstrated to fulfill all of the requirements and constraints 

imposed on our project. However, our final design has exceeded out budgetary goal of 

$1500, with our cost coming in at a total of $1773.11, an overshoot of 18%. Further analysis 

of our costs has shown that this figure cannot be reduced without altering design 

functionality. 
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A.1 Introduction 

 Fort Garry Fire Trucks (FGFT) is Canada's largest manufacturer of emergency fire 

vehicles, providing fire trucks, pumper trucks, water tankers, and other rescue vehicles to 

fire departments across North America [1]. FGFT are currently looking to expand their 

market share further, and have tasked us with assisting them in ensuring their emergency 

response vehicles meet the standards and criteria for use in Europe.  

 The initial model that FGFT intends to introduce to the European market is built 

on a Freightliner chassis, as shown in Figure 1, with a supplementary custom built cab, 

called a Crown, added behind the Freightliner cab to provide seating for an additional 

three to four firefighters and to house the controls for different equipment. As the 

Freightliner chassis already meets European Union commercial vehicle standards, only 

the Crown needs to be analyzed.  

 

Figure 1: Fort Garry Fire Trucks Pumper Tanker with Crown Cab 

 [1] 
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Of prime interest to FGFT is the roof loading standards, subsection 7.4 of 

Regulation No 29 of the Economic Commission for Europe of the United Nations, which 

states that the roof of the Crown must be able to withstand a static load equal to the 

maximum mass authorized for the front axle of the vehicle, up to a maximum of 98kN [2]. 

This corresponds to a load of 12,500lbs, or 55.6kN, for the model being analyzed. We have 

been asked to perform a finite element analysis (FEA) on the Crown design to test whether 

it will meet this criterion. If the Crown is shown to pass, FGFT is confident their design 

will meet the other requirements presented in the European standards, and have not 

asked for any supplemental analysis. 

 Depending on the results of the FEA, there were two paths forward for the design 

portion of this project. If the Crown failed to meet the roof loading standards, we were to 

modify the design to meet all loading requirements as outlined in the European Union 

standards for commercial vehicles. We would also be looking for ways to optimize the 

design with regard to material, labour, and manufacturing costs. If the Crown was shown 

to meet the roof loading standards, FGFT invited us to consult on design improvements 

for the Crown.  

A.2 Preliminary SolidWorks Analysis 

 To perform the FEA requirements, FGFT provided us with their SolidWorks model 

of the Crown, shown in Figure 2. This model included the full tube structure of the Crown, 

exterior panelling, trim, and walkways. As such, significant refinement of the model was 

required; so, it would be suitable for usage with our analytical software. To facilitate this 

refinement process, preliminary analysis was performed using SolidWorks Simulation; as 

this made it easier to move between the modelling environment and the simulation 

environment. 
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Figure 2: Provided SolidWorks model of Crown 

We began the refinement process by suppressing all non-structural assembly components, 

paring the model down to the tube frame. Some suppressed components may influence 

the structural integrity of the Crown, such as the exterior panelling; but we chose to work 

on the initial assumption that if the stripped down tube frame passes the loading 

standards, the assembled Crown will also pass. The pared down model is shown in Figure 

3. 

 

Figure 3: Pared down Crown model. Non-structural components have been suppressed. 
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 To accommodate meshing, further refinement of the model was still required. To 

do this, we next removed all fillets and chamfers on the model parts. This was an extensive 

process as there were 176 different components, all modeled with filleted edges. To 

organize this process, each subassembly of the Crown model was refined individually. This 

allowed us to work on a smaller scale, ensuring all mating relations were maintained 

locally, and made it easier to identify any component interferences or modelling 

discontinuities. An example of one of the simplified subassemblies is shown in Figure 4. 

 

Figure 4: Refined subassembly. All extraneous modelling features have been suppressed. 
Component interferences have been resolved. 

 Once the refinement process had been performed on the 16 subassemblies, they 

were compiled into a new assembly to limit the number of suppressed components 

associated with the FEA assembly file. We were now able to trial our numerical solution. 

A.2.1 Material Properties 

 For our initial runs, where only the tube frame was used, 6061 aluminum alloy was 

set as the material for all components. This material has a yield strength of 55 MPa and a 

Young's modulus of 69 GPa. 5052-O aluminum alloy, with a yield strength of 90 MPa and 
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Young's modulus of 70 GPa, will be used for any exterior paneling. Carbon steel, with a 

yield strength of 220 MPa and Young's modulus of 210 GPa will be used for any floor 

surfaces. 

A.2.2 Component Connections 

 To simulate the welded connections present in the physical construction of the 

Crown, our simulation uses rigid bonded connections at all component interfaces. 

A.2.3 Fixtures 

  To approximate the physical loading conditions, our model is constrained by fixed 

geometry at the 6 points on the Crown where it is mounted to the Freightliner chassis. 

These fixture points can be seen in Figure 5. 

 

Figure 5: Under view of Crown, showing fixed geometry. Green arrows indicate locations of 
fixtures, corresponding to the six points where the Crown attaches to the Freightliner chassis 
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A.2.4 Loading Conditions 

  For our analysis, we needed to apply an evenly distributed 12,500 lb load to the 

roof of the Crown. To accommodate this in our model, a plate of 5052-O aluminum was 

modeled and rigidly bonded to the top of the structure, which can also be seen in Figure 6 

in section A.2.5. A distributed mass of 12,500 lbs was applied to this plate, and 

gravitational force was added to the simulation. 

A.2.5 Mesh Structure 

 Due to the size and complexity of the model, SolidWorks Simulation standard 

mesh settings failed to create appropriate global mesh values. As such, custom mesh 

properties were established using a curvature based mesh. To ensure convergence of 

results, iterative mesh settings were used, refining our mesh model from a maximum 

element size of 4.5" to 1.6" in incremental runs. Figure 6 shows one of the iterative mesh 

steps.  

 

Figure 6: Highly refined mesh structure of Crown 



 

A-10 

A.2.6 Preliminary Results 

 For our initial model configuration, consisting solely of the tube frame, our results 

showed a maximum equivalent stress of approximately 45.9 MPa, less than the 55 MPa 

yield strength of the 6061 aluminum alloy. Figure 7 shows the convergence plot for this 

configuration demonstrating the convergence of analytical results as the mesh is refined. 

  

Figure 7: Convergence plot for initial FEA run with the tube frame only. The maximum von 
Mises stress is shown to converge to a value of 45.9 MPa, less than the 55 MPa yield strength of 

the material. 

 This demonstrates that the tube structure is sufficient to support the load without 

yielding; however, a higher factor of safety is desirable. It is expected that the exterior 

panelling of the Crown will enhance structural integrity, as it is of considerable grade and 

is welded directly to the tube frame. To determine where to include the exterior paneling 

in our simulation model, we looked at where in the structure the highest stresses are 

foundand where the largest displacements are seen. Figure 8 shows the stress effects 

across the Crown, and Figure 9 shows the resultant displacements of the Crown when 
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subjected to the load. Note: The results are scaled to better illustrate deformation to a 

scale of 234:1. 

 

Figure 8: Stress Plot for frame only simulation. The maximum effective stress of the simulation 
is highlighted. 

 

Figure 9: Resultant displacement plot for the frame only simulation. 
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 From these figures, we see the highest stresses are concentrated near the forward 

frame mounting points, with considerable deformation seen in the members in this area of 

the Crown (shown in more detail in Figure 10). To account for this, the front exterior panel 

of the Crown was added into the model as was the interior floor of the Crown. This 

updated model is seen in Figure 11. 

 

Figure 10: Stress plot of frame only simulation, cropped to illustrate stress concentrations seen 
near the forward mounts of the Crown. 

 

Figure 11: Revised Crown simulation model. The front exterior panel and interior floor panel 
have been unsuppressed 
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 From this model we attained new results. We now see a maximum equivalent 

stress of approximately 27.0 MPa, again less than the 55 MPa yield strength of the 6061 

aluminum alloy. Figure 12 shows the convergence plot for this configuration, 

demonstrating the convergence of analytical results as the mesh is refined. 

 

Figure 12: Convergence plot for model with added panelling. Here we see the maximum von 
Mises stress converges to 27.0 MPa 

 This is an improvement on the previous run; as we’ve now attained a factor of 

safety of 2.07, suggesting our assumption that the panelling has a structural effect was 

correct. We can likely improve this result further by incorporating all the exterior 

panelling. Effective stresses and resultant displacement in the current model configuration 

can be seen in Figure 13 and Figure 14, respectively. These plots have a deformation scale 

of 432:1 to make the resultant displacements easier to visualize.  
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Figure 13: Stress plot of model with added panelling. Maximum stress is again seen in the front 
Crown mounts. 

 

Figure 14: Resultant displacement plot of model with added panelling. 

 From these graphics we again see stress concentrations near the forward frame 

mounts of the Crown. In general, we see that stress levels throughout the Crown fall within 

acceptable values, and deformations are very minimal. 
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A.2.7 Preliminary SolidWorks Conclusions 

 From these preliminary results we can make a decision regarding the direction of 

our project, as the results suggest the Crown passes the loading test. These simulations 

will be rerun using ANSYS to get confirmation of our results now that we have shown our 

refined model produces replicable results.  

A.3 ANSYS Confirmation 

 Issues were encountered when using ANSYS with our model. The license available 

to us to perform our analysis was a teaching license, which imposes a node limit on the 

mesh geometry. This license limitation prevented us from performing full analysis with 

this software, as the node limit was reached before convergent results could be attained.  

 By observing trends, the initial ANSYS performed before the node limit was 

reached can provide a degree of confirmation to our SolidWorks results. Figure 15, Figure 

16, and Figure 17 present the results from our ANSYS simulations. Note that symmetry 

conditions were used to reduce the node count of the mesh, and as a result only one half of 

the frame is presented in these plots. These simulations were run under identical 

conditions as on SolidWorks. 
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Figure 15: Stress plot of Crown frame using ANSYS 

 

Figure 16: Stress plot from ANSYS. Notable stress concentrations are seen in Crown mounting 
locations. 
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Figure 17: Resultant displacement plot of Crown from using ANSYS 

 From these plots we note that the trends in the stress and deformation conform to 

the results we obtained in SolidWorks. We note that the highest stresses experienced in 

the structure are seen in the mounting points between the Crown and chassis. Regarding 

deformation, the overall deformed shape seen is similar to the deformation seen in 

SolidWorks. While we don't have numerical confirmation of results, these observed trends 

between the two software packages used are of positive note.  

A.4 Loading Limit Simulations 

After the submission of our initial SolidWorks results, our client requested further 

simulations. They asked us to incrementally increase the load applied to the roof by 

2000lbs, until the results indicate a factor of safety less than 1.65. To do this we used the 

simulation configuration established in section A.2, adjusting the magnitude of the 

distributed load. 
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To streamline the process of running multiple simulations, an intermediate mesh size 

which demonstrated convergent results in our previous trials at 12,500lbs, was used to run 

single simulations at 14,500lbs, 16,500lbs, and 18,500 lbs. A summary of these intial 

simulations is presented in TABLE I. 

TABLE I: SUMMARY OF INTIAL INCREMENTAL LOADING SIMULATIONS 

Load Applied Peak Stress Observed Factor of Safety 

14,500lbs 29.2MPa 1.88 

16,500lbs 33.0MPa 1.67 

18,500lbs 36.7MPa 1.50 

 

From this table we see that the 16,500lbs simulation produced an indicated factor of 

safety nearest 1.65. However, as noted earlier, some components of the structure have 

been excluded from our model. As such, it is possible that the 18,500lbs load could attain a 

suitable factor of safety if additional exterior panelling were included in the simulation to 

increase the rigidity of the structure. To determine where additional rigidity could be 

beneficial, we look to the stress plots attained from our simulation. These plots, as well as 

a resultant displacement plot, are shown in Figure 18 through Figure 21. 
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Figure 18: Stress plot of Crown under load of 18,500lbs 
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Figure 19: Stress plot of Crown under load of 18,500lbs  
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Figure 20: Stress plot of Crown under load of 18,500lbs 
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Figure 21: Resultant displacement plot of Crown under load of 18,500lbs 

 

From these plots we see that the highest stress concentrations are seen in the mounting 

points between the Crown and the chassis. Also, the deflections seen within our model are 

less than 1mm. As such, it is unlikely that including additional exterior panelling in our 

simulation will lower stress levels seen, as deflections are minimal, and the stress 

concentrations are seen in areas where the additional rigidity provided by these 

components will have little influence. As such, it was decided that further investigation 

into the factor of safety achieved at loading of 18,500lbs is not needed. 
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 To conclude our analysis of the Crown structure, a convergence test was performed 

with loading of 16,500lbs to ensure the results achieved for this scenario are proper. To do 

this, iterative simulations with increasing mesh refinement levels were run. A convergence 

plot for these simulations is shown in  

 

Figure 22: Convergence plot for loading of 16,500lbs 

 From this plot we see the peak stress to converge to a value of 34.6MPa. This 

correlates to a factor of safety of 1.60, less than the desired limit of 1.65. From this we can 

state that the Crown will fail to achieve the desired factor of safety when the load is 

incremented to 16,500lbs 

A.5 Conclusions 

Our results indicate that FGFT’s Crown cab structure will support a static roof loading 

of 12,500lbs in accordance with the European Union standards for commercial vehicles. 

This loading indicated a factor of safety of 2.07. 

Attempts were made to use ANSYS to confirm the results obtained through 

SolidWorks, but issues were encountered due to limitations imposed on the license 

available to us as students of the University of Manitoba. However initial simulations 

performed using ANSYS before node limitations were reached demonstrated similar 
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deformation characteristics and areas of stress concentration as seen in our SolidWorks 

results. 

Further simulations were performed, incrementing the load in steps of 2000lbs, to 

determine the loading limit of the Crown structure before the factor of safety observed 

dropped below 1.65. Our results indicated that at a loading of 16,500lbs, the factor of 

safety in the Crown will drop to 1.60. Alternatively, it can be stated that 14,500lbs is the 

largest load that can be safely applied to the Crown roof while maintaining a factor of 

safety of 1.65. 
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B.1 Introduction 

 In this appendix, relevant product details for the final design components are 

presented. These details are presented as excepts of relevant manufacturer product 

manuals and brochures. The following components are included in this appendix: 

 Slide specification from the GSF Sliding Systems DTS 60 series [1].  

 Pneumatic cylinder specification from McMaster Carr switch-ready stainless steel 
air cylinder product line [2].  

 Control valve specification from NITRA Pneumatics AVS-5 series [3].  

 SPDT switch specification from C&K Components general purpose snap-acting 
switches A series [4].  

 Rocker switch specification from Arcolectric 1500 Standard & 1300 High Inrush 
Switches series [5]. 
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B.2 Slides Specification 
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B.3 Pneumatic cylinders Specification 
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B.4 Valves Specification 
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B.5 SPDT Switch Specification 
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B.6 Rocker Switch Specification 
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C.1 Introduction 

For the components of our design intended to be produced at Fort Garry Fire Trucks 

(FGFT) manufacturing facility, engineered drawings have been produced. These 

components include the upper and lower steps, and the subframe addition to the Crown 

required to mount all of our system components to. 

C.2 Step Tread 

The upper and lower steps of our design will be produced in FGFT’s facility, using 

materials common to their production line. On the following pages are engineered 

drawings for the frame of the upper and lower step, and the tread plate. 
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C.2.1 Upper Step Frame 
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C.2.2 Lower Step Frame 
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C.2.3 Tread Plate 
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C.3 Subframe Addition 

For the subframe addition to the Crown frame, an assembly drawing and two 

subassembly drawing has been produced. These three drawings are included in the 

following pages. 
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APPENDIX D: GANTT CHART 

A Gantt chart detailing our project schedule can be found below.
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