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ABSTRACT 
 
ErgoQuest Inc. has requested that our team redesign their Motorized Mobile Recliner Platform (MMRP) 
to reduce the cost such that the price is more reasonable for their customers.  Specifically, we have been 

asked to reduce the final production cost from $1250 to less than $500 by choosing better suited motors, 
batteries, wheels, and controls for the MMRP’s functional design.  The current components are too robust 
for the MMRP’s applications.  Our team has generated new design concepts and researched new 
components, detailed in this report.  We have reached a final design and manufactured a prototype.  The 
redesign accommodates the current ErgoPod reclining chair located in the Duderstadt Center.  The final 
cost for the redesigned MMRP was $891. 
 
 

1.  INTRODUCTION  

 
Currently, consumers can purchase powered wheelchairs to position themselves properly in front of their 
workstations, but this is not feasible for all users.  Unlike standard power chairs or scooters, the 
Motorized Mobile Recliner Platform (MMRP) is made for reclining chairs that offer a zero-stress working 
position for users that need to work in a reclined position due to a back condition or similar ailment.  Fig. 
1 below shows the typical application of the MMRP used in conjunction with a Sit/Stand/Recline Work 

Station.  
 

 Fig. 1: MMRP and Zero-Stress Recliner in Use with Appropriate Work Station 

  
 
The current MMRP model uses expensive motorized wheelchair components that exceed the 
requirements for the desired application.  As a result, the retail price may be too high for many potential 
users.  ErgoQuest would like to reduce this cost to boost their sales and to allow more people to compute 
comfortably.  Choosing better suited, readily available components is the best way to reduce the cost of 

the MMRP.  These components must be able to meet all customer requirements, discussed in Section 4 on 
pg. 4, while retaining the basic functionality of the system.  A final design has been selected and 
prototype has been manufactured. 
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2.  EXISTING MOTORIZED MOBILE RECLINER PLATFORM 

 

ErgoQuest’s current Motorized Mobile Recliner Platform is shown in Fig. 2 below.  The MMRP has a 
simple base design made of welded 0.125 inch wall steel tubing and 0.25 inch thick steel plates for the 

chair legs to rest upon.  The base is designed such that the chair is only raised by two inches when it is 
moved from the floor onto the MMRP as seen in Fig. 3.  It has two large drive wheels attached directly to 
the motors on each side as well as two smaller casters at the front and back of the base bolted to the frame 
to allow for easy rotation.  Mounted on a column that sits to the side of the chair’s armrest is a joystick 
controller and a speed regulation knob, which works with a motor controller to regulate the voltage 
applied to the motors.  This allows full 360 degree rotation and a range of speeds from slow to fast [1].  
The platform is powered by two 12 V, 30 Ah rechargeable car-sized batteries [2].   
   

 Fig. 2: Image of Existing MMRP     Fig. 3: MMRP with Zero-Stress Recliner  

                
 
The MMRP is costly because the motors, batteries, and controls are taken directly from motorized 
wheelchairs that are meant for traveling quickly over large distances, and as a result are over designed for 
the MMRP’s intended use.  It primarily used to move around and adjust positions within a workstation.  
The gear drive motors are packaged units that have bearings that can handle the weight of the chair and 
user so that the wheels can be placed directly onto the motors.  Additionally, the battery life is two to four 
weeks due to the short distances and duration of use.  It is also capable of moving both very slowly and 

moving at speeds of three to four miles per hour, which is faster than what is needed.   
 
Other than the fabrication and welding of the base, the manufacturing process for the current MMRP is 
very simple because the wheelchair batteries, motors, wheels, and joystick/speed control assemblies are 
all purchased as one unit that interface with simple connectors.  The wheelchair components cost 
approximately $1,000.  The steel and fabrication costs are about $250. A small number of units have been 
sold and each must be custom fit to the specific recliner.  ErgoQuest retails the MMRP for $2195 which 

could be part of the reason only five units have been sold [2]. 
 

 

3.  INFORMATION SEARCH  

 
We completed our information search using the internet since there is a wealth of information available 
for the details and specifications of numerous products.  The information search yielded few direct 
competitors to ErgoQuest’s MMRP.  The primary comparisons to the MMRP are power chairs and 

motorized scooters as seen in Fig. 4 and Fig. 5 on pg. 3.  These two comparisons integrate a motorized 
base with a seat, whereas the MMRP is a stand-alone motorized base.  The major differences between the 
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two are the type of base and the control setup.  In the power chair, a joystick controller is used whereas in 
a motorized scooter, there are handle bars for steering with lever motion control [3]. 
 

Fig. 4: Power Chair   Fig. 5: Motorized Scooter 

    
 
We are primarily concerned with the drive system so we focused our search on the products’ bases and 

the motorized components including motors, batteries, and controls.  There are a large variety of 
component options and differences in type, size, and quality available in the market among powered 
chairs and motorized scooters.   
 
While the power chair and motorized scooter are the primary two comparisons to the MMRP, we also 
looked at electric golf carts and attempted to find stand alone motorized bases.  There were a number of 
companies who manufactured motorized platform carts, as seen in Fig. 6, which are typically used to 

move heavy objects over a variety of surfaces [4].  They are capable of carrying over 1000 lbs and 
therefore have a larger motor, battery, and an associated cost of approximately $3,000.  There were not 
many commercially available stand alone motorized bases, however, we did find the Kadtronix motorized 
frame seen in Fig. 7.  This unit has a capacity of 200 lbs, is capable of 360 degree turns, uses a belt drive 
with two 24 V Direct Current (DC) motors, and retails for $500, excluding batteries and controls [5]. 
 

Fig. 6: Motorized Platform Cart  Fig. 7: Heavy-Duty Motorized Frame 

 

   
 

3.1 Technical Benchmarks 

While a large variety of motorized scooters, power chairs, and other similar products were available, we 
limited our technical benchmarks to products with similar functions and within the lower scale of price 
ranges.  Table 1, on pg. 4, shows a basic scooter, electric wheelchair, and a scaled down electric golf cart, 
whose bases are all comparable to the MMRP [6, 7, 8].  For each product, Table 1 lists technical 

benchmarks that our team will use to design and evaluate our own final design.  By noting these 
important aspects of competitors’ products in the table below, we were able to better understand the 
acceptable range of values for our own design criteria.   
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Since it is desired for our final product to cost less than $500, we considered the price to be the most 
important technical benchmark.  The physical dimensions, tire size, and weight capacity were also 
important design criteria for our product.  In addition, we benchmarked electrical components of similar 
products because the electrical design of our final product determined its ability to operate properly.  

Therefore, we noted the battery characteristics, motor output, and maximum speed of the three products.  
Also, we included the turning radius because our product needed to rotate in small areas.  Finally, since 
the control of our product is key to its successful operation, we also noted the type of control system that 
each product uses. 

 
 Table 1: Technical Benchmark Comparisons for Three Alternative Products 

Product Shop Rider Echo 

3 Wheel Scooter 

Alero Electric  

Wheelchair 

Powerhouse Electric 

Golf BuggyPro 

Image 

   
Price ($) 600 1,200 2,000 
Length (inches) 37 43.7 52 
Width (inches) 20 20.4, 22.4, 24.4 28.4 
Height (inches) 35 38.8 44.5 
Tire Size (inches) 8 12.8” rear, 8” front 13 
Weight Capacity (lbs) 250 250 300 
Batteries (2) 12V, 12Ah (2) U1 12V, 30Ah (2) 12V, 38Ah 

Motor Output (hp) 0.45 0.63 1.01 
Max Speed (mph) 3.8 4.5 11.2 
Turning Radius (inches) 32 38 20 
Control T-Bar Handle Bar PG VR2 60 amp, 

programmable 
Variable Hand 

Control 

 

 
4.  CUSTOMER REQUIREMENTS AND ENGINEERING SPECIFICATIONS 

 
ErgoQuest has given us several requirements we aimed to satisfy in our redesign of the MMRP.  
Reducing the product cost was the main goal.  The MMRP must be able to move forward, backward, and 
be able to turn.  The MMRP must not significantly increase the footprint of the reclining chair.  
Additionally, the MMRP must be able to hold a minimum weight.  The user needs to have precise control 

over the movements as well.  Other desirable qualities are that the system should not require frequent 
maintenance, operate with a rechargeable power source, and have a long product lifetime.  The 
engineering specifications are summarized in Table 2 on pg. 5.  The Quality Function Diagram (QFD) 
shown on pg. 7 depicts the relative importance of the customer requirements and their corresponding 
engineering specifications.  
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Table 2: Engineering Specifications 

Engineering Specifications Measurement Unit Target Value 

Motor Torque  ft-lb 200 
Velocity in/sec 2-8 
Speed Settings Qty 2+ 
Number of Motors  Qty 2 
Battery Duration hours 12 
Battery Voltage Volts 24 
Battery Current Amperes 10 
Width inches 30 

Length inches 29 
Height inches 2 
Material Strength PSI 53,700 
Learning Time minutes 5 
Weight Capacity Lbs 350 
US Production Price  US Dollars 500 
Control Reaction Time Ms 1 

Maintenance Frequency years 1 
Appendages to Operate Qty 1-2 
Off-the-Shelf Components  percent 100 
Manufacturing Time hours 8 
Failure Rate percent 0.1 
Operational Lifetime years 20 

 

4.1 Cost Specifications 

The end objective of this design project was to produce a model for less than $500.  This was the only 
cost requirement given by ErgoQuest and therefore was the most important design criterion.  This was 
most easily achieved by purchasing standard components best suited for the applications of the MMRP. 
 

4.2 Motion Specifications  

The specifications for the motion of the MMRP begin with the ability to move forward and backward as 

the user desires.  If the MMRP cannot do this, then this requirement is not met.  The ability of the MMRP 
to rotate was also a simple requirement that is directly observable.  These are some of the most important 
specifications as they define the fundamental functionality of the finished product. 
 
4.3 Dimensional Specifications 

The spatial requirements of the MMRP are dictated by the size of the recliner it is meant to hold.  The 
base of the MMRP must not protrude more than one inch past the edge of the chair on any side, excluding 

the MMRP wheels.  The existing chair must not be raised more than two inches off the floor when placed 
on the MMRP base. 
  
4.4 Power Specifications 

ErgoQuest has requested that the MMRP be battery powered.  The batteries must be rechargeable, but 
should not require charging more than once per day.  The batteries must be able to provide the voltage 
and current that the motors require for the desired motion under a loaded condition.   

 
4.5 Weight Specifications 

The MMRP is required to operate properly with a load up to 350 lbs to accommodate larger users.  This 
condition dictates not only the power specifications, but also material choice and frame design.   
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4.6 Control Specifications 

The user must have precise control over the motion of the MMRP.  This includes the ability to easily steer 
the MMRP and to adjust the speed depending on the application.  If the user is moving the chair to the 
computer station it should move on the order of four to eight in/sec.  Up close to the station, the user 

should be able to move the chair slower to facilitate fine adjustments. 
 
4.7 Maintenance and Lifetime Specifications 

It is desirable for any product to last as long as possible with the least amount of maintenance.  The 
current MMRP uses wheels that need to be inflated, which is inconvenient.  Therefore, the redesign of the 
MMRP should not require frequent inflation of its tires or replacement of its components.  The system 
should also last many years so that the user does not need to purchase a new MMRP.   
  

4.8 Quality Function Diagram (QFD) 

The QFD, shown in Fig. 8 on pg. 7, relates the relative importance of the customer requirements and the 
engineering specifications.  It also demonstrates how well a sample of competing products meet the 
customer requirements and how each product compares to the MMRP.  Each customer requirement was 
ranked in its importance on a scale of one to ten, ten being the highest.  Each requirement was then 
compared to each engineering specification as being strongly related, somewhat related, or weakly 
related.  Each relation was assigned a nine, three, or one, respectively.  Requirements that were not related 

to a particular specification were left blank.  Using these comparisons, each engineering specification was 
weighted by importance to the successful completion of the project.  Finally, the competing products were 
also ranked on their ability to meet all design specifications.  This allowed us to compare the performance 
of our final prototype against the current products on the market. 
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Fig. 8: Quality Function Diagram (QFD)
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5.  CONCEPT GENERATION 
 

After the customer requirements were determined, those requirements needed to be translated into a 
design for the MMRP.  We went about this process with the help of a Function Analysis System 
Technique (FAST) Diagram and a Morphological Chart.  A FAST Diagram shows the relationship 
between the product functions describing how one function performs a higher order function.  These 
functions were then used in the Morphological Chart, where several concepts were developed for each 
function.  We then combined these concepts into various prototype configurations. 
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5.1 Function Analysis System Technique (FAST) Diagram 
The primary task of the redesigned MMRP was to move and make fine adjustments to the position of the 
chair that it carries.  Therefore, the task function on our FAST Diagram is to move the chair.  The FAST 
Diagram is shown in Fig. 9 below.  Translating, supporting, and rotating the chair are all essential to the 

task of moving the chair so they became basic functions.  In addition, assuring dependability, 
convenience, enhancing the product, and pleasing the senses are essential to the performance of any 
product, so these were included as basic functions as well.  The supporting functions shown in the tertiary 
level of the FAST Diagram elaborate on how the MMRP accomplishes the basic functions.  For example, 
varying the speed and reducing the cost enhanced the MMRP.  

 

Fig. 9: FAST Diagram 

 
 

5.2 Morphological Chart 
The next step in our concept generation process was to create a Morphological Chart, as shown in Fig. 10 
on pg. 9.  We used this to develop high-level design concepts.  The functions came directly from our 

FAST Diagram.  Multiple concepts were developed for each of these functions.  From the variety of 
concepts, we picked and combined to devise the best design possible. 
 
5.3 Concept Classification 

The concepts shown in the Morphological Chart can be classified into several categories.  The first 
category, which pertains to translating the chair, has stationary drives where the motor does not move 
with the base.  The rail system with pulleys is one concept from this category.  In the rail system, the 

motor is stationary relative to the ground and operates a pulley/cable system that moves the base along the 
rails.  The second category, involving translation and the drive system functions, is where the drive 
motor(s) move with the chair base.  One concept from this category is the belt driven wheel, where the 
chair base-mounted motor drives a belt that in turn rotates the wheel.   
 
The next two categories deal with chair rotation.  The first category rotates the entire platform through the 
drive system.  One representation of this is the dual motor/wheel concept where two independently driven 

wheels are placed on each side of the platform and can be run in opposite directions to rotate the chair.  
The second category rotates the chair from a stationary base.  A concept that accomplishes this task is the 
motor-driven platform on a swivel.   
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Our next category is hand-controlled motion, which arises from the fact that the motion of the 
chair/platform will be dictated by the user.  Rheostat speed control is one concept of this, where the user 
adjusts the platform speed by hand-adjusting the rheostat which dictates the amount of voltage to the 
motor.  Our last category is product improvements, which encompasses many of the concepts from the 

“assure convenience”, “enhance product”, and “please senses” functions on the Morphological Chart.  A 
concept from this category were pin mounts, where the chair could be secured to the platform by pins 
running through the platform and chair.   

 

Fig. 10: Morphological Chart  
Function Concept 1 Concept 2 Concept 3 Concept 4 Concept 5

Move Platform Wheels Treads Rail System (w/ 

pulleys)

Chair Boom Gear Track

Vary Speed Rheostat Speed 

Control

Varied Voltage 

Batteries

Motor Controller Voltage 

Regulator

Potentiometer 

Joystick

Control 

Direction

Dual Motor Transmission Steering Wheels Chair Swivel Turntable
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Frame

Welded Steel 
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Motor Controller Varied Voltage 

Batteries

Strengthen 

Structure

Solid Cast 

Frame

Welded Steel 

Frame
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Controls
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Toggle Switch Dual-Rocker 
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Maintenance

Battery 

Disconnect

Solid Wheels

Enhance 

Product

Hand brake Accessory 

Platform

Motor casing 

(noise reduced)

Please Senses Painted Frame Ergonomic Hand 

Controls

X-frame (4 

casters)
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6.  CONCEPT EVALUATION AND SELECTION 

 

Using the concept categories in the Morphological Chart, our team generated several ideas from which we 
chose our final design.  In order to choose the best design for the new MMRP, we evaluated each concept 

with the customer requirements.  The first and most important of these was to reduce the production cost.  
Doing so would allow ErgoQuest to reduce the customer price, and reach a larger base of consumers.  The 
next requirements were the chair’s ability to translate, rotate, and be supported, which are essential for the 
user to position themselves properly at their workstations.  Speed control of the MMRP was the next 
requirement, since the user may need to make fine adjustments while at the workstation.  Also, the 
MMRP needed as small a footprint as possible, so that the user can maneuver in tighter quarters.  The 
next evaluation requirement, that the MMRP require infrequent maintenance, which adds a convenience 
factor for the potential buyer.  The ease-of-use requirement also increases user convenience. 

 
6.1 Base Concepts 

With the above evaluation requirements in mind, we started combining our concepts from the 
Morphological Chart into configurations we thought could meet most, if not all, of requirements.  Five 
concepts for the base design were developed and are described below. 
 
6.1.1 Dual-motor wheel design: This concept, as shown in Fig. 11 below, incorporates the dual motor 

concept from the existing MMRP, with each motor driving a single wheel.  It also includes two casters; 
one on the front and rear of the platform.  There is a single controller for easy user interface.  This basic 
design incorporates the minimum components to fulfill the customer requirements for the MMRP motion.  
Using the minimum components also reduces cost, thus fulfilling our primary requirement.  The casters, 
though low in cost, may impede immediate motion response to a user input if they are oriented 
perpendicular to the direction of motion.  Also, the use of a single controller may increase cost as it 
requires a more complex controller.  Another downside to this concept is that it distributes the total 

platform weight on four small points (the wheels), which may leave indentations in the floor under heavy 
load conditions. 

 

Fig. 11: Dual-Motor Wheel Design 

 
 

6.1.2 Dual-motor tank design:  This concept shown in Fig. 12 on pg. 11 utilizes a similar base and dual-

motor setup as the previous concept.  Instead of the single controller, however, this concept uses a single 
forward/backward controller for each track.  This design would also satisfy all the motion requirements 
laid out by the customer.  The use of the “tank” tracks eliminates the need for the casters that were used in 
the previous concept.  Also, the tracks would distribute the total platform weight over a larger area, 
leaving a shallower indentation in the floor.  The tracks, though having many positive aspects, would not 
satisfy our primary cost objective very well.  The tracks would require more components and more time 
to manufacture, thereby boosting production cost.  Along with the cost issue, the tracks would increase 
the footprint of the MMRP.  This would make it more difficult for disabled users to get into the reclining 

chair.  Also, the tracks may wear on the flooring when it is rotating. 
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Fig. 12: Dual-Motor Tank Design 

 
 
6.1.3 Swivel rail system:  This concept, shown in Fig. 13 below, incorporates a stationary base and motor 
concept that translates the chair platform.  The platform is attached to the pulley and moves along the 
rails.  A single motor drives the pulley.  The platform is made of two components: the lower portion 
which is moved by the pulley, and the upper portion which acts like a swivel or turntable.  This turntable 
is spun by a single motor attached to the lower platform and has four guide wheels as shown in Fig. 14 on 
pg. 12 for the swivel only concept.  The user would control the motion of this system with two controllers 
(not shown in figure).  One controller would handle the platform rotation, while the other would handle 

the translation along the rails.  This two-controller design would reduce the overall controller cost.  One 
benefit to using a rail system is that the platform could translate easier than wheels on carpet.  This would 
lead to using smaller and less expensive motors, thus reducing cost.  The motor used to rotate the chair 
would also require less force than the wheel-on-carpet motors.  One downfall to this design is that it can 
only move along a straight line (the rails), eliminating some of the mobility that a wheel or tank track 
design would have.  This concept would also raise the reclining chair feet beyond the specified height of 
two inches. 

 
Fig. 13: Swivel Rail System 

 
 

6.1.4 Swivel-only concept:  This concept, in Fig. 14 on pg. 12, incorporates the same swivel as mentioned 
in the previous concept; however, this concept eliminates the track and pulley system all together, 
providing a very low cost means to rotate the chair into position in front of the user workstation.  
Eliminating the track also yields a very small footprint.  The swivel concept requires that the user have 
enough space in their workstation to enter the chair while it’s in a sideways position, and then rotate to 

face their computer.  The single motor and controller significantly reduce cost compared to those concepts 
that need two of each.  The obvious downfall to the swivel is that the user would be unable to back away 
from their workstation.  This concept would also likely raise the chair beyond the two inch requirement. 
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Fig. 14: Swivel-Only Concept 

 
 
6.1.5 Insect platform:  This concept, in Fig. 15 below, draws inspiration from nature with the 
incorporation of our Morphological Chart concepts.  This platform has six independently driven legs that 
are controlled to move in a manner similar to that of an insect.  This concept satisfies all mobility 
requirements.  The controls would be similar to that of the tank design, with one controller for each side.  
The weight distribution over six points, instead of four like our dual-motor wheel concept, also leaves less 

chance of floor indentations.  The main drawback to this design would be cost.  It would require six 
motors and expensive controllers to operate the legs in proper sequence to yield the correct output motion.  
Also, the number of parts is quite high and would yield a longer time for manufacturing which would 
increase the cost.  These controllers and motors along with their specified use may also require a greater 
maintenance frequency than some of the simpler designs.  Another drawback to this concept would be the 
roughness of the ride from the legs lifting and placing, which may make the user uncomfortable while in 
motion. 

 

Fig. 15: Insect Platform Concept 

 
 

6.1.6 Base concept selection:  In order to determine which design concept best fits the customer 
requirements, a Pugh Diagram was used, shown in Fig. 16 on pg. 13.  Our five design concepts are 
illustrated in the column headers and the customer requirements are shown on the left along with their 
respective importance ratings.  Each design concept was evaluated for how well it satisfied a given 
customer requirement, and given a score of -, S, or +.  A minus sign meant that the design concept poorly 
satisfied the customer requirement, a S meant that the design concept was satisfactory in satisfying the 
customer requirement, and a plus sign meant that the design concept excelled in satisfying the customer 

requirement.  The five design concepts were evaluated against every customer requirement and the 
unweighted and weighted total scores were tabulated.  Of the five concepts, the dual-motor wheel design 
and the swivel-only concepts had the two highest scores.  While both of these concepts excelled in more 
customer requirements than those in which they fared poorly, the dual-motor wheel design excelled in 
categories that were more important to ErgoQuest.  Our team decided that the dual-motor wheel design 
was the best design for the MMRP concept.  
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1
3
 

 

 



 

  14 

Along with the dual-motor wheel design’s strengths, the concept also has design heritage.  A similar 
design is currently used for the MMRP, so ErgoQuest will be familiar with the manufacturing tasks, 
which may reduce manufacturing errors.  The prototype is battery powered to eliminate any cords coming 
from the base that might interfere with the MMRP motion, which is also the power source on the current 

MMRP.  The frame is made from steel for added strength.  Our original frame concept was modified to 
allow for clearance and spatial requirements of the reclining chair.  A CAD model of the modified frame 
is shown in Fig. 17 below, with some representative dimensions and component placements included.   
  

Fig. 17: Dual-Motor Wheel Design Concept Model with Selected Dimensions 

 
 

6.2 Motor Torque Transmission Concepts 

One important aspect of our prototype’s function is how the motor torque is translated to the wheel.  
Several concepts were available to us, ranging in price and complexity. 
 
6.2.1 Drive wheels on motor shaft:  The current MMRP uses motors to directly drive the wheels.  The 

wheels are mounted on the end of the motor shafts so there is no need for extra components.  This is a 
very simple and effective way to drive the wheels and makes assembly very easy.  A sturdy motor is 
required to hold the weight of the MMRP though since all of the loading is applied directly to the motor 
shaft in this configuration.  Such motors are often expensive since they contain internal bearings and 
shafts in order to be able to sustain such loads. 
 

6.2.2 Straight shaft:  This concept uses a straight shaft connecting the motor axle to the drive-wheel.  

This would apply the exact torque and angular velocity that the motor outputs.  Bearings would be needed 
to support any vertical loads on the shaft, since the motor is not meant to support transverse loads.  Also, 
this design would require a coupling method between the drive shaft and motor shaft.  The shaft would 
have to be strong enough not to deflect a significant amount while the MMRP is fully loaded and also be 
able to handle the demanded torque. 
 
6.2.3 Gear train system:  The next concept is to use a gear train system.  Gears would be used to translate 

the motor torque to the drive wheels.  The gear train could also be used to modify the motor speed to a 
desired amount dictated by the speed we desire the MMRP to move at.  This concept would require 
several mounts for the different gear sprockets. 
 
6.2.4 Belt drive:  The final concept involves the application of a belt drive system.  A belt would connect 
a disk attached to the end of the motor with a disk attached to the drive wheel.  This method could also 
change the motor force outputted by the motor into some desired amount at the drive-wheel.  The belt 
would most likely be made of some firm rubber compound.  The gear and disks would have to 

incorporate teeth between the disks and belt to prevent against slippage under high torque conditions. 

Top View 

Side View 
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6.2.5 Motor torque transmission concept selection:  We used the Pugh chart shown below in Fig. 18 to 
compare each concept.  The straight shaft was the selected method for translating the motor torque to the 
drive wheel.  This method would be the least expensive and also the simplest to implement.  The gear-
train would be complicated to perfectly align and mount on our base and would take up more space.  The 

belt drive would have similar spatial issues and the rubber could wear out over time.  The gear and belt 
drive would also be more expensive than the straight shaft after all part and manufacturing costs are 
tallied.  The drive wheels connected directly onto the motor shaft concept was not chosen due to the high 
cost of the required motors. 
 

Fig. 18:  Pugh Diagram of Motor Torque Transmission Concepts 

Importanc e
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T otal:
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6.3 Battery Concepts 

One of the customer requirements of the MMRP is that it be powered by batteries.  Since the user could 
potentially get the wheels caught in a power cord plugged into the wall, it was decided that batteries 
should be used to power the MMRP.   
 

6.3.1 Battery power concepts:  There are two main circuit configurations that could be used to power the 
MMRP.  Each motor could be powered with its own battery or the two motors could both be run from the 
same power source.  Using a single power source simplifies the circuitry and reduces the number of 
required components.  A single power source can be achieved two ways; either using a single powerful 

battery, or wire two smaller batteries in series.  According to Kirchhoff’s Voltage Law, connecting two 12 
V 10 Ah batteries in series will produce 24 V while maintaining a total charge of 10 Ah.  The use of two 
12 V batteries can reduce the cost of the power source while simultaneously simplifying the wiring. 
 
The type of battery is also important.  Non-rechargeable and rechargeable batteries are available.  Non-
rechargeable batteries are not acceptable for the MMRP due to the customer requirement to minimize 
maintenance frequency.  Rechargeable batteries are available as nickel-cadmium (NiCad), nickel-metal 

hydride (NiMH), lithium ion, or lead acid.  NiCad batteries are good rechargeable batteries but often have 
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a “memory” effect.  This is when the battery is recharged before being completely discharged and the 
capacity of the battery decreases each time this occurs.   
 
6.3.2 Battery concept selection:  In order to simplify the circuitry and reduce the cost of components, we 

decided to run both motors off the same power source.  Using two batteries in series is also a more cost 
effective solution than using a single larger battery.  The cost of the MMRP is the most important design 
criterion from the customer so we have chosen to use two batteries in series to power the MMRP.  
 
Lithium ion and NiMH batteries are expensive, therefore they were not chosen. NiCad batteries were not 
chosen due to the memory effect.  Rechargeable lead-acid batteries are common and are less expensive, 
though less environmentally friendly.  We chose to use lead-acid batteries since cost was the most 
important requirement. 

 

6.4 Directional Motor Control Concepts 

Due to the decision to use the dual-motor configuration, it was necessary that the control device fully 
utilize the capabilities of the motors to move the MMRP in multiple directions.  It does so by operating 
both motors simultaneously or individually and in both the forward and reverse directions to allow for 
360 degree rotation.  When choosing the best concept or type of directional control for the MMRP ease of 
use, quality of control output, simplicity of design, and low cost were the primary selection criteria.  To 

physically control the direction of travel for the user, a number of options were considered. 
 
6.4.1 Toggle or rocker switches:  The simplest method of direction control would be to use two toggle or 
rocker type switches, with one being used for each motor.  These switches are required to be the on-off-on 
type where for each motor, one direction is used for forward motion and one direction is used for reverse 
motion.  It was best to have switches which automatically move back to the center “off” position so that 
neither motor is accidentally left in the forward or reverse positions.  Examples of potential toggle and 

rocker switches are shown below in Fig. 19 and Fig. 20, respectively [9, 10].  Large varieties of switch 
styles are available and range in price from about $2 to $20 each.   
 
 Fig. 19: Toggle Switch-   Fig. 20: Various Rocker Switches 

On/off/on, self-neutral  

            
 
These two switches could be placed side by side so that the user can easily control both switches with one 
hand or offer the flexibility to place the switches on opposite sides of the wheelchair and allow two-
handed operation if desired.  The user may push both switches forward to drive the chair forward or 
choose one switch to turn the chair.  Moving the two switches in opposite directions would allow the user 
to spin the chair 360 degrees in either direction.   

 
6.4.2 Switch style joystick:  Another option was to use a simple joystick similar to those used for 
computer games.  These come with the option of two, four, and eight directional switching.  The major 
advantage of using a joystick over two toggle type switches is the improvement in the ease of use, since 
one device could be used to control both motors at the same time with all the same functionality of the 
two toggle switches.  This type of joystick varies in cost from $20 to $240 each and a standard low cost 
switch type joystick can be seen in Fig. 21 on pg. 17 [11, 12].   
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 Fig. 21: Typical Switch Style Joystick: ETI Systems J1001 “Switch Stick”  

  
 

6.4.3 Potentiometer joystick:  When performing our market research of traditional wheelchairs we found 
many used joysticks with potentiometers that can control the speed directly within the joystick.  These 
types of joysticks vary greatly in cost from $75 to over $400.  The major differences are in the ability of 
the joystick to use the full potentiometer as a voltage divider to regulate speed versus only a percentage of 
the 340 degree potentiometers from the 45 to 70 degrees of motion in the joystick.  The output varies 
greatly and can be very precise from these types of controls.  While there are a number of joysticks with 
built in potentiometers available in the lower price range of these devices, the drawback is that most have 

a maximum input voltage of 10 V or 12 V [12].  Therefore for our 24 V motors, whose selection is 
detailed in section 7.3, potentiometers must be used in conjunction with a motor controller which we are 
trying to avoid due to the increased cost and more complex designs.   
 
6.4.4 Directional control concept selection:  In order to provide the user with a simple and easy to use 
control that has good control output at a low cost, a potentiometer-type joystick would not be feasible due 
to its high cost.  While both switch-type joysticks and two on/off/on self neutral toggle switches used 
together would provide the necessary directional control we believe the advantages of using a joystick 

over dual toggle switches offsets the small cost difference.  The joystick is easy to use and the learning 
curve is less than that of dual toggle switches.  By continuing to use a joystick the actual feel to the user 
for the redesigned MMRP is very similar to the current MMRP and other motorized wheel chairs on the 
market.  Therefore a switch-type joystick was used.   
 
6.5 Motor Speed Control Concepts   

The speed at which the motors operate is another important factor in controlling the MMRP’s movement.  

The basic means of controlling the motors’ speed and thus the speed at which the MMRP will move 
comes from varying the voltage the motor receives.  It was necessary that the MMRP’s speed control was 
capable of allowing both a faster and a slower speed for fine control.  We determined several ways this 
could be accomplished.   
 
6.5.1 Rheostat: The first and most basic way to do this is with a rheostat.  A rheostat is similar to a 
potentiometer but is usually larger and capable of handling higher currents and voltage.  It dissipates 

voltage from the battery, thereby reducing the voltage sent to the motor.  The amount of voltage it 
dissipates can be controlled by the rheostat dial seen in Fig. 22.  The voltage is dissipated in the form of 
heat over the resistor.  One downfall to this method of speed control is that the heat coming from the 
rheostat may be felt by the user.  Rheostats vary in the amount of voltage they can handle and resistance 
delivered, and can be found for under $10 [13]. 
  
 Fig. 22: Knob Style Rheostat Dial [14] 
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6.5.2 Adjustable voltage regulator:  The second method to control speed without a direct controller 
would be to use an adjustable voltage regulator, Fig. 23 below, in conjunction with a potentiometer.  The 
potentiometer or rheostat dial still dictates how much voltage is burnt off, and therefore how much 
voltage sent to the motor.  Now, instead of the voltage being dissipated at the potentiometer near the 

user’s hand, it is rejected down at the voltage regulator.  Adjustable voltage regulators range in price from 
$0.45 to over $100, and come in a variety of voltage and current ratings [15].   
 
 Fig. 23: Adjustable Voltage Regulator 

  
 
6.5.3 Lighting dimmer switch:  The third method that could be used to easily control the speed would be 

to use a dimmer switch to vary the voltage provided to the motors.  These would be simple to install and 
cost from $40 to $100 for a 24 V DC model with enough current.  A typical dimmer switch can be seen in 
Fig. 24 [16]. 
  
  Fig. 24: Lighting Dimmer Switch  

  
 
6.5.4 Motor controller:  Traditional wheelchairs use a motor controller which directly regulates the 
current and voltage supplied to the motors.  These come in a large variety of sizes and types but typically 
require a signal to be sent to the motor controller either by a computer code or by the use of a 
potentiometer type joystick as discussed before.  This option is more complex than the previously 

discussed options and cost from $25 to over $400 [17]. 
 

6.5.5 Speed control selection:  Traditional wheelchairs use an expensive motor controller which is used 
in conjunction with a potentiometer joystick or other handle bar type controls to command both direction 
and speed.  Low cost motor controllers do exist; however, they generally cannot handle the necessary 
current and require a more costly potentiometer joystick as well.  In order to significantly reduce costs, 
we would like to eliminate the motor controller by using a separate directional and speed control device.  
The rheostat option is not feasible due to the heat loss being at the user’s fingers as well as the lack of 

high current and high voltage rheostat products.  Therefore only the adjustable voltage regulator and the 
dimmer switch are good options for low cost and simple speed control. 
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7. COMPONENT SELECTION AND ENGINEERING JUSTIFICATION 
 
Many components must be selected to complete the redesign of the MMRP.  Each must be engineered 
specifically for the desired use of the MMRP while maintaining standards of reliability, 

manufacturability, and cost effectiveness.  The electrical and mechanical parts must be compatible and the 
whole system must be easy to assemble and maintain. 
 
We first designed the base and its supports to handle the design loads and support all of the components 
that are mounted to it.  We then specified the motors, for which we needed to determine the appropriate 
amount of torque to move the MMRP.  Next, we considered the batteries to power the motors, the 
joystick to control the motor direction, speed control, and the wiring to connect and operate the electrical 
components.  We also needed to analyze the loadings and specifications for the auxiliary components.  

Dimensioned drawings for custom parts and datasheets for purchased components are shown in the 
Appendix beginning on pg. 47. 
 

7.1 Base Design Selection 

The base of the MMRP must hold the weight of the user and the recliner chair.  It must also hold all the 
components securely and provide structural stability to the system. 
 

7.1.1 Specifying the base design:  We based our design on ErgoQuest’s original base that was made to 
hold the 350 lb weight of the user and chair.  The cross pieces of the frame needed to be modified to fit 
our specific chair, however.  They needed to secure the motor and bearing mounts, the casters, and the 
batteries.  It all needed to be designed for easy manufacturing and had to be as inexpensive as possible. 
 
7.1.2 Selecting the base design:  In order to save time and resources we chose to use much of the original 
design.  The main frame, shown in Fig. 25, is made of welded one inch square tube steel.  Dimensioned 

drawings of the base are shown in Appendix 16.8.1, pg. 56. 
 

Fig. 25: Manufactured Base Design 

 
 
The feet of the chair rest on 0.25 inch thick steel plates.  The cross pieces are made from one inch angle 
steel with 0.125 inch thickness.  Five of these are used to secure the motors, batteries, casters, and 
auxiliary components.  The angle brackets were designed for a caster load of 100 lbs including a factor of 

safety.  The bending stress analysis of the angle brackets is shown on pg. 20.   
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Angle Bracket Bending Load Analysis: 
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We calculated the stress to be 10,200 psi yielding a safety factor greater than five when compared to the 

steels rated yield stress of 53,700 psi.   
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7.1.3 Switch housing: The directional control and battery charge switches both require mounting to the 
MMRP.  This was the task of the switch housing box, shown in Fig. 26 below.  We designed this from 
0.0625 inch mild steel plate.  The housing is mounted to a 19 inch long, inch x inch steel square tube 
welded to the base (not shown in Fig. 25).  It was necessary to allow plenty of space inside the box to run 

the wiring to both the directional controller and battery charging switch, and also the mounting post.  The 
box has five sides – one top plate for the switch mounting and four side plates.  We did not put on a 
bottom plate to facilitate easy assembly.  The controller was placed toward the back of the plate, and the 
battery charging switch toward the front so that the user does not inadvertently hit the charging switch 
while operating the MMRP.  A dimensioned drawing of the switch housing is shown in Appendix 16.8.4 
on pg. 60. 
 
 Fig. 26: Switch Housing 

  
 

7.2 Support Design Selection 

The MMRP is supported by two drive wheels and two casters.  Splitting the load equally between these 
four wheels requires each to hold approximately 100 lbs at any given time. 
 
7.2.1 Specifying the supports:  The radius of the drive wheels determines the torque required of the 
motors, so smaller wheels are desirable.  Due to the geometry of the recliner the MMRP is meant to carry, 

the casters must be mounted at the same height as the main base.  The casters we chose hold 100 lbs each 
and have a two inch diameter.  Smaller casters cannot hold the necessary weight while larger ones raise 
the base above the allowed maximum of two inches.  The drive wheel selection is further discussed in 
Section 7.8. 
 

7.2.2 Selecting the casters:  Standard casters were chosen that are rated for 100 lbs and have a two inch 
diameter.  They are mounted by a single bolt and are mounted three inches off the ground.  They were 
purchased from Lowe’s for $4.50 each [18]. 

 
7.3 Motor Selection 

The MMRP must be able to move under a variety of loaded conditions.  In order to evaluate the torque 
required of the two motors, some preliminary testing was necessary.  Once the testing was completed the 
motors were specified based on the speed and torque required to move the loaded MMRP according to the 
customer design specifications. 
 

7.3.1 Preliminary testing: The MMRP redesign team went to two locations to perform tests to determine 
the amount of force required to move a load similar to that expected of the MMRP.  A force gauge was 
attached to four different carts which were each loaded with two different amounts of weight.  A photo of 
one testing condition is shown in Fig. 27 on pg. 22.   
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Fig. 27: Example cart testing setup 

 
 
The carts were placed on a rough parking lot and then pulled by a rope, parallel to the ground, attached to 
the other end of the force gauge.  A rough surface was used so that the measurements had an inherent 
safety factor over the intended use of the MMRP on a smoother, carpeted or hardwood floor.  The 
minimum force required to move the carts from a stationary position was measured several times under 
300 lb and 470 lb loads with two different wheel configurations.  The first configuration had the wheels 
initially set parallel to the direction of motion.   
 

The second configuration started with the casters turned perpendicular to the direction of motion to 
simulate a worst-case scenario.  After turning the MMRP during normal use, it is possible that the casters 
could be oriented this way, so this condition must be accounted for in the redesign.  The same tests were 
repeated for a loaded shopping cart on three types of carpeting to more accurately simulate the intended 
use of the MMRP.  Over all cases it was found that the maximum force required to move the MMRP from 
a stationary position was 50 lbs  Most testing conditions required forces between 25 lbs and 35 lbs but 
designing with 50 lbs in mind adds a comfortable safety factor under a wide range of loads. 

 

7.3.2 Specifying the motor:  The torque and speed of the motors were determined by the size of the drive 
wheels.  The casters mount to the base three inches above the floor.  Since the motors are mounted to 
angle brackets at the same height as the casters, the bottom of the motors must also mount no lower than 
three inches above the floor.  This dictates a minimum drive wheel radius of three inches.  A free body 
diagram of one drive wheel, Fig. 28, is shown below. 
 

Fig. 28: Free Body Diagram of Drive Wheel  

 
 

The weight of the chair and user, mg, and the normal force from the floor, Fn, cancel each other out and 
there is no acceleration in the vertical direction.  The force required to move the MMRP, Fd, is applied by 
the motor torque, Tm, at the floor.  Eq. 1 relates the motor torque to the driving force and the radius. 
 

RFT dm            (Eq. 1) 
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In order to save money on motors, we aimed to select a motor with as small a torque as possible as higher 
torque motors cost more.  Since larger wheels demand larger torques of the motor, we needed to choose 
as small a wheel as possible.  Table 3 below shows the required torque associated with different drive 
wheel sizes. 

 
 Table 3: Increasing Wheel Size Increases Required Torque 

Drive Wheel Size (inches) Required Torque to Move MMRP (in-lbs) 

3.0 150.0 
4.0 200.0 
5.0 250.0 

  

Setting Fd equal to 50 lbs, from the preliminary tests, it was then determined that a wheel with a four inch 
radius would require a motor with a minimum stall torque, Tm, of 200 in-lbs in order to move the MMRP 
under a fully loaded condition.  A three inch wheel had the smallest required torque.  However, 
accounting for the dimensions of the motors as mounted on top of the angle brackets, a three inch radius 
drive wheel would not reach the floor.  In the end, a four inch radius was chosen because it is a standard 

size that enabled easy mounting of the motors and kept the torque requirements as low as possible. 
 
The engineering design specifications dictate that the MMRP be able to move at a minimum speed of two 
in/sec and a maximum speed of eight in/sec.  Eq. 2 below was used to calculate the motor speed needed to 
achieve this motion. 
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        (Eq. 2) 

 
Here ω is the output speed of the motor in revolutions per minute (RPM), v is the linear velocity of the 
MMRP, and R is the wheel radius.  Using the four inch wheel radius and a linear velocity of eight in/sec it 
was calculated that the motor must be able to produce the required torque at a maximum speed of 19 
RPM.   

 
7.3.3 Selecting the motor:  We searched online for DC gear motors from a variety of suppliers.  Many 
motors we found were either too fast or too expensive.  An exception to this was Anaheim Automation, 
who supplies many planetary gear motors with internal gearboxes that can deliver the necessary torque 
and speed at lower costs [19].  It was decided that the Anaheim Automation Model no. BDPG-60-110-
24V-3000-R168 would be an appropriate fit for the MMRP.  A similar motor is shown below in Fig. 29.   
 

Fig. 29: Similar Planetary Gear Motor 

 
 

With a stall torque of 520 in-lbs and a rated speed of 15 RPM for $97.20 this 24 V DC motor is adequate 
for the MMRP redesign.  At 200 in-lbs the motor runs at 12.7 RPM as shown on the motor curve in Fig. 
30 on pg. 24.  This will cause the MMRP to move at 5.3 in/sec, which is acceptable for most applications.  
Detailed dimensions and information of the motor can be seen in Appendix 16.2 on pg. 48. 
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Fig. 30: Motor curve shows sufficient torque and speed at the desired operation point 
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7.4 Battery Selection 
We decided to use lead acid batteries in the concept selection and the appropriate battery has been chosen 
based on voltage and charge.   
 
7.4.1 Specifying the batteries:  The main components drawing power from the batteries are the two 

motors.  The motor specifications dictate the battery specifications.  The motors require 24 V DC power 
and 2.2 A at the rated speed.  Extrapolating the current to the stall torque gives a required current of 8.7 A 
for each motor at peak.  Including a 15% safety factor, the batteries must be able to provide 10 A to run 
the motors at peak.  To start both motors at once therefore briefly requires a total of 20 A.  Estimating that 
the MMRP will be used for an average of one minute per use, at 10 A for each motor, the batteries must 
each have a capacity of 10 Ah to run the motors for one hour, or 60 uses.  Since the motors do not draw 
10 A while running, this is an underestimate of the batteries lifetime.  This allows the user to move in and 

out from the computer desk a minimum of 30 times before the batteries must be recharged.  Considering 
the current MMRP uses 30 Ah batteries that last for up to four weeks under its intended use, a capacity of 
10 Ah should be enough to accommodate any user for at least one day before the batteries need to be 
recharged.  ErgoQuest currently instructs its customers to recharge their MMRP everyday despite the 
level of charge remaining.  Combining this practice with long-lasting batteries will allow the user to have 
adequate charge to power the MMRP whenever needed. 
 
7.4.2 Selecting the batteries:  After searching the inventory of several battery manufacturers and 

distributors, it was found that 24 V batteries are much more expensive and are somewhat rare compared 
to lower voltage models.  A certain 24 V battery with a capacity of 18 Ah sells for more than $230.00 
each [20].  Since the cost of the MMRP is one of the most important design requirements, this battery is 
unacceptable.  Very few batteries were located with the necessary voltage and even fewer were found 
with the necessary capacity.  It was decided that a cheaper solution would be to simply wire two 12 V 
batteries in series.  The selected battery is shown in Fig. 31 on pg. 25. 
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 Fig. 31: B. B. Battery 12 V, 12 Ah Rechargeable Battery 

  
 
According to Kirchhoff’s Voltage Law, wiring two 12 V 10 Ah batteries in series will produce the 24 V 
needed to run the motors while maintaining a total capacity of 10 Ah.  The Digi-Key Corporation sells a 
rechargeable 12 V, 12 Ah battery for $49.21 each [13].  This is within budget and is a good choice for the 
redesign of the MMRP.  A datasheet for the batteries is shown in Appendix 16.4, pg. 51. 
 
7.5 Battery Charger Selection 

The batteries are rechargeable and therefore require a battery charger to be charged.   
 
7.5.1 Specifying the battery charger:  The charger is dependent on the batteries’ terminal type.  The 
batteries we chose have 0.25 inch spade terminals.  The charger must be able to interface with these.  The 
charger must also be able to charge two 12 V batteries at once and must be able to do so overnight. 
 
7.5.2 Selecting the battery charger:  The charger we chose, Battery Wholesale’s CH-120500 for $13.95 
[21], is designed to charge 12 V batteries.  It is a trickle charger so it only imparts a small amount of 

current and can slowly charge two batteries at once.  To connect the charger to the batteries, we require 
the use of a switch to change the batteries from series to parallel connection for charging.  This enables us 
to wire the batteries in parallel to charge both batteries at once, discussed further in Section 7.14.   
 
7.5.3 Battery charger switch selection:  A double-pull-double-throw toggle (DPDT) switch was included 
in the circuitry to allow easy switching between charging the batteries in parallel and running the motors 
in series.  This means that the battery charger is always wired to the wheel chair circuitry so all the user 

has to do to charge the MMRP is plug the charger into the wall and switch the toggle switch to the 
“charge” configuration.  When the user is ready to use the MMRP, they change the toggle switch to the 
“run” configuration and will have the two batteries attached in series providing the full 24 V to the 
motors.  This switching scheme requires the DPDT configuration.  For more details on the specific wiring 
see the wiring schematic in Section 7.14 on pg. 30. 
 
It was necessary that the DPDT switch handle 10 A, 12 V DC, and 120 VAC since it will be connected 
directly to the 120 V AC power from the wall.  The NKK Switches of America S6F-RO 20 A On/On 

DPDT Toggle Switch shown below in Fig. 32 was selected.  It has a low cost of $7.15 from Digi-Key and 
also has 0.25 inch spade connectors that match the battery and joystick, so similar fasteners can be used 
throughout the MMRP [13]. 
 
 Fig. 32: DPDT Toggle Switch 
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7.6 Directional Motor Control Selection 

The MMRP’s directional control device must be able to provide the full range of motion as well as handle 
the electrical requirements dictated by the motors.  It was previously decided, in Section 6.4.4 on pg. 17, 
to use a switch-type joystick.  Now, the control specifics of the joystick and the chosen model will be 

discussed.     
 
7.6.1 Specifying the directional motor control:  In order to provide the full eight directions of control – 
forward, reverse, forward right, forward left, reverse left, reverse right, spin clockwise 360 degrees, and 
spin counter clockwise 360 degrees – it is necessary that each motor can be operated in either direction 
both individually or simultaneously.  The controller provides the requested motion by commanding the 
motors in the proper direction as seen in the directional switching schematic in Fig. 33 below.  This 
requires the controller to have four separate switches.  Due to the use of a 24 V motor with a maximum 

current draw of 10 A, the switch-type joystick must meet the resulting electrical demands.  It is required 
that the chosen joystick offers the eight directions of control and each of the four switches handle a 
minimum of 24 V in DC and a current of 10 A.   
  

Fig. 33: Schematic of Motors Directional Switching  

  
 
7.6.2 Selecting the directional motor control:  The two primary joysticks we compared were the ETI 
Systems J1001 Low Profile “Switch Stick” Joystick and the APEM 100114 Switch Joystick.  The ETI 
Systems joystick has four 5 A, 250 V AC SPST switches and is available for $20.66 from Newark.  This 
joystick would be available with 10 A or higher current switches for a high volume order or by replacing 
the switches included with inexpensive higher current switches [12].   
 

The only switch-type joystick we were able to find that met the current and voltage requirements was the 
APEM 100114 Switch Joystick shown in Fig. 34 below.  This joystick has four 10 A, 250 V AC Switches 
and is available from Newark for $20.13 plus an additional handling charge because they are produced in 
the United Kingdom.  It was decided that the APEM 100114 Switch Joystick would be the most 
appropriate directional motor control for the MMRP.  See Appendix 16.3 on pg. 49 for the APEM Switch 
Joystick Datasheet for more information [12].   
 

Fig. 34: APEM 100114 Switch Joystick 
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7.7 Motor Speed Control Selection 

The MMRP’s speed control device must be able to reduce the motors’ voltage to a more appropriate level 
for slower speeds as well as meet the electrical requirements dictated by the motors.   

 

7.7.1 Specifying the motor speed control:  The requirements for speed control are that it can handle 24 V 
DC and up to 10 A for each motor or 20 A total.  Since it was previously decided to use either an 
adjustable voltage regulator or a dimmer switch either of these motor speed controllers must be capable of 
handling the 24 V DC and 10 A as well as be able to dissipate the heat to reduce the 24 V down to a more 
appropriate level around 10 to 16 V that will provide the lower speed level desired.  
 
If one dimmer switch or one adjustable voltage regulator were used it must be able to handle 20 A.  Since 

many of these devices cannot handle up to this current either two dimmer switches or two adjustable 
voltage regulators could be used each with a rated maximum current of 10 A, one for each motor.  The 
main requirement for this option is that the speed regulation is adjusted equally so that both motors will 
move the MMRP at the same speed.  This is achieved by using a dual channel potentiometer so that one 
dial controls both circuits separately.  With the adjustable voltage regulator the potentiometer must be 
purchased separately so this is easily achieved; however, for the dimmer switches the potentiometer dial 
is included so this would require removing and purchasing a separate dual channel potentiometer and re-

wiring the dimmer switch.   
 

7.7.2 Selecting the motor speed control:  When considering the adjustable voltage regulator option, it 
was found that the adjustable voltage regulator produced by M S Kennedy cost $98.00 each for the 10 A 
version, MSK5012, or $140.00 for the 20 A version, MSK5021.  The MSK5021 version would require 
only one regulator, so it would be a cheaper solution.  The M S Kennedy devices have a high cost because 
none of the parts are plastic due to the aerospace applications for which they are made [22].  There are 

Adjustable Voltage Regulators available from Mircel such as the MIC29712BC which is available for 
$13.61 [23] and works in the same fashion as the MSK chip.  The drawback of this chip is that the 
maximum current is 7.5 A so we would be required to use this chip in conjunction with a current regulator 
or some type of resistor in parallel to reduce the maximum current to 7.5 A [22]. 
 
The MSK5012 pictured below is adjustable from 1.3 V to 36 V and can handle 10 A making it 
appropriate for our application.  The MSK5012 voltage regulator adjusts the output voltage through a 
voltage divider by using a potentiometer attached between pins 1 and 4 in Fig. 35, below.  This is a low-

cost potentiometer due to the small current and power seen by the potentiometer.  It is important to note 
that the MSK 5012 chip also requires a 1.0 μF capacitor attached from pin 5 to the ground and a 10 kΩ 
Resistor, R1, as part of the voltage divider.  Additionally calculations would be required to determine the 
necessary heat sink required to dissipate the heat generated by the chip [22]. The MSK5021 works in the 
same way and has similar requirements for a potentiometer, capacitor, and resistor.  Due to a lower 
associated cost than that of two MSK5012 chips this would be a better alternative.   
 

 Fig. 35: MSK 5012 Wiring Schematic 
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Dimmer switches are also available from a wide range of companies that are capable of 24 V DC and 
both 10 A and 20 A currents.  Platinum Lighting makes a variety of 24 V DC rotary dimmers such as the 
ADM-54L-24V 11 A DC dimmer for $55.83 [24].  Two of these could be used with a dual channel 
potentiometer as discussed before.     

 
A better option is the 0 to 10 A rotary dimmer switch model IMT-ILDIM-ROT10 available from 
SailorSams.com for $65.55 pictured below in Fig. 36.  It is specified that the max continuous current is 10 
A; however here the maximum surge current of 5 seconds is specified as 40 A and a maximum surge 
current of 0.01 seconds as 80 A [25].  We could use this model to provide our speed control for a lower 
cost.  It is also very simple to wire and does not require purchasing additional resistors, capacitors, or heat 
sinks, making it a good choice. 
  

 Fig. 36: IMT-ILDIM-ROT10 Dimmer Switch 

   
 

Since a motor was chosen for this prototype that provides an expected operating speed of 5.3 in/sec, it 
was decided that, for the purpose of building our prototype, none of the discussed adjustable speed 
controllers should be used.  However, this did not affect the overall quality of the prototype because the 
MMRP’s speed can be adjusted by regulating the voltage supplied to the motors when operating in charge 
mode as discussed in Section 7.14.1.   
 
7.8 Drive Wheel Selection 

Given the four inch radius requirement, we searched online for suppliers of drive wheels. 
 

7.8.1 Specifying the drive wheels:  The wheels needed to have a 0.5 inch bore with a 0.125 inch keyway 
to be compatible with the drive shaft, couplers, motors, and bearings described later in this report.  They 
had to be able to support 200 lbs each which includes a factor of safety of two.  They must not be 
inflatable to comply with the decreased maintenance frequency customer requirement. 
 

7.8.2 Selecting the drive wheels:  The selected drive wheel pictured in Fig. 37 below, part number NPC-
PT318, was purchased from The Robot Marketplace for $25.50 each.  Specifically, the two wheels were 
eight inches in diameter, with 0.5 inch bore for the drive shaft, and a 0.125 inch keyway.  The wheels are 
solid rubber and can handle a load of 200 lbs each [26]. 
  
 Fig. 37: NPC-PT318 Drive Wheels 
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7.9 Drive Shaft Selection 

Since the motor alone cannot support the weight of the MMRP, a drive shaft supported by bearings is 
needed to transmit the power from the motor to the drive wheels.  The motor’s shaft diameter is 0.5 
inches.  In order to facilitate coupling between the motor and wheels, a 0.5 inch diameter 7.5 in long AISI 

1045 Steel drive shaft was chosen.  It is fully keyed with a 0.125 inch keyway compatible with the motor 
and drive wheels.  The drive shafts were purchased as one 18 inch length rod, Model No. 1497K953, from 
McMaster-Carr and will be cut to length to save money on materials.  The shaft sustained the expected 
moment of 750 in-lbs.  It also was able to handle the required motor torque of 200 in-lbs required of the 
MMRP.  A detailed analysis of the bending stress on the shaft can be seen in Appendix 16.5, pg. 53. 
 
7.10 Coupler Selection 

Couplers are used to attach the drive shaft to the motor shaft.  Couplers with two different bores are much 

more expensive than single bore models so a coupler with a 0.5 inch bore was used to match the drive 
shaft and motor shaft.  Two included set screws are used to hold the coupler on the shafts.  A datasheet 
adapted from that available from McMaster-Carr is shown below in Fig. 38.  The couplers, Model No. 
6412K41, can take a maximum torque of 473 in-lbs and a maximum speed of 3450 RPM [27].  They were 
chosen for their low cost and compatibility with the other components.   
 

Fig. 38: Coupler Information Provided by McMaster-Carr 

 
 
7.11 Key Stock Selection 

The drive shaft, couplers, and drive wheels all have a 0.125 inch keyway.  To fill this keyway and to keep 
the individual components from spinning independently a 0.125 inch key is required.  We chose a 
standard 0.125 inch square alloy 360 brass key, 12 inches in length, Model No. 98500A100, also 
available from McMaster-Carr.  It is cheap and easy to cut and will fill all of the keyways.  With a tensile 
strength of 50 ksi, the brass is strong enough to handle the MMRP’s applications [27]. 

 
For the motor, a stepped key is required due to the motor’s shaft keyway being in metric units while the 
coupler’s keyway is in English units.  The dimensions of the required keyway, shown in Fig. 39 below, 
are A = 0.124 inches, B = 0.080 inches, C = 0.159 inches, and D = 0.077 inches.  Due to the irregular 
size, we were required to machine this key on a mill for each of the two motors.      
   
 Fig. 39: Dimensions of Motor to Coupler Keys 

  
 
7.12 Bearing Selection 

Two bearings are used on each shaft to support the weight of the MMRP.  The bearings, Model No. 
5913K41, were chosen from McMaster-Carr because of their low cost and to save on shipping by 
ordering all components at once from a single supplier.  A datasheet adapted from that available from 
McMaster-Carr is shown in Fig. 40 on pg. 30. 
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Fig. 40: Bearing Information Provided by McMaster-Carr 

 
 
The bearings can handle a maximum speed of 5500 RPM and mount to the drive shaft securely with two 
set screws [27].  They are also manufactured to allow three degrees of misalignment.  This is especially 
helpful since it eases the requirement on precision machining.  A dimensioned drawing of the bearing 
provided by McMaster-Carr is shown on Appendix 16.6, pg. 54.  In order to align the bearings at the 
height of the drive shaft, it was necessary to mount them on 0.25 inch spacers. 

 

7.13 Wire Selection 

For the electrical wiring in the MMRP we chose Single-Conductor Machine Tool Wire (MTW) 10 A, 16 
AWG, 0.120" OD, 600 V DC, McMaster Part Number 71245K2, at $17.33 per 100 feet [27].  In order to 
simplify the wiring and use the standard color scheme, we ordered 25 ft of black wire for the hot lead of 
the circuit, 25 ft of white wire, and 25 ft of green wire for the grounding.  Since our circuit requires 20 A 
from the batteries to the joystick controller we will run two pieces of the 10 A wire in parallel and use one 

piece everywhere else.  12 AWG wire, meant for 20 A, was used for the portion of the circuitry that goes 
from the batteries to the terminal block of the joystick due to the larger currents in this area.  
 
7.14 Wiring Plan 

The entire wiring schematic for the MMRP is seen in Fig. 41 below.  The batteries are connected in series 
through the DPDT switch when in normal use, and the positive voltage of battery two is connected to 
each of the four switches in the joystick.  Two switches correspond to each motor to allow for the motors 
to be run in the forward and reverse directions.  Each of the four joystick switches are grounded to the 

negative terminal of battery one.  Both of the motors are also grounded to the negative terminal of the 
battery.  The negative terminal of the battery is then directly attached to the base of the MMRP with a bolt 
to make the net ground equal to zero volts.  The battery charger remains attached at all times but only 
affects the circuit when plugged in and the DPDT switch is turned to the “charge” position as discussed in 
the next section.   
 
 Fig. 41: Wiring Schematic 
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7.14.1 Double Pull Double Throw (DPDT) switch wiring:  Since the motors are powered by the two 
batteries run in series and battery charging must be done in parallel, either the wiring must be 
disconnected each time the batteries are charged or a simple DPDT switch must be used.  This prevents 
damage to the batteries and makes charging much more convenient for the user.  A DPDT switch, shown 

in Fig. 42 below, changes the wiring from a series to a parallel connection.  Follow the letters in the figure 
to the “run” configuration versus the “charge” configuration to understand how the wiring is completed.  
The numbers one to six shown in Fig. 42 correspond directly to the actual numbers on the DPDT switch. 
 
 Fig. 42: DPDT Switching Schematic 

  
It is important to note that the battery charger is an open circuit when it is not plugged into the wall so that 
the battery one does not have the positive terminal directly connected to the negative terminal when the 
user switches to “charge” mode and does not have the charger plugged into the wall.  This prevents 
discharging and damage to the batteries.  It was also important to design the switching scheme such that if 
the user was to accidentally run the motors while either in “charge” mode and/or has the charger plugged 

into the wall, it will not cause damage to the batteries.  In the situation of running the motors in “charge” 
mode, the motors will only run off of the second battery, which is properly grounded, yielding a slower 
speed.   
 

7.14.2 Directional switch wiring: As mentioned previously, the joystick has four switches to run two 
motors in two different directions.  In order for the motors to be run in both directions positive voltage 
must be run through the motor in opposite directions.  One wire serves as the positive voltage from the 
battery while the other wire is run to the negative terminal of battery one and is in effect grounded, as 

seen in Fig. 43 on pg. 32.  When the user switches the joystick, as seen in Table 4 on pg. 32, the wires 
reverse and now the grounded wire is positive voltage and the positive voltage wire is grounded.  It is 
important to note that it is impossible based upon the joystick configuration for both switch A and switch 
B to be active at the same time, and thus current can only travel in one direction.   
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Fig. 43: Joystick Directional Switching (Single Motor) 

  
 Table 4: Motor Direction 

  Condition Action Motor 1 

Center Off A Default, B Default Motor Brake - 

 A Default, B Active Motor CW - 

Impossible A Active, B Active Motor Brake + 

  A Active, B Default Motor CCW + 

 

As mentioned previously the joystick has four separate switches which complete the circuits to power the 
motors.  Each switch is wired according to Fig. 44 below such that the communication (COM, 1) terminal 
is attached to the motor, the normally open (NO, 4) terminal is attached to the positive terminal of battery 
two, and the normally closed (NC, 2) terminal is attached to the negative terminal of battery one (ground).  
It is important that the two switches placed opposite of each other in the joystick have their COM 
terminals each connected to the same motor but different wires.  This is how motor one in Fig. 43 is able 
to receive current in two different directions.  Motor two is configured in the same fashion using the other 

two oppositely placed switches.  
 
 Fig. 44: Joystick Switch Wiring 
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7.15 Wire Connector Selection 

The joystick, batteries, and DPDT switch all use 0.25 inch spade connectors so connections are 
compatible.  In order to make a tight connection that can be crimped to the wires and snapped in and out, 
for replacement of parts, quick disconnect terminals were used.  Where only one wire connects to the 

spade connectors, a 0.25 inch fully insulated female quick disconnect terminal was crimped to the wire 
and secured to the spade connector.  Where multiple wires are connected to the same terminal (the 
negative terminal of battery one (ground) and the positive terminal of battery two) we will use Quick-n-
Secure Connect Terminal Blocks, McMaster Part Numbers 8841T11 and 8841T31, an example of which 
is seen in Fig. 45 below, and mount the block to the frame with zip ties [27].  A single wire will then be 
run to the batteries.  In other instances where two wires need to be run to the same location insulated 
piggyback quick disconnects will be used as pictured below in Fig. 46.  The motors will be wired using 
the combination of female/male quick disconnects so that they may also be easily removed or replaced 

[27].  Additionally, where the ground wire is mounted to the base, a ring terminal was bolted directly to 
the frame of the MMRP.  
  

Fig. 45: Example Quick-n-Secure Connect Terminal Block 

 
 

Fig. 46: Female, Male, and Piggyback Quick Disconnect Terminals (Respectively) 

    
 

7.16 Motor Mount Selection 

The motor mounts were selected to be made of aluminum since it is capable of holding the weight of the 

motors and is easy to machine.  The bearings will take all other loads, so the strength of the motor mount 
was not considered.  The motor mounts have two holes on the bottom that are tapped to fit a bolt that will 
be run through the angle bracket frame to secure the motor directly to the frame.  Due to the weight of the 
motors, it was decided to use both a shaft side and back side motor mount so that there are four points of 
contact instead of two to mount the motors.  The detailed drawings of both the shaft side and rear side 
motor mounts are seen in Appendix 16.8.2-3 on pg. 58-59. 
 

 

8.  QUALITATIVE ANALYSIS  

 
Once the engineering analysis was performed for the individual components of the MMRP, we performed 
an overall qualitative analysis considering Design for Manufacturing and Assembly (DFMA), Design for 
Environment (DFE), and Failure Mode and Effects Analysis (FMEA). 
 

8.1 Design For Manufacturing and Assembly (DFMA) 

DFMA was used to produce an MMRP design that is easy to manufacture and assemble.  The first 
consideration when we applied DFMA was how to manufacture the base of the MMRP.  It was decided 
that a machining/welding process should be used as opposed to a casting/molding-type method, due to the 
low numbers produced and economies of scale. 
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We then considered four other guidelines pertaining to our product assembly.  The first guideline was 
Design For Joining (DFJ).  Our caster choice eliminates fasteners (DFJ)-1; it only has one bolt used to 
attach it, compared with other caster choices that had four bolts.  The open design and spaced out 
components allow access for tools (DFJ)-2.  Our chosen orientation of motor mount fasteners also allows 

easy tooling access.  The next guideline considered was Design for Assembly Systems (DFAS).  Our 
open design and well spaced components also permit assembly in open spaces (DFAS)-3.  None of the 
components are enclosed.  The last guideline considered was Design for Part Handling (DFPH).  This is 
satisfied in our design by maximizing part symmetry (DFPH)-1.  The motor mounting brackets are 
symmetrical front to back and can be installed with either face toward the motor. 
 
8.2 Design For Environment (DFE) 

It is important to consider the environmental impact of manufacturing, operation, and disposing of 

products.  We considered five guidelines from the National Research Council (NRC) of Canada in our 
MMRP design.  The first was physical optimization through easy maintenance and repair, which is 
satisfied by our components being simply attached to, but not enclosed by, the MMRP frame.  The next 
guideline, also involving physical optimization, was modular product structure since the components may 
be used with various MMRP frame sizes.  Along with physical optimization, we also considered material 
optimization.  This is satisfied in our design by using hollow steel bar material for our base, and also by 
using the base structure as mounting locations instead of making additional mounts, other than the motor 

mounts. 
 
The final guidelines dealt with optimizing end-of-life systems.  The first satisfied is the product re-use 
guideline.  The MMRP’s frame is very robust, which allows the MMRP to be refurbished with new 
electronic components (motors, batteries, etc.) and reused.  The last guideline satisfied is material 
recycling.  Much of the MMRP is recyclable.  The steel frame, batteries, motors, and controllers may be 
recycled at specialized recycling centers. 

 
8.3 Failure Mode and Effects Analysis (FMEA) 

An FMEA was conducted to identify how our product might fail.  It is important to consider these 
possibilities to ensure the safety of the user and to satisfy ethical responsibilities to our client.  We 
implemented a Design-type FMEA diagram for our entire prototype, as we deem each part integral to the 
MMRP’s function.  Our FMEA is shown in Fig. 47 on pg. 35. 
 
The FMEA diagram shows that the wiring and drive wheel had the highest Risk Priority Number before 

implementing the recommended actions.  Special care was taken while installing the wiring, ensuring that 
there were no sharp edges near the wire mounting location and that there were no bare wires exposed.  
There should also be special care while installing the drive wheel, such as ensuring the key-stock is 
properly inserted and fastened, and that the wheel shaft assembly is properly aligned when mounted. 
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Fig. 47: Design-type FMEA Diagram 

Part & Functions

Potential 

Failure 

Mode(s)

Potential 

Effects of 

Failure

Severity 

(S)

Potential 
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Mechanism(s) 

of Failure

Occurrence 

(O)

Current 

Design 

Controls/ 

Tests

Detection 

(D)

Recommended 

Actions
RPN

new 

S

new 

O

new 

D

new 

RPN

DC Planetary Gear Motor  -  

drive wheels, translate & rotate 

chair

fatigue, 

electrical short, 

seizure, 

misalignment

improper or 

no motion
8

cracks, power 

surge, unintended 

part touching

1

multiple runs, 

ensure proper 

install

1
ensure proper install, 

properly size motor
8 8 1 1 8

Switch-Type 10A Joystick  -  

simplify controls, control motor, 

reduce cost

sticking, 

electrical short, 

misalignment

failed or 

improper 

motion

8

part rubbing, power 

surge, improper 

installation

3

multiple runs, 

ensure good 

electrical 

connection

1
ensure proper install, 

solder connections
24 7 1 1 7

Adjustable Voltage Regulator  -  

vary speed

electrical short, 

misalignment

desired speed 

not reached
5

power surge, 

improper installation
2 multiple runs 2

ensure proper install, 

solder connections
20 4 1 2 8

Axle  -  transmit motor torque to 

wheels, support chair

fatigue, 

fracture, 

deflections, 

misalignment

no motion 9

high use, cracks, 

high weight load, 

imroper machining

2 multiple runs 2

ensure proper install, 

choose proper 

material & dimensions

36 9 1 2 18

Bearings  -  support shaft, 

minimize noise
wear, binding

noise, higher 

motor 

requirement, 

no motion

8
high use, loss of 

bearing smoothness
1 multiple runs 2

properly size, ensure 

proper install
16 8 1 2 16

Collar  -  connect motor drive shaft 

to axle

fatigue, 

fracture
no motion 9

cracks, high torque 

loading
2 multiple runs 1

ensure proper install, 

type selection
18 9 2 1 18

Drive Wheel  -  translate & rotate 

chair, support chair
wear, loosen

platform fall, 

no motion
9

high use, high 

weight load
3 multiple runs 2

properly size, ensure 

proper install
54 9 1 2 18

Caster  -  support chair, assure 

stability
bind, loosen

platform fall, 

difficult or no 

motion

7
carpet debris, high 

use
2 multiple runs 1

properly size, ensure 

proper install
14 7 2 1 14

12V Battery  -  power motor
electrical short, 

corrosion

no motion, 

potential user 

harm 

(corrosion)

10
unintended electrical 

loading, time
2 multiple runs 1

properly size, ensure 

proper install
20 9 1 1 9

Wiring  -  conduct electricity 

through system
detach, sever

no motion, 

user shock
10

installed improperly, 

axle/motor contact
2

multiple runs, 

visual inspection
3

properly gauge, 

ensure proper install
60 9 1 2 18

Steel Frame  -  support & 

strengthen structure, ensure 

stability, reduce maintenance

fatigue, 

fracture, 

deflections

platform fall, 

difficult or no 

motion

7

weakened material 

at weld, cracks, high 

weight load

1
load beyond 

intended weight
3

 redundant welds, 

proper material 

strength & sizing, 

visually inspect welds

21 7 1 2 14

 
 

 

9. FINAL DESIGN 

 
The final design components have been detailed above in Engineering Analysis, Section 7.  The complete 

list of components that go into our final prototype, along with a cost breakdown by component, is shown 
in the Bill of Materials (BOM) shown in Fig. 48 on pg. 36.  The most expensive components of our 
prototype are the motors, $97.20 each, and the batteries, $49.21 each.  Together, these account for much 
of the prototype’s total cost.  These components are also the most critical for our prototype to function, so 
the total cost of the prototype is roughly distributed based on the importance of the components. 
 
The total cost of the purchased components and additional parts was $551 without tax and shipping and 

$641 including both shipping and tax.  The majority of the suppliers offer price breaks when ordering 
larger quantities, generally five pieces or more.  We estimate a manufacturing cost of about $250 for the 
stock steel and labor to weld the frame together based upon information from ErgoQuest Inc.  This brings 
the total cost of production for one unit to $891.   
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Reciept #QuantityPart DescriptionPurchased FromPart NumberPrice (each)Shipping & TaxTotal

1224V DC Planetary Gear MotorAnaheim AutomationBDPG-60-110-24V-3000-R168$97.20$7.34$201.74

21Switch-Type 10A JoystickNewarkAPEM 100114$20.13$15.00$35.13

328" Drive WheelsNPC RoboticsNPC-PT318$25.50$12.40$63.40

41Piggy-Back Crimp-On Quick Disconnect Terminal, 25McMaster-Carr72065K25$8.38$4.25$22.77

1Insulated Quick Disconnect Terminal (Male), 10McMaster-Carr7243K37$2.56--

1Insulated Quick Disconnect Terminal (Female), 50 qtyMcMaster-Carr7243K21$7.58--

5112V Trickle Battery ChargerBatteryWholeSaleCH-120500$13.95$10.45$24.40

620.125" x 0.125" Key Stock, 12" length (Brass)McMaster-Carr98500A100$1.16$4.75$100.47

116 AWG Wire (25 ft) - blackMcMaster-Carr71245K21$3.62--

116 AWG Wire (25 ft) - redMcMaster-Carr71245K22$3.62--

116 AWG Wire (25 ft) - greenMcMaster-Carr71245K25$3.62--

20.5" Bore, 1.5" Length, 1" OD Coupler with KeywayMcMaster-Carr6412K41$9.16--

4Load BearingsMcMaster-Carr5913K41$10.95--

118" Drive Shaft with keyway McMaster-Carr1497K953$20.42--

7112 AWG Wire (10 ft) - redMcMaster-Carr71245K44$2.61$4.00$9.25

1Terminal Block - 2 Circuits, 20 A - blackMcMaster-Carr8841T11$0.88--

1Terminal Block - 4 Circuits, 20 A - blackMcMaster-Carr8841T31$1.76--

81DPDT Switch (20A)Digi-Key360-1929-ND$7.15$12.18$19.33

9212V, 12 Ah Rechargeable BatteryDigi-Key522-1013-ND$49.21$17.65$116.07

10115 oz Pro Spray PrimerLowe'sPrimer$4.97$0.81$14.35

115 oz Black Semi-Gloss PaintLowe'sSpray Paint$4.97--

1176Various FastenersStadium HardwareWashers, bolts, nuts, screws$0.28 (avg)$1.27$22.44

1222" CastersLowe'sSwivel Gray Wheel$4.28$0.55$9.79

20.375" Hex NutsLowe'sHex Nuts$0.10--

1314" Wire Ties, pack of 30Lowe'sWire Ties$1.18$0.13$2.29

141155" x 1" x 1" - 0.125" Wall Angle Bracket Mild SteelUniversity of Michigan$0.00$0.00$0.00

115" x 3" x 0.25" Plate Mild steelUniversity of Michigan$0.00$0.00$0.00

1118" x 1" x 1" - 0.125" Wall Tube Mild SteelUniversity of Michigan$0.00$0.00$0.00

43.5" x 2.5" x 0.5" Aluminum BlockUniversity of Michigan$0.00$0.00$0.00

(Total w/o Tax & Shipping)$550.65

(Tax & Shipping)$90.78

(Total w/ Tax & Shipping)$641.43
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The 3D model of the redesigned MMRP is shown below in Fig. 49 and the associated assembly view is 
shown in Fig. 50.  Engineering drawings for the prototype’s base, back end motor mounts, front end 
motor mounts, and switch housing are in Appendix 16.8 beginning on pg. 56.  A dimensioned setup of the 
drive-train assembly is shown in Fig. 51 on pg. 38 and its respective assembly view in Fig. 52 on pg. 38.   

 
Fig. 49: Three-Dimensional Model of Redesigned MMRP 

 
 

 Fig. 50: MMRP Assembly View 
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Fig. 51: Detailed Setup of Drive Train Mountings 

 
 
 
 Fig. 52: Drive Train Assembly View 
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10.  MANUFACTURING AND TESTING PLAN 

 
10.1 Manufacturing and Assembly 

The final design of the MMRP was manufactured for the Design Expo so that we had a fully functional 

prototype displayed.  In order to accomplish this, we developed a Manufacturing and Assembly Plan 
shown in Appendix 16.7 on pg. 55.  All manufacturing and assembly was done in house at the University 
of Michigan Engineering Undergraduate Student Machine Shop.  The material for the steel base, motor 
mounts, and switch housing were supplied by the machine shop.  The fasteners and casters were 
purchased at a local hardware store, while the rest of the components were ordered online as detailed in 
the BOM on pg. 36 and discussed in their respective engineering analysis sections.   
 
From the Manufacturing and Assembly Plan we manufactured the base, two back end motor mounts, two 

front end motor mounts, and the switch housing.  The detailed Process Plan Sheets are found in Appendix 
16.9 on pg. 62 and the dimensioned CAD drawings shown in Appendix 16.8 on pg. 56.  For final 
assembly, follow the Manufacturing and Assembly Plan and see the detailed layout of the MMRP and the 
drive train assembly shown in Figs. 51 and 52 on pg. 38.   
 
Since the MMRP is not mass produced, we do not foresee any reason to deviate much from our Process 
Plan Sheets for Ergoquest to produce additional units.  For future production of MMRP bases we 

recommend ordering all the components at least two weeks prior to manufacturing.  The manufacturing 
process is more time consuming than the previous MMRP due to the fabrication of four motor mounts 
and two stepped motor keys, otherwise the assembly is mostly welding and fastening the various 
components together as before.   
 
Our team does not foresee any major ethical issues arising from making the redesigned MMRP available 
for public use.  Careful manufacturing and attention to detail will yield a safe design for the customer.  

The important checks in the manufacturing process are that: all wires are properly secured to the frame 
with no bare wire showing, that the controls, motors, and batteries function properly, and that the welds 
are true. 
 
10.2 Testing Plan and Results 

Several tests were done once our prototype was completed.  These tests were meant to verify the 
structural and electrical/system integrity, and also confirm that the system components functioned 
properly.  During machining and fabrication many visual tests were performed to make sure the 

components fit together as expected.  Before operating the motor we ensured that the drive shaft was in 
proper alignment with the coupler, bearings, and drive wheels.  We also ensured the drive wheels and 
casters were all at their appropriate heights and equally supported the MMRP base.   
 
The first of the electrical tests were conducted on the motors and batteries.  Each motor was connected to 
a battery to verify that both motors and batteries worked.  The leads were then switched on the motor and 
battery to verify the motor would run in both directions.  All motors and batteries functioned as expected.  

The next test was an unloaded controller functionality test.  Here we connected the controller, motors, and 
batteries according to our wire schematic and then put the controller through its eight directions as shown 
on Fig. 33 on pg. 26 to verify that it ran the motors in their expected directions.  This test was successful 
and demonstrated that we could implement directional control through switches and proper wiring instead 
of a more complex controller. 
 
The final test was conducted on the fully-loaded prototype to ensure that the MMRP could withstand the 

weight requirements laid out for it.  The MMRP functioned as expected when two group members with 
combined weight of 300 lbs both sat in the chair on top of the chair.  The MMRP also performed as 
expected at the Design Expo under a variety of loading conditions and operator ages (from 11 to 60 years 
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of age).  All of the users were able to master operation of the MMRP within a few seconds.  Testing was 
also performed to see if the MMRP moved at the appropriate speeds and had fine control.  The MMRP 
ran at 7.5 in/sec in high speed mode and at 3.75 in/sec in low speed/charge mode.  We ensured the 
joystick was easy to use and interacted well with the motors.  The only unexpected problem that occurred 

during testing was that the switch housing post partially broke off from the frame.  This occurred because 
we did not weld the post directly to the motor angle bracket as specified by our design.  Therefore we 
suggest, as noted in the Manufacturing and Assembly Plans, that this be done in the future. 
 
After testing how well the Motorized Mobile Recliner Platform and its components met the desired 
engineering specifications we decided whether or not the redesigned MMRP achieved its overall goal.  It 
significantly reduced production cost while keeping its desired functionality. 
 

 

11.  FUTURE IMPROVEMENTS 

 

The MMRP prototype fulfilled its main design objectives.  While it met the desired engineering 
specifications – it can hold the desired weight, raises the chair by less than two inches, can move the user 
in and out of their work stations at the desired speeds, and is easy to control – there is still room for 
improvement.   

 
11.1 Motor Improvements 

It would be desirable to simplify the manufacturing process by finding a similar motor that has built-in 
motor mounts.  This would avoid the need to mill multiple pieces and then drill and tap holes for bolts to 
both secure the motor mounts to the motors and motors to the frame.  When searching for a different 
motor it is also recommended to find one with English unit keyways to match the other keys and 
keyways.  This would eliminate the need to manufacture an irregular shaped stepped key and simplify the 

manufacturing process.  An additional internet search did not yield a suitable replacement motor but there 
are vendors willing to create custom motors, though these are often much more expensive than off-the-
shelf models. 
 
Depending on the use of the MMRP it may be beneficial to choose a motor with similar torque but higher 
speeds.  The current MMRP speed is well suited for the application of moving in and around a 
workstation; however, if the user is to use the MMRP to move greater distances it would be beneficial  to 
have a faster MMRP.  Faster motors often have less torque.  This may result in losing the option of 

having both a low and high speed mode.  Our current setup regulates speed by regulating voltage.  A 
faster motor with lower torque might not be able to move the loaded MMRP at less than maximum 
voltage, which would limit the user to one fast speed. 
 
11.2 Motor Mount Improvements 

If the current motors are kept, it is possible to eliminate the back side motor mounts from the MMRP 
design.  The locations of the back end screw holes for the motor were not given in the motors’ 

engineering drawing and were not the same for the two purchased motors.  This caused difficulty in 
manufacturing because the holes had to be located before drilling the motor mounts.  This could be 
avoided by eliminating these motor mounts and replacing them with a thin piece of flat steel welded 
between the two angle brackets so that the back end of the motors are still supported.  If someone were to 
accidentally step on the back side of a motor this steel would reduce the deflections of the rear side of the 
motors.  These two steel pieces could easily be welded to the bottom side of the angle brackets and thus 
reduce the risk of damage to the MMRP while simplifying the manufacturing and lowering production 

costs.  The current rear motor mount design and the suggested replacement can be seen below in Figs. 53 
and 54 on pg. 41.   
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 Fig. 53: Current Rear Motor Mount   Fig. 54:  Suggested Improvement 

   
 

11.3 Battery Mounting Improvements 

It is recommended that the batteries both be secured to the frame and be placed inside a plastic battery 
case or tub.  When performing assembly and maintenance on the MMRP it was noticed that the batteries 

appeared secure.  If someone were to make this assumption and the MMRP were turned on its side for 
transportation, the batteries could fall out.  This could be avoided by adding a Velcro strap to each battery 
or with a cheaper alternative using cable or zip ties as used in the prototype.  The plastic battery case is 
recommended such that in the unlikely event of the lead acid batteries spilling, the acid is contained inside 
the case and a mess is avoided.   
 
11.4 Rear Caster Support Improvements 

The rear caster was mounted on an inch x inch steel angle bracket attached to the frame of the base.  The 

angle bracket was found to visibly twist upon full-load testing.  The deflection calculations showed that 
an ample factor of safety in the design was applied; however, it is recommended that in future designs the 
rear caster be mounted on standard inch x inch tube stock, the same being used for the main square of the 
MMRP frame.  This will eliminate the twisting and also reduce any the perceived deflection in the 
bracket.  
 
11.5 Directional Control Improvements 

While the MMRP provided the full range of motions at the desired speeds, in the higher speed mode the 
motion of the MMRP was not always smooth.  If the user did not push the joystick straight forward the 
controller would sometimes oscillate between two motors forward to only one motor forward and appear 
jerky to the user.  Within a few minutes of use it is easily learned to push the joystick all the way in the 
desired direction but this jerky motion could be avoided by either placing capacitors directly in line with 
the wires providing current to the motors.  The capacitors would slow down any rapid changes in current 
supplied to the motors.  It might also work to use the four direction limiter plate included with the 

joystick.  This would not allow the user to accidentally switch to an in-between direction, which would 
make the MMRP motion smoother as the user would have to switch back to the neutral position whenever 
they wanted to change directions.  However, this removes four directional control choices (where only 
one motor turns) currently used to drive the MMRP.  This same effect could be achieved with a custom 
eight directional plate without limiting control options. 
 
11.6 Switch Housing Post Improvements 

When installing the final wiring it was found that the inch x inch tube steel switch housing post was 

difficult to run wires through.  We were able to fit all the wires through the post but it would ease the 
manufacturing process by using an inch x inch “C” channel.  The wires could then be zip tied or taped 
together with electrical tape and then simply pushed into the “C” channel.   
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11.7 Customizable Feature Additions 

It was also suggested to determine whether a method for showing if the batteries are actually being 
charged could be implemented.  It would be possible to put an LED light or similar red and green light 
into the circuit to show when the charger is working properly.  This could be a custom feature for users 

that may desire it as it will incur additional costs. 
 
 
12.  CONCLUSIONS 

 
The existing ErgoQuest Inc. Motorized Mobile Recliner Platform may be too expensive for some 
potential customers.  The redesign of the MMRP sought to address this cost problem.  The MMRP faces 
competition from several power chairs and carts, though none fit the niche of working as a stand alone 

base that can power “zero-stress” reclining chairs like the MMRP does.  Several customer requirements 
were considered in the redesign, including functionality, the use of standard parts, and cost.  From these, 
we developed engineering specifications and established our design criteria as shown in Fig. 8 on pg. 7.   
 
In order to produce the best redesign for the MMRP, we first broke down the MRRP task function to its 
basic and supporting functions.  From there we developed multiple concepts that performed the functions 
required of the MMRP.  Each concept was evaluated against the customer requirements and the dual-

motor wheel design was chosen as the best concept.  We then performed quantitative and qualitative 
engineering analysis for the conditions seen by the MMRP and researched components that would satisfy 
these requirements as discussed in Section 7.  We found that the drive wheels should be able to carry 200 
lbs and the motors produce a torque of 200 in-lbs.  FMEA showed that the wiring and drive wheels had 
the highest risk priority on possible failure, but could be improved with careful installation. 
 
The redesigned MMRP achieved its goal of providing similar functionality to the existing model while 

greatly reducing the cost of production.  The final design is detailed in Section 9.  A comprehensive list of 
the chosen components and their associated costs can be seen in the Bill of Materials in Fig. 48 on pg. 36.  
The final cost of the components is $615 bringing the final production cost, including the steel frame and 
manufacturing, to approximately $865 for one unit.  This number would reduce significantly by 
producing more than five units at a time.  A working prototype was manufactured and displayed at the 
University of Michigan Design Expo in Lansing, MI on December 4th, 2007.   
 
The MMRP is easy to use, provides eight directions of control including 360 degree rotation, and has a 

high speed mode of 7.5 in/sec and a low speed mode of 3.75 in/sec.  It safely holds 350 lbs, raises the 
existing chair 1.75 inches, and provides 2.5 hours of continuous run time which was ample run time 
between charges.  The MMRP runs off of two 12 V, 12 Ah lead acid rechargeable batteries run in series 
to provide 24 V to the motors in high speed mode.  Through the use of a simple switch, speed control is 
achieved by running off 12 V from only one battery in the low speed mode and 24 V off both batteries in 
the high speed mode.  The MMRP is easily recharged by switching to charge mode and plugging the 
charger into a standard wall outlet.  It uses solid rubber wheels which do not require inflation to reduce 

maintenance.  Standard components were used to simplify and reduce the cost of manufacturing.  
Manufacturing plans are detailed in Section 10 of this report.   
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Mechanical Engineering.  He has wanted to be an engineer for as long as he can 
remember and is looking forward to his graduation in December 2007.  Joseph attends 
Christ the King Catholic Church in Ann Arbor with his family and hopes to stay in the 
area after graduation.  Joseph dreams of making a career in the aerospace industry, 
particularly in the field of space research.  He is currently employed at Superior Text 

where he is the manager of the newly created Rebinding Department, which he designed.  Joseph is also 
working on expanding the department to include printing and publishing applications for individuals and 

schools.  He enjoys playing soccer and has trained in Tae Kwon Do since he was ten.  He earned his third 
degree black belt in 2005 and plans on attaining the rank of master in the future. 
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15.3 Eric Paul 

 
Eric L Paul was born and raised in the small town of Adrian, MI on August 16, 1983.  
He spent his childhood, up until age 5, living in the countryside surrounding Adrian.  He 

has a half sister 14 years older than him and a niece and a nephew.  In the country he 
played countless hours in the sun and helped his dad on small construction projects 
around the house.  This “work” accompanied with his many dollars invested in Legos 
inspired his creative thoughts and mechanical mind.  This mind was later developed 
with the help of erector sets and the building (and destruction) of remote control cars.   

 
His parents unfortunately divorced as he entered kindergarten.  He and his mom moved closer to the 
center of the city.  He decided to set out to find a companion since he didn’t have a sibling to keep him 

company at home.  He went door to door in his neighborhood, knocking and asking for any little kids that 
may be in the house.  He made several close friends this way and found kids to play with.  Of course, he 
still made time for his Legos and other creative outs.  One way he dealt with the emotional hardships of 
the divorce was to focus hard in school.  He excelled with all his hard work and found reward and 
comfort in his achievement. 
 
Eric enjoys a wide variety of hobbies and activities.  Skiing and playing soccer rank among the top.  He 

and his dad have been going on an annual ski trip together since Eric was four to Crystal Mountain near 
Traverse City, MI.  Eric found a love for doing construction with his dad and brother-in-law.  He also 
enjoys camping, backpacking, and climbing.  Eric came to the University of Michigan in August 2002 
after graduating high school.  He originally came in with the intent to become an architect, since he also 
had a deep passion for art and architecture.  After some consideration, he decided that he would be better 
suited and happier as a mechanical engineer.  He transferred to engineering his second year.  Through his 
college career, Eric has worked at TRW, GE, and Boeing.  He plans to return to Boeing upon graduating 

in December 2007. 
 
15.4 Matthew Vivian 

 
Matthew D.  Vivian grew up in Plymouth, MI with his Mom, Dad, and younger brother 
Chris.  Growing up Matt was always interested in the way things worked and how 
objects and buildings were built so becoming an engineer sounded like a fitting choice.  
Attending Michigan has been a dream since his parents, both Michigan alumni, took him 

to football games and other events throughout his childhood.   
 
In his free time Matt loves to water ski including Slalom, Trick, Jump, and 
Wakeboarding.  He is a member of the Michigan Water Ski Team where he was Captain 

of the team twice and helped the team to attended Nationals twice in Sacramento, CA and Austin, TX.   
Matt’s favorite hobby is spending summers and weekends at his cottage on the lake in the Irish Hills, MI.  
Additionally, he likes to play and watch a large variety of sports as well as travel.     

 
Currently Matt is a senior in a dual degree program for Mechanical and Civil Engineering at the 
University of Michigan.  He has interned with Ford Motor Company, Shell Oil, and the Michigan 
Department of Transportation.  Matt is actively involved in Chi Epsilon, the Civil Engineering Honor 
Society where he has been President and Vice-President.  He will be graduating in December of 2007 and 
is actively searching for his dream job.   
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16.  APPENDICES 

 

16.1 Gantt Chart  

This is our timeline for the MMRP’s redesign.  
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16.2 Motor Specification Sheet 

This is the chosen motors’ datasheet showing its detailed specifications (gear ratio 1:168). 
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16.3 APEM Switch Joystick Datasheet 

This is the chosen joystick’s datasheet showing its detailed specifications. 
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16.4 Battery Datasheet 
This is the chosen batteries’ datasheet showing its detailed specifications. 
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16.5 Drive Shaft Loading Analysis 

This is analysis to verify that the drive shaft can sustain the required loading and motor torque. 
 

 
 

There are two stresses in different directions on the drive shaft. 

 

1) The stress acting in the x-direction is caused by supporting the MMRP and user weight: 

 

 
 

Each drive wheel will carry 100 lbs of weight. 

 

 
 

 
 

 
 

2) The stress caused by the motor torque, acting in the z-direction: 

 

 

 
 

 

 
 

Compare these two stresses to the yield strength of AISI 1045, . The stresses 

caused by the total weight and the motor torque will not exceed the yield strength of the drive 
shaft. The safety factor in the x-direction is 35. The safety factor in the z-direction is 2. 



 

  54 

16.6 Dimensioned Drawing of Bearing 

This is the chosen bearings’ detailed engineering drawings. 
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16.7 Manufacturing and Assembly Plan 

This section details the steps required to manufacture and assemble the MMRP prototype.   

 

No.  Process Description Details 

1 Machine 2 Shaft End Motor Mounts Process Plan Sheet on pg. 62 

2 Machine 2 Back End Motor Mounts Process Plan Sheet on pg. 62 

3 Machine Stepped Key for motors (x2) Mill to dimensions shown on pg. 29 

4 Mill out wire slots in switch housing post See Dimensioned Drawing on pg. 61 

5 Manufacture Switch Housing Process Plan Sheet on pg. 62 

6 Manufacture Base Frame  Process Plan Sheet on pg. 62 

7 Attach motor to Shaft End Motor Mounts (x2) 4- M5 screws and washers 

8 Attach motor to Back End Motor Mounts (x2) 3- M4 screws and washers 

9 Mount motor mounts to motor L brackets (x4) 2- 1" 1/4-20 bolts + washer each motor mount 

10 Determine length of drive shaft and cut to size (x2) Cut with hack saw 

11 Attach couplers to motor and drive shafts (x2) 

1/8" x 1/8" Key in shaft keyhole, Stepped Key in 

motor keyhole, secure with set screws 

12 

Slide bearings over drive shaft and mount to frame 

(x4) 

Place bearings on shaft and secure with set screw 

+ 2- 5/16" bolts and washers each* ^ 

13 Install drive wheels (x2)  1/8" x 1/8" Key stock in keyhole and set screws 

14 Mount casters to Base Frame (x2) 2- 3/8" nuts and washers 

15 Install joystick to housing 4- included 2M mounting screws  

16 Install switch to housing 1/2" Mounting nut 

17 Place batteries in battery supports (x2) Secure with large zip ties 

18 Run wire to components and cut to desired lengths See Wiring Schematics on pgs. 30-32 

19 Attach electrical fasteners to wires Quick disconnects crimped to wire 

20 Ground negative battery terminal to frame Crimped spade connector bolted to frame 

21 Attach wires to components Attach quick disconnects 

* In order to limit translational motion of shaft the two bearings should be mounted at opposite ends of their 

"play" such that the shaft cannot move 

^ 1" length for L bracket and 2" length for going through base 
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16.8 Dimensioned CAD Drawings 

This section shows the detailed CAD drawings for each of the major components of the MMRP.  
Dimensions to fabricate each part are shown. 
 

16.8.1 Base 
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  58 

16.8.2 Front motor mount 
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16.8.3 Rear motor mount 
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16.8.4 Switch housing 
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16.8.5 Switch housing post 
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16.9 Process Plan Sheets 

This section details the specific steps to manufacture the major parts that needed to be made. 

 
Part Name: Base Frame

Raw Material Stock: 1" x 1" x 1/8" wall "square" and "angle", 2.5" x 3.5" x 1/4" "plate" mild steel

No. Process Description Machine Speed (RPM) Tool

1 Cut square, L, and plate pieces to length Bandsaw 75 Saw Blade

2 File sharp edges File 

3 Chemically clean pieces Chemicals

4 Drill various mounting holes Drill Press 75 Drill

5 Abrasively clean areas to be welded Hand grinder

6 Chemically clean weld areas Acetone

7 Weld square frame and joystick post together 50% speed MIG Welding @ 22V

8 Weld corner chair plates to frame (4 pieces) 50% speed MIG Welding @ 22V

9 Weld non-motor L brackets onto frame (3 pieces) 50% speed MIG Welding @ 22V

10 Weld motor assembly L brackets to frame (2 pieces)* 50% speed MIG Welding @ 22V

11 Weld tube post and switch housing to base 50% speed MIG Welding @ 22V

Part Name: Shaft End Motor Mounts x 2

Raw Material Stock: 1/2" Aluminum

No. Process Description Machine Speed (RPM) Tool

1 Cut 2.5" x 3.5" x 1/2" block out Bandsaw 300 Saw Blade

2 Mount part horizontally in indexing fixture on mill Mill

3 Square Part Mill 1500 Φ 0.5" End Mill, 2 flute
4 M i l l  t o  2 . 2 5 "  x  3 . 3 7 5 "  x  1 / 2 "  f i n a l  s i z e M i l l 1 5 0 0 Φ  0 . 5 "  E n d  M i l l ,  2  f l u t e

5 L o c a t e  c e n t e r  o f  e d g e  o f  p a r t M i l l 6 0 0

Edge Finder

6 Drill 5 center holes Mill 600 Center Drill

7 Drill 4 Ф 0.199" holes w/ #8 bit Mill 600 Ф 0.199", #8 Drill

8 Drill Ф 1.0" hole w/ 1" bit
M i l l 1 5 0

Φ 1.0" Drill
9 B o r e  Φ  1 . 0 "  h o l e  t o  Φ  1 . 1 2 5 " M i l l 1 0 0 A d j u s t a b l e  B o r i n g  B a r

1 0

Mount part vertically in indexing fixture on mill Mill

11 Locate center of edge of part Mill 600 Edge Finder

12 Drill 2 center holes Mill 600 Center Drill

13 Drill 2 Ф 0.199" holes, 1.0" deep w/ #8 bit Mill 600 Ф 0.199", #8 Drill

14 Tap threads 1/4 - 20 by hand for bottom piece (2 total) Tap 1/4 - 20

Part Name: Back End Motor Mounts x 2

Raw Material Stock: 1/2" Aluminum

No. Process Description Machine Speed (RPM) Tool

1 Cut 2.5" x 3.5" x 1/2" block out Bandsaw 300 Saw Blade

2 Mount part horizontally in indexing fixture on mill Mill

3 Square Part Mill 1500 Φ 0.5" End Mill, 2 flute
4 M i l l  t o  2 . 2 5 "  x  3 . 3 7 5 "  x  1 / 2 "  f i n a l  s i z e M i l l 1 5 0 0 Φ  0 . 5 "  E n d  M i l l ,  2  f l u t e

5 L o c a t e  c e n t e r  o f  e d g e  o f  p a r t M i l l 6 0 0

Edge Finder

6 Drill 5 center holes Mill 600 Center Drill

7 Drill 3 Ф 0.172" holes w/ 11/64" bit Mill 600 Ф 0.172", 11/64" Drill

8 Drill Ф 1.0" hole w/ 1" bit
M i l l 1 5 0

Φ 1.0" Drill
9 D r i l l  Φ  0 . 5 3 1 "  h o l e  w /  1 7 / 3 2 "  b i t M i l l 1 0 0 Φ  0 . 5 3 1 " ,  1 7 / 3 2 "  D r i l l

1 0

Mount part vertically in indexing fixture on mill Mill

11 Locate center of edge of part Mill 600 Edge Finder

12 Drill 2 center holes Mill 600 Center Drill

13 Drill 2 Ф 0.199" holes, 1.0" deep w/ #8 bit Mill 600 Ф 0.199", #8 Drill

14 Tap threads 1/4 - 20 by hand for bottom piece (2 total) Tap 1/4 - 20

Part Name: Switch Housing

Raw Material Stock: 1/16"  "plate" mild steel, 

No. Process Description Machine Speed (RPM) Tool

1 Cut to correct size per Engineering Drawing Bandsaw 100 Saw Blade

2 File sharp edges File 

3 Drill 4 Ф 0.094" holes w/ #3/32" bit Drill Press 400 3/32" Drill

4 Drill 8 Ф 0.172" holes w/ 11/64" bit Drill Press 400 1/2" Drill

5 Drill Ф 0.5" holes w/ 1/2" bit Drill Press 400 11/64" Drill

6 Drill Ф 0.75" holes w/ 3/4" bit Drill Press 400 3/4" Drill

7 Chemically clean pieces Chemicals

8 Abrasively clean areas to be welded (if necessary) Hand grinder

9 Chemically clean weld areas Acetone

10 Weld box per Engineering Drawing 50% speed MIG Welding @ 22V

* Do not weld along edge of L bracket where switch housing tube post will be mounted so that post can be butted directly 

against L bracket

 


