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Executive Summary 
Our sponsor, Mr. Jason Cummins, utilizes a wheelchair in his daily life, and, as a result, has 
difficulty participating in certain activities and overcoming difficult terrains. Activities he would 
like to do include traversing various terrains including sandy beaches, hiking trails, and snow in 
Northern Michigan alongside his dog. He currently uses a manual wheelchair, and though he has 
tried various solutions such as different tires, he finds these too laborious to use in these terrains. 

There are existing products that could meet Jason’s needs, but they are generally too expensive, 
large, heavy, and/or don’t meet all of his requirements. These needs have been translated into 
engineering specifications to quantify our solution. In order find the best solution to meet these 
specifications, every team member generated 20 individual design concepts; we then collectively 
went over each member’s design, giving their maker a chance to explain it further and other team 
members a chance to build on the concept or expand on it. From this point we created a short list 
of the best concepts and generalized these favorite designs into major concept categories. 

The five main concept categories were tank treads, wheels, sleds, mechanical legs, and 
tread/wheel hybrid. We determined a pugh chart scoring system based upon many metrics, 
including general, terrain, engineering, and coolness categories. After scoring, the wheels and 
mechanical legs designs scored highest. The treads scored lowest, but we continued to pursue the 
design because Jason had made it clear that a tracked wheelchair is his preferred design. Thus, 
we generated low-level CAD models of the tracks, wheels, and mechanical legs designs. We 
scheduled a meeting with Jason where we explained the results of our scoring system and 
showed him the CAD models, so that he could give his input on our final concept. 

We chose the final vehicle architecture based on our pugh chart results and our meeting with 
Jason. We decided to go with a simple but capable 4 wheeled design that includes 5 main 
components: frame, chair, powertrain, drivetrain, and controller. The frame will be a metal tube 
chassis, the seat a modified version of Jason’s current wheelchair seat. The powertrain will be 2 
capable DC electric motors and an appropriately sized battery. The drivetrain will be a 4 wheeled 
front-steer layout and finally, the controller will include a microprocessor and a joystick as well 
as any other electronics we deem necessary. 

There are several key design drivers that must be met in order to satisfy the needs set forth by 
Jason. These drivers include a motor powered drive, a compact size, the ability to overcome soft 
terrain, the ability to maneuver in tight spaces, and maintaining Jason’s vision and approval. We 
have specified the ways that we will achieve these drivers and how they connect to our user 
needs and engineering requirements.  
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Problem Description and Background 

Our sponsor, Mr. Jason Cummins utilizes a wheelchair as his primary method of transportation. 
He enjoys being active and walking his dog outside, however his current wheelchair limits him 
to only sidewalks and roadways. According to the department of veteran affairs publication 
“choosing a wheelchair system”,  mobility is a fundamental part of living [1]. “Being able to 
move about, to explore, under one's volitional control is a keystone of independence. The degree 
of mobility individuals have is directly related to their level of independence; restricted mobility 
significantly affects the ability to live a productive life.” Jason wants to be able to go to the 
beach, travel through woods, and move through the snow with his dog. His current chair does not 
allow him to traverse these terrains as they require low ground pressure or contain many physical 
obstacles. According to the CDC (Centers for Disease Control and Prevention) this is a common 
issue [2]. The seven most common types of barriers experienced by wheelchair users are listed in 
the CDC website article “Common Barriers to Participation Experienced by People with 
Disabilities”. Physical barriers is listed as one of the seven and is defined as “structural obstacles 
in natural or manmade environments that prevent or block mobility (moving around in the 
environment) or access” [2]. This is the type of barrier our sponsor experiences every day.  

Jason sought to remedy this issue by purchasing a commercially available all-terrain wheelchair 
through his insurance. Such devices are readily available on the market, but have such high cost 
that it would put unreasonable financial strain on Jason if he were to fund it himself. Medicare 
part B insurance covers the cost of power-related scooters and manual wheelchairs as durable 
medical equipment (DME) to be prescribed by doctors for use in the home [3]. However, power 
wheelchairs are only covered when “medically necessary”, which is described by medicare.gov 
as “health care services or supplies needed to make diagnose an illness, injury, condition, 
disease, or its symptoms and that meet the accepted standards of medicine”. [3] Some coverage 
may be provided when deemed by a doctor as a “quality of life enhancement”. However, Jason 
spoke with his insurance provider and was unable to obtain funding for an all-terrain wheelchair 
through his coverage. Thus, he looked into alternative options. 

There are many devices currently on the market that would meet his need, but they are too 
expensive, heavy, wide, loud, have too many unnecessary features, and/or don’t meet enough 
requirements.  Some currently available all-terrain power chairs are the Trackchair (Action 
trackchair and Ripchair), Trac-Fab, Zoom All-Terrain Vehicle, and the Blumil Seated Segway. 
We investigated these and other powered devices that all pertain to assisting those who rely on 
wheelchairs for mobility. The first device investigated was the Trackchair whose specs are 
shown in figure 1 below. 
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Figure 1:​ Action Trackchair specs. The specifications for the Action Trackchair are compared to 
the engineering requirements requested by Jason.[4] 

The weight falls within our limit, but the chair is too wide and too long to fit within the limits of 
Jason’s lift (36” x 32”). The top speed of 3 mph does not agree with Jason’s requirement for a 
top speed of 10mph, and the ground clearance of 3.5” is less than our desired 6” of clearance. 
The most stark discrepancy is the price tag; our budget is $1000, but the base model offered by 
Action Trackchair totals $11,300. [4] 

To better understand the designs currently on the market, we looked at TRAC-FAB’s patent 
work for their all-terrain wheelchair. An image of this chair can be seen in Figure 2. The chair 
consists of a frame, a seat, two battery packs, two DC electric motors, and two track assemblies. 
The creator makes the following claims about the chair: “The present invention easily travels 
through dirt, mud, grass, snow, gravel, rocks, etc” and “the present invention may be about 30 
inches wide overall, and may therefore travel through a standard doorway and into a handicap 
accessible vehicle. [5] On top of the previously mentioned features, additional components 
include headlights, a touch screen, an adjustable seat and anti-rollback wheels. While these may 
be nice features to have, cost considerations will be taken into account in our design. The 
TRAC-FAB chair as described in US patent 2016/0184150 A1 has a starting price of $9,995 and 
weighs 485 lbs. [5] 
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Figure 2:​ TRAC-FAB chair. The labeled drawing is used to identify components of the chair for 
the patent. Upon viewing of the patent, we identified no legal limiting factors in the design of a 
powered wheelchair with treads. [5] 

There are also manually powered all-terrain wheelchairs such as the Grit Freedom chair [6]. 
This chair is similar to a normal wheelchair except it has mountain bike wheels operated by 
levers [7] and has brakes. The Grit Freedom chair works very well in forests and normal roads 
but still cannot move quickly in sand or snow. It also requires a large energy expense from the 
user. 

The Zoom all terrain vehicle shown in Figure 3, is another solution we investigated. The 
electrically powered vehicle is capable of going 12 mph and has a 25 miles range on flat smooth 
terrain. The vehicle is also said to have a range of 15-19 miles on demanding terrain. It is also 
4-wheel drive and is made to have all tires in contact with the ground. Although the Zoom is an 
ideal solution to our problem, the market solution is too expensive and complex for Jason’s 
needs. Our solution does not require a full suspension, and the drive system is too complex. The 
battery also has a feature that allows it to charge in 4 hours from a completely dead state. This is 
an unnecessary feature that adds to the high sticker price. [8] 
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Figure 3:​ Zoomability Zoom. This solution comes closest to meeting Jason’s needs as it is 
relatively small, light, and simple. This design would be cheaper to manufacture than the tracked 
solutions. [8] 

The Ripchair 3.0 is another solution to the problem. This device allows the user to remain in 
their manual wheelchair while in use. The Ripchair is powered by gasoline and has a starting 
price of $34,500. It also has a weight of 1,250 lbs and has the dimensions of 70.1” x 60.5” x 
75.5”. This device has an undesirable powering mechanism and is too expensive, heavy, and 
large. However it does have the unique feature of allowing the user to remain in their existing 
wheelchair. [9]  

 

Figure 4:​ Ripchair 3.0. This track design was evaluated as this device performs very well in all 
terrains. [10] 
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The BLUMIL i2 seated segway is an all terrain device that could solve Jason’s problem. The 
device is a segway that requires the user to lean forward to accelerate and use the handlebars to 
turn. The i2 is collapsable and folds to 25” x 25” x 28”. The segway also has a top speed of 12 
mph with a 20 mile range. This device is a creative solution for Jason’s needs but it introduces 
some concerns. It has trouble on slick terrains as the wheels slip and in some instances are unable 
to regain balance. This device harbors the possibility of tipping, harming, and leaving the  its 
user stranded in such situations.  [11] 

  

Figure 5:​ BLUMIL i2 seated segway. The segway is cheaper and less complex than the tracked 
solutions, but must be designed such that it is stable and versatile in various terrains.  [11] 

In an effort to minimize the cost of our solution we investigated powered wheelchair assists. One 
of these devices is Rio Mobility’s Firefly Electric Handcycle. This wheelchair attachment 
effectively converts an existing manual wheelchair into a power scooter. In the attachment 
process, the two front caster wheels are lifted off the ground leaving the two rear wheels of the 
manual chair and the one wheel of the Firefly in contact with the ground, shown in Figure 6. This 
device is not all-terrain, but does allow for movement on grass, gravel, wood chips, dirt paths, 
and paved surfaces with ease. This device does enhance the mobility of those wheelchair bound, 
but does not aid noticeably in sand or over obstacles. [12] 
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Figure 6:​ Firefly Electric Handcycle. This attachment can be fitted to an existing wheelchair to 
increase mobility. [12] 

Another assisting device is Max Mobility’s SmartDrive MX2+. The MX2+ attaches to the 
crossbar structure on the lower rear side of a manual wheelchair. It powers a wheelchair by 
essentially adding a driving wheel which provides assistance on smooth terrains, grass, and 
traversing uphill slopes. The wheel design and mounting location are particularly interesting 
features. The driving wheel is made up of two separate wheels with rollers that allow the user to 
turn their wheelchair without having the drive wheel skid.  [13] 
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Figure 7:​ SmartDrive MX2+. This device does not provide the all-terrain capabilities desired, 
but its compact and waterproof design are worth investigation. [13] 

The high price is the biggest drawback shared among all current solutions. We seek to design 
less on the luxury side and more on the functional aspects of the device to minimize cost. Jason 
is very engaged in this project and has done some research himself. He has big aspirations but 
does not have a grasp on some of the project constraints such as budget and timeline. This 
disconnect is something our team is actively preparing to remedy. 

 

User Requirements & Engineering Specs 
Our team was given many direct engineering specifications from our technically minded end 
user, Jason Cummins. As such we’ve taken his specifications and turned them into user needs in 
order to broaden our design options and allow our engineering requirements to be end goals, not 
the solution. We’ve rated these user needs / engineering requirements in three categories: high, 
medium, and low priority. These priorities do not perfectly fall in line with our end user’s 
because we must limit our scope to realistically attainable goals. [14] 

High Priority: 
Obstacles:  
Jason needs to be able to overcome larger obstacles such as branches, rocks, and hills that he will 
encounter in his desired terrains. We’ve translated this user need into the need for his new chair 
to climb a 7.1 degree incline, the designated incline for power chairs, while still operating at 90% 
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speed. We have also determined that the maximum allowable obstacle is 6 inches, and therefore 
our wheelchair must be able to overcome objects equal to or less than 6 inches in diameter. [15] 
 
Terrains:  
Jason would like to overcome difficult terrains such as the forest, in order to be able to walk his 
dog freely, and the beach, a place he loves but cannot reach in his current wheelchairs. As a 
result our chair must be able to traverse rough sand, dirt, mud, and grass. The challenge here is 
spreading the weight to prevent sinking into these soft terrains, as such our chair must apply less 
than 5 kPa ground pressure. [16] 
 
Safety Harness:  
Jason has requested that only a lap belt be utilized to restrain him while riding our all terrain 
vehicle. He recognizes that safety is a must and would like to prevent future injury. To ensure the 
highest safety standards, our wheelchair ideally would be “able to withstand a 30-mph collision 
at 20-g” without harming its rider according to U of M’s power chair safety requirements. [17] 
However, we believe this is an excessive restraint since the device is to be used off-road and 
away from the danger of traffic collisions. Therefore to still protect Jason from harm, our 
wheelchair must be able to restrain its user when on a 30 degree incline. 
 
Battery Life:  
Jason would like to limit the amount of time required to charge the batteries. He also needs to be 
able to utilize the wheelchair for a significant amount of time without worrying about the battery 
dying. To do this we have identified that the the chair must function at half power for 4 hours, 
assuming our top speed is 10 MPH, twice that of average powered chairs, and cover a range of 
10-20 miles. This number comes from the standard for powered wheelchair battery lives and 
ranges. [18] 
 
Size:  
Jason owns a hydraulic lift, which attaches to the rear of his Jeep, that he utilizes for moving 
heavy objects such as powered wheelchairs. The lift has dimensions of 36” x 32” (W x L). The 
width of our chair must not exceed 36”, and the length of our chair can only exceed 32” long if 
the center of gravity is within the 32” lift length.  
 
Cost:  
The chair that Jason needs is already commercially available, but ranges between 
$10,000-30,000. Our project has came about to find a cheaper way to create an all terrain 
wheelchair, with a current budget of $1000. This limits us in achieving many of Jason’s user 
needs, as we must spend less than $1000.  
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Medium Priority: 
Tipping:  
Jason would like to traverse tough terrain, likely with very steep inclines, and has specifically 
expressed his desire to climb mountains. Mountain terrains do not exceed 30 degrees, as this is 
the angle at which landslides begin to turn slopes into cliffs. In addition, we have added the 
desire to climb stairs as a stretch goal, the average stairwell has an angle of less than 35 degrees. 
Therefore our wheelchair must not tip, the center of gravity cannot fall outside of the wheelbase, 
on angles less than 35 degrees. [19] 
 
Smooth Riding:  
Jason comprehends that the terrain he would like to cover does not lend itself to smooth riding, 
and as such has expressed that he does not need suspension. However, our team has identified 
the need for suspension not only to keep Jason safe, but to keep the mechanisms of the 
wheelchair safe. We’ve defined smooth riding as the absence of motor vibrations being felt on 
the chair. [17] 
 
Weight:  
While we are unsure of the weight capabilities of Jason’s lift, we know it can lift his current 
standing wheelchair, which weighs around 243 lbs. We’d prefer to be under this number to allow 
for the chair to move faster and more easily through our terrains, as such, our goal is lightweight 
but our limit is 243 lbs. [20] 
 
Ground Clearance:  
We have defined the largest possible obstacle to be 6 inches in diameter, and as such we require 
that his feet and the bottom of the wheelchair must be higher than 6 inches from the ground.  
 
Comfort:  
Jason has not expressed a need for comfort, however some level is implied. Considering the 
terrains, our wheelchair will not be very smooth riding, and as such we are requiring that we 
make our seat out of a deformable material, or have some method of shock absorption. 
 
Ability to tilt/recline:  
Jason has explained that when going downhill he needs to be able to tip backwards in order to 
prevent himself from falling forwards. He’s expressed this need by explaining a U shaped servos 
controlled seat that always keeps the seat parallel with the horizon. While we don’t expect to 
attain this standard, we would like to ensure that the seat is reclinable to maintain safety on hills.  
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Positioning/Height:  
Jason has stated he would like to “sit into the device, not on it,” and that he would like to feel 
like he’s surrounded by machine. We also recognize that the average height of a chair is 16” and 
Jason must transfer into our wheelchair from a chair of similar height. Therefore, our wheelchair 
seat must be 16 ​+​ 2 inches from the ground and located within the wheelbase.  
 

Low Priority: 
Weather resistant:  
Jason has difficulty overcoming snow in his current wheelchairs, however is able to get around 
by expending lots of energy. In addition, Michigan is a fairly unpredictable weather state and our 
wheelchair has the chance of encountering a rainstorm. It would be ideal if our powered chair 
was water resistant and able to overcome snow, utilizing a previous requirement again of 
applying less than 5 kPa ground pressure. [16] 
 
Speed:  
Jason has expressed his desire to “make able bodied people jealous” with the look and speed of 
his new power vehicle. With the many challenges we must overcome to create this wheelchair, 
obtaining a high speed is not our top priority. Our goal is to obtain a chair that can achieve 
speeds up to 10 mph, over twice as fast as the average powered chair. However we would like to 
specify that our chair must have a top speed of equal to or greater than 4 mph to ensure he is as 
fast or faster than the average power chair user. [21] 
 
Waterproof:  
Jason stated that he would like to go to beach and into the lake in his wheelchair. He would want 
the wheelchair to be waterproofed up to 12 inches from the ground so he can get deep enough 
into the water to transfer in. This is also not a top priority for our design since waterproofing 
electronic components is extremely costly and difficult. As such we would like our chair to be 
water resistant, and if possible completely waterproof up to 12” from the ground.  
 
Turning Radius:  
To allow for agility within tight terrains such as the forest, Jason would like to have a thin 
wheelchair with a tight turning radius. We’ve identified that turning in place is an achievable 
goal, and are requiring that our wheelchair can turn in place or has a turning radius of less than 
one foot.  
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Concept Generation 
The next step in turning these engineering requirements into a physical solution was concept 
generation.​To design a solution for Jason we first generated ideas and made rough sketches of 
them individually. We then collectively went over these sketches where their creator could go 
into more detail. This allowed both the maker to convey the entirety of their idea and other 
members to expand on the concept. We then took our favorites of these designs and for each of 
them brainstormed possible variations.The concepts generated can be seen in Appendix 1-10. 
These favorites combined with some of the suggested variations were generalized into our major 
categories of concepts.  

The major categories of concepts generated are vehicle to ground interaction, chassis and 
suspension, transmission, and human machine interfaces. The vehicle to ground interaction 
category contains the methods by which our device can move and conquer all terrains. It includes 
such concepts as tank treads, mountain bike tires, fat bike tires, large ATV-style tires, 
mechanical linkage legs, skis / skids, and corkscrews. The transmission category contains all 
mechanical powering ideas and power transfering. It includes a chain-drive concept, a 
direct-drive transmission double gearbox, belt drive, animal power, human power by hand 
cycling or big hooks to pull yourself, and animal powered. The human-machine interfaces 
category includes the subcategories of seating and controls for our device. Seating includes cloth 
seating, a plastic bucket seat, a car upholstered bucket seat, and restraint devices. Controls 
include armrests with a joystick control, handle bars, a steering wheel, and a lower back or waist 
type controller. 

Our major design focus was on the vehicle to ground interaction category as this has the most 
influence of meeting our overarching goal of creating a wheelchair that can move on various 
terrains. Our top concepts are described further below. 

Top Concepts 
From the many concepts created, we narrowed our choices down to five main design categories 
to focus the rest of our efforts on. These concepts can be seen in Figures 8-12 below. 
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Figure 8. ​Tank wheelchair with joystick control. This meets our sponsors needs as rubber track 
belts can conquer all terrains including  sand, snow, and brush. It also allows the user to drive on 
flat pavement fairly comfortably. However, treads are expensive and would be difficult to 
fabricate ourselves. Independently we generated several designs that implement this tread and 
differ on such characteristics as the number of treads and their location on the device.  

 

 

 

 

Figure 9. ​4 Wheel drive all terrain chair. The wheel design is a simple solution and would be 
relatively easy and cheap to build. The wheelchair would provide high speed and go over forest 
terrains with the thick, all-terrain wheels. The downside of this design is that it would still be 
difficult to traverse sand and snow. 
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Figure 10. ​Sled concept sketch. The use of sleds in our design will aid in the traversing of soft or 
more fluent terrains. This includes sand and snow. The device will not exclusively have sleds 
and requires driving wheels in the rear. However, sleds offer a cheap way to conquer terrains and 
effectively replace casters or thin wheelchair wheels which fail in these terrains.  

 

Figure 11. ​Mechanical legs concept sketch.​ ​This design utilizes the Jansen linkage that acts as 
“legs” of the wheelchair. The user then mechanically walks by the implementation of three sets 
of linkages mounted on either side of the user allowing them to move through soft terrains and 
step over obstacles. 
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Figure 12. ​Mix of treads and wheels concept sketch. This design gains maneuverability and 
speed compared to the purely tank tread design. It also concentrates traction to the driving wheel 
(if tread is used) and decreases traction on the turning wheels which is useful in a comparison to 
the purely tank tread design.  

 

Concept Selection  
From the five main concept designs we developed a pugh chart to determine which types were 
most viable. The scoring system was based on general ride quality (see Table 1), terrain 
capabilities (see Table 2), engineering (See Table 3), and our sponsor (see Table 4). 

Table 1. ​General metrics. The efficiency and stability metrics were weighted highest because 
they are more important than speed, turn radius, and ride quality. The efficiency affects the 
battery while the stability is an important safety consideration. 
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Table 2. ​Terrain metrics. All of the different terrains are weighted equally, but it is important to 
note that the wheelchair must be able to traverse all of them. This proves a major disadvantage 
for sleds and mechanical legs, which would be essentially unable to traverse brush.  

 

 

Table 3. ​Engineering metrics. The ease of manufacture is the most weighted metric because we 
have limited time and experience in the context of ME 450, and want to ensure that we will be 
able to deliver a well designed and manufactured solution.  

 

 

Table 4. ​Jason metrics. Jason has made it clear that he prefers a solution that will look cool. 
Although this is not as important as other metrics, we still want to consider Jason’s preferences 
for the final design. 
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After consideration of the pugh chart, we found that the wheels and mechanical legs scored the 
highest. However, the tank treads were still heavily considered due to their versatility over 
various terrains and Jason’s explicit preference for a tracked solution. Thus, we generated CAD 
models for the mechanical legged (see Figure 13), tracked (see Figure 14),  and wheeled (see 
Figure 15) solutions and met with Jason to discuss his preference for the final design based upon 
the CAD models and pugh chart results. 

 

Figure 13.​ Mechanical legs. Although complex to design, this solution is easily manufactured 
with the use of a waterjet. Jason was particularly impressed by the “coolness” of this solution. 
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Figure 14.​ Tracked wheelchair CAD model. This design is also the most favored by Jason.  

 

Figure 15. ​Four-wheeled design. This design fulfills our requirements of an all terrain vehicle as 
the basic design is highly adaptable in its drivetrain and wheel style or tire choice.  
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After meeting with Jason, we decided to move forward with a wheeled drivetrain layout. We will 
decide between tracks and wheels after examining the associated costs with each design 
(monetary and non-monetary). We have decided on this design for the following reason; while 
Jason really likes the “coolness factor” of the tracked layout, our team collectively believes that 
the wheeled solution solves the problem the best. However, we are still researching track options 
so tracks remain a possibility. We want to give Jason the best product to meet his needs at the 
end of the day but there will be inevitable tradeoffs due to conflicting requirements mentioned in 
this report. 

Specifically, our design will consist of 5 components/systems. The frame is the primary 
component to which all others will attach. The seat component will be secured to the frame and 
will satisfy all respective restraint requirements. There will be a powertrain system consisting of 
DC electric motors, motor drivers, and a battery. The powertrain system will be selected such 
that it will provide the required power for the sufficient amount of time, as well as meet the 
Torque and Speed targets. Next, the control system will consist of a joystick, microprocessor, 
and various other electrical components, and will be able to accurately command and control the 
motors. Finally, the drivetrain system will transfer power from the powertrain to the ground and 
will either be a tracked or wheeled layout. 

The benefit of this concept is that it is a simple design from a system integration perspective 
which will allow us to focus on the subsystems and components themselves without having to 
worry about system interfaces. The advantage is that team members can focus on perfecting their 
respective components/systems and then connecting them all together will be a straightforward 
process. 

 

Key Design Drivers and Challenges 
We have identified a few key design drivers in order to satisfy the needs set forth by Jason. First, 
our device must have be capable of motor powered drive, to achieve this it must be easily 
rechargeable by Jason and able to move the weight of our device and Jason with ease. A motor 
powered vehicle with high torque and speed specifications requires a high power motor, and 
therefore a large battery. We expect that the monetary constraints may be the largest challenge 
here, along with the coding required to power these motors by use of a joystick. We also must 
overcome soft terrains and obstacles while maintaining high safety, this means our device must 
not tip and must be capable of high torques along with having a high forward facing wheelbase 
to move over obstacles. Here we see the challenge of needing a heavy duty machine that isn’t 
heavy, or at least has a very large surface area to disperse its weight across. The final machine 
must be easily maneuverable and compact in order to fit in Jason’s van and be able to fit in tight 
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places like between trees in the forest. This driver requires that our wheelbase and eventually the 
way we power the wheels/tracks must be done with a tight turn radius in mind and specific 
spatial constraints. Finally, the wheelchair must satisfy Jason’s own vision, if he doesn’t like the 
appearance or feel of this product Jason will not use it, as such this becomes our most important 
and challenging design driver. To achieve Jason’s approval of our end vehicle we’ve given him a 
trade study between different designs and allowed him to have a part in deciding which design is 
our final goal.  

To quantify and confirm whether we have achieved these design drivers, we have created design 
specifications. Our design specifications include the ability to handle inclines, achieve desired 
speeds, and have a long-lasting battery life. To confirm our solution can handle a certain degree 
of incline, statics will have to be utilized to confirm the center of gravity is low enough to avoid 
tipping in specific orientations. Calculations involving speed and torque will be necessary to 
select the appropriate electric motors for our application. We can then calculate the battery 
capacity necessary to achieve our mileage and battery life time requirements. 

The most challenging part of our design is balancing the engineering requirements derived from 
Jason’s user needs with our budget and time restrictions. Jason desires the capability of quickly 
traversing rough terrain. Solutions which accomplish this task are both complex and expensive. 
Thus, we will have to make compromises in the capability of our design to arrive at a solution 
which is realistic given our restrictions, yet still provides a useful solution. 

For example, a solution with tracks, the solution that would bring Jason greatest fulfillment if 
done successfully, is expensive. Tracks have a greater amount of friction than wheels, which in 
turn requires more powerful motors, batteries, and money to reach the same speed. Overall, they 
are also more complex than wheels, requiring a greater amount of time spent manufacturing and 
troubleshooting the subsystem, which could be spent elsewhere to arrive at a more refined 
solution. However, if our solution uses wheels, we are not providing a solution inline with 
Jason’s vision, which is important, even if it does satisfy more engineering requirements than a 
tracked solution. In conclusion, balancing reality and practicality with Jason’s desires is what 
brings difficulty in accomplishing our goals within the constraints of our problem. 

Specifically focusing on our chosen solution, a wheeled chair, we expect challenges to include 
manufacturing, finding large tires with optimal ground pressure, maintaining low weight, and 
finding motors that can supply enough speed and torque. The cost of each of the subcomponents 
is worrisome, as such we’ve defined monetary restrictions on each. This became the deciding 
factor when our budget only allotted for $350 to the wheels/treads and pulleys subcomponent 
and we could not find any treads that totalled under a thousand dollars. Even with this simpler 
system, our budget will restrict us on the capability of the motor we can buy. One of our largest 
challenges has always been ensuring Jason is content with our final solution, as such we met 
with him to discuss this option and his greatest concern was feeling like he was in a car and not a 
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wheelchair. To prevent this feeling we’ve decided that we cannot use a mechanical steering 
system like a wheel, we cannot put a large frame around Jason, and we need to make it appear 
open and lightweight.   

Concept Description 
We chose a 4 wheeled design controlled by a joystick with a fixed chair recline angle. Our 
device does not utilize mechanical turning, instead, all wheels are driven independently though 
the use of 4 in-hub motors.  
 

 

 
Figure 16. ​Shows the QS Motor 12 inch 1000W 205 Single Shaft Electric In Wheel Hub Motor. 

 

Without mechanical steering, we must steer our device by spinning the wheels on one side at a 
different speed or in a different direction than the wheels on the other side.  
 

24 



 

 

 
Figure 17.​ In the left image, the wheelchair moves forward by running all wheels at the same 
speed. In the second image when the passenger right wheels move slower than those on the 
passenger left so the chair turns to the right.  

While not moving, the wheelchair will have a near zero degree turn radius as the set of wheels on 
one side will spin in the opposite direction as the other set. 

 

 
Figure 18. ​By rotating the tires in opposite directions we can perform a near 0 degree turn on our 
device. This will not be perfectly 0 degrees due to friction of the dragging tires.  
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The in hub motors eliminate the need for an exposed chain that links the wheels on a side to a 
singular motor, and gives us the capability of torque vectoring. The motors are attached to the 
wheelchair with a keyway, allowing for reliable torque transfer. The chassis consists of a welded 
1.00” OD 0.049” wall thickness steel tubing cage to maximize strength and minimize weight. 
  

 

 
Figure 19.​ The CAD for the chassis is depicted above. Diagonal members provide torsional 
support. The chassis was made with space inside and holds up a rigid bottom plate to provide a 
place for the batteries and control components to remain protected yet close to the ground. 

 
Our concept also has independent suspension on all 4 wheels providing a comfortable ride while 
protecting our batteries and controls. The suspension consists of a spring damper that attaches to 
the chassis and control arm where the hub motors are attached and secured using a lock nut. The 
tabs that connect the spring damper to the chassis and suspension have multiple mounting 
locations to adjust ride height if needed.  
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Figure 20. ​The suspension consists of a bike spring and damper, an A frame, and a wheel 
mounting bracket. The connection for the bike spring and damper is variable to allow for change 
in spring force as necessary once the device is constructed.  

 
The seat frame consists of a welded 1 inch OD steel tubing frame. The seat back is an off the 
shelf wheelchair back while the seat bottom is a metal plate which holds a cushion provided by 
Jason.  
 

27 



 

 

 
Figure 21​. The chair consists of many welded steel tubes and ¼” steel plate in order to provide a 
strong structure. Dimensions are anatomically driven and based off common wheelchair 
dimensions.  

 
The control interface consists of a joystick to control direction and speed, a “kill switch” to turn 
off all electrical systems, a switch to turn on/off the controls, and an LCD screen to provide 
information and instructions to the user. The joystick utilizes 3 potentiometers, one pot will 
measure the twisting to control turning, while two pots, for redundancy, will measure linear 
motion and control forward and reverse speed of the chair. The forms of the joystick and the 
LCD/switch holder will be 3D printed to ensure best fit, and to minimize weight and complexity.  
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Figure 22.​ The CAD for the joystick is shown above. The structural components will be 3D 
Printed while the string pots and torsional springs will provide positioning and positioning 
knowledge.  

 
The controls system for the wheelchair is centered around on ATMega2560 microcontroller. 
This was chosen due to its high number of analog output pins, needed to send data to the motor 
controllers, and the hardware interrupt pins needed to read the hall effect sensor data from each 
motor. The Arduino takes in user input from the joystick, processes the signals to find the desired 
speed/angle, and outputs PWM signals to each individual motor controller. These PWM signals 
are converted to analog signals via a low pass filter and the motor controllers drive the motors at 
the corresponding speed. All of the components are powered off of one 48V battery. The system 
diagram is shown in Figure 23 below. 
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Figure 23.​ System diagram for all the low voltage and high voltage electronic systems. 
 

Each motor is driven by a 48V 800W brushless electric bike motor controller. These were chosen 
due to their low cost; traditional motor controllers that handle the amperage requirements of the 
system cannot be had for less than $200 so these controllers are the best option for our budget. 
These controllers are intended to be used in an electric bike and take in user inputs via a manual 
throttle to adjust speed. Since we are sending commands to the controllers from an arduino rather 
than a physical potentiometer, we have to send analog signals rather than PWM ones which is 
accomplished using a low pass filter. 
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The low voltage controls are packaged in a laser cut acrylic box. This includes the Arduino, 
48V-9V DC converter used to power the controls, and the accelerometer/gyroscope used to 
measure the incline being traveled. They are in an acrylic box to protect them from the 
environment and provide some water proofing. The controls box includes a 5V DC fan needed to 
cool the DC-DC converter. To prevent water from coming in via the fan, there is a stainless steel 
mesh screen across the fan. This screen has openings 0.003” inches in diameter which is below 
the size needed for water to pass through passively; it needs to have additional pressure to pass 
through. As such, it will be sufficient to meet out waterproofing requirements. This control box 
can be seen in Figure 24 below. 
 

 

 
Figure 24. ​ Low voltage controls box. Each wall has nylon spare terminals to connect wires to 
the Arduino microcontroller. 

 
The high voltage circuit is powered by a 48V accumulator. The batteries used are 3.2V LiFePO4 
which come as a generous donation from the Michigan Electric Racing team. Each cell is 3.2V 
so to reach 48V, the accumulator is running 16 of these batteries in series. Each cell has 20 
amp-hours of charge. The accumulator has 2 sets of these 16 series cells for a total of 32 cells 
and 40 amp-hours of power. Based on the discharge curve for each individual battery, the 
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expected nominal voltage is 51.2V, the max voltage is 59.2V, and the low voltage is 40V. Each 
of these 16 series battery packs is managed by a 16s 60A battery management system which 
balances the cells and protects from over-voltage and over-discharge. 

 
It is vital that the user knows exactly how much battery life is left so that they do not get stranded 
without a working wheelchair. Based on the discharge curve of each individual battery, the 
voltage of each cell changes as it discharges. By monitoring the voltage across the accumulator, 
you can determine the charge remaining based on this discharge curve. The Arduino measures 
the voltage using an analog input. Since the analog input can only read between 0-5V, the 48V 
accumulator has to be stepped down to 5V to measure it. This is accomplished via a resistor 
divider. This resistor divider can be seen in Figure 25 below. 
 

 

 
Figure 25.​ Resistor divider that lowers the accumulator voltage to a point measureable by the 
Arduino. The microcontroller measures voltage across R2 and based on the expected maximum 
and minimal voltage in the accumulator, the analog voltage should be between 4.51 and 3.90 
volts. The downside of this system is that the accumulator is connected to the ground which 
results in a passive leakage current of 0.000044 A. 

 
The accumulator is packaged in a large plywood box placed directly below the driver. Since the 
batteries are one of the heaviest components in the car, this results in a low center of gravity. The 
plywood box insulates them from the rest of the car and offers protection from the surroundings. 
This box can be seen in Figure 26 below. 
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Figure 26.​ Accumulator placed directly below the driver. There are a total of 32 batteries with 2 
parallel sets of 16 series cells. 

 
Since the maximum expected power needed by the wheelchair is 2400W, the system will be 
limited to prevent it from ever exceeding this wattage. This results in a maximum current draw 
of 60A. The wires in the battery have to withstand this current so they will be 4AWG which are 
rated to 70A. The wires connected to each battery therefore have to handle 15A each so they will 
be 12AWG. Every other component in the wire paths will also be rated to this load and there are 
fuses that are 10A above the maximum expected voltage in the case of a power surge. The 
accumulator output also goes directly through the kill switch on the control panel which shuts off 
all the systems immediately. 

The accumulator will be secured on the bottom plate of the chassis. The 4 motor controllers and 
controller box will be attached on metal plates in the front and back of the chassis.  

Engineering Analysis 
Our current design includes five design drivers. Our device must be capable of motor powered 
drive, be able to overcome soft terrains and obstacles while maintaining high safety, be 
torsionally rigid, be easily maneuverable and compact, and must satisfy Jason’s own vision. The 
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drivers were analyzed using theoretical and computer modeling, empirical testing, and CAD 
mockup construction to evaluate, refine, and optimize our design.  

Motor Powered Drive 

To achieve motor powered drive, our device must be easily rechargeable by Jason and able to 
move the weight of our device and Jason with ease. A motor powered vehicle with high torque 
and speed specifications requires a high power motor, and therefore a battery with a lot of 
charge. We conducted theoretical modeling analysis to ensure that the motor can supply 
sufficient torque and power. A free body diagram of one wheel on an incline was generated, 
where 𝛉 is the incline of the slope, w is the weight acting on the wheel (lb), r is the radius of the 
wheel (ft), and F is the force acting on the wheel down the slope (lb). The weight of the system 
W was estimated to be 400 lb and the radius of the wheel was our selected radius of 9.6 in.  

 

Figure 27. ​ Free Body Diagram of one wheel. The weight is acting at the center of the wheel and 
is one fourth the total weight of the system.  

The torque and power were then calculated for two cases, which were determined based upon 
our engineering requirements. The wheelchair must be able to climb the slope of a wheelchair 
ramp at 90% speed, and must be able to climb our maximum slope as fast as a power wheelchair. 
Thus, the first case uses a velocity of 9 mph at a 7.1 degree incline and the second case uses a 
velocity of 4 mph at a 30 degree incline. The torque and power were then calculated and shown 
in table 5 below. 

 F r W rsin(θ)T =  =  (Eq. 1) 

 F v W vsin(θ)P =  =  (Eq. 2) 
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Table 5.​: Maximum Required Torque and Power for cases 1 & 2. Case 2 gives the maximum 
required power of 2.1 hp.  

 𝛉 V (mpg) T (lb-ft) P (hp) 

Case 1 7.1 9 40 1.187 

Case 2 30 4 160 2.133 

 

Applying a safety factor of 1.5 on the required power of 2.133 hp, the maximum required power 
was found to be 2.4kW, which is 600W per motor. We then performed an analysis on our 
batteries to ensure that this power is allowable. 

We have selected 32 LiFePO4 3.2V batteries in series to power our system. These batteries have 
40 Ah of charge and a max total current draw of 60A. To determine the maximum allowable 
power drawn by the motors, we determined the “worst-case scenario” cell voltage and multiplied 
it by the max allowable current. This minimum voltage was determined by the discharge curve 
seen in Figure 29 below: 

 

 

 

Figure 29. ​Discharge curve for the batteries used. The minimum cell voltage of 2.8V occurs 
when the battery is almost fully discharged. This voltage was multiplied by the amount of 32 
cells to determine the total voltage of 90V. 

Thus, the maximum allowable power (W) drawn by the system was found to be 5376W, or 
1344W per motor using Equation 3, where P is the power, I is the current, and V is the voltage. 
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   IVP =  (Eq. 3) 

This total power of 5376W limited by the battery is greater than the value of 2400W required by 
our safety factor. Thus, we decided that four 1kW in-hub motors (limited to 600W by our control 
system) will provide sufficient power for our motor powered drive. 

It is important to note that these calculations are taken at an assumed efficiency of 100% between 
the tires and the ground. Realistically, this will not be the case, as the wheelchair will be 
traveling over various rough terrains. The power provided to the ground by the wheel will 
decrease proportional to the coefficient of friction between the tire and the ground. The 
coefficient of friction between rubber and sand was found to be 0.6 [24]. Thus, the power 
provided by the wheels will be scaled down by a factor of 0.6 when traversing sand. These 
factors should be considered by Jason as he traverses various terrains with differing coefficients 
of friction. 

Overcome Terrains 

Another design driver is the ability to overcome soft terrains and obstacles while maintaining 
high safety. This means our device must not tip and must not sink in soft terrains. Thus, we 
performed a theoretical modeling analysis to determine the minimum size of the wheel base to 
prevent tipping, and to determine the wheel size to prevent sinking in soft terrains. A free-body 
diagram was constructed to model the wheelchair on an incline, where ϴ is the incline (degrees), 
d is the wheelbase (inches), h is the height of the center of mass (inches), r is the wheel radius 
(inches), W is the weight of the system (lb), and x is the distance from the line of the center of 
mass to the center of the back wheel (inches).  

 

Figure 30.​ Free-Body diagram for wheelchair on an incline. The higher the angle of the incline, 
the smaller the distance x to the wheelbase and the more likely tipping is to occur.  
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Tipping occurs when the line of the center of mass crosses the center of the wheel, and this is 
defined as when the value “x” is equal to zero. This is more likely to occur when the angle of the 
incline increases, and when the wheelbase “d” is decreased. The maximum slope our chair can 
climb is 30 degrees, so we solved for the size of the wheelbase in that case to determine the 
minimum allowable wheelbase length. Thus, we analyzed the case which the line of the center of 
mass is directly above the center of the rear wheel.  

  

Figure 31. ​Free-Body diagram for wheelchair on max incline with min wheelbase. Analysis of 
this model gives us the minimum allowable wheelbase to prevent tipping.  

When the Center of Mass (CM) lies directly above the rear wheel, the moment where tipping 
occurs, the angle ⍺ between the hill and the weight of the wheelchair is 60 degrees. In order to 
find the minimum wheelbase d for the maximized “worst case scenario”, we assume the height 
of the CM is the height of our seat at 16 inches and that the radius of the wheel is 0. Thus, the 
wheelbase can be solved trigonometrically. 

 2[ h/tan(α) r/tan(α)]d =  −  (Eq. 4) 

The minimum wheelbase d was calculated to be 18.47 inches. We applied the analysis seen in 
Figure 30 to solve for the distance x between the line of the center of mass and our back wheel. 
Using a wheelbase d of 32 inches, the selection of which is discussed in the following section 
Maneuverable and Compact, height h of 16 inches, and angle ϴ of 30 degrees, the distance x was 
found to be 7.58 inches, which is about half the distance between the center of the wheelchair 
and the back wheel. Thus, our chosen wheelbase of 32 inches is sufficient to prevent tipping, 
because at the maximum incline the center of mass is far away from the edge of the wheel base.  
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The same analysis was performed, but this time when the wheelchair was driving sideways on an 
incline. Since the width of the chair is fixed at 32 inches, we solved for the maximum incline 
theta that can be driven on before tipping occurs. A similar free body diagram using h = 16 
inches and w = 32 inches gave the following equation for the theta that causes tipping. 

                                                     (Eq. 5) ϴ an (2w/h)= t −1   
 

This gives ϴ  = 45 degrees, which is much higher than our maximum allowable incline of 30 
degrees. Thus, we concluded that the chair would also be safe while traveling on an incline. 

We then performed an analysis to determine whether the wheelchair could perform in soft 
terrains without sinking. We found the recommended maximum ground pressure for soft terrains 
such as marshes and sand to be 2 psi. [23] A theoretical modeling analysis was performed in 
order to determine the maximum ground pressure exerted by the tires. A free-body diagram was 
constructed to represent the wheel traveling on a soft terrain, where W is the weight exerted on 
the wheel (lb) and Ac is the contact area of the wheel on the ground (in^2), with w and L being 
the width and length of the contact area (in).  

 

Figure 32. ​Contact area of the tire and the ground. The weight of the vehicle will cause the tire 
to flatten slightly on the ground, which forms the contact area Ac. This contact area is dependent 
on the wheel’s dimensions and the pressure inside the tire.  

Our chosen tire has a width of 5 inches and a diameter of 19.2 inches. Thus, we approximated w 
to be 2 inches and L to be 5 inches, giving Ac = 10 in^2. The ground pressure P exerted by the 
tire on the ground (psi) was calculated, where F is the weight exerted on the wheel of 100 lb. 

                                                          (Eq. 6) P =  F
Ac    

The calculated pressure of 10 psi is greater than the recommended pressure of 2 psi. However, 
we believe our design is still reasonable because 10 psi is similar to the pressure exerted by a 
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human while standing, which is between 9-11 psi. [23] Although the wheels may sink slightly in 
a soft terrain, the torque applied by our in-hub motors will be sufficient to overcome this. 

Torsional Rigidity 

The wheelchair will be subject to impact loading from traveling over rough terrain. In order for 
the vehicle to resist deflection under these impacts, it must be torsionally rigid. Having a rigid 
chassis will prevent deflections large enough to cause high stresses and potential fatigue on 
components attached to the chassis as well as the chassis itself. Torsional rigidity can be defined 
as the torque applied to the chassis about the longitudinal axis divided by the change in rotation 
about the same axis. This equation to calculate torsional stiffness is Equation 7 where T is the 
torsional stiffness, F is the force applied, l is the distance away from the centerline the force is 
applied, and θ is the angle the chassis rotates. 

 T =  θ
F l (Eq. 7) 

In order to find the deformation angle, we set up an Ansys model. We fixed the rear pillars and 
loaded the front ends of the tubes with 1000N per side in opposite direction. This setup can be 
seen in Figure 33a. The ​y​-displacement of the tube ends were found to be 3.04mm and -3.04mm 
respectively as seen in Figure 33b. 

 

(a) (b) 

Figure 33. ​(a)​ ​Ansys model constraints setup. (b) Ansys model ​y​ displacement results. 

The displacement y is converted into an angle θ using Equation 8 where y is the maximum 
displacement and w is the width of the chassis. 

in (2y/w)θ = s −1 (Eq. 8) 

From the results of Equations 6 and 7, this chassis has a torsional rigidity of 2500 Nm/deg. This 
is just above what is typical for a racecar and since this frame is under much less for than an 
actual car, this stiffness is sufficient for the wheelchair. 
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Maneuverable and Compact 

The final machine must be readily maneuverable within tight places like forest trails and 
compact in order to fit on the wheelchair lift Jason will use to transport the device. To achieve a 
high level a maneuverability we steered away from conventional mechanical turning methods, 
like a car with a steering wheel, and opted to maneuver by varying the power of the wheels on 
either side of the vehicle. Though steering performance at higher speeds is sacrificed when 
compared to other method of steering, the turning radius is effectively zero.  

The compact constraint is introduced by the need to transport the device with Jason’s 32 inch by 
36 inch wheelchair lift on the rear of his vehicle. The lift is orientated such that, to load the 
wheelchair, one drives onto the lift in the opposite orientation of the vehicle the lift is mounted 
on, illustrated in Figure 33. We selected a wheelbase of 32 inches and a width of, corresponding 
to the lift dimension of 36 inches and a width of 32 inches corresponding to the lift dimension of 
32 inches, so the wheelchair can be loaded for transportation quickly. The reasoning behind this 
is the user will not have to worry about centering the wheelchair perfectly on the lift. The contact 
patch of the tires will be contained within the dimensions of the lift to prevent the wheelchair 
slipping off the lift during transportation, though it will be secured with straps.  

 

Figure 34. ​Top view of Jason’s car and lift. Jason’s current 36 inch by 32 inch wheelchair lift 
mounts to a tow hitch and lowers flush to the ground. The wheelchair remains on the lift, outside 
of the vehicle, for the duration of the transportation time. 

The dimensions of the lift limited the dimensions of the wheelchair to a maximum width of 32 
inches and a maximum wheelbase of 32 inches. These limitations drove many design decisions, 
and especially affected the construction of the chassis and placement of the suspension. A CAD 
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mock-up model was the best way to depict our design and ensure that the design supported the 
wheelchair’s ability to fit on the lift. 

 

Figure 35.​ Front and Side view of wheelchair dimensions from CAD mockup. The finalized 
dimensions of the wheelchair with our chosen wheels will fit on Jason’s lift, as they both fall 
within our desired range.  

The side view depicts the measurement of the wheelbase only. This distance is about 32 inches, 
which allows for about two inches of contact beyond the wheelbase for each wheel on the 36 
inch long lift. Thus, we are confident that the maneuverable and compact design driver is 
fulfilled by our design. 

Satisfy Jason’s Vision 

Finally, the wheelchair must satisfy Jason’s own vision. If he does not like the appearance or feel 
of this product, Jason will not use it. To achieve Jason’s approval of our end vehicle we gave him 
a trade study between different designs and allowed him to have a part in deciding which design 
is our final goal. The trade study included pugh chart scoring results for tracked and wheeled 
solutions and preliminary CAD mockups of those models. This process is discussed in more 
detail in the “concept selection” section on page 18. Jason confirmed that we had his approval to 
move forward with either design as long as it was able to meet the engineering requirements.  

Beyond the engineering requirements, Jason noted a few design preferences that he wished for us 
to take into account. As part of his “vision” for the project, Jason repeatedly mentioned that he 
“did not want the device to be a vehicle. It must look like a wheelchair and feel like a 
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wheelchair”. As part of this vision, he did not want a steering wheel or levers to control the 
device, but simply wanted one joystick. In order to “feel like a wheelchair”, Jason wanted to be 
able to sit up straight in the device and be seated “in” the device, rather than “on top of it”. He 
also mentioned that he has a seat cushion that he already enjoys using and wishes to continue 
using it. This cushion is the roho quadtro select high profile cushion. These requests were 
reflected by our design. 

 

Figure 35.​ Joystick. We honored Jason’s request to use a joystick to control the system, which is 
equipped with potentiometers to support forward, backward, and rotational movement. 

 

Figure 36. ​Wheelchair footrest and cushion. The seat cushion was inserted using the CAD 
provided online for the roho quadtro cushion. 

The human machine interfaces were designed such that Jason’s vision for the project would be 
fulfilled. A foot rest was inserted so that Jason could be comfortable, and because it helped the 
system to “look and feel” more like a wheelchair. The seat was designed so that the 
measurements matched the dimensions of the provided seat cushion. The entire system was 
designed so that the chair was seated high enough to avoid obstacles, but low enough so that it 
did not look as if Jason was sitting “on top” of it. These considerations give us confidence that 
our design meets Jason’s vision for the project. 
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Failure Mode Effects Analysis (FMEA)/Risk Analysis 

 

 

Risk Analysis 

 

After analyzing the failure mode for our design, we have determined that the aspect with the 
highest risk in our design is the battery system. The battery provides power to our motor and 
control systems which is essential to the wheelchair.  
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Electrically, the battery could fail when the input voltage is too high or too low which causes 
excess or insufficient current. This is relevant to our control design because of how complex the 
system is and the amount of current required to drive the motors. Since the battery is running non 
stop when the user is using the wheelchair. The batteries has the risk of overheating which could 
cause catastrophic failure. The electrical and thermal risks of the battery design are alleviate by 
the battery management system (BMS), careful design/analysis of the wiring, and the use of the 
lithium iron phosphate (LFP) batteries. The BMS balances the cells and prevents overcharging. 
LFP batteries has very constant discharge voltage and has more thermal and chemical stabilities 
compare to other lithium-ion batteries.  

In addition to the electrical and thermal risk, the battery could suffer from mechanical 
deformation when traversing through rough terrains and could cause failure when the chassis 
undergoes severe vibration or crash. There will be a wooden enclosure that guards our battery 
while insulating it and it will be attached rigidly to our chassis. 

The battery life is also a great concern for us as the current battery gives us 40 minutes of 
runtime at full load. This could be a problem when the user is traversing terrains that requires a 
long time. We will implement LCD screens that shows the battery life to alert the user when the 
batteries are running low and are designing space for more batteries to extend the battery life.  

Current Challenges 
In the process of completing our design and manufacturing plans, we have identified several 
areas where potential challenges may arise. The most complex part of our manufacturing will be 
the welding that is required. The chassis and suspension will be assembled by welding together 
1” diameter steel tubes. In the suspension, there are several welds that need to be completed in a 
very tight space. If this is not completed correctly, the parts will need to be remade. We will 
address this issue by taking extreme care with the welding and creating small fixtures to 
complete them with considerable accuracy.  
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Figure 36.​The angled bar of the suspension control arm leaves little room for error while 
welding. 

The control systems will require a significant amount of expertise. The system must be wired 
correctly to ensure it will be safe for use. The arduino code will require a lot of work, as it 
performs many functions. It must command the in-hub motors to provide sufficient torque and 
speed to each wheel, which must be able to operate independently from the others. The wheels 
must be able to turn forward and in reverse, and operate in sync based upon the joystick control. 
The wheels must also be able to brake on command and shut off when a kill switch is flipped. 
We must be able to complete the code in time to be able to troubleshoot. If the coding isn’t 
completed correctly, the wheelchair will not be functionable. We have addressed this issue by 
seeking advice from Toby in the mechatronics lab, and will continue to utilize his help for the 
remainder of the project.  

 

Initial Manufacturing Plan 
Our wheelchair design is a full vehicle consisting of many subsystems. As a result, it will require 
several manufacturing processes.  

The frame will be a welded steel tube assembly. We will use a bed plate in the Wilson Student 
Team Project Center to weld the chassis. The 1” x  0.049” steel tubes will first be cut to length. 
We will then tig weld the tubing together after having ground and shaped the connection points 
with an angle grinder for optimal contact. We will start by tac welding the square upper and 
lower sections of the chassis. Then we will tac the vertical bars to one of these square sections. 
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Finally, we will tac the remaining square section and crossmembers. We will then measure our 
completed chassis to ensure we are within error. We will then weld on to the chassis the brackets 
made using the waterjet. 

To make the A-arms we first need to machine the hinges where the bushings are pressed in and 
the axle hub that the wheel shaft is mounted. We will machine the hinge on the lathe using 1 inch 
diameter solid rod stock. The hole will be drilled and reamed at this time. We will then weld this 
part onto the A-arm using a jig for positioning. After the part is welded the bushings will be 
pressed into the hinge part. The axle hub will be machined first on the lathe to make the round 
profile that is welded into the A-arm tube. The part will them be milled to create the motor shaft 
hole and the keyway. This part will then be welded onto the A-arm to complete the assembly.  

The chair will require multiple manufacturing processes. The armrests, chair backing frame, and 
footrest will be welded to the chassis. The seat backing will be a standard canvas piece that is 
slid over the chair backing frame bars. The seat plate will be mounted to the chassis through the 
use of brackets to allow for easy battery access during testing and may be welded on at a later 
date. 

The boxes containing the electronic systems are laser cut and then screwed together. Low 
voltage wires will either be soldered together or crimped and high voltage wires will be crimped 
with ring terminals and screwed together. 

Detailed manufacturing plans for individual parts are shown in Appendix D.  
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Design Updates 11-16-18 
The design remains relatively unchanged when compared to our previous design review because 
it was necessary for us to start manufacturing early in order to complete the project. Nonetheless, 
there have been some changes. 

Chassis 

The only major change within the chassis is the elimination of waterjet motor controller 
mounting panels. Instead, the motor controllers will be mounted directly to the battery box. This 
results in a cleaner design aesthetically as well as being lighter and easier to manufacture. 

 

Figure 37.​ Final chassis structure with base plate which is welded within the bottom frame rails. 

Controls 

The previous HV accumulator was constructed of ¼” acrylic and screws. The most recent 
iteration is constructed of ⅛” HDPE. This change was brought on by budget limitations. The 
controls box remains unchanged. 
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Figure 38.​ Final 48V high voltage accumulator box constructed of ⅛” HDPE. 

 

Figure 39.​ Final controls box constructed of  ⅛” HDPE 
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Figure 40.​ Final integration of all controls components. The motor controllers and controls box 
will be attached to the HV accumulator with velcro or two sided adhesive. 

Human Machine Interfaces 

The most changes, when compared to design review three, are present within HMI. The joystick 
remains fundamentally unchanged although the size of the handle has been decreased to be more 
ergonomic as well as aesthetically pleasing. The leg rest plate has been eliminated is exchange 
for a soft velcro strap provided by jason to increase comfort and decrease weight. 

 
The largest change is the addition of a roll bar. This was added because the increase in weight 
was minimal when compared to the added safety. It is important that the user, Jason, is not 
trapped under the device in the event of a rollover. The rollbar also serves as a headrest.  

 
The last changes were the addition of structural support members. First, between the armrests 
and backrest and second, between the chassis and footrest. Originally, the backrest consisted of 
two long tubes welded to the chassis in one spot. This produced a long lever which is prone to 
fatigue and failure. The addition of support, tieing in the backrest with the armrest, prevents 
failure from regular use and also provides support to the rollbar in the event of a rollover. The 
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leg rest support serves the same purpose of reducing fatigue and failure from regular use 
including the user transitioning to the chair. These revisions can be seen in Figure 41. 

 

Figure 41.​ Final joystick design. 3D printed components are depicted in red for the sake of 
clarity (black in real life). 
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Figure 42.​ Final human machine interface design. Steel plate is depicted in red and 1” OD steel 
tubing is depicted in blue for clarity. 
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Figure 43.​ Human machine interfaces changes included the addition of a roll bar, backrest 
structural support, and leg rest structural support. 

Powertrain 

Changes in powertrain included reducing the motor size from 1000W 12 inch in hub motors to 
800W 10 inch in hub motors to be within budget. All engineering requirements are still met. 
Another change included the revision of the axle hub part so it could be manufactured within 
budget while still utilizing a key for torque transfer. 
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Figure 44.​ Final powertrain design with 800W 10” in hub motors and 19.5” diameter tires. 

Suspension 

The suspension remained the same following design review three. 

 

Figure 45.​ Final design of suspension. The control arm (1” OD steel tubing) is depicted in blue, 
bushing housing (1” steel rod) in cyan, control arm tabs (3/16” steel plate) in red, lower spring 
(3/16” steel plate) tabs in yellow, and upper spring tabs (3/16” steel plate)  in orange for clarity. 
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System Integration 

The integration of systems and subassemblies is largely unchanged. Following chassis assembly, 
suspension is attached. Then the human machine interfaces, powertrain, and controls can be 
assembled and attached. 

 

Figure 46.​ Final system integration is depicted above with chassis in red, suspension in orange, 
powertrain in pink, human machine interface in blue, and controls in green. 
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Design Updates 12-11-18 
The electrical system saw major changes after the 11-16-18 updates due to an increased 

knowledge of the motor controllers. The official documentation on the motor controller was 
lacking and we did not know how to operate most of it until after testing. The official wiring 
diagram for the motor controllers can be seen in Figure 47 below.

 

Figure 47. ​Official wiring diagram for the 48V 800W e-bike BLDC motor controller 
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An explanation for what most of these connectors do came from a forum post by “Philif” 
(​https://endless-sphere.com/forums/viewtopic.php?t=96736​). An explanation of what each 
connector can be seen in Table 6 below. 

Table 6.​ Explanation of what each of the connectors on the motor controller does 

Plug Name Use Signals sent/received 

Instrument Plug Informs an instrument panel 
how fast the motor is moving 

Sends voltage corresponding 
to speed from 0-48V 

Alarm signal Powers and controls an alarm Unknown 

Self-learning plug Flips the direction the motor 
spins permanently 

Unknown 

High level plug Activates dynamic braking Accepts 12V 

Low Level plug Activates dynamic braking +5V/ground 

Throttle line (red, green, 
black) 

Controls how fast the motor 
spins 

+5V/analog input/ground 

Three-speed plug Changes the range of speeds 
for the motor 

+5V/ground/+5V 

Hall line Tells the motor controller 
how fast the wheel moves 

+5V/ground/digital inputs 

Reversing the plug Reverses the motor direction 
temporarily 

+5V/ground 

Security power supply Powers security components +48V/-48V 

Switch plug Sends low voltage power to 
the controller 

Accepts +48V 

 

It was initially believed that sending a high signal to connectors such as the low level plug or 
reversing the plug would activate them. However, it was found that they are actually triggered by 
sending the +5V signal attached to each of these wires to ground. The new design has NP2222 
transistors which connect these signals to a common ground and are triggered by digital signal 
from the arduino controller. Figure 48 below shows how each motor controller is wired. 
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Figure 48. ​Wiring diagram for a motor controller. The low level, three speed, and reverse plugs 
are operated with transistors and the throttle is controlled by a PWM signal converted into an 
analog one by a low-pass filter. 

The user interface was modified to not only include a toggle switch in addition to the LCD 
display and gyroscope. This toggle switch sends a digital signal to the arduino to tell it when it is 
flipped and the Arduino will not cause the motors to move unless it is flipped. The wiring for this 
system can be seen in Figure 49 below. 

 

Figure 49. ​Wiring for the user electronics panel. The switch has a 5V signal with a 10K resistor 
connected to a digital pin on the Arduino. This digital pin is also connected to ground with a 
100K resistor to prevent the voltage from floating. The specific resistor values are not important, 
all that matters is the pull down network is significantly stronger than the pull-up network. 

The high voltage accumulator was updated to a 16S 2P configuration. There are two 16 series 3.7 
V lithium-phosphate cell packs connected in parallel to create 48V with a 40 AH capacity. Each 
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of these packs is monitored by a 16S battery management system rated to 45 A. Figure 50 shows 
how this accumulator is wired, 

 

Figure 50. ​Wiring diagram from the high voltage accumulator. 

The entire wiring schematic for the entire wheelchair can be seen in Figure 51 below. 
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Figure 51. ​Wiring diagram for the low and high voltage electrical components. The circles in the 
middle correspond to the quick disconnects on the low voltage controls box and show which 
wire goes to each connector. 

In human machine interface, a few changes were made per the request of Jason and due to 
purchased parts. Armrest and headrest cushions were added after testing the chair for fit and 
finding that it was not comfortable. To do this, we used pieces of wood covered in high density 
foam, secured by fasteners to the arm rests and roll bar, and stapled fabric over it. This provided 
a good finish, specific sizing for our chair, and increased comfort. We also added mud shields on 
the sides of the seat, made from HDPE and secured with fasteners, at Jason’s request to protect 
him from splash off of the tires. Finally, upon receiving our seatbelts we were able to determine 
the locations and sizes necessary for seat belt tabs and guides and welded them onto the frame in 
order to ensure Jason’s safety. 
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The steel tubes were painted with black rustoleum, and navy blue fabric covered the armrests and 
headrest. The control boxes were modified because the HDPE plastic was not able to be cut 
using the waterjet and was too big to fit in the laser cutter. Thus, they were cut using the shearer. 
We found that we were unable to fasten the box together using adhesive, due to the slippery 
nature of HDPE. We were able to construct the boxes by using a heated metal stick to melt and 
fuse the plastic together. The boxes were then painted to match the rest of the wheelchair. The 
dampers were taken apart and analyzed in order to ensure that they would sufficiently perform 
under load. They were cleaned, sand blasted, filed, and impregnated with new oil. They were 
then painted to match the color scheme of the rest of the wheelchair.  

Approach and Methodology 
The project sponsor, Mr. Jason Cummins, has a very clear idea of what he wants as a solution to 
his problem; he wants a wheelchair that will allow him to traverse any terrain. He stated this at 
the first sponsor meeting and showed pictures of a tracked wheelchair which is already on the 
market. At the end of the semester, he wants a fully working wheelchair that he can use to 
traverse sand, snow, and forest terrains. 

Our current budget is $2000 and our goal is to have a complete and tested wheelchair finished by 
the end of the semester.In order to realize the team's goals, a Gantt chart has been created to 
break down tasks and ensure every project is properly assigned (see Table 7-10). The tasks will 
be broken down such that each can be completed within 2 hours to keep them to a manageable 
size. Major tasks will be assigned to one or two people to ensure accountability. Pugh charts will 
also be used to weigh options when major design decisions have to be made.  

The non technical aspects of the project are broken down into seven categories each of which is 
distributed to one member of the team. This breakdown is shown in Figure 52. Below. 
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Figure 52. ​Project Management. This chart shows the distribution of non-technical project 
management tasks among the team. The facilitator oversees all of the tasks while ensuring 
everything runs smoothly and the coordinator assigns tasks to each member of the team. 

During the design process, the design will be broken down into 6 major subsystems: wheels, 
suspension, chassis, power transmission, human machine interfaces, and controls. Each member 
of the team will be assigned to and lead one subsystem with the last person being in charge of 
integrating the systems together. Each subsystem lead will also be in charge of the 
manufacturing of their components. While each subsystem has a direct team member 
responsible, they are not expected to complete the task on their own and should ask other team 
members for assistance with designing their system when needed. The distribution of technical 
tasks is shown in Figure 53. [22] 
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Figure 53.​ Distribution of subsystems for the all-terrain wheelchair. Each subsystem is assigned 
to one person who is responsible for designing and manufacturing it and they are expected to get 
help from other team members when needed. One team member is in charge of system 
integration and it is their job to ensure each subsystem connects properly. 

Table 7.​ Gantt chart of all the tasks that need to be completed between design review 1 and 2. 
During this phase of the project, concepts are generated and a final concept for the project is 
selected.
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Table 8. ​Gantt chart of tasks between design review 2 and 3. During this phase, we will conduct 
engineering analysis, design the wheelchair, and create manufacturing plans for all the parts.
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Table 9​. Gantt chart covering the tasks to be completed between design review 3 and design 
review 4. This phase is where we start manufacturing the actual wheelchair. 
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Table 10. ​Gantt chart covering the tasks to be completed between design review 4 and design 
review 5. This phase is where we put the finishing touches on manufacturing and start testing

 

Engineering Ethics 
Our top priority of creating an all terrain wheelchair for Jason is safety. We maintain this by 
having high safety factors and constantly thinking of risk analysis. One major area of worry is 
battery life and mechanical function, as we need to ensure that no matter where Jason goes he 
can always make it back to his car. Ethically, we must have a mechanical failsafe to provide full 
certainty that Jason will always make it home. To do this, we’ve purchased high fidelity in hub 
motors that when off will allow Jason to push the wheels himself.  

 
As there are many components on our design and therefore many possibilities for failure, we’ve 
done an engineering analysis for every failure. Whether that’s designing for safety through things 
like building with strong materials or calculating things like the tipping analysis done in the 
engineering analysis section, we care about maintaining Jason’s safety. In many cases, our 
specific end user has also been considered, such as our battery calculations. We know Jason 
would like to go as fast as possible at all times, because of this we’re limiting the wheelchair 
speed to 4 mph in order to have a longer lasting battery and have included a boost mode for 
when he needs to move faster. 
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Discussion/Recommendations- noah  
Our major concern, a limited testing and verification phase, was the result of some ordering and 
shipping confusion with our in hub motors. We decided to source our in-hub motors from a 
Chinese vendor due to the low cost and wider range of options. The turnaround time for the 
motors was about 4 weeks from production to shipping. By selecting and ordering the motors at 
an earlier time, we could save on shipping costs, to spend elsewhere. We would also have time to 
test the wheelchairs capability on different terrains. We could also test battery life to get realistic 
use times based on different power draw conditions. 

Given our limited testing time we are unsure of our current method of braking. Currently our 
device relies on dynamic braking which may or may not be sufficient to stop the wheelchair. 
With more time we would be able to test this factor. If more stopping power is required we 
would attach disk brakes to our in hub motors, both of which are provided by our in hub motor 
supplier.  

Another concern is with our joystick. The joystick we designed and built functions on sound 
principles but there is room for improvement. Currently the joystick does not have hardstops to 
limit motion so the springs which return the joystick back to center can be easily damaged. This 
is a problem because the position of the joystick directly affects the speed of the wheelchair 
through potentiometers. For finer control of these sensors, we would create a more robust 
joystick or source one that could be modified for use in our application so the user can 
confidently and precisely control the wheelchair. If all else fails the wheelchair can be controlled 
directly through the potentiometers with no interface. 

A potential problem exists with the robustness of our electronics. Our budget did not support the 
use of strong, expensive, or water resistant connections. Given this is an all-terrain wheelchair, 
meaning it will be knocked and jarred around in unfriendly environments, it is possible for 
electrical connections to fail. This failure mode could be mechanically, by becoming undone or 
by snagged on an obstacle, or through other methods like corrosion. 

Environmental Impact- drew 
To examine the environmental impacts of the wheelchair, we looked at the entire lifecycle of the 
vehicle. This includes the manufacturing process through the disposal/recycling process. The 
environmental impacts are small due to the fact that this is a single unit production effort. 
However, we wanted to fully understand how environmentally friendly this wheelchair is. The 
wheelchair is mostly constructed out of 1018 mild carbon steel, HDPE plastic, open cell foam, 
canvas, and rubber. Most of these materials can be reused and/or recycled when they chair is 
disposed of. The most environmentally harmful component in our wheelchair is the LiFePO​4 
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battery. It contains plastic as well as the following chemicals: carbon, lithium, iron, and 
phosphate. While these chemicals are not considered dangerously harmful to dispose of in a 
landfill, the plastic must be recycled. For this reason we will advise Jason to recycle the battery 
at a recycling center so that the components can be separated and reused or recycled. Because the 
wheelchair is all electric, there are no direct vehicle greenhouse gas emissions.  

If the wheelchair were to be mass produced, the biggest change that would need to be made to 
the manufacturing process would be to convert the plastic parts to more environmentally friendly 
stainless steel stamped components. This would provide increased structural rigidity as well as 
produce less the harmful environmental waste.  

 
Standards - conrad 
We held our chassis at the torsional rigidity standard for a race car as it is required to carry more 
load and be subjected to greater stresses while moving under that load. If our chassis can meet 
the torsional rigidity of a race car then it will definitely handle the loads and stresses placed on it 
for its intended use as an all-terrain wheelchair. Since our wheelchair surpassed this standard, the 
chassis, which holds all of the components to the device together, will not fail under its intended 
use. 

There are existing standards for wheelchairs which list the required static/dynamic stability, 
braking efficiency, energy consumption, overall dimensions, maximum speed/acceleration, and 
seating dimensions for electric wheelchairs such as ours. We did not apply these standards in our 
design process. These standards are meant to make wheelchairs that work in public areas that 
meet ADA guidelines and fit a majority of consumers. However, our wheelchair will exclusively 
be used in outdoor beaches and forests so these guidelines are not important to our design. The 
size restrictions, to ensure the wheelchair can go through doors, also do not matter since the 
wheelchair will not be used inside. This chair is also meant for exactly one user so instead of 
sizing it to fit a standard user, it is sized to perfectly fit our one user.  

Conclusion 
Over the course of the semester, our team has spent numerous hours focused on creating a well 
functioning, fast, and durable wheelchair for Jason Cummins, who requires increased mobility 
on terrains such as sand, snow, and forests. We’ve met many challenges along the way, and have 
succeeded in manufacturing a chair for Jason that we believe meets all of his needs. We 
prioritised overcoming obstacles shorter than 6 inches tall and terrains such as beaches, forests, 
and snow. To accomplish these, we’ve incorporated five inch wide tires and powerful in hub 
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motors to provide the necessary ground pressure and torque. We also prioritized safety, this 
included ensuring we have a long battery life with user feedback to ensure Jason does not get 
stranded in the woods along with a comfortable and strong 4-point restraint. Finally, we 
prioritized the size, in order for it to fit on Jason’s lift, and the cost, to ensure we did not go over 
the University’s budget. We have succeeded in accomplishing these engineering requirements 
along with many more, to ensure Jason’s happiness, safety, and increased mobility. 

In designing a vehicle that would accomplish all of Jason’s needs and wants, we went through 
many iterations and considerations. We began with the goal of creating an attachment to Jason’s 
current wheelchair that would allow him to enter the desired terrains. Upon meeting Jason for the 
first time we discovered he wanted a fully new wheelchair with treads instead of wheels. After 
much consideration and deliberation among the team, we eventually decided on a four wheel 
drive solution with fully independent suspension and a complex controls system. 

To ensure that our proposed wheelchair design would meet all of the engineering requirements 
we laid out, we did engineering analysis on all of our key design drivers: the motor powered 
drive, ability to overcome terrains, torsional rigidity, maneuverability and size, and satisfying 
Jason’s vision. In these we determined what specifications we needed on our motors, what 
wheelbase size we required, where additional supports were needed in our seat and chassis, and 
we showed our models to Jason to ensure his approval. Once Jason and the team were finally 
content with the results of these analyses, we began to draft engineering drawings and 
manufacturing plans to begin construction.  

To manufacture the wheelchair we utilized the resources in the Mechanical Engineering machine 
shop and the Wilson Center. We used the ME shop to waterjet our sheet metal for the chassis and 
chair, 3D print the joystick and user interface, and to mill and lathe components such as the 
control arm suspension. In the Wilson center we sandblasted all of our metals to provide clean 
surfaces, and spent numerous hours fixturing and welding to ensure that all components were 
within tolerance. Our manufacturing was extremely successful, and resulted in a properly 
assembled and dimensioned chair, chassis, and suspension.  

Once our chair was manufactured we began to wire and code the controls system. This required 
extensive testing of our joystick, LCD, kill switch, e-bike motor controllers, and in-hub motors. 
With time, all of these systems now operate as intended, allowing Jason to have the full desired 
function and optimal control over his wheelchair.  

In the end, our largest challenges proved to be time constraints. We were constrained in how 
much work we could put into our controls system once everything was assembled. The late 
arrival of our in hub motors also made it more difficult to test our full system function and ensure 
that our e-bike controllers functioned as desired.  

69 



 

In one semester, our team was able to design, build, code, and test a fully functional all-terrain 
wheelchair for Jason Cummins. We’re extremely proud of our final product, and the mobility it 
will provide Jason to enjoy the outdoors and his increased freedom. Our team is extremely 
grateful for the opportunity to demonstrate all of the skills we have learned in our time as 
Mechanical Engineering undergrads at the University of Michigan, and we thank Jason 
Cummins and Amy Hortop for bringing this project to us.  
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Appendix 

A: Distinct Designs 

Vehicle to ground interaction 

  

 

 

Figure 1.​ The tank tread joystick controlled wheelchair was a repeatedly generated idea that 
spawned from currently available products and Jason’s request. This design places the user 
within it, not on top, with a seat equipped with an armrest where the joystick controller is 
mounted. It also wields two sets of tank treads of varying design (pulley layout) as seen in our 
sketches.  
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Figure 2:​ The “iron spider” is a unique design as it employs the use of mechanical linkages for 
legs that walk the user. In this design a set of legs are attached to each side of the chair the user 
sits in. There are two sets of mechanical legs on each side that are independently controlled to 
allow the user to turn. The legs can walk in sand and step over obstacles making it effective for 
beach and forest terrains. 

  

 

Figure 3:​ A three wheeled tank design is another reasonable concept investigated. This design 
has the potential to require only one tank tread to be powered. Similar to a snowmobile in layout, 
the rear tread sits to the back of where the user sits while two smaller wheels or treads are in 
front. These two front wheels steer the device and can fold underneath the seat to transport. 
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Figure 4:​ The hovercraft design is more of a imaginative concept than a practical one. In this 
design, a large propeller fan in the bottom of the structure to elevate the the wheelchair and 
another turnable propeller fan in the back of the structure to move the wheelchair in the desired 
direction.  

 

Figure 5:​ A 2 wheel and 2 tread vehicle where the two front wheels are driven. This is a hybrid 
vehicle we believe minimizes the turning radius associated with a 4 wheeled vehicle. It is 
joystick controlled and the large rear tires make the user feel they are sitting in the device not on 
top of it. For transport, the rear wheels are removable through a quick release mechanism like a 
current road or mountain bike.  
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Figure 6:​ The Collapsible 4-tread quad is a design concept that is similar to the 4-tread quad 
design. In the design however, the treads fold in on one another which allows it to be stored in a 
more constrained space. It also offers greater stability with reduced drag in turning compared to a 
full tread. 
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Figure 7:​ The Collapsible 4 wheeled vehicle design concepts play off of the standard 4 wheel 
design. The basic structure is similar to a normal 4 wheeled vehicle but with the ability to 
collapse or fold in to save space. The design allows our end user to store the wheelchair in a 
smaller space.  
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Figure 8:​ These are other 4 wheeled design concepts that were redundant to show in the main 
report as they all show similar aspects and the possibility of being collapsible. 
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Chassis and Suspension 

 

Figure 9:​ This is a standard mountain bike frame suspension that we can adapt to our purposes 

 

Figure 10: ​These are a cheap and effective way to damp our device when on rough terrains 
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B: Bill of Materials 
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C: Engineering Drawings 

HUMAN MACHINE INTERFACES 

80 



 

 

81 



 

82 



 

 

83 



 

CONTROLS 
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CHASSIS 
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SUSPENSION 
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D: Manufacturing Plans 

CHASSIS 

 

Manufacturing Plan 

      

Part Number: 7-30-011     

Part Title: Axle Hub     

Team Name: 7     

      

Raw Material 

Stock: 1.75" steel bar     

      

Step # 
Process 

Description Machine Fixture(s) Tool(s) 
Speed 

(RPM) 

1 cut to near final 
length 

bandsaw bandsaw vise File  

2 face to final 
length 

lathe lathe calipers 150 

3 bore axle hole 
to 1.103" 
~28mm 

lathe vise bore 350 

4 deburr lathe lathe file  

5 key slot lathe lathe file  

6 turn 1" inch 
profile 

lathe lathe  150 

7 turn insert 
profile .901" 

lathe lathe  150 

8 deburr lathe lathe file  

 

SUSPENSION 

 

Manufacturing Plan 
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Part Number: 7-30-006     

Part Title: A-arm hinge     

Team Name: 7     

      

Raw Material 

Stock: 1" OD solid rod     

      

Step # 
Process 

Description Machine Fixture(s) Tool(s) 
Speed 

(RPM) 

1 Cut tube to overall 
length 

Horizontal 
Bandsaw 

bandsaw vise File  

2 turn to 1.5" length lathe  1" collet, file  

3 drill a center hole lathe lathe drill chuck 
attachment 

center drill 600 

4 drill hole for 
bushing 

lathe lathe drill chuck 
attachment 19/32 drill bit 

600 

4 ream a 5/8 hole lathe lathe drill chuck 
attachment 

0.6245" reamer 100 

5 weld to A-arm welder jig   

6 press bushing in 
reamed hole 

    

 

E: Important Questions and Answers 

Why isn’t the master kill switch a push button instead of a turn switch?  

The master kill switch is a turning switch as it sits under the users hand and will be 
submitted to pressure from the user, therefore it cannot be a push button. This switch is also a 
cheaper and easier to utilize in our control system. We do not believe this is a safety hazard, as it 
will be easily within reach and quick to turn. 

Why one inch steel round tubing instead of rectangular aluminum tube stock?  

We have had a generous donation of steel round stock from the Michigan Electric Racing 
Team and therefore will be utilizing this material to help maintain a low budget.  
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Why one joystick not two, and why not mechanical turning? Will this be tested for Jason?  
This is a direct wish from our end user, Jason. He wants this to look and feel like a 

wheelchair, and a big part of that is no mechanical steering and only one joystick. We will 
suggest using two joysticks in our next meeting with Jason, however the added complexity of 
one is not above what our team can handle. We will make a prototype of the joystick to test with 
Jason at our next meeting. 

Will water access the controls and electronics through the cooling fan?  

This was a valid concern, and as such we have added a mesh over the fan with 0.003” 
openings. Water cannot pass through this mesh without an external force aiding due to surface 
tension of the water droplets.  

Is there a zero degree turning radius?  

We’re unsure exactly how close to zero degrees our turning radius will be. We estimate it 
will be close, however not zero due to the friction of dragging tires.  

Is there any concern with overheating on the In Hub Motors?  

We have spoken to the supplier and determined these motors have no problems with 
overheating.  

Is Jason OK with wheels?  
We met with Jason before DR2 and gave him final choice over our three best options; 

tank treads, wheels, and mechanical legs. He was very open to all of the concepts and did accept 
the possibility of using wheels over treads.  

F: Revisions from DR2 

There have been numerous revisions between DR2 and 3 due to the nature of DR2 being 
vague on details. Some major changes include the doubling of our batteries to allow for 
additional power for a longer period of time. We have also changed the inhub motor form 12 
inches to a 10 inch design to save on cost, but have maintained the same supplier and all motor 
specs. We are no longer doing independent double wishbone suspension but a single a-arm 
suspension. The formerly swinging self balancing chair has been replaced by a fixed chair in 
order to prevent the center of gravity from swinging outside the wheelbase. Our budget increased 
from $1000 to $2000.  

G. Code for the Arduino Controller 
//ME450 Team 7 - All Terrain Wheelchair 
//Created by team "Better Butt" 
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//November 2018 
//This file contains all the code for the wheelchair and is flashed to the Arduino MEGA 
#include <Arduino.h> 
#include <U8g2lib.h> 
#include <SPI.h> 
#include <Wire.h> 
#include "I2Cdev.h" 
#include "MPU6050.h" 
//Declare global variables 
//Desired speed 
double top_speed = 4; //MPH 
 
//Speed of left and right wheels 
double wheelspeed_right = 0; 
double wheelspeed_left = 0; 
 
//Angle of wheelchair/gyro 
MPU6050 accelgyro; 
int16_t ax, ay, az; 
int16_t gx, gy, gz; 
double angle_x; 
double angle_y; 
double angle_z; 
 
//Individual speed of each wheel 
double wheelspeed[] = {0, 0, 0, 0}; 
 
//Battery level 
double battery_level; 
 
//Emergency message 
char message = ""; 
 
//Set pin locations 
//Joystick 
//TImer 1 
const int joystick_pot_1 = A8; 
const int joystick_pot_2 = A9; 
const int joystick_pot_3 = A10; 
const int joystick_switch = 22; 
 
double j_1 ; 
double j_2 ;  
double j_3 ;  
double resting_1;  
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double resting_2; 
double resting_3; 
//Hardware adresses of LCD display and gyroscope 
//Find address of display and make it a global variable here 
U8G2_SH1106_128X64_NONAME_1_HW_I2C u8g2(U8G2_R0, /* reset=*/ 

U8X8_PIN_NONE); 
 
//Battery level reader 
const int battery_level_input = A3; 
 
//Output to each motor 
//0=FL, 1=FR, 2=RL, 3=RR 
//Throttle controller by Timer 3 and 4 
const int throttle[] = {5, 6, 7, 8}; 
//Triggers reverse 
const int reverse[] = {26, 30, 34, 38}; 
//Hall sensors 
const int hall[] = {18, 19, 2, 3}; 
//Triggers dynamic braking for each wheel 
const int brake[] = {23, 27, 31, 35}; 
//Triggers high speed region for each wheel 
const int highSpeed[] = {24, 28, 32, 36}; 
//Triggers low speed region for each wheel 
const int lowSpeed[] = {25, 29, 33, 37}; 
 
//Controls settings 
float KP = 0.2; //Proportional gain 
float KI = 0.02; //Integral gain 
float KD = 0.001; //Derivative gain 
double positionError[] = {0, 0, 0, 0}; 
double integralError[] = {0, 0, 0, 0}; 
double derivativeError[] = {0, 0, 0, 0}; 
 
//Motor times, used to calculate speed of each wheel 
float t_prev[] = {0, 0, 0, 0}; 
float t_curr[4]; 
 
//Overall times, used for the PID control 
float time_current = 0; 
float time_previous = 0; 
 
//Vehicle Parameters 
double wheel_dia = 19.2; //inches 
 
//Switch to activate the motors 
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const int motorOn = 39; 
 
void setup() { 
  //Initilize variables 
  Serial.begin(115200); 
 
  //Initialize joystick readings by averaging the initial values over 2 seconds 
  for(int i = 0; i < 20; i++){ 
    j_1=analogRead(joystick_pot_1) ;  
    j_2=analogRead(joystick_pot_2) ;  
    j_3=analogRead(joystick_pot_3) ;  
    resting_1=resting_1 + j_1*5.0/1024.0; 
    resting_2=resting_2 + j_2*5.0/1024.0; 
    resting_3=resting_3 + j_3*5.0/1024.0; 
    delay(100); 
  } 
  resting_1 = resting_1/20; 
  resting_2 = resting_2/20; 
  resting_3 = resting_3/20; 
  Serial.println("Pot 1 Initial Location: " + (String)resting_1); 
  Serial.println("Pot 2 Initial Location: " + (String)resting_2); 
  Serial.println("Pot 3 Initial Location: " + (String)resting_3); 
  delay(1000); 
 
  //Initilize pin types, only called for digitial I/O and PWM output 
  pinMode(joystick_switch, INPUT); 
  pinMode(throttle[0], OUTPUT); 
  pinMode(throttle[1], OUTPUT); 
  pinMode(throttle[2], OUTPUT); 
  pinMode(throttle[3], OUTPUT); 
  pinMode(reverse[0], OUTPUT); 
  pinMode(reverse[1], OUTPUT); 
  pinMode(reverse[2], OUTPUT); 
  pinMode(reverse[3], OUTPUT); 
  pinMode(hall[0], INPUT); 
  pinMode(hall[1], INPUT); 
  pinMode(hall[2], INPUT); 
  pinMode(hall[3], INPUT); 
  pinMode(brake[0], OUTPUT); 
  pinMode(brake[1], OUTPUT); 
  pinMode(brake[2], OUTPUT); 
  pinMode(brake[3], OUTPUT); 
  pinMode(highSpeed[0], OUTPUT); 
  pinMode(highSpeed[1], OUTPUT); 
  pinMode(highSpeed[2], OUTPUT); 
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  pinMode(highSpeed[3], OUTPUT); 
  pinMode(lowSpeed[0], OUTPUT); 
  pinMode(lowSpeed[1], OUTPUT); 
  pinMode(lowSpeed[2], OUTPUT); 
  pinMode(lowSpeed[3], OUTPUT); 
  pinMode(motorOn, INPUT); 
 
  //start LCD 
  u8g2.begin(); 
  //Set initial battery level 
  updateBatteryLevel(); 
 
  //Initilize wheelspeed hardware interrupts 
  attachInterrupt(digitalPinToInterrupt(hall[0]), updateWheelSpeed0, RISING); 
  attachInterrupt(digitalPinToInterrupt(hall[1]), updateWheelSpeed1, RISING); 
  attachInterrupt(digitalPinToInterrupt(hall[2]), updateWheelSpeed2, RISING); 
  attachInterrupt(digitalPinToInterrupt(hall[3]), updateWheelSpeed3, RISING); 
 
  //Update frequency of throttle PWM output pins 
  //Sets frequency to 3921.16 Hz instead of 490.20 Hz 
  //Warning, other parts using Timer 3 and 4 will be running at this faster speed as well 
  TCCR3B = TCCR3B & 0b11111000 | 0x02; 
  TCCR4B = TCCR4B & 0b11111000 | 0x02; 
 
  //Setup initial speed 
    for(int i=1; i<4;i++){ 
      digitalWrite(lowSpeed[i], HIGH); 
      digitalWrite(highSpeed[i], LOW); 
    } 
  } 
 
void loop() { 
  //This loop updates the speed of each motor to match what is desired 
  //Set desired top speed 
  setTopSpeed(); 
  //Update all systems 
  updateBatteryLevel(); 
  updateUserSpeed(); 
  updateDisplay(); 
 
  //Move motors 
  //Apply a voltage to the motors or brake them depending on the desired speed 
  //Update the time 
  time_current = micros(); 
  //Do the below only if the motor on switch is on 
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  if(digitalRead(motorOn)){ 
  for (int i=0; i<4; i++){ 
    //find offset, different desired speed for each wheel 
    //Determine the desired speed based on if the wheel is left or right 
    double wheelspeed_des = 0; 
    if (i==0|| i==2){ 
      wheelspeed_des = wheelspeed_left; 
    } 
    else{ 
      wheelspeed_des = wheelspeed_right; 
    } 
 
    positionError[i] = wheelspeed_des - wheelspeed[i]; 
    integralError[i] = integralError[i] + positionError[i]*(time_current - time_previous); 
    derivativeError[i] = derivativeError[i] + positionError[i]/(time_current - 

time_previous); 
    double desiredVoltage = KP*positionError[i] + KI*integralError[i] + 

KD*derivativeError[i]; 
    //Enable brakes and reverse features if necessary 
    //Don't use brakes/reverse unless a reverse direction is desired, otherwise let the wheel 

coast 
    if(wheelspeed_des < 0){ 
      //Activate braking if you are still moving foreward 
      if (wheelspeed[i] > 0.2){ 
        digitalWrite(brake[i], HIGH); 
        digitalWrite(reverse[i], LOW); 
        desiredVoltage = 0; 
      } 
      //Activate reverse if you are already stopped 
      else{ 
        digitalWrite(brake[i], LOW); 
        digitalWrite(reverse[i], HIGH); 
        desiredVoltage = -desiredVoltage; 
      } 
    } 
    else if(wheelspeed_des > 0 && wheelspeed[i] < -0.2){ 
      digitalWrite(brake[i], HIGH); 
      digitalWrite(reverse[i], LOW); 
      desiredVoltage = 0; 
    } 
    //if the motor is not going backwards, ensure brake and reverse are off 
    else{ 
      digitalWrite(brake[i], LOW); 
      digitalWrite(reverse[i], LOW); 
    } 
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    //Send throttle signals to the motor 
    //If the desired voltage is over 5, stop it at 5 
    if(desiredVoltage >5) desiredVoltage = 5; 
    int pwmOutput = desiredVoltage/5.0*255; 
    //writes a pwm signal to the throttle pin which is converted back to an analog signal by 

the low pass filter 
    analogWrite(throttle[i], pwmOutput); 
  
  } 
  } 
  else{ 
    for(int i=0; i <4; ++i){ 
      analogWrite(throttle[i], 0); 
      digitalWrite(brake[i], HIGH); 
    } 
  } 
  time_previous = time_current; 
} 
 
//Update the current battery life left (0-100) 
void updateBatteryLevel(){ 
  double arduino_voltage = analogRead(battery_level_input)*5.0/1024.0; 
  //Serial.print(arduino_voltage);Serial.print("/"); 
  double bv = arduino_voltage*(1+1000000/82500)/4; 
  //Serial.print(bv);Serial.print("/"); 
  
  double cap = 27.857*pow(bv,6) - 1971*pow(bv,5) + 58084*pow(bv,4) - 

912508*pow(bv,3) + 8000000*pow(bv,2) - 40000000*bv + 70000000;  
  if(bv>12.4) 
  { 
    cap=0; 
  } 
  if(bv<11.2) 
  { 
    cap=20.34054; 
  } 
  //Serial.print(cap);Serial.print("/"); 
  battery_level = (1-(cap/20.34054))*100; 
  //Serial.print(battery_level);Serial.print("\n"); 
} 
 
//Updates the desired left and right speed based on joystick inputs 
//Modify wheelspeed_left and wheelspeed_right, between [-100, 100] 
void updateUserSpeed() { 
    double j_1= analogRead(joystick_pot_1);  
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    double j_2= analogRead(joystick_pot_2);  
    double j_3= analogRead(joystick_pot_3);  
    j_1=j_1*5/1024;  
    j_2=j_2*5/1024;  
    j_3=j_3*5/1024;  
    Serial.println("Pot 1: " + String(j_1) + "  Pot 2: " + String(j_2) + "  Pot 3: " + 

String(j_3));  
    //Skip all of the below steps if the values are garbage. Wheelspeed will be unchanged 

from what it was previous 
    if(!(j_1 < 0 || j_1 > 2.5 || j_2 < 0 || j_2 > 2.5 || j_3 < 0 || j_3 > 2.5)){ 
    //Constant expected voltage increase of 0.40 volts to maximum position 
    const double voltInc = 0.30; 
   //Get voltage change in pitch and yaw 
   double pitchChange = ((j_1-resting_1) + (j_2-resting_2))/2; 
   double yawChange= j_3-resting_3; 
   double y = pitchChange/voltInc*100; 
   if(abs(y)<20){ 
    y = pow(y,3)/8000; 
   } 
   double x = yawChange/voltInc*100; 
   if(abs(x)<20){ 
    x = pow(x,3)/8000; 
   } 
   if (x>100) { 
    x=100; 
   } 
   if (x<-100) { 
    x=-100; 
   } 
   if (y>100) { 
    y=100; 
   } 
   if (y<-100) { 
    y=-100; 
   } 
  //determine wheel speed difference 
  //k = constnat value to adjust under and over steer 
  double k = 2.0; 
  double diff = 0; 
  if(x != 0){ 
    diff = pow((x/(x+y)),k)*2*x ; 
  } 
  if(diff > 200){ 
    diff = 200; 
  } 
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  if(diff < -200){ 
    diff = -200; 
  } 
  wheelspeed_right = y + diff/2 ;  
  if(wheelspeed_right > 100){ 
    wheelspeed_right = 100; 
  } 
  if(wheelspeed_right < -100){ 
    wheelspeed_right = -100; 
  } 
  wheelspeed_left = wheelspeed_right - diff; 
  if(wheelspeed_left >100){ 
    wheelspeed_left = 100; 
  } 
  if(wheelspeed_left < -100){ 
    wheelspeed_left = -100; 
  } 
 
   //Reduce noise by setting to 0 if it is damn low 
   if(abs(wheelspeed_left) < 3) wheelspeed_left = 0; 
   if(abs(wheelspeed_right) < 3) wheelspeed_right = 0; 
   } 
  String output = "Left Speed: " + (String)wheelspeed_left + "  Right Speed: " + 

(String)wheelspeed_right; 
  Serial.println(output); 
  
  //Set wheelspeed to miles per hour 
  wheelspeed_left = top_speed*wheelspeed_left/100; 
  wheelspeed_right = top_speed*wheelspeed_right/100; 
} 
void updateDisplay() { 
  int averageSpeed = (wheelspeed[0] + wheelspeed[1] + wheelspeed[2] + 

wheelspeed[3])/4; 
  u8g2.firstPage(); 
  do { 
        u8g2.setFont(u8g2_font_logisoso16_tf); 
        u8g2.setCursor(0, 24);  
        u8g2.print("Battery");  
        u8g2.setCursor(70, 24);  
  
        u8g2.print((int)battery_level);u8g2.print("%"); 
        u8g2.setCursor(0, 56);  
        u8g2.print("Speed"); 
        u8g2.setCursor(60, 56);  
        //u8g2.print("10 mph");  
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        u8g2.print((int)wheelspeed_left);u8g2.print("L"); 
u8g2.print((int)wheelspeed_right);u8g2.print("R");  

        //u8g2.drawXBMP( 32, 0, logo_width, logo_height, logo_bits); 
        //char buf[9]; 
        //sprintf (buf, "%d", x); 
        //u8g2.drawStr(10,54,buf); 
        //emergency 
        //if(EMERGENCY){ 
        //  u8g2.setCursor(0, 40);  
        //  u8g2.print("DANGER!");  
        //} 
  } while ( u8g2.nextPage() ); 
} 
 
//Updates the speed of the wheel, called whenever the hall sensor is trigged 
//Passed a wheelNumber so it knows which wheel to modify 
//0=FL, 1=FR, 2=RL, 3=RR 
void updateWheelSpeed0() { 
  int wheelNumber = 0; 
  //FInd the new time 
  t_curr[wheelNumber] = micros(); 
  //Uses the change in time and radius of the wheel to get the MPH speed of the wheel 
  wheelspeed[wheelNumber] = calcSpeed(t_curr[wheelNumber] - t_prev[wheelNumber]); 
  t_prev[wheelNumber] = t_curr[wheelNumber]; 
} 
void updateWheelSpeed1() { 
  int wheelNumber = 1; 
  //FInd the new time 
  t_curr[wheelNumber] = micros(); 
  //Uses the change in time and radius of the wheel to get the MPH speed of the wheel 
  wheelspeed[wheelNumber] = calcSpeed(t_curr[wheelNumber] - t_prev[wheelNumber]); 
  t_prev[wheelNumber] = t_curr[wheelNumber]; 
} 
void updateWheelSpeed2() { 
  int wheelNumber = 2; 
  //FInd the new time 
  t_curr[wheelNumber] = micros(); 
  //Uses the change in time and radius of the wheel to get the MPH speed of the wheel 
  wheelspeed[wheelNumber] = calcSpeed(t_curr[wheelNumber] - t_prev[wheelNumber]); 
  t_prev[wheelNumber] = t_curr[wheelNumber]; 
} 
void updateWheelSpeed3() { 
  int wheelNumber = 3; 
  //FInd the new time 
  t_curr[wheelNumber] = micros(); 
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  //Uses the change in time and radius of the wheel to get the MPH speed of the wheel 
  wheelspeed[wheelNumber] = calcSpeed(t_curr[wheelNumber] - t_prev[wheelNumber]); 
  t_prev[wheelNumber] = t_curr[wheelNumber]; 
} 
 
//Calculated the speed of a wheel given the change in time over one full rotation 
//Returns a double in MPH 
double calcSpeed(double timeChange) { 
  return 3.14159 * wheel_dia /3 * 60 * 60 / 12 / 5280 / timeChange; 
} 
 
//Sets max speed of the wheelchair 
void setTopSpeed(){ 
  //Sets it to 10 if the switch is being depressed, otherwise it defaults to 4 
  if (digitalRead(joystick_switch)) { 
    top_speed = 10; 
    KP = 0.4; //Proportional gain 
    KI = 0.02; //Integral gain 
    for(int i=1; i<4;i++){ 
      digitalWrite(lowSpeed[i], LOW); 
    } 
  } 
  else { 
    top_speed = 4; 
    KP = 0.2; //Proportional gain 
    KI = 0.02; //Integral gain 
    for(int i=1; i<4;i++){ 
      digitalWrite(lowSpeed[i], HIGH); 
    } 
  } 
} 
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