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Executive Summary 

A tractor axle adjustment device was commissioned by our client MacDon to 

eliminate the current manual process. This was required so that they could adjust the 

axles of their windrowers from a wide stance (field mode) to a narrower stance (transport 

mode) with the push of a button. This system is to be marketed in European markets 

where road vehicle width restrictions are stricter than in North America. 

 The adjustment process will be completed by first activating the reel fore-aft 

controls by mating the tractor header electrical harness to the header identification 

connector. Once the harness is connected, the reel fore-aft controls will be activated on 

the ground speed lever. When activated the rocker switch, located on the operator’s 

station, will activate the four line locks and allow the selector block to direct the flow to 

either the front or rear axles. In the front, hydraulic cylinders mounted from within the 

frame will adjust the front axles in and out. In the rear, hydraulic cylinders, mounted to 

new anti-shimmy plates, will move with the walking beam as it is adjusted in and out.  

The total cost for this design has been determined to be $3061.92, which includes 

the cost of all the parts and the labor costs associated with installation at a MacDon 

dealership. Although cost is higher than the allotted budget of $2500, the cost of all retail 

parts would decrease if these parts were purchased at wholesale. We determined that with 

a 30% decrease in the cost of all parts purchased from local part stores, the total cost of 

the design would decrease to $2490.43. The total cost of all frame modifications was 

determined to be $40. This is higher than our allotted frame modification budget of $25 

due to of the complexity of the brackets mounting the hydraulic piston inside the frame. 

The total time required to adjust the axles once the reel fore-aft controls are activated is 

4.7 seconds, which is a 3000% decrease in time when compared to the time required to 

complete the same process manually; which takes anywhere from 1.5 to 4 hours. 

In addition, three tests have been developed to validate: that the device achieves the 

desired widths, the width will not change over long periods of operation and the time 

required to adjust the axles is indeed 4.7seconds 
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1. Introduction 

MacDon Industries Ltd. is a Canadian based, world-class manufacturer of 

agricultural equipment. MacDon specializes in the production of hay and grain harvesting 

equipment, including pull-type and self-propelled windrowers, rotary disc headers, auger 

headers, draper headers and pick-up headers. MacDon’s equipment is sold across North 

America and in over 30 countries worldwide. 

MacDon’s self-propelled windrowers have set industry benchmarks for speed and 

productivity. One of the features of these windrowers is their adjustable front and rear 

axles. The adjustable axles allow the windrower to be in either “field mode” or “transport 

mode.” When in operation, the axles are in field mode to give the windrower a wider 

base, thus increasing its stability. Transport mode is used to reduce the width of the 

windrower, which allows for flatbed transportation. The transport mode is also a 

requirement to meet European width regulations for road transportation. 

The existing process of adjusting the axles is completed manually by the operator; 

the process is detailed in Appendix A. The entire process of switching between field 

mode and travel mode, and vice versa, typically takes 1.5 to 4 hours. The adjustment time 

depends on the equipment available and skill of the operator. 

1.1. Problem Statement 

The problem that MacDon is facing is that the current process of switching between 

the two modes is done manually by the operator. This process is very time consuming 

and requires additional resources (such as a forklift or a hoist) that may not be readily 

available to all operators. MacDon would like this process to become automatic so that an 

operator will be able to switch from field mode to transport mode, and vice versa, from 

within the cab. This quick axle adjustment will allow the windrower to conform to 

European and international road regulations in transport mode. Meanwhile, the 

operational performance of the windrower must be maintained. 

1.2. Project Outline and Objectives 

The goal of this project is to design a device for MacDon that can automatically 

adjust the widths of both the front and rear axles of a MacDon M155 windrower. The 
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design will enable the windrower to adjust between field mode and transport mode 

without additional resources. The adjustment process must be completed within 10 

seconds (as specified by MacDon), controlled by a simple button sequence within the cab 

of the windrower. The installation and operation of the design must not affect any 

operational performance of the windrower. The new system will involve minimal 

modifications to the existing structure and will not exceed the bottom of the tractor 

frame. A work breakdown structure was used to specify all the tasks required to produce 

the final deliverables and a Gantt chart to keep track of all milestones and their respective 

due dates (WBS and the Gantt chart can be found in Appendix B). 

1.3. Customer Needs 

After meeting with the MacDon project manager and with our advisor, we went 

about identifying a list of MacDon’s needs for this project. We also weighted these needs 

to present the different level of importance. The customer needs of our project are listed 

below in order of their importance. 

1. The system meets safety principles for operation; as laid out in the MacDon M155 

Operators Manual.  

2. The system maintains the windrower’s operational performance. 

3. The system meets international road width regulations in transport mode. (Currently 

the strictest road regulation width is Germany, which allows for agricultural 

equipment to be less than 3.5 m before special criteria must be met. More 

information about the international road regulations can be found in Appendix C) 

4. The system has a minimum life cycle of 3000 working hours, or 773 cycles. 

(Calculation of minimum life cycles can be found in Appendix D) 

5. The system can be installed on all MacDon five series windrowers. 

6. The designed axle adjustment device has a budget of $2,500. 

7. Modification to the frame to allow the device to be installed on current products 

must be under $25. 

8. The operator is only allowed to leave the cab once to perform any manual steps 

needed for the axle adjustment. 

9. The cycle time from the axles to adjust from one mode to the other must be 

completed in less than 10 seconds. 
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10. The system must be made primarily of MacDon parts.  

11. The design’s installation time must be minimized. 

12. The rear axle will have multiple pre-set adjustable settings, and the anti-shimmy 

plates will adjust with rear casters. 

1.4. Target Specifications 

The target specifications presented in this report quantify MacDon’s needs for the 

automatic axle adjustment system. The specifications were determined by synthesizing 

the information we gathered during our meeting with MacDon’s project manager, 

meeting with our project advisor, our group meetings and individual research. TABLE I 

shows the list of technical specification metrics for our system, which has been 

formulated by our group and given client approval. 
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TABLE I: TECHNICAL SPECIFICATION METRICS 

Need Metric Units Ideal Range 

1 Safety NA No additional safety 

hazards created 

2 Operational 

Performance 

NA The design will not 

hinder operational 

performance in the 

field 

3 Axle width m ≥ 3.5m 

4 Life cycle hr or cycle ≥ 3000hrs or   ≥

773cycles 

5 Installation possible 

on all 5 series 

tractors 

NA All current models 

can support the 

design 

6  Design device 

budget 

$ ≤ $2500 

7 Frame modification 

cost 

$ ≤ $25 

8 Number of instances 

operator is allowed to 

leave cab during 

adjustment process  

times required to 

leave cab 

≤ 1 time 

9 Adjustment time s 10 

10 % MacDon Parts % ≥ 75% 

11 Installation time hr ≤ 5hrs 

12 Multiple adjustment 

settings on rear axle 

number 3-4 

 

Each of these customer needs will be taken into consideration to develop a final 

design. The final deliverables to MacDon will include necessary CAD drawings, a 

complete parts list and a STEP file for SolidWorks. In addition, a proposed method for 

testing the design will be prepared at the request of our advisor to be part of the final 

deliverables to MacDon
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2. Details of the Design 

The final design presented in this report was determined by the result of a rigorous 

concept scoring process, details of which can be found in Appendix C. The details of the 

design will be broken up into the following sections: activation and locking, front 

actuation and rear actuation.  

The adjustment process will be completed by first activating the reel fore-aft 

controls by mating the header electrical harness to the header identification connector. 

Once the harness is connected the reel fore-aft controls will be activated on the ground 

speed lever. When activated the rocker switch, located on the operator’s station, will 

activate the four line locks and allow the selector block to direct the flow to either the 

front or rear axles. In the front, hydraulic cylinders (indicated by the blue arrow in Figure 

1) mounted from within the frame will adjust the front arms in and out. In the rear, 

hydraulic cylinders (indicated by the blue box in Figure 2) mounted to new anti-shimmy 

plates, will move with the walking beam as it is adjusted in and out.  

 

 

Figure 1: Front actuation device 

 

Figure 2: Rear actuation device 

 

Any parts that were used from MacDon will be given their respective MacDon part 

number; and these parts are considered to be at wholesale cost. Any non-MacDon parts 

used will be either bought from Princess Auto (as stated by MacDon) or a local supplier. 

However these costs will be higher as the parts are given a retail price and purchased 

individually.  
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2.1. Activation and Locking 

The activation process first requires the reel fore-aft controls to be activated, which 

will be done by mating the header electrical harness to a specialized connector located on 

the tractor frame. Next, a tee is installed on the reel fore-aft lines, with the teed in line 

running to a selector valve block which controls the flow to the front or rear axles. Line 

locks are also installed just after the tee to ensure that when the design is activated, no 

flow is allowed to travel past the tee to the header reel fore-aft lines. When the design is 

turned off, line locks next to the selector block, prevents any hydraulic fluid from leaking 

out of the selector block. The selector block is controlled by a rocker switch located in 

the cab, which draws power from an auxiliary port, and sends a signal to the selector 

valve block to activate the appropriate solenoids, as well as control the line locks. Further 

details can be found in the following sections. 

2.1.1 Activating the reel fore-aft controls 

When the MacDon M155 is hooked up to a header, the tractor needs to identify 

what type of header is attached. This will allow the tractor software to determine which 

controls will be needed for that specific header operation. This identification is done in 

the electrical harness that runs from the tractor to the header.  There are four signal wires 

in the header harness (wire J, H, G and B), with a power wire A.  Figure 3 shows the 

header connector with the integrated header ID logic signal wires. Each different binary 

combination of signal wires defines a different header. When the tractor software 

receives the binary signal, the tractor software knows which functions to activate to 

control the header.  
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Figure 3: Header harness electrical connector [1] 

For the purpose of our design, the reel fore-aft control needs to be activated; 

however, no header is to be attached to the tractor during the adjustment process. 

Therefore, the design requires that a binary signal (of a header that has reel fore-aft 

control eg. 30 foot draper header) be sent to the tractor software to allow the reel fore-aft 

control to be activated. If a signal is sent to wire H, G, and B (binary code 0111) the 

software will activate the controls for a 30 foot draper header which has reel fore-aft 

control. 

A header wire harness connector shown in Figure 4 will be wired to have pin H, G 

and B send a signal back to the tractor. This will activate the reel fore-aft control when no 

header is attached. Pin A will be the power line and pin C will be the ground. A Deutsch 

black boot, seen in Figure 5, will be attached to the back of the harness to protect the 

back end of the wire harness from accumulating dirt and debris and to keep out moisture.  
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Figure 4: Deutsch 23 pin harness connector 

 

 

 

Figure 5: Deutsch black boot [2] 

 

The connector is mated to the main header harness when no header is attached and 

the design is to be activated. When the harness end is not attached to the main header 

harness it will be hooked up similar to the way the tractor side header connector is stowed 

when not in use, as seen in Figure 6, highlighted by the red box. The connector for the 

design will be secured in place by a panel nut, shown in Figure 7, instead of the harness 

cap. 

 

Figure 6: Normal placement of header 

connector electrical and hydraulic lines 

 

Figure 7: Panel nut for Deutsch HD30 series 

[3] 

 

With the header wire harness connector mated to the header connection, the reel 

fore-aft controls are active in the cab. The reel fore-aft controls are located on the ground 

speed lever (GSL), shown in Figure 8. Figure 9 shows the reel fore-aft controls where (A) 

controls reel forward and (B) controls reel aft. 
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Figure 8: Operator console [4] 

 

 

Figure 9: Reel fore-aft controls [4] 

The Deutsch 23 pin connecter was given a price by MacDon, even though it does 

not have its own MacDon part number. The rest of the parts needed were found from a 

local supplier. The total cost of the header identification is $27.92 and the details of the 

costs are shown in TABLE II. 

TABLE II: HEADER IDENTIFICATION COST 

Component Quantity Price per part ($) Total cost of part ($) 

Deutsch 23 pin harness connector 

(HD34-24-23PN-059) with cap 

1 27.00 27.00 

Deutsch black boot (HD30-24BT-BK) 1 0.92 [2] 0.92 

Panel nut Deutsch HD30 series 

(112263-90) 

1 0.49 [3] 0.49 

Total Cost ($) 27.92 

 

2.1.2 Hydraulic Lines to Selector Valve Block 

With the reel fore-aft controls active, the next step is to tap into the reel fore-aft 

hydraulic lines in order to direct flow to the hydraulic pistons. The reel fore-aft is 

controlled by solenoids P55 and P59, respectively. The lines coming out from solenoid 

P55 and P59 will then be tapped into right after the elbow, next to the valve block. The 

tee will be a ½ in. JICM Tee, and is mated into the main valve block, to the hydraulic 

hose going to the selector block and a line lock (described in section 2.1.5 of this report).  
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The location of the tee can be seen on one side of the valve block in Figure 10, 

indicated by the red diamond. 

 

Figure 10: Valve block – location of tee 

The costs of the tee will be added to the total cost of the selector valve in the next 

section. All additional fittings required for the tee will be added onto the line locks 

(which will be discussed in section 2.1.5 of this report). 

2.1.3 Selector Valve 

The hydraulic selector header tilt/reel fore-aft valve block is typically used on the 

MacDon Combine Adapters. This valve block allows for the combine to use the same 

controls for adjusting the tilt angle of the header and the reel fore-aft. A separate selector 

switch is installed into the cab of the combine to allow the operator to switch between 

functions they want to control. A wire harness runs from the selector switch to each 

solenoid to control the opening and closing of the valves. 

This selector block is ideal for the tractor axle adjustment device. The input flow 

can be teed into the original reel fore-aft lines just after the valve block.  These teed in 

lines will then be the input into the selector block.  The selector block, when activated, 

will direct flow to the front or rear axle to power each hydraulic cylinder.  The valve 

block layout can be found in Figure 11, and the parts list can be found in TABLE III. 
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Figure 11: Hydraulic selector block [5] 

 

TABLE III: HYDRAULIC SELECTOR BLOCK PARTS LIST [5] 

Reference Description Quantity MacDon Part 

Number 

1 Hose – Hyd, ¼ in ID 300 mm LG 100R17 2 133043 

2 Valve – Selector C/W Fittings 1 220535 

3 Valve – Check (V2) 1 174938 

4 Coil – Valve (V5) 3 174941 

5 Valve – Solenoid (V4) 2 174940 

6 Valve – Solenoid (V3) 1 174939 

7 Restrictor – Orifice (V6) Not Illustrated 1 174942 

8 Fitting – Elbow 90° Hydraulic 6 30282 

11 Cap – 3/8 in. Tube 4 30813 

A Bolt – HH ¼ NC x 2.5 LG GR 5 ZP 1 21854 

B Nut – FLG SMTH Face ¼-20 NC GR 5 

ZP CTR LK DT THD 

1 135248 
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The hydraulic schematic of the control block has the inlet and outlet of the control 

block at port P1 and P2 as seen in Figure 12. The ports B1 and A1 control the front arm 

adjustment process; their respective solenoids are bi-directional. Port A2 controls the 

adjustment of the walking beam and returns into port B2. A legend detailing the specifics 

of the hydraulic schematic is shown in TABLE IV 
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Figure 12: Hydraulic schematic of selector block 
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TABLE IV: LEGEND OF HYDRAULIC SCHEMATIC SELECTOR BLOCK 

Item number Name Description 

1 Hydraulic hose 6 foot-3/8 inch ID JICF to NPT hose 

2 Hydraulic hose 6 foot-3/8 inch ID NPT to NPT hose 

3 Hydraulic hose 7 foot-3/8 inch ID JICF to NPT hose 

4 Hydraulic hose 11 foot-3/8 inch ID JICF to NPT hose 

5 Hydraulic hose 5 foot-3/8 inch ID NPT to NPT hose 

6 Hydraulic hose 16 foot-3/8 inch ID JICF to NPT hose 

7 Locking valve Normally-open flow control valve 

8 Locking valve Normally-closed flow control valve 

9 Valve block Flow separating control valve 

 

The ideal location of the selector block would be as close as possible to the main 

valve block on the M155 to minimize the length of hose needed. Therefore, the selector 

block will be placed in the open space indicated by the red rectangle in Figure 13. This 

location will require a hole drilled into the frame to allow a bolt to secure the block.  

 

Figure 13: Valve block – location of selector block 

All parts needed for the selector block can be obtained from MacDon. The total 

cost of the hydraulic selector block is $512.26; the details of these costs are shown in 

TABLE V. 
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TABLE V: TOTAL COST OF THE HYDRAULIC SELECTOR BLOCK 

Component Quantity Price per part ($) Total cost of part ($) 

Hose – Hyd, ¼ in ID 300 mm LG 

100R17, Metal Rein 

2 5.20 10.40 

Valve – Selector C/W Fittings 1 190.27 190.27 

Valve – Check (V2) 1 30.47 30.47 

Coil – Valve (V5) 3 31.68 95.04 

Valve – Solenoid (V4) 2 61.32 122.64 

Valve – Solenoid (V3) 1 47.23 47.23 

Restrictor – Orifice (V6) 1 1.97 1.97 

Fitting – Elbow 90° Hydraulic 6 2.07 2.07 

Cap – 3/8 in. Tube 4 0.53 2.12 

Bolt – HH ¼ NC x 2.5 LG GR 5 ZP 1 0.05 0.05 

Nut – FLG SMTH Face ¼-20 NC 

GR 5 ZP CTR LK DT THD 

1 0.02 0.02 

JICM tee 2 4.99 9.98 

Total Cost ($) 512.26 

 

2.1.4 Selector Valve Switch 

To control the selector block, MacDon has a premade harness that hooks to each 

solenoid on the block and a second harness that connects to a 3-way rocker switch. Each 

wire harness will be secured to the tractor by nylon ties. The parts needed to power the 

rocker switch can be seen in Figure 14, and the parts list details can be found in TABLE 

VI. 
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Figure 14: Selector valve control switch [5] 

 

TABLE VI: SELECTOR VALVE CONTROL SWITCH PARTS LIST [5] 

Reference Description Quantity MacDon Part 

Number 

3 Harness – Wiring, Header tilt reel fore-aft 

selector to cab 

1 220337 

4 Harness – wiring, cigarette lighter plug 1 220570 

5 Switch – Rocker, Header Tilt/Fore-Aft 1 109064 

6 Fastener – Nylon tie (Black) 12 16661 

 

The switch will be mounted where the DWA rocker switch would normally be 

located, shown by the red box in Figure 15, located by the armrest on the operator’s 

station. The auxiliary power outlet is located on the rear of the operator console, behind 

the armrest (labelled A in Figure 16) which has a 20 amp fuse. 
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Figure 15: Selector valve switch location [4] 

 

Figure 16: Location of auxiliary port [4] 

 

The rocker switch has four pins: two pins that transmit a signal to each solenoid 

with each switch setting, a power pin and ground pin. The switch is powered by a wire 

harness that connects to an auxiliary power adapter that plugs into a cigarette lighter to 

draw power. The other end of the switch wire harness has a four pin connector that 

transmits the signal from the switch to the appropriate solenoid. The wire harness is 

already equipped with the male end of the four pin Deutsch connector (part of connector 

seen on the left in Figure 17).  

 

Figure 17: 4 pin Deutsch connector [6] 

An additional wire harness will be constructed from the four pin Deutsch connector 

to each solenoid. This wire harness will be equipped with the female end of the four pin 

Deutsch connector (Receptacle assembly), located on the right of Figure 17, to mate with 

the previous wire harness. The other end of the constructed wire harness will be split into 

three separate male end two pin Deutsch connectors, shown in Figure 18, with each end 

going to the respective solenoid.  
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Figure 18: Male end of 2 pin Deutsch connector [7] 

Since there are only two signal wires but three solenoids, the signal wire controlling 

the front end of the axle adjustment will be split to go to the solenoids on port B1 and A1. 

The signal wire controlling the walking beam axle adjustment will be controlled by the 

solenoids on port A2. The wire for the harness will be 18 gage (the standard size for other 

MacDon wire harnesses of similar applications) which is rated for 10-12 amps of current 

from a 12V power source. The outline of the selector block harness can be seen in Figure 

19, where the four pin connector will plug into the mating four pin connector from the 

switch harness. The two pin connector labelled A2 mate to the solenoid controlling port 

A2, while the remaining two pin connectors A1 and B1 mate with solenoids controlling 

port A1 and B1 respectively. 

 

Figure 19: Selector block harness 

The rocker switch, switch harness and auxiliary power harness and ties can be 

obtained from MacDon, while the solenoid harness can be built from parts obtained from 

local parts stores. The total cost for the selector valve switch is $37.18; details of this cost 

are shown in TABLE VII. 

 

A2 

A1 

B1 
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TABLE VII: TOTAL COST OF SELECTOR VALVE SWITCH 

Component Quantity Price per part ($) Total cost of parts ($) 

Harness – Wiring, Header 

tilt reel fore-aft selector to cab 

1 16.11 16.11 

Harness – wiring, cigarette 

lighter plug 

1 5.41 5.41 

Switch – Rocker, Header 

Tilt/Fore-Aft 

1 5.29 5.29 

Fastener – Nylon tie (Black) 12 0.02 0.24 

4 Pin Deutsch (DT04-4P 

Receptacle assembly) 

1 4.29 [8] 4.29 

2 Pin Deutsch (DT06-2S-

P012) 

3 1.58 [9] 4.74 

18 gage wire 6 feet 14.99/100 feet [10] 0.90 

¼ inch Split flex wire loom 1 foot 4.99/25 feet [10] 0.20 

Total cost ($) 37.18 

 

2.1.5 Electrical Line locks on Hydraulic lines 

In order to prevent hydraulic fluid from flowing into the main reel fore-aft lines, a 

hydraulic line lock will be installed on each line. The type of line lock chosen was a 12V 

DC 2-way, 2-position directional control valve (shown in Figure 20) which has an 

operating pressure of 5000 psi and requires 2.22 amps of current at 12V DC to activate. 

This line lock also requires a ½ inch JICM x ½ inch JICF swivel coupler, and a ½ inch 

JICM x ½ inch JICM coupler, installed on each line lock. 

 To prevent hydraulic losses from the selector block and hydraulic pistons, two 

more line locks will be installed to seal the design to prevent any leakage when not in 

use. The line locks operate by opening once they are supplied with 2.22 amps of current, 

and close as soon as the current drops below 2.22 amps.  The locks that are on the lines to 

the control block from the main valve block will operate in this normally-closed 

electronically-open manner. The other method for the line locks to function is to be 

normally-open, then when supplied with 2.22 amps of current, the line locks close. As 

soon as the current drops below 2.22 amps, the locks open again. The line locks on the 



27 | P a g e  

 

lines going to the reel fore-aft control are controlled in this normally-open, electronically 

closed-manner.  The power and ground for the line lock will be routed into the DIN 

connector seen in Figure 21.  

 

Figure 20: 12V DC 2-way, 2 position directional 

control valve [10] 

 

 

Figure 21: DIN connector [10] 

Since the line locks will need to be open for both the front and rear axle adjustment, 

the line locks will all need to be connected to both outputs of the rocker switch. A wire 

will be spliced off from both signal outputs of the rocker switch and will join together to 

form a single power line that will power all the line locks when either output from the 

switch is selected. The layout of the electrical system for the line locks can be seen in 

Figure 22, where the line lock harness is highlighted by the dashed red box. 

 

Figure 22: Electrical layout of line lock system 

To ensure that that these spliced wires will not by-pass the switch and activate both 

outputs, diodes will be used. A diode is the electrical equivaltent of a check valve, where 
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it will allow current to flow in the forward direction, while blocking current from 

travelling in the reverse direction. The orientation of the diode is important, the proper 

orientation can be seen in Figure 23, and the diode that will be used can be seen in Figure 

24. 

 

Figure 23: Diode orientation [11] 

 

Figure 24: Zener diode [12] 

 

All the components of the electrical line locks on hydraulic lines can be purchased 

from local part stores.The total cost for the electrical line locks on the hydraulic lines is 

$470.11 and the details of the costs are shown in TABLE VIII. 

TABLE VIII: TOTAL COST OF ELECTRICAL LINE LOCKS ON HYDRAULIC LINES 

 Component Quantity Price per part ($) Total cost of parts ($) 

12V DC 2-way directional 

control valve 

4 99.99 [10] 399.96 

DIN connector 4 7.99 [10] 31.96 

1N478 – 22V Zener Diode 2 0.44 [13] 0.88 

½ in. JICM x ½ in. JICF swivel 

coupler 

4 4.49 [10] 17.96 

½ in. JICM x ½ in. JICM 

coupler 

4 2.59 [10] 10.36 

18 gage wire 36 feet 14.99/100 feet [10] 5.40 

¼ inch Split flex wire loom 18 feet 4.99/25 feet [10] 3.59 

Total Cost ($) 470.11 
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2.2. Actuation 

The actuation system has been evaluated to ensure that the system satisfies the 

customer needs. This involved the calculation of the required bore and the actuation time 

of the system, then finding the appropriate components to complete the adjustment. 

2.2.1. Minimum Cylinder Size and Actuation Time Calculations  

In order to select a hydraulic cylinder to perform the actuation, some calculations 

are required to determine a suitable size bore. The following formulas are used to 

determine the minimum bore diameter for the hydraulic cylinders. 

The area (A) is determined from the following equation, where P is the pressure in 

the system (P, which is specified by the client), F is the required push force to adjust the 

axle, B is the cylinder bore and R is the rod diameter. 

 
𝐴 =

𝐹

𝑃
=


4
(𝐵2 − 𝑅2) 

Eqn. 1 

  

The required push force was calculated from the tractor axle weight (W), multiplied by 

the lateral traction coefficient (μ) of the tires and the steel on steel friction coefficient (f) 

as seen in the following formula. 

 
𝐹 =

𝑊

2
(𝜇 + 𝑓) 

Eqn. 2 

Combining Equation 1 and Equation 2 and rearranging to solve for the cylinder bore 

gives the follow formula  

 

𝐵 = √
2𝑊

𝑃
∗ (𝜇 + 𝑓) + 𝑅2 

Eqn. 3 

Equation 3 produces the required bore size for retraction of the axle.  

The actuation time (t), can then be found using the following equation where L is the 

stroke length of the cylinder and Q is the flow rate. 

 
𝑡 =

 ∗ 𝐵2 ∗ 𝐿

4 ∗ 𝑄
 

Eqn. 4 

Values for the bore size were calculated for the front and rear axles by substituting values 

for W, found from the M-150 Weight Distribution document (in Appendix E), P, given 

by the client as 2400 psi, μ, assumed to be 1 to ensure that if the operator were to extend 

the axles the system would not fail, f is 0.5 and R as follows. 
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𝐵𝑓𝑟𝑜𝑛𝑡 𝑅=1" = √
2 ∗ 18773

2400
(1 + 0.5) + 12 = 2.91𝑖𝑛𝑐ℎ 

𝐵𝑓𝑟𝑜𝑛𝑡 𝑅=1.25" = √
2 ∗ 18773

2400
(1 + 0.5) + 1.252 = 3.01𝑖𝑛𝑐ℎ 

𝐵𝑓𝑟𝑜𝑛𝑡 𝑅=1.5" = √
2 ∗ 18773

2400
(1 + 0.5) + 1.52 = 3.18 𝑖𝑛𝑐ℎ 

𝐵𝑟𝑒𝑎𝑟 𝑅=1" = √
2 ∗ 6055

2400
(1 + 0.5) + 12 = 1.85 𝑖𝑛𝑐ℎ 

𝐵𝑟𝑒𝑎𝑟 𝑅=1.25" = √
2 ∗ 6055

2400
(1 + 0.5) + 12 = 1.99 𝑖𝑛𝑐ℎ 

𝐵𝑟𝑒𝑎𝑟 𝑅=1.5" = √
2 ∗ 6055

2400
(1 + 0.5) + 12 = 2.15 𝑖𝑛𝑐ℎ 

These bores are the minimum required bore diameters to ensure proper pull forces on the 

displaced sections of the front and rear axles. 

The actuation time of the system was calculated as follows, from Equation 4, the 

flow rate of the system was assumed to be 9 GPM, the maximum flow rate through the 

locking valves, because the client was unable to provide a flow rate for the reel fore-aft 

lines.  

𝑡𝑓𝑟𝑜𝑛𝑡 =
 ∗ (4𝑖𝑛)2 ∗ 8𝑖𝑛

4 ∗

9 𝐺𝑃𝑀 (
231 𝑖𝑛3

𝐺𝑎𝑙
)

60 𝑠/𝑚𝑖𝑛

= 2.9 𝑠 

𝑡𝑟𝑒𝑎𝑟 =
 ∗ (2𝑖𝑛)

2
∗ 20𝑖𝑛

4 ∗

9 𝐺𝑃𝑀 (
231 𝑖𝑛3

𝐺𝑎𝑙
)

60 𝑠/𝑚𝑖𝑛

= 1.8 𝑠 

These calculations show that the total actuation time of the cylinders is 4.7 seconds which 

is under the allotted time to complete the adjustment process of 10 seconds. 

2.2.2. Front Axle Adjustment  

The following sections outline the components involved in the assembly of the 

front actuation system and their evaluation under predicted loads. This includes a cost 
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breakdown of every component involved in the system as well as a summary of the total 

front actuation system cost. 

2.2.2.1. Components 

The hydraulic cylinder selection was performed using the results from the 

calculations in section 2.2.1.of this report. From these calculations it is recommended that 

a 3.18 inch bore cylinder be used. Due to MacDon’s request to utilise parts available 

from Winnipeg suppliers, we were limited to 3.5 or 4 inch bore cylinders to satisfy the 

design requirements.  The smaller of the two options, the 3.5 inch bore, was selected for 

installation on top of the frame.  

After further inspection, we found that even when the cylinder was retracted, the 

total length of the cylinder exceeds the area on top of the frame, where the cylinder was 

supposed to be installed. For this reason the cylinder was relocated to the inside of the 

front axle frame, which requires the selection of the larger 4 inch bore cylinder to 

compensate for an extra factor of safety. This decision to go to the next size up cylinder 

was made to decrease the likelihood of having to make repairs. This increase in bore size 

also increases the available push force for a larger factor of safety.  

The cylinder stroke length is measured from the tractors original mounting holes 

which require a cylinder with a 7 inch stroke. The closest available standard stroke length 

that will work in this design space is found to be an 8 inch cylinder and was chosen due 

to its similarity to the required stroke. Figure 25 shows the selected 4 inch bore, 8 inch 

stroke hydraulic cylinder. 

 

Figure 25: 4 inch bore 8 inch stroke hydraulic cylinder [10] 

This cylinder features a maximum operating pressure of 3000psi, 1.25 inch ID pinhole, 

1.5 inch rod diameter and #8 ORBF ports [10]. 



32 | P a g e  

 

 The hydraulic hoses were chosen based upon information given to the team from 

MacDon, which the reel fore-aft hoses which were to be used in the system are 3/8 inch 

ID 5000 psi hydraulic hoses. The system was initially designed to have one of the main 

hoses, be split and sent to the base ports of both cylinders. While the other main hose was 

also split and sent to the rod end ports of both cylinders. After consulting with MacDon, 

they recommended that the system be designed in a master-slave orientation. This 

orientation allows for both cylinders to be connected to a direct flow from the selector 

block, and eliminates the chance for uneven frame loads due to different actuation 

distances. 

 Fittings are required to connect the cylinders to the lines and from the lines to the 

valve block, each having different thread types. This requires the use of multiple different 

fittings to convert from O-Ring Boss (ORB) at the cylinders to JIC at the valve block. For 

this a 90° #8 ORBM to swivel 3/8 inch NPT fitting is connected to a rigid male 3/8 inch 

NPT Bite-To-Wire fitting. The 3/8 inch NPT fitting is attached to a line which is either 

connected to a cylinder using another rigid male 3/8 inch NPT Bite-to-Wire fitting, or to 

the valve block using a rigid male 3/8 inch 37° JIC Bite-To-Wire fitting. 

 Mounting of the hydraulic cylinders is completed using 1.25 inch diameter x 8 

inch long cylinder pins. This system utilises 1.25 inch ID x 4.75 inch long cylinder cross 

tubes to reduce the assembly time, while ½ inch thick mounting tabs which are to be 

made by MacDon. 

All the components of the front actuation can be purchased from local part 

stores.The total cost for the front actuation is $699.61 and the details of the costs are 

shown in TABLE IX.  
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TABLE IX: COST OF FRONT ACTUATION DEVICE 

Component Quantity Price per part ($) Total cost of parts ($) 

4 inch Bore 8 inch Stroke 

Hydraulic Cylinder 

2 220.00 [10] 440 

3/8 inch Hydraulic Hose 19 2.19 / foot [10] 41.61 

#8 ORBM x 3/8 inch 

NPTF Swivel 90° Elbow 

4 9.00 [10] 36 

3/8 inch NPTM Rigid x 3/8 inch 

Hose Bite-To-Wire Fitting 

4 5.00 [10] 20 

1/2 inch JICM 37° Swivel x 3/8 

inch Hose Bite-To-Wire Fitting 

2 6.00 [10] 12 

1-1/4 inch Diameter x 8 in. Long 

Cylinder Pin 

4 7.50 [10] 30 

1-1/4 inch ID x 4-3/4 inch Long 

Cylinder Cross Tube 

6 15.00 [10] 90 

Mounting Tab 2 15.00 [10] 30 

Total Cost ($) 699.61 

 

2.2.2.2. FEA of Installed Front Actuation Components 

The following section presents preliminary finite element analysis of the installed 

front components. Figure 26 depicts the von Mises stress distribution in the mounting 

brackets attached to the tractor frame. To simplify the analysis the assembly was broken 

down into its components and the ends of the mounting tab and tube were fixed. A 

63,000 N load is applied to the block to simulate the forces applied during the actuation 

of the axle. 
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Figure 26: Von Mises stress distribution in the mounting brackets  

 It can be seen from Figure 26 that the maximum stress in the assembly is located 

in the pin due to shear forces. The pin is capable of taking much larger loads than the 

applied load, since the pin is normally used with cylinders with larger bores. The 

maximum stress in the mounting tube is 214 MPa, which is less than the cyclic loading 

limit at 1000 cycles of 0.9u. The cyclic loading limit for our material (AISI 1020) was 

calculated as 0.9y = 316 MPa to allow for an extra factor of safety [14]. 

 Figure 27 displays the von Mises stress distribution in the axle leg end mounting 

tubes due to the same applied load as in the previous analysis. The mounting tubes were 

fixed to simulate welding them to the sidewalls of the axle leg. 
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Figure 27: Von Mises stress in axle leg 

 From this analysis it was found that the maximum von Mises stress in the tubes 

was 220 MPa once again well below the cyclic loading limit of the selected material. 

2.2.3. Rear Axle Adjustment 

The following sections outline the components required to assemble the rear 

actuation system. Included is a finite element analysis of designed parts along with a 

summary of all parts including costs. 

2.2.3.1. Components 

The size of the required hydraulic cylinder was determined using the equations 

described in section 2.2.1. Through these calculations, it was determined that a cylinder 

bore of approximately 2 inches is required, depending on the rod diameter. To increase 

the factor of safety and due to limitations of Winnipeg suppliers, a 2 ½ inch bore was 

selected for the rear axle adjustment device.  

It was determined that the rear axle hydraulic cylinder requires a stroke of 20 

inches. This was found through measurements of the CAD model provided by MacDon, 

that the rear axles are capable of extending 20 inches on either side. The hydraulic 

cylinder selected is a 2 inch bore with a 20 inch stroke utility cylinder, that has a rod 
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diameter of 1 ¼ inch and a retracted length of 28 inches. The hydraulic cylinder can be 

seen in Figure 28. 

 

 

Figure 28: 2 ½ inch bore with 20 inch stroke hydraulic cylinder [10]. 

 

With the hydraulic cylinder selected, mounting plates have been designed, one to 

be attached to the rear axle and one to be attached to the walking beam. It was determined 

that the hydraulic cylinder would have to be mounted to the back side of the rear axle so 

as to not interfere with the anti-shimmy device. SolidWorks was used to design the 

plates, utilizing the model provided by MacDon.  

The front mounting plate, attached to the walking beam, was designed to be as 

small as possible to allow full retraction of the walking beam. Along with mounting the 

hydraulic cylinder, the front mounting plate must also provide a mounting point for the 

anti-shimmy device; this allows the anti-shimmy device to stay in position during axle 

adjustment. ½ inch steel plate was selected as the material for the front mounting plate. 

Two mounting tabs, to which the hydraulic cylinder rod is connected, are welded to the 

side of the front mounting plate. Three 
7
/8 inch holes, one through either side and one 

through the top, were added to the front mounting plate to allow the plate to bolted to the 

walking beam with ¾ inch bolts. The CAD model of the front mounting plate can be seen 

in Figure 29. 
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Figure 29: Front mounting plate. 

The back mounting plate, attached to the rear axle frame, was designed in a similar 

fashion as the front mounting plate. The back mounting plate needed to be attached close 

to center of the rear axle frame so as to not interfere with the walking beam inside. To 

accommodate the retracted length of the hydraulic cylinder, the back mounting plate had 

to extend along the back side of the rear axle frame. As with the front mounting plate, the 

back mounting plate is to be made from a ½ inch steel plate. Two mounting tabs, to 

which the hydraulic cylinder is connected, are welded to the side of the back mounting 

plate. Four 
7
/8 inch holes, two through the side and two through the top, were added to the 

back mounting plate to allow the plate to be bolted to the rear axle frame using ¾ inch 

bolts. The CAD model of the back mounting plate can be seen in Figure 30.  Engineering 

drawings of both the front and back mounting plates can be found in Appendix F. 

 

Figure 30: Back mounting plate. 
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The hydraulic cylinder is attached to the mounting plates using 1 inch diameter 

clevis pins, 3 ¾ inch length for the front mounting plate and 4 ¾ inch length for the back 

mounting plate. The full assembly for one side of the rear actuation system can be seen in 

Figure 31.  

 

Figure 31: Rear actuation system. 

As with the front actuation system, the rear actuation system’s hydraulics is set up 

in a master-slave orientation. Two 3/8 inch hydraulic hoses will run from the selector 

block to the rear actuation system, one connecting to the base port of the left side cylinder 

and the other connecting to the rod port of the right side cylinder. These hydraulic hoses 

have approximate lengths of 11 and 16 feet respectively. Finally one 3/8 inch hydraulic 

hoses will run from the rod port of the left side cylinder to the base port of the right side 

cylinder, completing the master-slave setup. This hydraulic hose has an approximate 

length of 5 feet.  

 Similar fittings from the front hydraulic cylinders are required to connect the rear 

cylinders to the lines and from the lines to the valve block, each having different thread 

types. This requires the use of multiple different fittings to convert from O-Ring Boss 

(ORB) at the cylinders to JIC at the valve block. For this a 90° #6 ORBM to swivel 3/8 

inch NPT fitting is connected to a rigid male 3/8 inch NPT Bite-To-Wire fitting. The 3/8 

inch NPT fitting is attached to a line which is either connected to a cylinder using another 
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rigid male 3/8 inch NPT Bite-to-Wire fitting, or to the valve block using a rigid male 3/8 

inch 37° JIC Bite-To-Wire fitting.  

The mounting plates will be manufactured by MacDon and all other components 

required to build the rear actuation system can be purchased from local parts stores. The 

total cost for the rear actuation system is $714.84, including an estimated cost of the steel 

plate required for the mounting plates. Details of these costs are shown in TABLE X. 
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TABLE X: COST OF REAR AXLE ADJUSTMENT DEVICE  

Component Quantity Price per part ($) Total cost of parts ($) 

2 ½inch Bore x 20 inch Stroke 

Hydraulic Cylinder 

2 174.99 [10] 349.98 

Front Mounting Plate 2 55.12 110.24 

Back Mounting Plate 2 27.56 55.12 

¾ inch x 7 ¾ inch Hex Bolt 2 3.55 [10] 7.10 

¾ inch x 2 
11

/16 inch Hex Bolt 2 2.05 [10] 4.10 

¾ inch x 2 ½ inch Hex Bolt 8 2.05 [10] 16.40 

¾ inch Hex Nut 2 0.50 [10] 1.00 

¾ inch Washer 14 0.32 [10] 4.48 

1 inch x 3 ¾ inch Clevis Pin 2 3.49 [10] 6.98 

1 inch x 4 ¾ inch Clevis Pin 2 3.99 [10] 7.98 

R-Clip 4 2.69 [10] 5.38 

3/8 inch Hydraulic Hose 32 feet 2.19/foot [10] 70.08 

#6 ORBM x 3/8 in. NPTF Swivel 

90° Elbow 

4 7 [10] 28 

3/8 in. NPTM Rigid x 3/8 in. 

Hose Bite-To-Wire Fitting 

4 4 [10] 16 

1/2 in. JICM 37° Swivel x 3/8 in. 

Hose Bite-To-Wire Fitting 

2 2 [10] 4 

Total Cost ($) 714.84 

 

2.2.3.2. Initial FEA Results on Rear Axle 

Preliminary finite element analyses were performed on both mounting plates to 

ensure they would stand up to the forces exerted by the hydraulic cylinder. The von 

Mises stress distribution from these analyses can be seen in Figure 32 and Figure 33 

below. 
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Figure 32: Results of FEA on front mounting plate. 

 

 

Figure 33: Results of FEA on back mounting plate. 

Both mounting plates were analyzed by applying a force of 20,400 N to the clevis 

pin inside the mounting tabs to simulate the force applied by the hydraulic cylinder 
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during actuation. The bolt holes were fixed to simulate being bolted to the frame. It can 

be seen from Figure 32 that the maximum stress in the front mounting plate is 305.7 

MPa, below the yield strength of 351.6 MPa. From Figure 33, the maximum stress in the 

back mounting plate is 119.8 MPa, also below the yield strength. These preliminary 

results show that both mounting plates will hold up to the forces exerted by the hydraulic 

cylinder. 
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3. System Installation and Operation 

To determine the approximate time needed to install the tractor axle adjustment 

device, installation instructions were written to layout the installation process for the 

entire design. The installation instructions are listed for the following sections: activation 

and locking, front actuation and rear actuation. From the installation instructions we can 

better determine the approximate amount of time needed to install each section, and then 

determine the cost of labor for installing the device at a dealership. To successfully 

deploy the tractor axle adjustment device, operator’s instructions are also provided. 

3.1. Activation and Locking 

The installation of the selector block, line locks and the switch can be summarized 

in the following steps: 

1. Tee into P59 and P55 on the main tractor block (shown by the red diamond in 

Figure 34) with required ½ inch fittings  

 

Figure 34: Valve block – location of tee 

2. Install a line lock on reel fore line and reel aft line between tee and reel fore-aft 

lines to header 

3. Line up the selector block (MacDon part # 220535) in the area outlined by the red 

rectangle in Figure 35 and drill a 5/16 hole, and use provided bolt and nut to 

secure the block to the frame.  (Note a more accurate location of the hole can be 
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obtained by placing the selector block on the frame to pinpoint exact location of 

the hole.) 

 

Figure 35: Valve block – location of selector block 

4. Connect hydraulic lines from tee on main valve block to P1 and P2 on selector 

block. Before selector block install line locks between hydraulic lines and selector 

block. 

5. Connect reel fore-aft wire harness (MacDon part # 220337) to the rocker switch 

(MacDon part # 109064). 

6. Attach the auxiliary power harness to auxiliary port, seen as (A) in Figure 36  

(MacDon part # 220570) and connect other end to switch harness. 

 

Figure 36: Auxiliary port location [4] 

7. Mount the switch in the area outlined by the red box in Figure 37. 
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Figure 37: Selector valve switch location [4] 

 

8. Run the switch harness alongside other wires from the operator’s station, 

following the wires as they run under the seat and into the floor.  

9. Connect the solenoid harness to the switch harness and run the wire along the 

frame to the selector valve block. Connect each two pin connector (A1, B1 and 

A2) to their respective solenoids (A1, B1 an A2). 

10. Connect the line lock harness from the rocker switch and run it along the same 

path as the other harness and connect each adapter to the line locks. 

Estimated installation time to install activation and locks onto tractor: 1 hour. 

3.2. Actuation 

The actuation process for both the front and rear axles is completed by using 

hydraulic cylinders controlled from the selector block. However, the front and rear axles 

have different methods for securing their cylinders in place. A hydraulic schematic 

outlining the system lines and orientation can be found in section 3.1.3 of this report. All 

hydraulic components will follow the MacDon standard for hydraulic system (which can 

be found in the M155 operator’s manual under general hydraulics). The installation 

process will require the use of a forklift and a hoist or jack that can support 10 tons. 

3.2.1Front Axle Installation Instructions 

1. Lift the front end of the tractor and have it supported by either a hoist or a jack 

and blocks. 
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2. Remove the front left and right legs, with either a forklift or a hoist, from the 

frame and detach all drive wheel hydraulic lines. 

3. Attach the 90° fittings to all cylinder ports 

4. Attach line 1 to the base end port and line 2 to the rod end port of the left side 

cylinder 

5. Attach the left side cylinder to the leg using the supplied pin and cotter pin as seen 

highlighted by the red box in Figure 38. 

 

Figure 38: Left side cylinder leg pin installation 

6. Slide the leg back into position 

7. Lift and attach the cylinder using the supplied pin, cotter pin and presto pin, as 

seen highlighted by the yellow box in Figure 39. 
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Figure 39: Left side cylinder internal pin installation 

8. Attach line 2 to the base end port and line 3 to rod end port of the right side 

cylinder  

9. Attach the right side cylinder to the arm using the supplied pin and cotter pin 

10. Slide the arm into position 

11. Lift and attach the cylinder using the supplied pin, cotter pin and presto pin 

12. Attach hydraulic lines to ports A1 and B1 on the newly installed selector block 

13. Once all the new components are attached pressurize the system and search for 

any leaks which may have occurred. Tighten any fittings found to be leaking 

during the pressure test. 

Estimated installation time to install front axle adjustment device, and plumb lines 

back to selector block: 3 hours. 

3.2.2. Rear Axle Installation Instructions 

1. Remove bolt connecting anti-shimmy device to anti-shimmy plate, keep nut and 

bolt. 

2. Remove bolts holding walking beam in place from side and bottom of rear axle.  

3. Remove anti-shimmy plate. 

4. Attach back mounting plate to rear axle with the four ¾ inch x 2 ½ inch bolts. 
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5. Attach front mounting plate to walking beam with ¾ inch x 7 ¾ inch bolt and ¾ 

inch x 2 
11

/16 inch bolt. 

6. Attach anti-shimmy device to front mounting plate using original nut and bolt. 

7. Attach hydraulic cylinder to back mounting plate using 1inch x 4 ¾ inch clevis 

pin and R-clip. 

8. Attach hydraulic cylinder to front mounting plate using 1inch x 3 ¾ inch clevis 

pin and R-clip. 

9. Attach hydraulic lines and required fittings to hydraulic cylinder and run lines 

back to ports A2 and B2 on the selector block 

10. Repeat steps 1 to 9 for the other side of rear axle. 

11. Once all the new components are attached pressurize the system and search for 

any leaks which may have occurred. Tighten any fittings found to be leaking 

during the pressure test. 

An exploded view of the rear axle adjustment device, showing all parts, can be seen 

in Figure 40. 

 

Figure 40: Rear axle adjustment device exploded view. 
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Estimated installation time to install rear axle adjustment device, and plumb line back to 

selector block: 1 hour. 

The total installation time to install the tractor axle device has been estimated at 6 

hours. This time was estimated by going through the installation steps and making a time 

based estimate on how long each process would take.  

3.3. Operation Instructions 

The following steps have been laid out to successfully engage the tractor axle 

device and switch the axles from field mode to transport mode. 

1. Detach header from tractor. 

2. While outside the tractor, mate the tractor side header harness connector to the 

mounted header harness connector; its location can be seen in Figure 41 

highlighted by the red box. 

 

Figure 41: location of mounted header harness connector 

 

3. While seated in the operators seat, push the rocker switch (highlighted by the red 

box seen in Figure 42) forward to unlock the front axles. 
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Figure 42: Rocker switch controlling tractor axle device 

 

4. While driving forward push the reel aft control, and continue to hold control until 

axle does not move any further. 

5. Stop tractor, and switch rocker switch to its rear position to unlock the rear axles 

6. While driving forward push the reel aft control, and continue to hold control until 

axle does not move in any further. 

7. Switch rocker switch to neutral position. The adjustment device is now locked 

and the axle adjustment process is complete. 

The same steps are repeated to bring the tractor from transport mode back to field 

mode, only this time the reel fore control is pushed. Additionally when adjusting the rear 

axle to field mode the reel fore control can be feathered to allow the operator determine 

how wide they want the rear axle to be. This feathering method can be used to give the 

rear axle multiple settings. However different headers may require a wider stance on the 

rear axle than others; therefore the M155 operators manual must be consulted to 

determine the recommended stance of the tractor, before the feathering method is 

attempted. 
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4. Total Design Cost 

The budget for the tractor axle device was $2500, set by MacDon. This cost is to 

include the price of all parts needed, and labor costs to install the device at the dealership. 

Some of the parts we priced out at local parts stores could potentially already be in 

MacDon’s inventory. However, rather than spending large amounts of our clients time 

asking if MacDon carries specific parts, MacDon encouraged us to look for most of our 

part prices from local sources; specifically Princess Auto. Also, if we found any parts 

from a MacDon parts catalog, MacDon would provide us with the cost they pay 

(wholesale) per part. This allowed us to easily get part information and cost, while taking 

up as little of MacDon’s time as possible. Therefore the parts that have MacDon part 

numbers associated with them have been given the price MacDon currently pays for one 

part at wholesale pricing. All other part prices were found from local retailers. 

 The budget for all the frame modifications was $25, also set out by MacDon. Any 

holes needed to be drilled into the frame can be neglected from calculating the total frame 

modification costs (as stated by MacDon).  

4.1. Total Cost of all Parts 

The total cost of all parts required for the prototype tractor axle device can be 

summarized in TABLE XI below. 

TABLE XI: TOTAL COST OF DESIGN 

Section Total cost ($) 

Header Identification 27.92 

Hydraulic Selector Block 512.26 

Selector Valve Switch 37.18 

Electric Line Locks on Hydraulic lines 470.11 

Front axle adjustment device 699.61 

Rear axle adjustment device 714.84 

Installation time (6 hrs x $100/hour) 600.00 

Total Cost of Design ($) 3061.92 
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From TABLE XI the total cost of the design is $3061.92 which is higher than the 

allotted budget of $2500 given by MacDon. However the total spent on parts at local 

retail stores for the design is calculated to be $1904.98.  If these parts where to be 

purchased at wholesale, we estimate that this parts cost would drop around 30% which 

would then bring the total cost of the design down to $2490.43; which then puts the 

design within our budget. 

4.2. Total Cost of all Frame Modifications 

The budget for any frame modifications required to secure the tractor axle device is 

$25. This is to include the labor for any welds to be made, additional parts or material 

cost. Any costs related to drilling holes into the frame can be neglected, as stated by 

MacDon. Any holes drilled are 1/16 inch larger than the outer diameter of the required 

fastener and hole tolerances are ± 1/32 inch. Any linear dimensions are ±0.3 mm. The 

total cost of all frame modifications is $40. A summary of all the modifications to the 

frame and their anticipated cost can be found in TABLE XII. 

TABLE XII: SUMMARY OF FRAME MODIFICATIONS AND COST 

Modification Cost ($) 

Drill 1 x 5/16 inch hole for selector block 

mounting bolt 

0.00 

Front cylinder mounting tabs* 5.00 

Cut 4 x 2 in. holes for the cylinder 

mounting tubes* 

0.00 

Drill 14 x 13/16 inch holes (7 on each side) 

for bolts to mount rear axle device* 

0.00 

10 x ¾ inch nuts to 10 of the 13/16 holes 

drilled* 

5.00 

Weld 10 x ¾ inch nuts and front mounting 

tabs* 

30.00 

Total Cost of all Frame Modifications ($) 40.00 

(*) details of the exact location of the holes can be found in the modification 

drawings in Appendix F. 
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Although the total cost of the frame modifications is higher than the stated budget, 

if most of the welding is done on the frame while the frame is being constructed, some of 

the labor costs would be absorbed.  This would decrease and spread out the overall frame 

modification costs.
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5. Testing 

A functional test for the tractor axle adjustment system is necessary to verify that 

this design truly achieves all the requirements; therefore three tests have been developed. 

These tests will confirm that: the design achieves the desired width in transport and field 

mode, the width of the axles does not change after extended periods of time without 

adjustment, the adjustment process can be achieved in less than ten seconds. For each of 

these tests the width of the tractor will be measured as the distance between the outer 

edges of the front drive tires. The rear width of the tractor will be measured as the 

distance between the outer edges of the caster tires when they are parallel to the front 

tires.  

5.1. Desired Width Achieved Test 

The width of windrower in transport mode should be within the width limitation 

(3.5m) with the Bar & Turf Narrow Track tires on (width transport mode 3.46 m and 3.82 

m field mode). With the tractor axle adjustment device installed, adjust the front and rear 

axles first to transport mode and measure the width of the tractor. Next, adjust the axles 

to field mode and again measure the width of the tractor. This test confirms that the 

tractor axle adjustment device can, in fact, achieve the desired width. If design fails to 

pass the test: evaluate to see whether something is preventing a full range of width or if 

design is not producing enough force to fully adjust axles. 

5.2. No Change in Width Test 

The tractor axle adjustment device must maintain a constant width while in either 

field mode or transport mode. Therefore this test will determine whether or not the width 

of the axles changes while operating for long periods of time without any axle 

adjustment.  

 First choose a field (or track that represents field type conditions) and attach a 

weight box or header to the tractor. Next run the machine for an extended period of time 

(5 hours minimum) without adjusting the axles in field mode. At the end of the time 

period, remove the header and measure the width of the front and rear axles. Compare 

measured width with the desired width. The difference between these two widths should 
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be zero. Next adjust the axles to transport mode and drive the tractor at its maximum 

speed for an extended period of time (3 hours minimum). At the end of the time period 

measure the width of the tractor at the front and rear axle. Again, compare measured 

width with the desired width. The difference between these two widths should be zero. 

Any non-zero values from these two comparisons indicate that the design has failed to 

maintain a consistent width after the adjustment process. If the design fails to pass test: 

evaluate hydraulic system between cylinders and selector block to ensure no leaks, if no 

leaks, examine other methods for potential pressure loss in the system. 

5.3. Validation of Adjustment Time Test 

The purpose of this test is to verify that the adjustment process can in-fact be 

completed in under ten seconds. The tractor will begin in transport mode and the timer 

will start when the operator first pushes the reel fore control to push either the front or 

rear axle out. Time will stop once the axles stop moving outwards while the reel fore 

control still active. Time will start again when the operator activates the reel fore control 

for the remaining axle; and will stop once the axles stop moving outwards with the reel 

fore control still active. The total time taken to adjust the axle out will be the sum of these 

two time intervals. The same process will be repeated but this time the tractor will begin 

in field mode and adjusted to transport mode. The whole trial will be repeated ten times 

to ensure consistency in the results. Once completed the times taken to adjust the axle to 

field mode will be averaged. The times taken to adjust the axle to transport mode will 

also be averaged and compared to the average time to adjust to field mode. If the two 

averages are found to average a time under ten seconds the design passes the test. If both 

averages are fairly consistent but above ten seconds, the adjustment time may need to be 

re-evaluated. The design fails the test if the ten trials yield inconsistent results. If the 

design fails: ensure consistency between trials is maintained and repeat test, if 

inconsistencies persist, examine hydraulic system to try and pinpoint the source causing 

these inconsistencies.  

 With the passing of all these tests, the tractor axle adjustment device has proved 

that it does achieve the goal of being able to successfully automate the process of 

adjusting the tractor axles. The adjustment device is capable of getting a full range of 

motion from the axles while keeping the axles from coming out of adjustment after long 
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periods of time. The adjustment process can be completed in less than ten seconds which 

is 3000% faster than the original adjustment process which takes anywhere from 1.5 to 4 

hours.
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6. Recommendations 

The tractor axle adjustment device will eliminate the need for any cumbersome and time 

consuming manual adjustment. The design explained in this report is the result of 

rigorous concept selection and in-depth concept analysis on all the features in this design. 

However, due to time constraints, the concept refinement process had to be cut short. 

TABLE XIII summarizes a list of recommendations and any parts of the design that 

could possibly benefit from further concept refinement
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TABLE XIII: SUMMARY OF RECOMMENDATIONS AND FURTHER REFINEMENTS TO DESIGN 

Section of Design Recommendation 

Activation/Locking Do a more in-depth analysis on other valve blocks that MacDon 

currently uses to see if a more efficient one can be found, possibly 

to eliminate the need for line locks. This was not completed due to 

time constraints 

Activation/Locking Manufacture a bracket that will better hold the selector valve block 

to the frame. This was not completed due to time constraints. 

Activation/Locking Find another possible location for mounting the rocker switch in 

case DWA will be installed concurrently with tractor axle 

adjustment device. (Both devices have switches that currently will 

occupy the same space). 

Actuation Look at possible ways to retrofit mounts for hydraulic cylinders on 

the front and rear so the device can be installed on current 

production models already out in circulation. This was not 

completed due to time constraints. 

Actuation Design a Teflon (or a high density polyethylene) sleeve that will 

fit over the adjusting axle and prevent steel-on-steel contact, 

reducing the coefficient of friction, while sliding in and out of the 

frame. This was not completed due to time constraints 

Actuation Do more in-depth FEA, as we only have the capability of 

performing preliminary FEA 

All Ensure that when the tractor is in transport mode the widest part of 

the tractor is still the front axles, not any part of the frame. 

However this was not completed since the scope of this design was 

focused on the axles of the tractor, not the main body. 
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7. Conclusion 

The tractor axle adjustment device was desired by MacDon so they could adjust the 

axles of the tractor from field to transport mode with the push of a button. This would 

enable MacDon to better market their windrowers to the international market, where 

stricter road regulations are in place, especially for agricultural equipment. The device 

would allow the windrower to pull in its axles to transport width, where it would then 

meet international road restrictions on width. The tractor can then legally be driven on the 

road to the next field, where the device will push out the axles back to normal operation 

width. 

The adjustment process will be completed by first activating the reel fore-aft 

controls by mating the header electrical harness to the header identification connector. 

Once the harness is connected the reel fore-aft controls will be activated on the GSL. The 

rocker switch, located on the operator’s station, when activated will activate the four line 

locks and allow the selector block to direct the flow to either the front or rear axles. In the 

front, hydraulic cylinders (one for each arm) mounted from within the frame (to decrease 

chance of operator injury) will adjust the front arms in and out. In the rear, hydraulic 

cylinders (one on either end of the walking beam) mounted to new anti-shimmy plates, 

will move with the walking beam as it is adjusted in and out. The placement of the 

hydraulic cylinders ensures that the operational performance of the windrower is 

maintained. 

The total cost for this design has been determined to be $3061.92, which includes 

the cost of all the parts and the labor costs associated with installation at a MacDon 

dealership. While the final cost is slightly above the budget of $2500, we determined that 

from the $3061.92 of the total design cost, $1904.98 is spent on purchasing individual 

parts at local parts stores. If these parts where to be purchased at wholesale, we estimate 

that this parts cost would drop around 30% which would then bring the total cost of the 

design down to $2490.43; which is within our design budget. 

The total cost of all frame modifications was determined to be $40. While this 

cost is slightly higher than our allotted frame modification budget of $25. This is due to 
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of the complexity required mounting the hydraulic piston inside the frame to adjust the 

front axle, and the labor costs associated with welding.  

The total time required to adjust the axles once the reel fore-aft controls are 

activated will be 4.7 seconds. This time is significantly quicker than the original time 

required to complete the manual adjustment of 1.5 to 4 hours. 

 The tractor axle adjustment device will replace the cumbersome, time consuming 

process of manually adjusting the tractor axles by a quick automated process that can be 

completed from within the cab by the simple push of a few buttons. The completion time 

of this process has been improved over 3000%, by eliminating the need to manually 

adjust the axles. 
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Appendix A: Manual Installation Instructions 
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The front and rear axles of windrow can be adjusted manually. The adjustment of 

front can be completed following the steps below: 

Step 1: Lift the front of the frame with either a jack or forklift to take weight of the axle 

arms, shown in Figure 1.  

 

Figure 1: Front of windrower, axle arms indicated by red arrows. 

 

Step 2: Remove the two retaining pins (as seen in Figure 2) that hold the axle arm in 

place. 

 

Figure 2: Front of windrower frame outlining axle arm and retaining pins. 

Step 3: The axle arm can be slid in or out as required once these retaining pins have been 

removed. 

Step 4: Reinstall the retaining pins with the axle arm in the required position. 

Step 5: Repeat from step 2 to step 4 to adjust the axle arm on the other side. 

Step 6: Lower the windrower to the ground.  



A-3 | P a g e  

 

The rear axle (walking beam) is adjusted in a similar fashion as the front. Only few 

steps should be modified. In step 2, there are six bolts on either side of the rear axle (as 

seen in Figure 3), should be removed to allow the walking beam to be moved in or out.  

 

Figure 3: Rear axle outlining adjustment bolts and anti-shimmy plate. 

Each rear caster wheel has an anti-shimmy device connected to it. The anti-shimmy 

device is connected to a plate that is bolted to the walking beam, as seen in Figure 3. In 

step 3, the anti-shimmy plate has to be moved with the walking beam during adjustment.  
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Appendix B: Gantt chart and WBS 
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To keep our team accountable for the due dates associated with this project, a Gantt 

chart was created. The Gantt chart with all our due dates and their respected deliverables 

can be seen in Figure 1a and Figure 1b. A Work breakdown structure was also created to 

allow the team to split up the required tasks to be completed for the length of the project. 

The work breakdown structure can be seen in Figure 2. 
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Figure 1a: Gantt chart 
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Figure 1b: Gantt chart 
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Figure 2: Work breakdown structure 
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International Road Regulations and Overall width of M155 

North American road legislation varies greatly when compared to European road 

legislation, especially when it comes to agricultural machinery. Germany has the strictest 

road legislation in all of Europe.  The German road regulations allow agricultural 

machinery to be 3.0 meters wide before special permission must be obtained. The 

German government can grant exemptions to agricultural machinery that are wider than 

3.0 m. An exemption for harvesting equipment with a width of up to 3.5 m can be 

obtained without severe conditions. However, this exemption depends on local road 

conditions and may be subjected to route restrictions [1]. By adhering to German road 

legislation with respect to agricultural machinery we can confidently say that we will also 

be within any other country’s road restrictions. These other countries outlined by our 

client include: Denmark, Russia and New Zealand. 

 With the maximum width allowed on German road defined as 3.5 m we then 

shifted our attention to the width of the windrower. For the purpose of this report the 

width of the MacDon M155 Self-Propelled Windrower will be measured as the distance 

between the outside edges of the front drive tires, or dimension C seen in Figure 1. 

 

Figure 1: Width dimension of MacDon M155 self-propelled windrower [2] 
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As shown in Figure 1, the width dimension can be influenced by the width of the 

front drive tire. Currently MacDon has four different tire size options that can be installed 

on the windrower and are summarized in TABLE I below. 

 

TABLE I: MACDON DRIVE TIRES AVAILABLE AND THEIR EFFECT ON THE OVERALL 

WIDTH ON M155 WINDROWER [2] 

Tire Size Wheel Position Width (C) (mm) Hub Width 

18.4 x 26 Bar & Turf 

Narrow Track 

Transport 3464 3391 

Field 3824 3751 

18.4 x 26 Bar & Turf 

Wide Track 

Transport 3639 3391 

Field 3999 3751 

600/65R28  

Radial Tire 

Transport 3578 3391 

Field 3938 3751 

23.1-26 and 580/R7026 

Turf Tire 

Transport 3613 3391 

Field 3973 3751 

 

TABLE I shows that if the M155 is equipped with the Bar & Turf Narrow Track 

drive tires in transport mode, the windrower will be within the exemption width as laid 

out by the German road legislation.  

Concepts evaluated in Concept scoring 

 

TABLE II: LIST OF ACTIVATION CONCEPTS 

Activation Components 

ID Concept Description 

A One switch 

completing 

everything 

A switch in cab runs direct power to the design to activate it. 

The switch then automatically unlocks the system, extends or 

retracts the axles and relocks. This design would complete 

these steps by activating a solenoid in the tractor distribution 

block allowing hydraulic fluid to flow to the actuation and 

locking components. 
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Activation Components 

ID Concept Description 

B Cap Activation  Apply a cap onto the electrical harness that goes from the 

tractor to header. Power will be sent to the cap that will power 

the wires to “trick” the tractor software to think a draper 

header is installed. With the software “tricked” the reel fore/aft 

control and hydraulic solenoid will be activated. A three way 

switch, similar to the windrowers light switch, will also be 

installed in the cab that will control a selector valve that will 

be integrated into the reel fore/aft lines right after the solenoid.  

When the switch is off the hydraulic fluid will flow into the 

header hydraulic lines as it normally should, but when the 

switch is in either on position, the selector will direct hydraulic 

fluid flow to the front or back axle to power the design. This 

design will require the switch to be deactivated to allow for 

normal header operation. 

C Integrated switch A built in switch integrated into the windrower harness that 

goes to the header. Power will be sent to the switch that will 

power the wires to “trick” the tractor software to think a draper 

header is installed. With the software “tricked” the reel fore/aft 

control and hydraulic solenoid will be activated. A three way 

switch, similar to the windrowers light switch, will also be 

installed in the cab that will control a selector valve that will 

be integrated into the reel fore/aft lines right after the solenoid.  

When the switch is off the hydraulic fluid will flow into the 

header hydraulic lines as it normally should, but when the 

switch is in either on position, the selector will direct hydraulic 

fluid flow to the front or back axle to power the design. This 

design will require the switch to be deactivated to allow for 

normal header operation. This integrated switch will power the 

reel fore/aft controls and will be wired to turn on when the 3-

way switch is set to the on position.  
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TABLE III: LIST OF LOCKING COMPONENTS 

Locking Components 

ID Concept  Description 

G Rack and pinion 

friction 

As described in concept O for actuation, a rack and pinion will 

control the linear motion of the axle. When the axle is in its 

required position the pinion will be stopped, holding the rack 

in place. A sketch of the design is shown in Figure 6. 

H Electric hydraulic 

line lock 

This system utilises an electronic solenoid which cuts off the 

flow of hydraulic fluid to the cylinder allowing the cylinder to 

be locked while not in use. The electronic solenoid allows for 

the removal of the safety pins from the axles, reducing the 

installation time. 

 

Figure 2: Hydraulic Fluid control valve [3]. 

I Clamp lock on 

hydraulic cylinders 

This design includes the use of a hydraulic cylinder with a 

clamp which is spring applied and hydraulically released. The 

clamp functions by applying pressure to a collar to stop the rod 

from moving. This collar moves freely along the rod when 

hydraulic pressure is applied. 

 

Figure 3: Hydraulic clamp lock on a hydraulic cylinder [4] 
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TABLE IV: LIST OF ACTUATION CONCEPTS 

Actuation Components 

ID Concept Description 

M Hydraulic piston-

cylinder on top of 

frame 

The front axle will have a hydraulic piston-cylinder that is 

mounted on top of the axle with one end secured to the hard 

point on the frame and the piston end mounted to the arm of 

the axle. The design will need the following: a hydraulic 

piston-cylinder with appropriate stroke length and a method of 

securing the piston-cylinder on both ends 

 

Figure 4: Hydraulic piston-cylinder [5]. 

 

N Linear actuator on 

top of frame 

The front axle will have a linear actuator that is mounted on 

top of the axle with one end secured to the hard point on the 

frame and the piston end mounted to the arm of the axle.   

 

Figure 5: Linear actuator [6] 
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Actuation Components 

ID Concept Description 

O Rack and pinion A linear rack attached to the axle will convert rotational 

motion supplied to the pinion into linear motion to move the 

axle in and out. The rotational motion can be supplied to the 

pinion by either a hydraulic or electric motor. 

 

Figure 6: Sketch of rack and pinion concept. 

 

Concept Scoring 

Concept scoring matrices were created for each of the functional components. The 

purpose of the concept scoring matrices is to take the concepts that were deemed viable 

in the concept screening phase and rate them in terms of the weighted needs. The output 

of each scoring matrix will be a single concept that will be developed further. 
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TABLE V: SCORING MATRIX FOR ACTIVATION CONCEPTS 

Activation 

 

Concepts 

A B C 

Needs Number Weight Rating Score Rating Score Rating Score 

6 8.97 2 0.179 3 0.269 5 0.449 

7 7.69 3 0.231 4 0.308 3 0.231 

3 12.82 3 0.385 3 0.385 3 0.385 

11 1.28 2 0.026 2 0.026 5 0.064 

9 5.13 5 0.256 2 0.103 4 0.205 

10 3.85 3 0.115 2 0.077 3 0.115 

4 11.54 3 0.346 3 0.346 3 0.346 

12 1.28 1 0.013 4 0.051 3 0.038 

5 10.26 2 0.205 5 0.513 3 0.308 

2 14.10 3 0.423 3 0.423 3 0.423 

1 15.38 3 0.462 3 0.462 3 0.462 

8 6.41 5 0.321 3 0.192 4 0.256 

13 1.28 3 0.038 3 0.038 4 0.051 

Total Score 3.00 3.192 3.333 

Rank 3 2 1 

Develop? No No Yes 

 

Table V shows that concept C, an integrated switch, scored the highest for the 

activation component. This concept will be developed further. 
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TABLE VI: SCORING MATRIX FOR LOCKING CONCEPTS 

Locking 

 

Concepts 

G H I 

Needs Number Weight Rating Score Rating Score Rating Score 

6 8.97 5 0.449 3 0.269 2 0.179 

7 7.69 1 0.077 3 0.231 3 0.231 

3 12.82 3 0.385 3 0.385 3 0.385 

11 1.28 2 0.026 3 0.038 1 0.013 

9 5.13 3 0.154 3 0.154 3 0.154 

10 3.85 2 0.077 3 0.115 3 0.115 

4 11.54 3 0.346 3 0.346 3 0.346 

12 1.28 2 0.026 3 0.038 2 0.026 

5 10.26 1 0.103 4 0.410 4 0.410 

2 14.10 3 0.423 3 0.423 3 0.423 

1 15.38 2 0.308 3 0.462 4 0.615 

8 6.41 4 0.256 3 0.192 3 0.192 

13 1.28 5 0.064 5 0.064 2 0.026 

Total Score 2.692 3.128 3.115 

Rank 3 1 2 

Develop? No 
Sensitivity 

Analysis 

Sensitivity 

Analysis 

 

TABLE VI shows that concepts H and I scored very close. Therefore, a sensitivity 

analysis was completed to determine the optimal concept. This sensitivity analysis can be 

seen in the following section. 
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TABLE VII: SCORING MATRIX FOR ACTUATION CONCEPTS 

Actuation 

 

Concepts 

M N O 

Needs Number Weight Rating Score Rating Score Rating Score 

6 8.97 4 0.359 2 0.179 2 0.179 

7 7.69 4 0.308 4 0.308 2 0.154 

3 12.82 3 0.385 3 0.385 3 0.385 

11 1.28 4 0.051 1 0.013 2 0.026 

9 5.13 3 0.154 3 0.154 3 0.154 

10 3.85 4 0.154 3 0.115 2 0.077 

4 11.54 3 0.346 3 0.346 3 0.346 

12 1.28 4 0.051 4 0.051 2 0.026 

5 10.26 4 0.410 2 0.205 2 0.205 

2 14.10 3 0.423 3 0.423 3 0.423 

1 15.38 3 0.462 3 0.462 3 0.462 

8 6.41 3 0.192 3 0.192 4 0.256 

13 1.28 3 0.038 4 0.051 5 0.064 

Total Score 3.333 2.885 2.756 

Rank 1 2 3 

Develop? Yes No  No 

TABLE VII shows that concept M, hydraulic piston-cylinder, scored the highest for 

the actuation component. This concept will be developed further. 

Sensitivity Analysis 

When performing the sensitivity analysis for the locking systems it was found that 

by increasing the operator safety of Concept I to a 5 instead of a 4 this concept becomes 

the leader. However this system also has a much larger cost which may be hard to 

overcome with our tight budget. For both this reason and the extra space requirements of 

Concept I, we have selected Concept H, electric hydraulic line locks, which are a safe yet 

cost effective method for locking the cylinders into place. 

The results of the concept scoring and sensitivity analysis have given us a single 

concept for each of the three functional components. These components will be 

developed further and combined to complete our design. The design will feature an 

integrated switch to activate the device, hydraulic piston-cylinders to actuate the axles 

and electric hydraulic line locks to lock the cylinders in place. 
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Appendix D: Extra Figures, Tables and Calculations 

The following equation was used to calculate the number of cycles which the 

system will undergo during its life span. A factor of 2 is added to the equation to allow 

the tractor to expand and retract its axles in each field 

𝑐𝑦𝑐𝑙𝑒𝑠 = 2
𝑒𝑞𝑢𝑖𝑝𝑒𝑚𝑒𝑛𝑡 𝑙𝑖𝑓𝑒 𝑠𝑝𝑎𝑛

𝑡𝑖𝑚𝑒 𝑡𝑜 𝑐𝑜𝑚𝑝𝑙𝑒𝑡𝑒 𝑜𝑛𝑒 𝑓𝑖𝑒𝑙𝑑
 

 

𝑐𝑦𝑐𝑙𝑒𝑠 = 2
𝑒𝑞𝑢𝑖𝑝𝑒𝑚𝑒𝑛𝑡 𝑙𝑖𝑓𝑒 𝑠𝑝𝑎𝑛

𝑓𝑖𝑒𝑙𝑑 𝑤𝑖𝑑𝑡ℎ
ℎ𝑒𝑎𝑑𝑒𝑟 𝑤𝑖𝑑𝑡ℎ

∗
𝑓𝑖𝑒𝑙𝑑 𝑙𝑒𝑛𝑔𝑡ℎ

𝑠𝑝𝑒𝑒𝑑

 

 

Substituting the following information into the previous equation, we find the 

cycles which the system will undergo during the tractor’s 3000 hr. life span. Some 

assumptions were given to us by MacDon to aid in calculating the cycles, such as each 

field is to be one quarter section and the farmer would be using a 35 ft. draper header. 

Other assumptions include an average speed of 5 mph while harvesting and that the 

actual cut width of the header is to be 34 ft. due to its construction. One quarter section is 

½ mile by ½ mile which is 2640 ft. by 2640 ft. 

 

𝑐𝑦𝑐𝑙𝑒𝑠 = 2
3000 ℎ𝑟.

2640 𝑓𝑡.
34 𝑓𝑡.

∗
0.5 𝑚𝑖𝑙𝑒
5 𝑚𝑝ℎ

= 772.72 = 773 𝑐𝑦𝑐𝑙𝑒𝑠 
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Appendix E: Weight Distribution 

The weight distribution of the MacDon M155 can be seen in Figure 1. The figure 

shows that the weight distribution is for the M150; however MacDon stated that the 

weight distribution is the same for the M155. 

 

 

Figure 1: Weight distribution  
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As part of the deliverables for MacDon, part drawings of any brackets or parts 

needed to be built must be provided.  Additionally, modification drawings have been 

provided to highlight any frame modifications needed to secure the adjustment device to 

the frame. Finally assembly drawings were made to show how the adjustment device will 

fit together with the frame. These drawings can be seen below in Figure 1 to Figure 8. 



F-3 | P a g e  

 

 

 

Figure 1: Frame mounting Tab and tube drawing 
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Figure 2: Leg mount tube drawing 
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Figure 3: Axle assembly drawing 
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Figure 4: Front cylinder frame modification drawing 
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Figure 5: Back cylinder mount drawing 
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Figure 6: Anti-shimmy part drawing 
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Figure 7: Walking beam assembly and modification drawing 
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Figure 8: Rear axle assembly drawing 
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