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Abstract

Over 125,000 paraplegics in the United States require a wheelchair for transportation. Many
of these people want the ability to travel safely over a variety of obstacles and thereby
greatly increase their independence. This project developed an all-purpose wheelchair that operates as
a standard wheelchair indoors, and competes with an all-terrain wheelchair outdoors. To accomplish
this, necessary standard features and dimensions were retained for indoor operation. To improve
mobility outdoors, the chair was modified to allow on-the-fly adjustment of the center of gravity
to prevent tipping. Mountain bike tires were utilized to increase traction and optional ratcheting drive
levers were included to provide a mechanical advantage for climbing steep hills. Field tests showed the
prototype capable of extending the user's range on steeper slopes, over roots, through mud and grass
while the standard chair had major difficulties with traction and tipping. Survey results indicate 85% of
people prefer the prototype to a standard wheelchair regarding the advantages it provided in each test.
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1.0 Introduction

Globally, an estimated 100-130 million people with disabilities require the use of a wheelchair.
In the United States alone 1.5 million people use manual wheelchairs (Kaye, Kang and LaPlante 2000).
Wheelchair use is becoming even more common as the average lifespan increases. With new
wheelchairs continually being designed, manual wheelchairs are expected to promote activity and
independence (Cook and Polgar 2007). However, because standard wheelchairs are optimized for ADA
(American with Disabilities Act) approved surfaces and slopes, they can limit one’s ability to traverse
different terrains and surfaces (Engel and Hildebrandt 1974).

In 2003, 65-80% of wheelchair related injuries were caused by tipping and falling. Active,
paraplegic wheelchair users do not want to be held back by their wheelchair’s limitations and need a
wheelchair that inspires confidence outdoors on surfaces that are not ADA approved (Xiang, Chany and
Smith n.d.). To address this issue, many wheelchair users buy a secondary wheelchair intended for
outdoor terrain and steep slopes. These wheelchairs are built with many additional features for outdoor
function but are not designed to comply with ADA standards and are generally undesirable for a daily
use wheelchair because of their higher weight, larger dimensions and lack of portability. Having two
wheelchairs, one for indoor use and one for outdoors, is costly and inconvenient. There is a major
deficiency in the market for those who desire a hybrid wheelchair that can maneuver through
challenging outdoor surfaces while still retaining function within ADA standardized buildings.

The goal of this project is to design a manual wheelchair used by independent paraplegics that
traverses challenging outdoor surfaces while maintaining the ability to access ADA standardized
buildings.
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2.0 Identification of Need

In 1869, the first wheelchair patent for a model with rear push wheels and small front casters

was issued in the United States. Herbert Everest and Harry Jennings invented the first lightweight, steel-
framed, collapsible wheelchair in 1932, setting the precedent for the design of most current manual
wheelchairs (Mobility Scooters Otago 1999). Now, most manual wheelchairs are lightweight and

collapsible. These wheelchairs greatly benefit the users who depend on their manual wheelchair in daily

life.

Wheelchair users deal with a multitude of limitations. The largest limitation, Figure 1, is the
ability to walk one-fourth of a mile (Kaye, Kang and LaPlante 2000). An average person walks 5,117 steps
a day which is approximatetly two and a half miles (Bassett, et al. 2010). Of the next three top
limitations, two out of three are required to be performed every day: standing and bending down. Those
incapable of walking or standing may decide to use assistive devices.

100
o |
- &0
g
20 H ! i
o Lifting 10 | Chimbing | Walking | Stending | Bending |Reaching Halding
lhs. stais | U4 mile |20mins. | down | uporoa |OTESRING | oen
m Difficulty only 230 247 15.7 258 258 222 M7 226
o Unabls 48.3 E3.7 ThS 61.0 554 15.0 8.1 a0

Figure 1: Proportion of Wheelchair Users with Functional Limitations, by degree and type of limitation, age 18 and above
(Kaye, Kang and LaPlante 2000).

Many different injuries can lead to the need for a wheelchair. Approximately 250,000 Americans
suffer from a spinal cord injury,
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Table 1. Spinal cord injuries are commonly a result of a motor vehicle accident, falling, acts of
violence, sports and recreation injuries, alcohol, and cancer. Motor vehicle accidents and falls are the
leading causes of injuries at 35% and 25% respectively (Mayo Clinic Staff 2014).

The number of spinal cord injuries increases, on average, by 11,000 people each year. Fifty-two
percent of those with spinal cord injuries are paraplegic and are capable of using a manual wheelchair
(Matthew 2015). Paraplegia is defined as, “complete paralysis of the lower half of the body including
both legs” (American Heritage Dictionary 2011).
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Paraplegia Causes and Function Loss

Loss of all motor and sensory function below the mid-chest region, including loss of motor
function in the trunk muscles

Some loss of voluntary respiratory function

T1-T6 Loss of bowel and bladder function

Injuries | Full independence in a wheelchair and in managing urinary drainage and inserting
suppositories

Can achieve full-time employment and does not need major architectural changes in living
quarters

Loss of motor and sensory function below the waist
No loss of respiratory function

.IrnE;:;JTrilezs Loss of bowel and bladder control
In addition to T1-T6 capabilities, complete abdominal, upper back, and respiratory control
permit good sitting balance and wheelchair operation
Loss of most motor function of the legs and pelvis, and loss of sensation in lower abdomen
and legs

L1-L3 Retention of knee jerk reflex

Injuries | No loss of respiratory function
Loss of bowel and bladder control
All T1-T12 capabilities

Loss of motor and sensory function in portions of the lower legs, ankles, and feet
L3-L4 No loss of respiratory function

Injuries | Loss of bowel and bladder control

May achieve walking with braces

Degree of motor function varies: Hip abduction and internal rotation, ankle dorsiflexion, and
foot inversion possible in L4 - S1; foot eversion in L5-S1; knee flexion in L4-S2; plantar flexion
and ankle jerk in S1-S2; bowel/bladder control in $2-S5

Sensory function in portions of lower leg: medial aspects of the foot in L5; lateral aspects of
the foot in S1; posterior aspects of the calf/thigh in S2

No loss of respiratory function; may or may not have bowel/bladder control

Can walk with braces and live relatively independently

L4-S5
Injuries

Once a patient sees a physical therapist, he or she will eventually be fitted for a wheelchair
depending on the injury type. At this time, those patients would need to apply for funding to cover the
cost of their wheelchair. Medicare only covers 80% of the cost, leaving the patient with the remaining
20%. For this reason, the price needs to be within a reasonable range, especially since only 25% of those
injured are on Medicare (University of Birmingham 1998). Currently, in the marketplace, a manual
wheelchair user would have to spend around $160 out of pocket on a wheelchair (Karman 2014). To
travel outdoors on steep slopes, grass, gravel or other rough terrains, a user would also have to buy an
outdoor manual all terrain wheelchair, which means he or she would have to spend even more out of
pocket. A wheelchair that can be utilized indoors and outdoors on all types of surfaces while costing the
same as a standard manual wheelchair is desirable.
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3.0 Background

When designing a product, it is important to know the user's abilities and limitations. These
limitations can be grouped into two types of living, independent and assisted. However, each group is
subject to the same types of wheelchair limitations. Knowing the limitations of standard wheelchairs,
allow new designs to include features, which reduce the risk of common injuries.

3.1 Wheelchair Operators
Wheelchairs are designed to aid many different types of users. The users can be separated into
two general categories: those capable of independent living and those who benefit from assisted living.

3.1.1 Independent Living
Section 7(15)(B) of the Rehabilitation Act defines severe disability as

“An individual with a severe physical or mental impairment whose ability to function
independently in the family or community or whose ability to obtain, maintain, or advance in
employment is substantially limited and for whom the delivery of independent living services
will improve the ability to function, continue functioning, or move towards functioning
independently in the family or community or to continue in employment, respectively.” (U.S.
Government n.d.)

Local independent living centers provide independent living services to persons with severe
disabilities. These services can include aid with finding accessible housing, support groups, and
transportation (Fox-Quamme 2005). Many who are capable of independent living have suffered from a
spinal cord injury causing them to become paraplegics.

3.1.2 Assisted Living

Assisted living can help an individual with a disability in a wide range of needs. The housing can
range from a small house for one resident, to a large facility providing residence to hundreds (Assisted
Living 2015). In order to be considered for assisted living, a person with a disability must require help
with at least one of the activities of daily living (ADLs). These tasks include functional mobility, bathing,
self-dressing, self-feeding, and the ability to use the restroom. Multiple tests are used to determine
whether a person would benefit from assisted living. Some common scales are Katz ADL, Lawton IADL,
and Bristol ADL. (Activities of daily living 2015). This project will focus on paraplegics who are capable of
living independently with the use of a manual wheelchair.

3.2 Common Injuries from Wheelchair Use

Manual wheelchairs are operated by repetitive movement, which can lead to injury without
careful operation. On average, a manual wheelchair user pushes his or her chair 2000 to 5000 times per
day. Due to the large amount of activity, there can be frequent minor injuries such as friction burns and
finger entanglement. However, these injuries are the best-case scenarios. Long-term injuries can
develop from the repetitive motion. Hand and wrist arthritis, tendonitis, and carpal tunnel syndrome
can result from long-term use (McGuire, Niccum and Quinonez n.d.). However, 50% of all injuries are
accidental caused by unlocked brakes, tipping chairs, and unassisted transfers (Karman Healthcare n.d.).
Many of these injuries could be prevented by having features added to their wheelchair or by a new
type of wheelchair. If a user could go farther using the same applied force, then fewer pushes would be
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needed in a day, cutting down on the chance of friction burns, finger entanglement, arthritis, and other
injuries.
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4.0 Current Wheelchairs

4.1 Indoor Wheelchairs

Manual indoor wheelchairs have detailed specifications that must be followed in order to be
considered fully functional while indoors. Many wheelchairs comply with the International Organization
for Standardization (I1SO) in addition to meeting the standards set by the American National Standards
Institute (ANSI). If a wheelchair’s specifications are within the ANSI wheelchair standards, it is implied
that the operator should have no difficulty navigating standardized buildings. ANSI has been “working
closely with the International Standards Organization (I1SO) so that the ANSI standards will be essentially
the same as those in other participating countries” to promote global compliance (McLaurin and Peter
n.d.).

ADA standards refer to the requirements of the buildings and ANSI standards refer to the
dimensional requirements of the chair. If a building meets all ADA standards, any ANSI approved chair
should have no operational issues. If the chair exceeds one or more of the explicit universal standard
dimensions, there is a possibility that the chair may encounter difficulty while maneuvering indoors.
Existing wheelchair design specifications are based on ANSI and ADA requirements. Focused ADA
specifications can be found in Table 43 in Appendix A: Wheelchair Propulsion test and ADA.

An ADA approved surface has several restrictions. “Most loose materials, including gravel will
not meet these requirements unless properly treated to provide sufficient surface integrity and
resilience” (United States Access Board 2014). This implies that any indoor surface such as linoleum or
carpet, or outdoor pathway such as concrete, asphalt, and brick is easily traversable by any wheelchair if
it is ADA approved. However, over time, an outdoor ADA approved surface can become weathered or
damaged causing it to no longer be an ADA compliant surface. Cracks larger than half an inch will not
comply with the ADA code.

To be considered fully functional in an ADA approved building, the wheelchair must be able to
fit under a desk. The standard desk has a height of 30 inches (76cm). Though, for ergonomic reasons,
“the proper height for a non-adjustable working surface is about 27.5 inches (floor to top of surface)
(ANSI 1988)” (Salvendy 2001). With these standards in mind, the seat must be at a height so the
wheelchair user can sit at the desk comfortably.

4.1.1 Current Standard Wheelchair Models

Indoor and outdoor wheelchairs can be difficult to classify. An indoor wheelchair can be
referenced as a standard wheelchair but can also be used outdoors, on some terrains. Therefore, the
outdoor wheelchairs can be referred to as all-terrain wheelchairs. The market for indoor wheelchairs is
diverse. Each model meets the dimensional ANSI standards in addition to complying with the ADA
standards for the surfaces it traverses. A chair should be no larger than “28 inches wide, 51 inches long
and 43 inches high” (McLaurin and Peter n.d.). Since there is room for design variance within the ANSI
standards, indoor wheelchair designs may focus on other elements such as weight, foldability, carrying
capacity, or comfort. Table 2 compares design specifications of a small sample of indoor wheelchairs. All
four wheelchairs are manually operated and meet ANSI specifications, while still featuring unique
aspects. The Invacare Crossfire is in this table because of its structural similarity to standard indoor
wheelchairs.
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4.2 Outdoor Wheelchairs

Outdoor or all terrain wheelchairs are made for a myriad of different objectives and
environments such as hiking trails, steep grades, and/or beaches. With these outdoor terrains as the
focus, trying to bring the chairs indoors can often be very difficult or ineffective. Many cannot fit
through doors, under desks or turn around within the required diameter, thus, making outdoor
wheelchairs undesirable for users who traverse ADA approved buildings regularly.

4.2.1 Current Models of Outdoor Wheelchairs

There are very few standards for all-terrain wheelchairs, differing greatly from indoor
wheelchairs that must pass through doorways, fit under desks and navigate ADA standardized buildings.
However, many do have similar features that increase stability, mobility, and safety on non-ADA
approved surfaces. For example, by using reinforced castor wheels or a third, reinforced wheel in the
front or rear, users can overcome uneven surfaces while maintaining higher rolling speeds and greater
stability. Many all-terrain wheelchairs implement mountain bike features for increased performance
such as front and rear suspension for reduced vibrations or disk brakes for increased stopping potential
(Engel and Hildebrandt 1974).

One example of this type of chair is the Invacare Top End Crossfire All Terrain Wheelchair, Figure
2. It is a rugged and capable manual wheelchair that is built to traverse a variety of surfaces. It utilizes
25-inch mountain bike wheels and tires that increase traction and roll speed as well as reinforced and

|Page 8




enlarged castor wheels to help with stability. Finally, its frame design utilizes both aluminum and
titanium to increase strength while keeping weight relatively low (19.5 Ibs.) (Invacare 2013).

Figure 2: Invacare Top End Crossfire All Terrain Wheelchair (Invacare 2013).

The Mountain Trike, an off-road capable wheelchair, Figure 3, utilizes levers with a drivetrain to
enable a mechanical advantage to the operator with each push. The levers also control steering and
braking. The left lever arm has a cable pull system running to the rear wheel that is operated by rotating
the grip left or right. Braking is done through a hydraulic disc brake system running from the levers to
calipers that slow rotors attached to each driven wheel.

Figure 3: Mountain Trike (Mountain Trike 2015).
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These components of the levers allow operators to control and move the chair without touching
the wheels, Figure 4. Finally, to aid in comfort and reduce bumps, the Mountain Trike is equipped with
three 100mm air-suspension shocks. These shocks are attached to the rear wheel and below the
armrests between the frame and axle. The Mountain Trike accomplishes its goal of “exploring the
countryside” very well but for a user wishing to use it daily, it may become very burdensome due to its
size and weight (44.1lbs) (Mountain Trike 2015).

Figure 4: Drivetrain, Disc Brake (left) and Lever system (right) (Mountain Trike 2015).

4.3 Limitations

Although there are benefits of outdoor chairs, there are several major limitations that prevent
users from having off-road capable chairs as his or her daily chair. Many cannot fit through doors,
cannot fold or weigh too much to be lifted in and out of a car regularly (Engel and Hildebrandt 1974).
This can limit the mobility of the user and his or her ability to travel independently with the chair. When
in ADA approved buildings, the chairs are often cumbersome. However there are several outdoor chairs
that could potentially overcome these limitations.

4.4 Indoor and Outdoor Wheelchairs

Although there are effective and successful indoor chairs and outdoor chairs, few products are
useful in both settings. An indoor/outdoor wheelchair must compete functionally with the products on
the market. The following chairs or attachments could be used in both indoor and outdoor
environments.

4.4.1 Rio Mobility Dragonfly
The Dragonfly, Figure 5, is manufactured by Rio Mobility and is an attachment to a standard
wheelchair that lifts the front two castors off the ground and supports the front of the chair with one
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larger front wheel. The device attaches to two points on each side of the wheelchair frame. The bottom
connection on each side is a rigid connection and the top is connected via a pin and has a pneumatic
cylinder to work as shocks. However, putting on the attachment requires the user to lift the front wheels
entirely off the ground, which in general means the user must get completely out of the chair. The larger
front wheel can traverse rough terrain more easily than with smaller castors and the steering of the
single wheel helps with travel across lateral slopes.

Figure 5: Rio Mobility Dragonfly (Rio Mobility 2014).

The operator uses their arms in a bicycle like motion to turn the front wheel and propel the
device. The handles are connected to a sprocket, which uses an exposed chain to turn the smaller
sprocket on the front wheel. A handle mounted about halfway up the shaft activates the disc brake,
slowing the device. The Dragonfly can be detached once the user is indoors and the wheelchair
functions as a standard chair (Rio Mobility 2014).

4.4.2 Debug Beach Wheelchair

The Debug Beach Wheelchair, Figure 6, is a unique chair designed for use in loose sand. The
large wheels allow the chair to sit on top of the surface of the sand rather than sinking in, and the
increased contact patches effectively distribute the weight of the user. However, the chair requires an
attendant to push it because it has no method for propulsion by the user.
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Figure 6: Debug Beach Wheelchair (Debug Beach Wheelchair n.d.).

The rear suspension articulates 20 degrees for each wheel independently to allow the wheels to
stay grounded if the surface is slanted or if traveling over ruts or bumps. The chair fits through a 36-inch
doorway and has changeable wheels for different environments (Debug Beach Wheelchair n.d.).

4.4.3 Freewheel

The FreeWheel, Figure 7, is also an attachment, but the user propels the chair using the hand
rims as a standard wheelchair. The front castors are lifted off the ground and the single inflatable front
wheel supports the weight. Once again, putting this attachment on the wheelchair requires the user to

be able to lift the front wheels meaning they may require assistance or another chair while attaching the
FreeWheel.
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Figure 7: FreeWheel (FreeWheel 2015).

The device makes the stance of the chair similar to the Dragonfly, but is much more compact
and allows the user to propel the chair in the traditional way that entails grabbing the hand rims
(FreeWheel 2015).

4.4.4 Wijit

The Wijit, made by Innovations Health, Figure 8, is a wheel that replaces the wheel on a current
chair and is equipped with levers to provide a propulsion method that does not require the user to bend
forward. The user is able to remain upright and push both levers, rather than grabbing the rims of the
wheels and pushing down and forwards in the arc pattern.

Figure 8: Wijit (Innovations Health 2015).
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Wijit can also be quickly adjusted to move forward or in reverse by twisting the handles. The
Wijit activates internal gears located at the hub of the wheel in a fashion similar to a ratcheting socket
wrench. One gear is present and during the forward setting, a spring-loaded bar engages the teeth and
pushes the gear to drive the gear forward and then drags over freely when returning. If the bar is
rotated via turning the handle, the bar is rotated in the opposite direction, engaging with the gear teeth
pushing the gear backwards and dragging freely over the gear teeth when returning in the same
manner. There is also a mechanical advantage created through the use of gears. The Wijit uses a ratio
that increases distance per stroke, but a similar mechanism can be adjusted to provide more torque by
decreasing the distance per stroke should that be required to climb a slope or move over an object such
as a root (Innovations Health 2015).

4.4.5 SoftWheel

The SoftWheel, Figure 9, is a device that incorporates suspension to each of the rear tires by
replacing the rigid spokes with shock absorbing compression cylinders. When the chair hits a bump, the
cylinders on the bottom expand and those on the top compress so the entire wheel moves up or down
in relation to the seat. This helps to alleviate the uneasy ride given by rolling over bumps, cracks, or
uneven bricks. Outdoor riding is considerably more comfortable than without shocks and the shocks in
the wheel could potentially provide a method of handling harsh terrain like gravel and rocks without
adding a great deal of complexity or added features (Softwheel 2014).
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4.5 Relevant Patents

4.5.1 US4098521A

This patent, Figure 10, is a wheelchair that can be adapted to pass through narrow openings.
This works by adding an additional pair of casters underneath the seat of the wheelchair. When
necessary, the assistant tips the wheelchair and removes each of the main drive wheels. The wheelchair
is now supported by four casters and can fit through openings just barely wider than the user without
the driven wheels extending laterally outward past the frame. This chair must be attendant propelled
and the transition into narrow areas requires assistance, but fitting through small doorways is possible
(Keith 1976).

U.S. Patent July 4,1998  Shect 1 of § 4,098,521

Figure 10: Wheelchair Adaptable for Narrow Openings (Keith 1976).

4.5.2 US20150115566A1

This patent details a manual All-Terrain Wheelchair that has two driven wheels in the standard
position of a manual wheelchair and one centered in the front that freely turns. All of the wheels are
wider than standard wheelchair tires to allow for travel on non-paved surfaces. The user propels the
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chair by grabbing the hand rim and pushing forward. The design is more stable than a standard chair
due to its increased width and allows for easier travel over uneven surfaces due to an integrated
suspension system. (Fertig, Fertig and Fertig 2014).

4.5.3 US3917312A

This patent, Figure 11, is for a wheelchair frame that operates both indoors and outdoors. The
chair is similar to a transport chair because of its dimensions, but has wider wheels and a built in
suspension system to handle bumps and other challenging terrain. The axles of the two rear wheels are
rigidly mounted to the frame, but the front wheels are attached to an extended portion of the frame.
The frame supporting the front wheels are subject to elastic deformation during use on rough surfaces
and the shock is further dampened by a spring. This allows each of the front wheels to dip or move
upward to contour to the surface it is on.

US. Patent  nev. o 1998 Shoer [ of 2 3917312

Figure 11: Wheelchair Frame with Suspension (Rodaway 1974).

The elastic deformation of the frame also allows the front of the frame to twist and have each
wheel on different horizontal planes. The main feature of this chair is the ability to maintain ground
contact with all of the wheels to provide more control and safety, but it requires an attendant to push
the user (Rodaway 1974).
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5.0 Assessing Users

To determine reasonable expectations for the target users, the group conducted research on
user ability and skills tests. Testing published by Dalhousie University accurately assesses users and
defines their capability. They are widely accepted tests and known as the Wheelchair Propulsion Test
and Wheelchair Skills Test. Each test utilizes the user’s own wheelchair to determine if they are effective
with what they have or if an adjustment needs to be made.

5.1 Propulsion Test

The propulsion test, Figure 91 in Appendix A, measures the user’s ability to push the chair 10
meters forward or backward. It records the number of pushes, distance per push and the pushing and
return motion in order to assess the capabilities of the user. The test is used to measure the Derived
Wheelchair-Propulsion Data, Figure 12. Some rows provide an opportunity to record observations that
potentially optimize results when correct. The test was conducted with 58 diverse test subjects to test
validity, reliability, and repeatability and has been determined to be inexpensive, quick and reliable. The
averages in Figure 12 create a baseline of the manual wheelchair operator (Askari, et al. 2013).

\WPT data (trial 1) (n=58)

Parameter Data Type® WValues
Recorded data

Able to successfully complete the 10m  n (%) 5B (100.0)
Direction of trene

Forward n (%) A7 (BB.3)
Backward n (%) 1(1.7)
Limb manitored for eycle count

Aurmn n (%) 45 (T0.3)
Leg n (%) 2(20.7)
Propulsion method

2 hands n (%) 37 (63.8)
1 hand n (%) 0 (0.0)

1 hand and 1 foot n (%) B (13.8)

2 hands and 2 fest n (%) 4 [6.8)

2 hands and 1 foot n (%) 3 (5.1)

1 hand and 2 feet n (%) 1(1.7)

2 fest n {%) 4 (5.8

1 foot n (%) 1(1.7)
Time (s) Median (range) 15 (8-38)
Cycles Median (range) 13.5 (2-41)
Hand—proper contact phases” n (%) 18 (35.8)
Harnd—proper recovery phases’ n (%) 4 (7.8)
Foot—proper contact phases™ n (%) 11 (57.8)
Cerived data

Spesd (m's) Mean £ 50 0.73+0.28
Push frequency (cyclesis) Mean £ 5D 0.88+0.30
Effectiveness [micycle) Median (range) 0.74 (0.24-5.00)

*  Mean and S0 data are reported when the data were normally distributed; otherwise, the median value and

range of walues are reported.

Thers were 53 hand propellers.

I Therewere 21 foot propellers, forwhom dets on the contact phases were missing for 2.

Figure 12: Wheelchair Propulsion Test Results (Askari, et al. 2013)
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5.2 Skills Test

The Wheelchair Skills Test, Figure 13, is an assessment of a user that is concerned with their
technical abilities. It deals with many factors such as strength, endurance, and balance. The test requires
minimal set up, utilizes the user’s current manual chair and takes about 30 minutes to administer. The
scoring, Figure 14, is on a 0 to 2 scale with 2 being a pass, 1 being a pass with difficulty and a 0 being a
failure.
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Wheelchair Skills Test (WST) Version 4.2 Form
Manual Wheelchairs Operated by Their Users

MName of wheelchair user;

Tester; Diaie;

# Individual Skill - - Comments
g2| ¥#E
Ev| i
a HE f

1 Fuodls forwards { 10 m)

2 Rolls backwards (2 m)

i Tums while moving forwards (907)

4 Tums while moving baclkwards (907)

5 | Tums in place (1 80%)

& Maneuvers sidewsys (0.5 m)

7 Giets through himged dioor

B Reaches high obgect (1.3 m)

G Picks object up from floor

10 | Relieves weight from buttocks {3 sec)

11 | Transfers to and from bench

12 | Fodds and unfiolds wheelchair

13 | Rodls 100 m

14 | Avoids moving obstacles

15 | Ascends 2° mcline

16 | Descends 3% incline

17 | Ascends 107 mcline

18 | Descends 10® mcline

19 | Raolls across side-shope (5%)

20 | Rolls on soft surface (2 m)

21 | Gets over gap (15 em)

22 | Gets over threshold (2 cm)

23 | Ascends low curb (5 em)

24 | Descends low curb (5 cm)

25 | Ascends curb (15 em)

26 | Descends curb {15 cm)

27 | Performs statonary wheelie (30 sec)

28 | Tums in place in wheelie position (150%)

29 | Descends 10® incling in wheelie position

30 | Descends curb in wheelie position { 15 cm)

3l | Gets from ground into wheelchair

32 | Descends stairs

Toial score:® kY

* See scoe options and formula for caleulating togal score on page 2

WET 4.2 Form for Manus] Wheelchairs operasted by Their Users
Onigirally approved for distribution and wse: April 3, 2013; Cumment version: May 24, 1013

Figure 13: Wheelchair Skills Test (Wheelchair Skills Program 2012)

Scoring Options for Individual Skills

Score Score What this means
Pass 2 Task independently and safely accomplished withowt any difficulty.
Pass with difficulty 1 The evaluation criteria are met, but the subject experienced some difficulty worthy of note.
Fail o Task incomplete or unsafe.
Mot possible NP | The wheelchair does not have the parts to allow this skill.
Testing error TE [ Testing of the skill was not sufficiently well observed to provide a score.

Formula for Calculating Total Scores

[ Total Capacity Score = sum of individual capacity scores/i{([32 — # of NP and TE scores] x 2) X 1008

Figure 14: Wheelchair Skills Test Scoring Options (Wheelchair Skills Program 2012)
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Thirty of the test criteria were unanimously approved by the nine occupational therapists
performing testing. The Center for Rehabilitation Outcomes Research at the Rehabilitation Institute of
Chicago performed an independent review and trial of the skills test. They determined the test had an
excellent reliability. The mean results of the test, out of 100, organized by location of the injury are the
following:

Tetraplegia (C4-C8)=72.1+7.9
High paraplegia (T1-6) = 82.8 £ 9.1
Low paraplegia (T7-L2) =84.0+12.4

There are only slight differences between injury locations and the mean for all levels (C4-L2)
combined is 80.7 + 11.8 (Heinemann 2010). This test will be used to determine if a user is capable of
using a manual wheelchair, and ultimately an Indoor/Outdoor wheelchair.
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6.0 Design Specifications

The following design specifications state the requirements of the device and will be used to
measure the success of our prototype. It can be assumed that any specifications referring to the device’s
function or capability are with a 195 Ibs. person in the wheelchair (McDowell 2008). This provides an
accurate result because it closely models an average user’s weight. It can be noted that the wheelchair
will have its maximum weight limit tested separately. Each specification is ranked between 1 and 3
depending on the level of importance and priority to the prototype and final design. Specifications
marked with a (3), are regarded as a "must have" for the device. Specifications designated as a (2), are
qualities or characteristics that it should have. These specifications would improve certain aspects of the
device but are not required for operation or function. Finally specifications marked as a (1), are ones
that would just be nice to have. They would be important for a final design but not to a functioning
prototype.

6.1 Indoor Operation Requirements
1. The entire device must not exceed 51” in length (3). (ISO 7176-7: 1998)
a. The ISO standard states that 51" is the maximum operable length while indoors. The
shorter the length, the greater the maneuverability.
2. The entire device must not exceed 43” in height (3). (ISO 7176-7: 1998)
a. The ISO standard states that 43" is the maximum operable height while indoors.
3. The entire device must be capable of an operable width of 28” (3). (ISO 7176-7: 1998)
a. The ADA standard for a doorway is 32". The 28” width is an ISO standard that allows
proper operational clearance through the average doorway.
4. The device must be equipped with wheel locks (3). (ISO 7176-7: 1998)
a. Wheel locks are required by ISO. Wheel locks improve safety and increase stability while
the wheelchair remains stationary.

6.2 Function
5. The device must be able to be operated solely by the user (3).

a. The device must be transportable, adjustable, and operable without any assistance in
order to allow the user independence.

6. The device must have driven wheels that are independent from each other (3).

b. Inorder to minimize the turning radius, the driven wheels must be able to turn
independently.

7. The chair must support a load of at least 250 Ibs. (3).

c. The 95" percentile of American men is 250 Ibs. The device must be able to
accommodate 95% of the population (Halls 2015).

8. The seat of the chair must not exceed 20” inches from the ground (3).

d. Desk heights are a minimum of 28 inches according to ADA standards (Justice 2010). To
allow the user to fit underneath the desk, the seat should allow enough clearance for
the user's legs and the thickness of the tabletop.

9. The device must have a means of slowing down and stopping which is operable by the user (3).

e. Inorder to travel over obstacles and slopes, the device must be capable of stopping with
a user in the chair.
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10. The device must be able to come to a complete stop within a distance of 10 ft. when traveling at
a speed of 9.32 mph on an ADA approved surface (2).
a. AsperISO 7176-7, wheelchairs have a safety rating for speeds up to 15 km/h (9.32 mph)
and should be able to stop within safe distance on an ADA approved surface at this
speed. Design Specifications 8-10 and 14 based on function pertain to ISO 7178-8: 1998

6.3 Size/Weight
11. The device must weigh 50 Ibs. or less (3).

a. Inorder for the device to compete with current models it must fall within the same
weight class.

12. The device must not exceed 33” x 29” x 60" during transportation (3).

a. Inorder for the device to not inhibit the user’s independence, he or she must be able to
fit the wheelchair in the backseat of their car. The device may have additional
mechanisms that could potential increase length or height, thus the 60” is a reasonable
measurement. This measurement was taken from a standard US four-door sedan.

6.4 Maintenance
13. The major components of the device must be assembled and disassembled through the use of
common household tools (1).
a. Inorder to optimize shipping, the device may need to be assembled upon arrival. Our
device must be capable of assembly using only common household tools.
14. Part replacement must be conducted through the use of common household tools (2).
a. To facilitate maintenance, any replaceable parts should be removable and capable of
being reinstalled using common household tools.

6.5 Durability
15. Under normal indoor and outdoor operation, the device must last at least five years (2).
a. When a chair is used for 8-12 hours a day, it is expected to last five years without
replacement (SpinLife: Experts in Motion 2015). The indoor/outdoor wheelchair should
at least meet the lifecycle of wheelchairs currently on the market.

6.6 Cost
16. The prototype cost should be less than $640 (3).
a. This is the amount that is provided by WPI. A successful prototype must be
manufactured with the granted funds.

6.7 Aesthetics
17. The wheelchair must have the option to have armrests (1).
a. This allows the user to decide whether or not they want the armrests; every user has
their own preference.
18. The wheelchair must have the option to have wheelie bars (1).
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a. This allows the user to decide whether or not they want the bars, every user has their

own preference.
19. The user should be protected from dirt and debris that come from direct contact with the hand
rim (2).
a. Keeps the users hands and clothing, clean and out of harm’s way.
20. The wheelchair should come in a variety of colors (1).
a. Users are more inclined to buy a product if it is customizable.
21. The wheelchair must have a form of storage that can be accessible while seated (1).

a. Most people carry valuables with them every day, such as phones and wallets.
Currently, most users’ use a backpack, which is hung on the back of their chair.

22. The user should have the option of attaching a cup holder to the side of their wheelchair (1).

a. Since a wheelchair user has to use both of their hands to propel the wheelchair forward,
they are not able to hold a drink. A cup holder can make carrying a drink more
convenient when at a party or even around the house.

23. The user must have the option to have handles on the back of their wheelchair, which can be
used for pushing the wheelchair and for holding a backpack (1).

a. Users normally need to carry valuables and medical equipment with them, which is
accomplished by carrying a backpack.

24. Safety labels must be present on the device and be visible (3).

a. Proper device operation is displayed if the labels are clearly visible, which could prevent
injury to the user or damage to the chair.

6.8 Environment

25. The device must be able to navigate no more than or up to 2" wide gaps/cracks from any
direction (3).

a. Standard mountain bike tires have a width 3" and should not be impeded by anything
less than or equal to its width when traversing it from any direction. (Brown 2007) As
per ADA Standards (302.3), surfaces cannot have cracks or gaps larger than 0.5".

26. The device must not be impeded by a ditch perpendicular to motion less than 6" deep and a
width less than the radius of the driven wheels from any direction (3).

a. As per ADA Standards (302.3), surfaces cannot have cracks or gaps larger than 0.5".
However, the device must be able to overcome larger gaps and irregularities in outdoor
surfaces. The numbers provided incorporate a larger variety surfaces that contain more
imperfections or gaps than ADA approved surfaces.

27. The device must be able to navigate grassy terrains (4" length grass) (3).

a. Warm and cool season grass is kept at most 4” long, usually (1-3”), and is regularly
mowed during its peak season of growing (Bayer Advanced 2015).

28. The device must be operable in cold, winter conditions with temperatures as low as 0 degrees
Fahrenheit (3).

a. Inorder to make the wheelchair useful in areas subject to cold temperatures, the
wheelchair must function properly in temperatures as low as 0 degrees. This is the
lowest anticipated temperature that the user will be operating the chair in because the
risk of frostbite or hypothermia greatly increases when the temperature dips below
zero.

29. The device must be able to traverse walkways that have at least 2” of snow (3).
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a. With regular plowing and shoveling, it is reasonable to say that in safe conditions there
will be no more than 2" of snow on the ground. The user must be capable of traveling
through this amount of snow.

30. The device must not tip when stationary and positioned transversely on a 25-degree slope (3).
31. The device must not tip when stationary and positioned longitudinally on a 25-degree slope (3).

a. The device must follow ISO 7176 testing standards for static stability on the increased
slope angle in order to allow access to a wider range of slopes and terrains. The device
will be tested using sandbags weighted to 195 Ibs. to model an average user and center
of gravity.

32. The device must be able to navigate bumps, logs or rocks that lift one of the rear wheels up to
15 degrees above the other without tipping (3).

33. The device must be able to climb or descend slopes up to 15-degrees while maintaining stability
(3).

a. 25-degrees is at the high end of a beginner ski slope (0 to 30-degrees)
and will be used as a measurable goal for stability tests. In addition,
testing done at the University of Pittsburgh has determined both
theoretically and experimentally that most wheelchairs have a tipping
point between 20 & 30 degrees. (Rentschler 2002).

34, The device must be able to traverse 3/4" to 4” gravel or stone walkways (3).

a. This covered a variety of common gravel path crushed stone sizes. (Braen 2013)
35. The device must be able to traverse Class 1 Hiking Trails (3).
36. The device must be able to travel over a log of at least a 4" diameter (2).

a. Class 1 hikes have limited exposure to cliffs, steep grades and foot entrapments such as
rocks or roots (14ers 2014). This class of trail provides a reasonable goal that the chair
should be able to traverse with ease, greatly improving a person's mobility and
independence outdoors. These specifications reflect outdoor operating environments
that the device will be expected to be able to navigate effectively in order to accomplish
the objectives set forward in the goal statement.

6.9 Safety
37. The device has no exposed sharp edges, pinch points, or foot/leg entrapments (3).
38. The user must not be exposed to potential hazards inflicted by the device when operating the
device correctly (3).
a. Keeping the user safe during use is critical. It also needs to keep the person safe who
may be lifting the chair for transportation.
39. All mechanisms and wires present on the wheelchair must not interfere with the use of the chair
(3).
b. If an object interferes with the use of the chair and it moving parts, then it could
damage the chair, resulting in high repair expenses for the user. Entanglement could
cause the chair to suddenly stop moving, causing injury to the user.

6.10 Manufacturability
40. The device must be able to be fabricated using equipment available on WPI Campus (3).
41. The device must be able to be constructed and tested before April 21st, 2016 (3).
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42.

The device must be manufactured using materials or additional parts that are readily available
and low-cost (satisfy budget requirements) (3).

a. These specifications are set as a means to keep the project grounded in order for it to
be finished on time. Additionally the design team must use the resources provided and
from that, constraints of manufacturing and tooling are given. Any additional parts that
must be ordered should be readily available.

6.11 User Capability Requirement

Subjects must use their own chair to accomplish these tasks to determine if they can effectively use
the indoor/outdoor wheelchair. In each specification, WPT denotes a requirement derived from the
Wheelchair Propulsion Test, and WST denotes a requirement derived from the Wheelchair Skills Test.

43

44,

45.

46.
47.
48.

49.

50.
51.

52.
53.

54.

The user must be capable of traveling 2.62 feet/second as measured by the Wheelchair
Propulsion Test (2).

The user must be capable of a push frequency of 1.1 cycles per second according to the
Wheelchair Propulsion Test (2).

The user must be capable of an effectiveness of 2.66 feet/cycle according to the Wheelchair
Propulsion Test (2).

a. Design Specifications 43-45 have been determined based on the results of the
wheelchair propulsion test. The numbers chosen represent users that score 10% higher
than the average; a requirement to use an indoor/outdoor wheelchair. (WPT)

The user must be capable of turning 90° while moving forward (3).
The user must be capable of turning 90° while moving backwards (3).
The user must be capable of turning 180° in place (3).

a. Design specifications 46-47 are defined as such because users must be able to
accomplish this in order to navigate through a building or to conquer and/or avoid
obstacles while outdoors. (WST)

The user must be capable of passing through a hinged door without contacting the door frame
(3).

a. The user must have enough dexterity and fine motor skills to be able to pass through a

doorway without crashing in order to allow for safe travel through buildings. (WST)
The user must be able to reach an object 5 feet off the ground (1).
The user must be able to pick an object off of the floor (2).

a. Design specifications 50-51 ensure that the user can utilize the chair as transportation,
but effectively reach objects in their vicinity. This can be necessary to eat and prepare
dinner, or for recreation such as playing toss with a ball. (WST)

The user must be able to relieve their full weight from their buttocks for 3 seconds (2).
The user must be capable of transferring themselves to and from a bench (2).

a. Design specifications 38-39 are necessary if the user needs to transfer their body for
reasons such as getting into a car or getting into bed. They must be able to lift their
weight and transfer it in order to accomplish this independently. In addition, they must
be able to readjust their bodies to a comfortable position should they become
uncomfortable after an extended period of time. (WST)

The user must be capable of folding and unfolding their wheelchair (3).

a. This ensures that the user can fold up their chair for transportation, and unfold it to get

back into it once they reach their destination. (WST)

|Page 25



55.

56.

57.
58.
59.

60.
61.

62.

63.

64.

The user must be able to roll 300 feet without rest or over-exertion (3).

a. The operator must be capable of traveling this distance in order to have adequate
endurance. (WST)

The user must be able to avoid moving objects while traveling forward (3).

a. Inorder to navigate through busy hallways, sidewalks or trails, moving objects such as
pedestrians should be avoided. (WST)

The user must be capable of ascending a 10° incline on an ADA approved surface (3).
The user must be capable of descending a 10° decline on an ADA approved surface (3).
The user must be capable of rolling across a side slope of 5° (3).

a. Design specifications 57-59 ensure that a user can move on slopes that are steeper than
ADA approved surfaces in their current chair. Should the user pass these specifications,
they should be able to meet or exceed the design specifications set for the
indoor/outdoor wheelchair. (WST)

The user must be capable of rolling 2m on grass specified in Design Specification 27 (3).
The user must be capable of rolling 2m on carpet (3).

a. Design specifications 60-61 ensure that the user is capable of traversing slightly
challenging surfaces. This demonstrates control and a general awareness of how to
move over outdoor terrain. (WST)

The user must be capable of moving over a 0.8in high threshold (3).

a. Getting over door thresholds and transferring from one surface to another as well as
going over small rocks or roots is required of the user. (WST)

The user must be capable of performing a stationary wheelie for at least 15 seconds (2).

a. This requirement entails a great deal of agility and control. These qualities are required
to operate the indoor/outdoor wheelchair effectively. (WST)

The user must be capable of getting into the wheelchair from the ground (3).

a. This design specification requires the user to be able to get into his or her chair should
an accident happen that throws them from their chair. The ability to return to an
operating position on the seat is required in order to allow the user to independently
travel on rough trails. (WST)
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7.0 Ideation & Selection

Creating a final design was a multistep process. First, a morphological chart was created. This
chart consists of functions to be considered for the preliminary concepts. To determine how stability is
affected by the user’s center of gravity, a parametric analysis was performed. The analysis tests the
stability of a wheelchair in both the longitudinal and lateral direction when the user’s center of gravity is
shifted. With the results from the parametric analysis in mind, preliminary concepts were created. These
concepts were broken into three major sections: stability, propulsion, and braking. From these concepts,
six preliminary designs were created using functions from the morphological charts. To pick the top
designs, a weighted decision matrix was created. The weighted design matrix led to two different
designs. Zero order prototypes were created to show proof of concept and to compare the designs.
After the comparison, one final design was selected.

7.1 Morphological Chart

In the ideation phase of design, it is important to use methods of brainstorming and creation to
extract all ideas that can be incorporated into a final design. One method is the creation of a
morphological chart. A morphological chart is used to generate solutions for multiple design functions.
For each function, possible solutions were

7.1.1 Ranking Functions

The main functions of the Indoor/Outdoor wheelchair are Propulsion, Power Transmission,
Stopping, Stance, Seat Position, Lateral Stability, Transportation and Storage, Suspension, Turning, and
Longitudinal Stability. Each of the functions is described in Table 3.
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Propulsion
The manner in which the user
translates force to the wheelchair,
driving it in a desired direction.

Stopping
The braking mechanism used to
slow or stop the wheelchair
during operation.

Lateral Stability
The configurations that allow the
device to traverse cross slopes
without danger of tipping

Longitudinal Stability
The configurations that allow the
device to travel up and down
slopes without tipping.

Power Transmission
The manner in which the chair
translates the force inputted by
the user into useful motion.

Stance
The number, relative size, and
layout configuration of the wheels
that contact the ground during
operation.

Transportation and Storage
The methods by which the device
can be moved from location to
location or put in a tight space
when not in use.

Turning
The way in which the device
changes direction or moves in a
direction other than forward or
backward.

Power Transmission
Mechanism
The mechanism by which the
user’s force is translated to the
wheels.

Seat Position
The available axes that the seat or
backrest can transition between.

Suspension
The locations in which a
suspension mechanism may be
placed.

Suspension Mechanism
The mechanical feature that
directly absorbs the shock
produced by traveling over
uneven surfaces.
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In order to rank each function in order of importance to the design, a function-ranking matrix (Pairwise comparison chart), Table 4, was
created to compare the importance of each function to another. Each row represents the function being evaluated and each column represents
the function it is being evaluated against. If the function in the row is more important than the one in the column, it receives a 1. If they are of
equal importance a 0.5 is awarded. If the function in the row is less important than the one in the column, it receives a 0. The total is tallied up,
and the relative rankings of each function are determined.

Table 4: Function Ranking Matrix. The color scale shows the most important features in green and the less important features in red.

. Power Power Transmission . Seat Lateral | Trans tion | Suspension . . Longitudinal
Propulsion | emission|  Mechanism | "PPiNE[Stance| o ition | stability amme M:;umsm Suspension Turning sgmlity Total
Propulsion|  © 1 1 0 0.5 1 o 1 1 1 0 0 6.5
Power Transmission 0 1] 1 1] 0 1 0 1 1 1 0 0 5
Power Transmission Mechanism| 0 0 0 0 0 0 0 0 0 0 0 o |Te
stopping] 1 1 L 0 1 1 0 1 1 1 1 0 9
stance] 0.5 1 1 0 0 1 0 0.5 1 1 0 0 6
SeatPosition| 0 0 1 0 0 0 0 0 1 1 0 0 3
Lateral Stability] 1 1 1 1 1 1 o 1 1 1 1 05 | 105 |
Transportation and Storage 0 0 i 0 0.5 1 0 0 1 1 0 0 4.5
Suspension Mechanism 0 1] 1 0 1] 0 o 0 0 0 0 0 1
Suspension| 0 0 1 0 0 0 0 0 1 0 0 0 2
Tumning] 1 1 1 0 1 1 0 1 1 1 0 0 P
Longitudinal Stability 1 1 1 1 1 1 0.5 1 1 1 1 o s |

Once the order of importance was determined, the morphological chart,
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Table 5, was put in that order and solutions were devised. Each solution has different advantages and disadvantages, but the order of
the solutions from left to right is the most desired to the least desired. These were ranked based on factors such as function and feasibility.
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Table 5: Morphological chart to aid in generating preliminary designs

Function Solution
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7.2 Parametric Analysis

Before starting to generate preliminary concepts, a parametric analysis was performed to
determine how shifting a user's center of gravity and widening the base of the wheelchair affects the
tipping angle of the wheelchair.

From the analysis, in Appendix B: Parametric Analysis, the longitudinal uphill tipping angle will
be affected by changing the CG’s horizontal distance from the rear wheel’s point of contact and the
height of the user’s center of gravity.

When determining how the tipping angle is affected going downbhill longitudinally using the
height of the CG and the wheelbase, it is a reasonable assumption that changing the CG horizontal
distance from the rear wheel contact point will have the same impact on the tipping angle.

Finally, the lateral tipping angle was analyzed. The group found that changing the track at
different heights of CG would not have a greater impact on the tipping angle. For example, changing the
track width “x” amount at seat height “y” will have the same effect as changing the track width “x”
amount at seat height “z”. Conversely, at any track width, changing the height of the CG will have the
same effect on the tipping angle. This shows that the tipping angle of the chair is dependent on each
factor individually. Thus, meaning that the track width and CG height have negligible effects on each
other.

7.3 Preliminary Concepts
When generating design concepts, three categories were considered: stability, propulsion, and
braking.

7.3.1 Stability

To improve stability, the tipping angle can be increased by lowering the user's center of gravity,
moving the user's center of gravity forward to prevent rearward tipping, and/or widening the base of
the wheelchair. Multiple designs were used to move the user's center of gravity: cambered wheels,
unequal four bar linkage, and parallelogram linkage.

Cambered wheels increase the stability of the wheelchair by increasing the lateral base of
support of the wheelchair. The angle of the cambered wheels is limited by the width of a doorframe
since increasing the wheel angle increases the width of the wheelchair. Other advantages along with
disadvantages are listed in Table 6.
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Table 6: Advantages and Disadvantages of Cambered Wheels (Landsman 2015)

Advantages Disadvantages
e Places the push rims in a more ergonomic e May add cost to the chair
position for pushing. It is more natural to e Excessive camber may cause the wheels
push down and outward to rub against the armrest side panels or
e Forces are redirected to soften the ride against the user
e Protects the hands when pushing in tight e Diminished traction and uneven tire wear
areas on conventional tire
e Makes turning quicker
e Less strain on shoulders since the plane
of the wheel is closer to that of the
shoulder

7.3.1.2 Unequal Four Bar Linkage

The unequal four bar linkage design consists of different length links that move the seat and
backrest of the chair together in order to move the CG forward and downward to improve stability. The
linkage systems are shown in blue in Figure 9.The unequal four bar linkage utilizes two parallel four bar
linkages, one on each side of the chair. The large links are longer than the small links. The seat base
serves as the coupler link between the long and short rockers of the linkage. Figure 15 illustrates how
the system will be mounted to a basic wheelchair frame.

Seat and
Backrest

Small Link

Lever
Handle

Large Link

Figure 15: Unequal four-bar linkage consisting of two short links, two long links, two lever handles, a seat, and a backrest.

The indoor position of the linkage system is its furthest back position. This configuration places
the seat in the standard position of an unmodified manual wheelchair. The backrest, mounted to the
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seat, will move with the seat as the linkage system is actuated. Figure 16 illustrate the indoor position
and the links being used in the design.

Seat

Lever
Handle

Figure 16: Close-up Side view Unequal Linkage in Indoor Position. The large link is from joint A to B and the small link is from
joint Cto D.

The longest link (AB) is attached to the bottom bar of the frame at joint A, which allows rotation.
Joint B connects the longest link and the rear end of the seat. Then, the shortest link (CD) is attached to
the frame at joint D and the seat front at C. The lever handle, a rigid extension of link CD, is used to

rotate the whole linkage system forward to the outdoor position when the user pushes on the lever
handles (Figure 17).

Lever Handle

Figure 17: Side View of Unequal linkage wheelchair with the seat in the forward position.

To return to the indoor position, the user will grab on to the armrests and push backward on the
seat. To limit the rotational motion of the links, rubber stops (not shown) will be mounted on the frame
at appropriate positions to prevent the links from rotating further than desired.
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7.3.1.3 Parallelogram Linkage

This design employs a parallelogram four bar linkage to move the seat forward and down. The
parallelograms run parallel to the frame, so the drawing only shows the side of the parallelogram. In the
upright position, the seat is functional for indoor use, Figure 18. The right armrest is not shown in order
to clearly see the parallelogram mechanism. When the chair is used outdoors, the chair is moved to the

forward position, Figure 19.

/ Arm Rest

Stop

Parallelograms

Figure 18: Side View of Parallelogram Mechanism in Indoor Position
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Arm Rest

Figure 19: Side View of Parallelogram Mechanism in Outdoor Position

A lock, located at each front link, will keep the wheelchair’s seat in its desired position. The lock
uses a stop and a pin to keep the seat in its position. To transition from indoor to outdoor position, the
user pulls a pin that passes through the parallelogram link and the stop. Both sides of the chair have
identical pins and stops. The stop, Figure 20, is designed specifically for this application by providing a
front contour to prevent the seat from tipping further forward, and a rear contour to prevent the seat
from traveling too far backward. To change the seat’s position, the user would support his or her body
using the armrests, which are attached to the frame, and move the seat either by sliding forward to
move to the outdoor position or by pushing on the backrest to move to the indoor position. In the
forward position, the parallelograms are at a 25° angle from the horizontal and all of the weight is
supported by the stop and linkage. Therefore the user is not required to support any weight while
inserting the pins. When transitioning into the indoor position, the user does not have to hold their
weight while inserting the pin since the parallelogram sits at a 95-degree angle from the horizontal. The
black portions are where the front link of the parallelogram rests at each seat position. The sleeves at
the bottom are to attach the stop to the frame of the wheelchair. Lastly, the small holes on the side are
for a tethered, magnetic pin that locks the position of the parallelogram.
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Rear Contour

Front Contour

Pin Holes

Figure 20: Stop for Parallelogram Mechanism that Holds the Wheelchair in the Indoor or Outdoor Positions

7.3.2 Propulsion

Different methods can be used to propel the chair. The mechanical advantage each design
provides can be crucial to the success of the device. Also, the ease of operation is a considerable factor
that can greatly affect a design. The positioning of the hands is important because it affects the
ergonomic mechanics, force application, and comfort regarding grip and operational endurance.

7.3.2.1 Hands on Rims

Hands on rims propulsion is the simplest of all propulsion systems. It is the easiest to learn and
maintain. When a person first starts to use a manual wheelchair, they are taught to propel themselves
using hand rims. Therefore, using this propulsion system, the user would not have to learn a new
method of propulsion. Additionally, since hand rims are so common, they are easy to replace with parts
being readily available. While desirable in some ways, hands on rims may not be the most ergonomical
and efficient method. This method of propulsion is desirable for its simplicity, adaptability, and
reliability.

7.3.2.2 Drive Levers

Drive levers are capable of providing a mechanical advantage. The following design utilizes a
drive lever paired with a ratchet and pawl assembly mounted on each rear axle. The drive lever is
connected to the frame via pin joint A, and is connected to the coupler (green) via Ball Joint A, Figure 21.
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Pin Joint A

\

Figure 21: Side view of a drive lever propulsion system.

To more clearly show the power transmission, the rear wheels have been removed and the
ratchet and pawl system on each side of the wheelchair is shown, Figure 22.

Ball Joints B Ball Joint A

Pin Joint A

Figure 22: Close View of Propulsion System

When the drive levers are pushed, the force is transferred through Ball Joint A to Ball Joint B via
the coupler. The ratchet and pawl system allows the motion to propel the chair forward and return to
the original position when the drive levers are pulled backwards. The direction of the ratchet and pawl
system can be controlled by a switch mounted at the top of the drive lever that changes which pawl is

|Page 41



engaged to the ratchet (not shown). Each drive lever system is operated individually, allowing the chair
to move forward or backwards and turn in any direction including pirouette.

7.3.2.3 Adjustable Levers

The drive levers are mounted by pin joint B directly to the frame, Figure 23. Many parts of the
wheelchair have been removed and only one drive lever is depicted for simplicity. A reversible ratchet
and pawl assembly is mounted to each wheel axle that works similar to a ratchet socket wrench that can
be set to actively rotate one way, and passively rotate the other. When the drive lever is pushed forward
(away from the user), it moves the coupler forward and activates the ratchet and pawl assembly. When
the drive lever is pulled backwards (toward the user), the coupler follows the same path but passively
returns the pawl to its original position.

Push Handle

Drive Lever

Ratchet and
Paw! Assembly

Figure 23: Side View of Adjustable Drive Lever Design

The mechanical advantage of the linkage can be changed by sliding the sleeve up and down the
drive lever. This is done by squeezing the sleeve handle, which removes the locking pin from the notches
in the drive lever, Figure 24. The handle moves up and down with the sleeve. When the sleeve handle is
released, the spring loaded locking pin slides into a notch and sets the location. At the sleeve’s top
position, the ratchet and pawl system will rotate more with each stroke. At the bottom position, the
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ratchet and pawl system rotates less with the same stroke of the handle, increasing the mechanical
advantage.

Drive Lever —>
> Notches

¥ Sleeve Handle

Locking Pin

Figure 24: Close up of Drive Lever Sleeve used to Adjust Drive Lever Mechanical Advantage

In order to analyze the mechanical advantages possible with this design, 24 in. long drive levers
were assumed to be mounted with a maximum horizontal stroke of 12 in. The locations of pin joint A
were estimated to be between 4 and 12 in. from pin joint B. Although the drive lever will move in an arc,
a horizontal distance at the minimum and maximum points along the drive lever will be compared to the
stroke of the drive lever grip as a close estimate of the ratio of the input to output, Figure 25.
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Figure 25: Analysis of Mechanical Advantage Dependent on Lever Arm Length

When the bar is mounted 4 in. from the pin joint, the output length is 2 in., which yields a 6:1
mechanical advantage. When the bar is mounted 12 in. from the pin joint, the output length is 6in.,
which yields a 2:1 mechanical advantage. This range is large enough for a user to be able to conquer
many outdoor obstacles, but may not be ideal for traversing over flat surfaces because maintaining a
mechanical advantage can decrease the speed of the system. Adjustable levers are desirable when
considering versatility and adjustable mechanical advantages. However, the manufacturability may
create complex challenges.

The handle at the top of the drive lever will have an easily accessible brake handle in addition to
a drive switch on top. The drive switch will use a cable system to change the direction of the ratchet and
pawl system forward, neutral, or reverse. The idea will look similar to Figure 26.

Figure 26: Drive Lever Handle used to Adjust Gears and Brake
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7.3.3 Braking

The final design category is braking. Braking is crucial, as it directly relates to the safety of the
operator. Two types of braking systems were considered, disc brakes and cantilever brakes, Table 7.
After considering the advantages and disadvantages of these braking systems, it was decided that disc
brakes would be used on all designs that have an added braking system.

Disc Brakes Cantilever Brakes
Advantages Advantages
e Strong stopping power in all e Easy installation
weather conditions e  Less stress on spokes
Easily modulated power e Less maintenance

Little strength needed to engage

Unaffected by warped rims

No rim wear and tear
Disadvantages Disadvantages

Hard to install Takes time to engage

e More stress on spokes Severely affected by weather

e Requires a rotor mounted to the Wear and tear on rims

wheel Affected by water and mud

7.4 Preliminary Designs
Features described in the Preliminary Concepts section of this document were combined to
create six preliminary designs.

7.4.1 Design One

The first design uses three features: unequal four bar linkage, cambered wheels, and hand rims.
The unequal for bar linkage moves the seat forward to increase uphill longitudinal stability. The
cambered wheels will increase the lateral stability. The propulsion method for this design is hand rims.

7.4.2 Design Two

This design utilizes only the unequal four bar linkage to change the center of gravity in a
horizontal direction, which increases longitudinal stability. Hand rims will remain the means of
propulsion in this design.

7.4.3 Design Three
The third design consists of the unequal four bar linkage to increase longitudinal stability and a
drive lever system used for propulsion.
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7.4.4 Design Four

Design four consists of two features: unequal four bar linkage and adjustable drive levers. The
unequal four bar linkage will increase the longitudinal stability when traveling uphill. The adjustable
drive levers will allow for optional mechanical advantages along with a new way to propel the
wheelchair.

7.4.5 Design Five

The fifth design uses the parallelogram four bar linkage and drive levers. The parallelogram four-
bar linkage moves the center of gravity forward and down which increases stability both longitudinally
and laterally. The drive levers allow the choice between using the drive levers or the hand rims for
propulsion.

7.4.6 Design Six

Finally, design six utilizes two features: parallelogram four bar linkage and adjustable drive
levers. The parallelogram four-bar linkage will increase the longitudinal and latitudinal stability of the
wheelchair while the adjustable drive levers provide a mechanical advantage during propulsion.

7.5 Assessing Preliminary Designs

7.5.1 Weighted Decision Matrix 1
Several factors must be included in the weighted decision matrix. The factors for the indoor /
outdoor wheelchair are:

Function — The ability for the chair to accomplish tasks involved with conquering obstacles such as doors
and narrow hallways indoors and slopes, rocks and grass outdoors.

Safety - The ability for the chair to mitigate risk of injury or other dangers to the user regarding tipping
and physical hazards such as pinch points, sharp edges, and foot entrapment.

Ease of Use - The effort required to utilize the device's features.

Manufacturability - The ability to make a working prototype of the device with the given resources and
allotted time.

Durability - The ability for the device to endure normal use for several years without excessive wear or
unreasonable maintenance.

To determine the best designs, the designs are ranked on these factors that differentiate a
successful design from an unsuccessful one using a weighted decision matrix. In order of importance the
factors are Function, Safety, Ease of Use, Manufacturability, and Durability. These factors must be
weighted based on relative importance. The weights of the factors are presented in Table 8 and
described in the following paragraphs.
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Factor Function Safety Ease of Manufacturability | Durability
Use
Weight 30% 30% 18% 15% 7%

First, function and safety are tied as the most important because safety is not important if
function is not achieved and vice versa. These factors are the most important which led them to account
for a combined 60% of the total. Less important than those two factors is the ease of use, giving it a
weight of 18%. If a device is not easy to operate, regardless of its capabilities, it may prevent people
from purchasing the device. Based on the time, money, and available resources of this project,
manufacturability is the next most important factor, giving it a weight of 15%. It is likely that a
corporation would put manufacturability as a lower weight, possibly below durability, but for this
project it is an important factor. If a successful prototype cannot be built, a lack of proof of concept
leaves possibilities for failure. The next most important factor is durability, giving it a weight of 7%.
Similarly, durability for this project may not be a driving factor, but certainly should be included. The
wheelchair will take the place of two wheelchairs; an indoor and an outdoor wheelchair, meaning the
use will be considerably more than a normal wheelchair. During full-scale production, durability will be
crucial, but for this project it is a less important factor.

Within some factors are sub-factors that further define the ranking criteria in the weighted
decision matrix. The sub-factor weights must add up to the weight of the factor they pertain to. The
breakdown of each sub-factor can be found in Table 9, Table 10, Table 11, Table 12, and Table 13

Function  30% Total
Sub- . . .
Factor Turn Radius Stopping Propulsion
Weight 10% 12% 8%

Function is broken down into Turn Radius, Stopping and Propulsion. Turn radius is measured as
the furthest point from the center of rotation when in indoor operation. This is important for moving
through buildings, giving it a weight of 10%. Next is stopping, 12%, because of the need to be able to
control the speed of the wheelchair and be able to stop within a reasonable distance. The last sub-factor
is propulsion, which is concerned with how the user moves the wheelchair. If he or she cannot move the
wheelchair efficiently, it will not be an effective design.

Safety 30% Total
Sub-Factor | Lateral Stability | Longitudinal Stability | Physical Hazards
Weight 12% 12% 6%

Safety is broken down into 3 sub-factors: Lateral Stability, Longitudinal Stability and Physical
Hazards. Lateral and longitudinal stability are very important factors for safety because tipping can
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cause users to fall out of their chair and lead to injury. They are weighted equally because of the
importance not tipping in either direction is of equivalent value. Additionally any design features or
mechanisms must not be hazardous such as a sharp edge, pinch point or foot entrapment.

Ease of Use 18% Total

Sub-Factor | Portability | Transfers | Indoor /Outdoor Transition

Weight 4% 6% 8%

The most important sub-factors for Ease of Use are the wheelchair's transition from indoor to
outdoor configurations. The transition is a crucial component of the project and warrants a rating of 8%.
It deals with the difficulty of the modifications, if any, which must be made to the device when changing
from indoor to outdoor operation and vice-versa. The Transfers sub-factor is concerned with the ease of
relocating the user to and from the device. Portability is the device's ability to be transported. This is
important because the user is considering the size of his or her own car when selecting a wheelchair.

Manufacturability 15% Total

Sub-Factor Cost Part Availability Processes

Weight 5% 5% 5%

The Cost sub-factor is concerned with the cost of manufacturing the prototype. It is important to
keep to the budget to ensure construction of the prototype. Part Availability is the ability to get the
necessary components in a timely manner. Processes are the methods of manufacturing that must be
used for components of the device. Each of these sub-factors is equally important in achieving a
successful prototype, giving 5% to each.

Durability 7% Total
Sub-Factor Useful Life Repair

Weight 5% 2%

Useful life is the longevity of the device under normal use. This is important to ensure that the
user does not have to regularly purchase new wheelchairs, giving it 5%. Repair is the difficulty to fix
certain components of the device. This is less important than making a durable wheelchair that will last
several years.

Each design was evaluated for each sub-factor on the weighted decision matrix rubric. The
weight decision matrix allows each design to be ranked for effectiveness. The ranking was completed on
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a scale from one to five, with five being the best. Each rank within the scale was given a form of
evaluation.

The function rubric is found in Table 14. The turning radius was evaluated on the amount of
space in inches the wheelchair took up while turning. The maximum wheelchair that falls within the
design specifications is 51” long x 28” wide, which gives it a turning radius of 29” if it can pirouette. The
turning radius will increase if a wheelchair is not capable of a pirouette. A rank of 1 is assigned if the
device has a turning radius greater than 40", which would be too large for indoor navigation. A rank of 2
is assigned if the device has a turning radius between 35” and 40". A rank of 3 is given if the device has a
turning radius between 30" and 35". A rank of 4 is given if the device has a turning radius between 25"
and 30". Finally, a rank of 5 is given if the device has a turning radius of less than 25" (a common radius
for daily use chairs).

Stopping was ranked based on the distance it takes to stop when traveling 10 mph. This is
determined both by the type of brake and the tires contacting the ground. If a device can come to a
complete stop from 10 mph within a distance of 3 feet, it will be given a rank of 5. If the device stops
within 6 feet, it should be given a 4. A rank of 3 should be given if the device can stop within 9 feet. A
rank of 2 should be given if the device can stop within 12 feet. Lastly, a rank of 1 should be given if the
device travels further than 12 feet without stopping.

The propulsion sub-factor is ranked based on whether or not the design has a mechanical
advantage. Ratios are not taken into consideration at this stage because of the similarity of the
propulsion systems. Designs with no advantage will be given a rank of 1. Designs with a fixed mechanical
advantage are given a rank of 3. Designs with variable mechanical advantage are given a rank of 5.

Scale Factor
Function
Turn Radius | Stopping Propulsion

1| =40in. <15 ft. Mo Mechanical Advantage

2| »35in. <12 ft.

3| =30in. <9 ft. One Set Mechanical Advantage
4 »25in. < ft.

5| <25in. <3 ft. Multiple Mechanical Advantages

The Safety rubric is found in Table 15.Physical hazards, lateral stability and longitudinal stability
are all covered under safety.

Scale Factor
Safety
Lateral Stability Longitudinal Stability Physical Hazards
1 Tipping Angle less than 15 Degrees Tipping Angle less than 15 Degrees Frequent risk of foot entrapment, pinching, or exposure to sharp edges
2| Tipping Angle between 15 and 18 Degrees | Tipping Angle between 15 and 18 Degrees
3| Tipping Angle between 18 and 21 Degrees | Tipping Angle between 18 and 21 Degrees | Frequent risk of foot entrapment, pinching, or exposure to sharp edges
4| Tipping Angle between 21 and 24 Degrees | Tipping Angle between 21 and 24 Degrees
5 Tipping Angle is above 24 Degrees Tipping Angle is above 24 Degrees No risk of foot entrapment, pinching, or exposure to sharp edges
The Ease of Use rubric is found in Table 16, covering portability, transfer, and indoor/outdoor
transition.
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Scale Factor
Ease of Use
Portability Transfers Indoor/Outdoor Transition

1 »>33"%29"x60" and >50 |bs External Assistance Required > 2 Minutes

2 <33"x29"x60" or <50 |bs > 1 Minute 30 Seconds

3 <33"x29"x60" and <50 |bs No Assistance Required; Normal Transfer > 1 Minute

4 <27"x23"x54" or <40 |bs > 30 Seconds

5 <27"x23"x54" and <40 |bs Features to aid transfer built into Device No Change

The Durability rubric is found in Table 17, which includes repair and useful life.

Scale Factor
Durability
Repair Useful Life

1 MNon repairable by user Less than 2 years of normal use
2 Extensive experience required 2 to 3 years of normal use

3| Some experience required to repair 4 to 5 years of normal use

4| Minimal experience required to repair 5 to 7 years of normal use

5 No experience reguired to repair Greater than 7 years of normal use

Finally, a manufacturability rubric covering cost, part availability, and processes is found in Table

18.
scale Factors
Nenufacturability
Cost Part availability Processes
1 =5750 At least one custom part required Completely manufactured by 3rd party
2 = 5750 Some 3rd party assistance required
3 < 5650 At least one part requires shipping but no custom parts are required  |Manufactured at WP with specialty assistance
4 < 5550 Nanufactured at WPI with standard assistance
5 < 5450 All parts can be obtainedlocal ly Wanufactured by project group

With every sub-factor having a determined scale and ranking associated with it, each design was
evaluated using this initial weighted decision matrix.

7.5.2 Weighted Decision Matrix 2

After the initial weighted decision matrix, there was need for restructure and updates in order
to better critique the top designs. Several of the sub factors were structured in a way that provided very
little variance in ranking between designs and were unhelpful in differentiating between alternatives.
Starting with the function factor, all designs received a 5 for turning radius and nearly all received a 4 for
stopping. This result is primarily because all preliminary designs can pirouette and most utilize disc
brakes for stopping. For the updated weighted decision matrix, the group decided to eliminate the
turning radius and stopping sub factors. Function is now solely propulsion and it is weighted at 15%
allowing for more distributed weight throughout the matrix. The remaining 15% was divided among the
Safety, Ease of Use and Durability factors Table 19, Table 20, Table 21.
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Safety 35% Total
Longitudinal Physical
Sub-Fact ili .
ub-Factor | Lateral Stability Stability Hazards
Weight 14% 14% 7%
Ease of Use 25% Total
Sub-Factor | Portability | Transfers | Indoor / Outdoor Transition
Weight 4% 6% 15%
Durability 10%
Sub-Factor Useful Life Repair
Weight 7.00% 3.00%

The most important sub-factor for Ease of Use is the wheelchair's transition from indoor to
outdoor. The transition is a crucial component of the project and warrants a higher rating of 15%. Nearly
every design received a 4 for this category because each was able to change operation modes in less
than 1 minute. To improve the usefulness of this category, the rubric rankings are now based on 15-
second intervals from 0 to 60 seconds instead of 30-second intervals from 0 to 2 minutes.

With the changes made, the group completed a second weighted decision matrix that provided
more definitive results. With the redistributed weights and factors removed the completed weighted
decision matrix determined 3 preliminary designs to further analyze, Table 22.

Factors Propukion Safety Ease of Use Durability Manufacturability Total
Weights 15.0% 35.0% 25.0% 10:0% 15.0% 100
Sub-Factors Longitudinal Stability | Late ral Stability | PhysicalHazards | Portability | Transfers | I/0 Transition | Useful Life | Repair| Cost | Part Availshility | Proceses

Weights 15.0% 14.00% 14.00% | 7.00% 4.00% 6.00% 15.00% 7.00% 3.00% | 6.00% 6.00% 6.00% 83.00%
Desgn 1 1 3 3 3 3 3 2 3 3 3 3 3 52.4]
Cesin 2 1 3 3 3 3 5 2 4 4 4 5 5 57.2
Cesin 3 3 4 3 3 z 1 3 3 3 4 1 5 53.6
Cesin 4 5 3 3 1 z 3 1 1 2 1 428
Desgn 5 3 4 4 3 2 3 3 3 3 3 SJ_B|
Desgn 6 5 4 4 1 z 2 2 1 4&4|

7.6 Zero Order Prototypes

Two zero-order prototypes were built to further understand the requirements for operating the
seat adjustment mechanism. This process drew the group closer towards determining the final design.
These prototypes both functioned and tested well with a member of the team as the operator.
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7.6.1 Parallelogram Linkage

This zero order prototype is the Parallelogram Linkage design, Figure 27. With the parallelogram
linkage, the CG is moved forwards and downward in order to increase the stability, as shown by the
parametric analysis. In this case, the stop is the small block, shown by arrows, under the side of the seat.
Note that this is not the intended location for the final design, but a simple solution for the zero order
prototypes. The final design has stops that lock the links at their desired angles.

Figure 27: Zero order parallelogram linkage. Left: Indoor resting position. Right: Ideal position for outdoor use. The arrows
point to the stops.

7.6.2 Unequal Four Bar Linkage

This zero order prototype is the Unequal Four Bar Linkage design, Figure 28. This design moves
the center of gravity forward, which increases the longitudinal stability. The stops, shown by arrows,
prevent the large link from over rotating. These stops are effective in regard to the prototype; for the
final design, the stops would use a design, which is not as bulky. Also, as described earlier in the
document, this design would feature two lever handles. For this prototype, lever handles were not
created. Even without the handles, the team was able to operate the prototype with ease.

Figure 28: Unequal four-bar linkage. Left: Indoor position. Right: Ideal position for outdoor use. The arrows point to the
stops.
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8.0 Final Design

The final design includes three main elements that improve an Indoor Wheelchair’s stability,
propulsion, and braking. After considerable analysis, the final design incorporates the parallelogram
linkage; drive levers, and disc brakes. Each design element described earlier requires modifications. The
alterations were sparked by deeper analysis. As problems arose, appropriate changes to the design were
made to compensate for potential issues and resulted the final CAD model.

An Invacare wheelchair was modified to incorporate the design, adding: a propulsion system, a
braking system, and a linkage system to increase stability. Figure 29 and Figure 30 show the final design
of the wheelchair.

Propulsion
System

Braking
System

Linkage

Figure 29: Complete design consisting of a propulsion system, braking, and linkage system.

Propulsion

System
N Braking
Linkage >\ .’/‘4\ System
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Figure 30: Side view of complete design.

A mountain bike tire is be utilized for each rear wheel with a disc brake rotor attached to the
inside of each wheel, Figure 31. The caliper for the disc brake is located at the bottom of the disc brake.

Tire

Rotor

Figure 31: A new tire for better traction, and a disc brake of better stopping.

The propulsion system is attached to the hub of the wheel, Figure 32.

Propulsion
System

Tire

Figure 32: The tire and disc brakes has a propulsion system attached to it.

The propulsion system is made up of six key parts: a grip, brake handle, lock, links, ratchet, and
connector to the wheel hub. The grip creates an idea spot for the user to propel the system from. The
lock keeps the propulsion system in its desired position. When locked in the down position, the
propulsion system is in forward. When the lock is in the top slot, the propulsion system is in reverse.
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Figure 33: Propulsion system consisting of a lock, links, and a ratchet.

The ratchet is the main part of the propulsion system. Attached to one side of ratchet is a socket
and round connector, which are welded together. The socket and round connector then attach to the
wheel hub. On the other side of the ratchet is a linkage system. The link system allows the ratchet to
switch between forward and reverse.

Connector
to Wheel

Links

Ratchet

Connector

2 S patchet

to wheel

Figure 34: View of the ratchet and links from the propulsion system.

In order to move the wheelchair, a reversible hand ratchet is attached to the hub of the wheel.
Two ratchets were purchased, one for each axle. The purchased ratchets were Hand Ratchet, Spline,
Non-Slip SAE Ratcheting Combination Wrench found on Grainger, Figure 35.
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Figure 35: Grainger Ratchet used for propulsion.

To keep the ratchet from sliding side to side, a spacer is rested between the frame and the
ratchet and a socket was inserted into the ratchet. The axel runs through the socket, which also runs
through the wheel hub and wheelchair frame, Figure 36.

Figure 36: Configuration of the ratchet on the axle.

The inner mechanics of the ratchet must be modified to allow the reversing mechanism to be
adjustable at a location a distance away from the axle to make it more accessible. In order to do this, it
is important to look at how the purchased internal ratchet system works. The top cover has been
removed to more clearly show how the system works, Figure 37.
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Pawl
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Figure 37: Inside Mechanism of Ratchet and Pawl

The ratchet is the interface that attaches to the socket that is mounted around the axle. Fine
teeth are located on the entire round exterior of the ratchet. The pawl has teeth that engage with the
teeth on the ratchet. The direction that the ratchet can actively push is controlled by which side of the
pawl is engaged to the ratchet. The thumb switch on the opposite side of the ratchet head rotates the
pawl, not shown. The spring ball keeps the pawl locked in one direction until the user switches it. To
make the thumb switch capable of adjustment from a location closer to the handle, the pawl has a hole
drilled and tapped. A rod with a 90° bend was screwed into this hole and glued to prevent rotation after
it is fastened and is effectively a switch extender, Figure 38.
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Figure 38: Extended Switch Configuration

The seating system,Figure 39, was recreated to allow for a folding system when being
transported and a ridgid system when being used.

Backrest

< | Seat Tubing

<— Elbow

Seat Tubing

Seat Pins

Figure 39: Isometric view of the seat and seat frame.

The seat frame and backrest are made from tubing being attached to an elbow fitting then
attached to tubing again, Figure 40. Using tubing rather than a solid rod allows for a lighter mechanism.
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The seat is attached to pins to allow for the seat to be removed. The pins run from the seats and
through the seat tubing. The holes in the seat tubing help to keep the seat from moving but also ensure
the chair does not close on itself. The seat also connects to a linkage system, Figure 41.

Backrest

<« | Seat Tubing

Seat Tubing > <— Elbow

S~

Seat Pins

Figure 40: Side view of the seat and seat frame.

The linkage system is connected to the frame of the seat, Figure 41. A round pin connects them;
this allows the links to rotate while keeping the seat level.

Connection

Figure 41: Connection between the links and the seat frame.

When the seat and links are in the indoor position, Figure 42, the links are just past 90 degrees.
Being past 90 degrees allows the user sit on the seat while inserting the pin. If the links where at 90
degrees, the seat may fall forward while the user tries to put pins in.
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Figure 42: Links in the indoor position.

To transfer to outdoor mode, the pins on both sides are pulled out, then the user pushes
forward using the armrests. The linkage system can rotate forward, moving the seat down. After
reaching the stop, the links are reinserted. With the links completely on the stop, Figure 43, the user is
in the desired mode for outdoor use.

/ Link Stop

Figure 43: Links in the outdoor position.

The stops are very important for the design, Figure 44. There are four stops on the wheelchair,
two on each side.

i

Figure 44: Back, Bottom, Front, and Isometric view of the stop.

The linkage system needs a way to lock the link when in both the outdoor position and the
indoor position. To lock the links, a pin locator was designed. The locator was attached to the link, Figure
45,
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Figure 45: Pin locator is attached directly to the link.

A pin is located inside of the pin locator, Figure 46. The pin is slid forward to lock the link in
place. Then the pin is pulled out of the stop so the link can move.

Pin Locator

Pin Locator

Figure 46: Left: Pin engaged, locking the pin in place. Right: Pin disengaged, seat is free to move.

On either side of the wheelchair are armrests, Figure 47. The armrests are important to the
design since the user uses the armrests when changing from the seat from the outdoor to indoor mode.

Arm Rest

Figure 47: Seat in indoor mode showing the location of the armrests and armrest connectors.
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9.0 Analysis of Final Design

This section aims to determine the validity of the final design and determine any critical
dimensions. Three design parameters were determined by conducting various analyses: the required
material and dimensions of the links, the ideal angle for the links to rest when in outdoor position to
allow ease of transition to the indoor position, and the requirements of the propulsion system. The
analysis determined that the design was feasible if the critical dimensions are met or exceeded. Detailed
calculations can be found in Appendix C: Mathcad Calculations.

9.1 Transition Force

The transition from indoor operation to outdoor operation requires the user to use the armrests
to lift him- or herself off of the seat and push backwards against the backrest. The seat was modeled in
SolidWorks and a Free Body Diagram was created based on the dimensions and properties, Figure 48.
The seat and links are modeled as two-dimensional members because the activation force required is
the only value that is desired for this study.

W=17.41lbs| 9.35d

C
5.06 —

8.41 4.13;? —
a
9 >
R1 R2
17.69

Figure 48: Seat Free Body Diagram
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Table 23: Variables Describing Forces on Seat

F  The force applied by the user. This acts completely on the x-axis halfway up the backrest.

w The force due to the weight of the seat. It is applied vertically in the plane of the center of mass as
found in SolidWorks. This was found to be 17.4 Ibs.
R1 The reaction force applied by the front link of the seat mechanism.

R2 The reaction force applied by the rear link of the seat mechanism.

S  Intersection of Seat and Backrest
Three independent equations were produced to solve for the three unknowns: F, R1, R2. The

summation of the forces in the X direction, the summation of the forces in the Y direction, and the
summation of moments about point S were utilized. The equations were inputted to Mathcad and the
"find" function was used to find solutions. It solved the forces at each angle Theta. At 25 degrees, the
horizontal force required to move the seat back F =37.34 |b.

The equations solved for the forces at each individual angle, theta. Then the calculation was
repeated for angles ranging from 10° to 90° to determine a curve for the horizontal force F required vs.
link angle, Figure 49.

Horizontal Force Required to Transition to Indoor Operation

o\

o\

RN

20 \
\

0 10 20 30 40 50 60 70 80 90 100

Link Angle from Horizontal, 8 (Degrees)

120

100

Foree, F (lbs)

Figure 49: Link Angle from Horizontal vs. Horizontal Force Applied by User

To choose the best value of theta, the slope (degrees per Ib.) of Figure 49 was graphed in Figure
50 and further analyzed.
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Magnitude of Horizontal Force Required to
Transition to Indoor Operation

Magnitude of Change In Force, F (Ibs)

0 10 20 30 &0 50 60 70 80 90
Link Angle from Horizontal, 6 (Degrees)

Figure 50: Link Angle in Outdoor Position vs. Magnitude of Change in Force Required to Transition to the Indoor Positon.

The change in force required to transition to indoor position is a magnitude exponentially based
on the angle of the link. In other words, for each change in the link's positional degree, the magnitude of
the force required to move the seat back is exponentially related. Therefore, the best angle to choose is
where the graph begins to reach a horizontal asymptote. The value selected as the minimum link angle
is 25°. This is the angle that the links will rest on the stopper in the outdoor position. The link will rotate
from this angle to the indoor position (91°). This angle requires a modest force and allows the
mechanism to move the center of gravity downward 1.48 in. and forward 3.17 in. which are both
significant changes to lower the risk of tipping.

The force on the links was calculated from the weight of the user combined with the weight of
the seat. This data was used to determine the necessary material properties of the links to prevent
failure using a force and stress analysis. The goal of the analysis was to yield a safety factor of 5 under
the worst-case scenario. Assuming the user is seated against the backrest, the center of gravity used
from the anthropometric study completed earlier is 7.49 in. from the back of the seat. Figure 51 shows a
dimensioned free body diagram of the linkage and seat in the outdoor (lowered) position.
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Figure 51: FBD: W position analysis

In the outdoor position, the links rest at 25 degrees above the horizontal as the transitional
analysis showed to be the optimal angle for capable transition. Understanding the W force is not
equidistant from each link, Mathcad calculations in Appendix C: Mathcad Calculations explain the
exact force on each link. The rear link receives/handles the most force: FL2= 202|bf. A more focused
FBD, Figure 52, illustrates the forces on one link within the stopper housing.

Force Applied by
User and Seat

Figure 52: FBD on CAD Model

The stopper provides a distributed load, but for safety analysis, a concentrated load depicted as
R1in Figure 53 was used to test the strength of the material used in the link.
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FL2

Figure 53: FBD on Link

FL2 Force applied on link due to user’s weight plus the weight of the seat
04 Direction of Fi,

Ry Force applied on link due to the stopper

0, Direction of Ry

R: Force applied on link due to the pin attached to the wheelchair frame
03 Direction of R,

Table 24 Variables Describing Forces on Individual link

The Mathcad formulas and results can be found in Appendix C: Mathcad Calculations.
Considering the required safety factor of 5.00, the maximum shear stress allowed to the AISI 1090 Steel
is 15.6ksi. Compared to the predicted applied shear stress of 8.44 ksi, the material will withstand worst-
case scenario force conditions with a safety factor of 5.00.

9.2 Propulsion Failure Threshold Testing

The propulsion mechanism was tested to ensure that the design would withstand any potential
forces applied by the user during normal operation. This test loaded the mechanism until failure to
determine the weakest element and how much force it was able to withstand. If the torque is
significantly larger than that which a human can produce, the test determines that the proposed
prototype is successful as designed. Testing protocols were created and detailed in Appendix E:
Propulsion System Failure Testing Protocols
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9.2.1 Procedure

With all those participating in a designated safe location, 10 |b. weights were added to the
bucket one at a time. A piece of scotch tape was applied over the entire length of the readout of the
spring gauge. The indicator ripped the scotch tape as it moved down and this was used to determine the
maximum force. Using the length of the lever arm, the maximum torque applied before failure was
calculated. This measurement was compared to the maximum torque a user can produce using the drive
levers in the proposed final prototype.

9.3 Propulsion Mechanism Failure Analysis Results
Max Torque: 231 ft-Ib (77 Ib. applied to a 3ft lever arm)

The force gauge shows a reading of 82 Ib. however 5 Ib. must be subtracted due to the design of
the indicator, Figure 54. The red indicator removed the tape with the bottom of the slide, but the actual
reading is at the top. The full length of the indicator spans 5 Ibs.

Figure 54: Force Gauge Reading

The mechanism was subjected to a gradually increasing force that caused failure in the
connection between the steel sheet and the aluminum wheel hub at a force of 77 Ibs. The point of
failure can be seen at arrow A in Figure 55.
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Figure 55: Fracture point of propulsion system (drive lever not pictured).

While the bolts failed in shear and the hub split in crack propagation, the weld and ratchet
system showed no signs of failure, Figure 56. As can be seen at points A and B, there was no damage to
the weld or the teeth of the socket. The wrench has been rated for 800 ft-Ib of torque and our test did
not exceed 250 ft-lb.

Figure 56: Steel plate welded to socket where drive lever connects

9.3.2 Discussion

This test confirmed that the socket wrench and weld would not be the probable modes of
failure in the design. In the final design, there are 2 additional bolts between the steel part and the
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wheel hub to strengthen this connection. The hub on the final design is also stronger and thicker than
the model used in the test.

The maximum force a user can apply during operation is approximately 400N, or 90 Ibf (Winter,
et al. 2010). The drive lever will be 30 inches in length, applying 225 ft-Ibf. of torque to the wheel hub.
Our test determines that the design will withstand this amount of torque. However, to account for
fatigue and impact loading, a stronger wheel hub and additional and more robust screws will be utilized
on the wheel in the final prototype, Figure 57. The wheel hub will be thicker and wider. The screws will
have a larger diameter, screw into threads, rather than self-tapping screws, and the number will be
increased from 4 to 6.

—

Figure 57: Comparison of Test hub (A) to final design hub (B)

9.4 Propulsion System Requirement Analysis

In order to determine the maximum torque that will be applied to the propulsion system, the
worst-case scenario will be considered. This will occur when the device encounters an obstacle that is
too tall for the wheelchair to climb, causing slippage of the rear wheels. The surface with the largest
coefficient of friction will apply the maximum torque before slipping. This maximum required torque
value to create slip will be used in the determination of the propulsion system design.

It should be noted that the maximum curb height that the chair can climb is dependent on the
friction between the wheel and the surface on which the wheelchair is located. There is a curb height
that the wheelchair can climb that would require the same amount of torque as would cause slipping.
However, a lower curb would require less torque and a higher curb would not be mountable because
slip would occur first. Therefore, the maximum torque applied would occur at slippage and at this
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maximum curb height, but for the simplicity of calculation, the torque required to cause slip will be
considered.

The surface with the highest coefficient of friction that the device will encounter is dry asphalt.
It has a coefficient of friction of 0.9 (Toolbox 2016). This analysis will simulate a wheelchair slipping on a
dry asphalt road. This analysis assumes the weight of the person is 250 Ib. and the weight of the
wheelchair is 50 Ib. The FBD is Figure 58.

Dry Asphalt F

Figure 58: Free body diagram of wheel on dry asphalt
W  Weight Applied by User and Wheelchair

F  Friction Force
T Torque Applied by User
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Wigtag = 23016 + S0Ibf = 3001bf

Assume the total weight is ditributed evenly between both rear wheels

W
a1
W= — % 1501bf

F = W-p = 1331bf

The torque is the Force multiplied by the distance to the wheel hub

g

D= 2

T=F—=1462 Ibfft

b | 1

9.4.1 Results of Torque

It is clear that the maximum torque that could be applied, in the worst-case scenario, is less than
150 ft-Ibf. The physical configuration tested failed at 228 ft-Ibf, giving it a current Safety Factor of 1.56.
With a more robust configuration in the final prototype, the factor of safety is higher.
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10.0 Manufacturing

Following the completion of the kinematic and stress analyses of the final design and ordering
of parts, the manufacturing process began. An Invacare standard wheelchair was supplied by WPI, which
served as the foundation for the prototype. Several modifications were made to the frame along with
the addition of new machined parts. Work was conducted in the Washburn Labs Machine Shop as well
as in the Rehabilitation Lab.

10.1 Modifications

The first step in the manufacturing process was to modify the side support frames of the
wheelchair. The original side frames were very similar to the modified piece, as the only change was the
lowered relocation of the main support bar. The bar needed to be lowered to accommodate the linkage
system. If the support bar remained where it was originally, then the seat would have been raised 3
inches higher due to the linkage system. A higher seat would not allow the user to access tables or desks
without hitting them. A lower bar allows the seat to remain at its original height with the links in the
upright position.

The upper horizontal support bar was removed with a vertical band saw and replaced with a
new % inch diameter pipe in a lowered position 4.5 inches. Shown in Figure 59, is the new placement of
the upper horizontal indicated in the red box. The new pipe was welded in place and later drilled with a
drill press so the linkage and stopper system could be mounted to it. Ten % inch holes were measured
from the rear, centered, punched and then drilled.

Figure 59 Modified Wheelchair Frame
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For added seat clearance, the vertical bars were cut just above the new upper horizontal bar
(Point A in Figure 59). The wheelchair armrest had to be modified due to the added width of the chair
and removal of rear armrest holders. New holders, Figure 60, were welded to the frames with a 1 inch
rectangular, steel tube standoff to prevent interference with the seat and linkage systems. Finally holes
at point ‘B’ were drilled in the holder cylinders so that the armrest pins could lock in place during
operation. All sharp edges were removed with the grinder, and welds were dropped and weight tested.

Figure 60: Modified Armrest Holder for Left Side

Finally, due to the use of the mountain bike wheels as rear wheels, there was a need for a longer
wheelbase and larger diameter castor wheel to prevent tipping forward when in the outdoor mode. The
headsets that held the castor forks to the frame were sawed off the chair frame and re-welded with a 4
inch long rectangular steel pipe, Figure 61. This extended the wheelbase and raised the front end of the
wheelchair, greatly improving its longitudinal stability in both indoor and outdoor modes.

Figure 61: Modified Castor Headset location
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10.2 Folding Mechanisms

In order to allow the wheelchair to fold, the scissor style folding mechanism had to be altered.
Initially, the mechanism was connected directly to the seat, and folded in as the wheelchair was folded.
The black pieces were cut with a vertical band saw, removing the clamps that connected the bars to the
seat Figure 62.

Cut Here \

New Holes

Figure 62: Modified Folding Mechanism

Two rectangular links, Figure 63, were machined on a Minimill, one for each side of the folding
mechanism. The small hole on the right is a % inch diameter and the slot has a slightly larger width,
allowing the pins to slide into place at the toggle position. The % inch hole on the left is to be attached
to the wheelchair frame. The line through this hole denotes where the part was cut with the vertical
band saw. This allows the rectangular link to mount on the upper horizontal support beam. The part
drawing with dimensions can be found in Appendix D: Drawings of Prototype.

Figure 63: Rectangular Link in Folding Mechanism
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Once machined and cut, a drill press was used to drill holes A & B, Figure 64, into the shoulders
of the clamp part and a hand tap was used to thread the holes. This allows the clamp to be put onto the
wheelchair frame and then screwed into the rectangular link.

Figure 64: Attachment of the Rectangular link and Clamp to the Frame (Right Side)

The other side of the rectangular link is bolted to the folding mechanism through the new holes
D & E, from Figure 62: Modified Folding Mechanism, Figure 62. The lower hole in each pipe is the new
location of the main pivot H, Figure 62, was not modified, and instead were bolted to the new
rectangular link. The uppermost holes on each black pipe, labeled F & G from Figure 62 are a % inch in
diameter and a % inch bolt was inserted as a pin that will rest in the slot machined into the rectangular
link. The pin and the slot can be seen in Figure 65 black tube, a nut was secured to prevent the pin from
moving (not shown).

Figure 65: Pin and Accepting Slot
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The pin rests in the slot when the wheelchair is completely unfolded. This puts the folding
mechanism in the toggle position and prevents the side frame members from bowing outward. Figure
66 is a view of the mechanism when it is completely unfolded.

Figure 66: Completely Unfolded View

The lower inside corners of the machined rectangular links interfered with one another, which
restricted the wheelchair’s full folding potential. These corners were cut off using a hacksaw to prevent
the obstruction (Figure 67).

Figure 67: Remedial Cut of Machined Part (Rectangular Link)

The user can now grab each side frame member and fold the device, Figure 68. There is a slight
outward tilt of the seat back when the chair is folded. Since the cut to the rectangular link was made,
the device can now fold to a size that now 3 inches smaller than before. The new folding system can fold
up to enough for storage in the back seat of a car, meeting Design Specification 12.
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Figure 68: Completely Folded Position

10.3 Link System

The Linkage System consists of four links and four stoppers. The four links were cut to 4 inch
lengths from two bars of % x 5/8 x 8 inch rectangular aluminum stock. Then, % inch holes were drilled in
each link using the mini mill CNC machine with chamfers on the holes used for the pins. Following the
links, stoppers were machined from two bars of % x 2 x 12 inch rectangular aluminum stock. After
cutting each piece of stock into two 6 inch long pieces, the stock was fixed in the mill and % inch holes
were drilled. The stopper was removed and bolted to a sacrificial piece of aluminum scrap. The scrap
was used to prevent tools from hitting the vice during the contouring operation that created the resting
positions for the links. After the parts were finished they were de-burred and edges were chamfered to
reduce the friction during transition, Figure 69. Note only three stoppers are shown, but four were
machined.
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Figure 69: Machined Links and Stoppers

With all parts machined, links and stoppers were bolted to the upper horizontal support bars of
the wheelchair frame. Small 1/16 inch thick washers were added between the links and the support bars
to alleviate some horizontal pressure on the links. This enabled smoother transitions between indoor
and outdoor positions.

10.4 Seat Assembly

The seat was constructed from 1 inch aluminum tubing, steel threaded elbows, a repurposed
cushioned seat, and the original wheelchair seat back. The tubing was cut using a hacksaw to 16 and 17
inch lengths and then 7/8 inch threads were die cut into one end of each of the 4 tubes. The pieces were
then threaded into the elbows and the 16 inch tubes were marked and punched at the locations where
they would be bolted to the links of the linkage and stopper system. The group then drilled % inch holes
into the pipe perpendicular to the vertical plane in the center of the tube using the drill press.

Next, % inch holes were drilled into the plywood of the cushioned seat and pins were pressed
through fitted. Following the seat construction, 5/8 inch holes were drilled into the top of the 16 inch
tubes (S1 — S4, Figure 71) for the seat assembly to fit the seat’s pins. Press-fit brass locators were fit in
the 5/8 inch holes in order to assist the user in finding the pinholes when placing the seat in the
assembly, Figure 70. With these pieces prepared, the seat frame tubing was bolted to the links, gorilla
glue was added to the threads of the elbows and the seat was placed in the pinholes.
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Figure 70: Press Fit Brass Locators on Right Seat Frame (top view)
Finally the seat back was attached with an elastic band as a means to not inhibit the folding

mechanism when it causes the frame to no longer be parallel. The bands were bolted on to the seat
frame and then again bolted to the seat back, Figure 71 and Figure 72.

ir

- Il
Elbows

Figure 71: Seat Frame and Seat Back Mounted on Wheelchair
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Figure 72: Seat Mounted on Seat Frame and Wheelchair

10.5 Propulsion System

The drive lever system is broken down into 3 subassemblies, which include the ratchet device,
driver lever, and shifting mechanism. The ratchet device consists of a % inch pull-through socket welded
to a steel piece that will be bolted to the mountain bike wheel, Figure 73(Socket not shown). The socket
was centered on wheel hub with a bolt and spacer fixture then welded to the steel piece.

Figure 73: Steel Piece Bolted to Wheel hub and Disc Brake Rotor
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The drive lever subassembly involved a modified steel socket wrench, a machined aluminum
bushing and 1 inch diameter aluminum tubing. The wrench used for the ratchet mechanism was
disassembled and then reassembled with a bent % inch steel rod to replace the original shifting latch.
The steel rod was bent using a torch, hammer and vice then later cut to proper length for the shifting
mechanism shown in Figure 74.

Figure 74: Bent Shifting Rod Inserted into Wrench

To attach the lever arm to the wrench, the handle of the socket wrench was cut with a hacksaw
where the diameter began to taper. Then, using a die, 7/16 inch threads were cut into the handle. Next,
the bushings were machined in the lathe using simple contouring and drilling operations. After the
machining, they were clamped in the vice and the center hole was tapped with a 7/16 inch tap so the
wrench handles could be threaded into the bushing. The bushings were press fit into the aluminum
tubing and tig-welded at the lip for added strength for the wrenches threaded into place.

The final subassembly was the shifting mechanism. It required 2 links and a straight shifting rod
attached to the bent shifting rod (Figure 75) in order for the assembly to properly shift. The bent rod
was attached to a thin metal link (A) and then 2 thin metal links (B & C) were cut to length and drilled to
size 10-32 screws. The links were then connected to the straight shifting rod that runs vertically through
an oversized bolt (OB). The straight rod was able to move the links up and down while still being able to
rotate about its axis. The shifting rod must rotate in order to lock in gear. To compensate for the bent
shifting rod being offset 0.5 inch from the drive lever tubing, wooden standoffs were cut using large
circle drill bits in the drill press. The team felt confident that the wood would be sufficient for a
prototype but recommends the potential use of a different material if/when recreating the device. Six
standoffs with a 1 inch ID and 1.5 inch OD were cut and attached with 10-32 set screws. The holes were
predrilled to prevent splitting.
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Figure 75: Ratchet and lower end of Drive Lever

With the linkage assembled, the slot latch and slotted guide were lined up and screwed on to the
standoffs, Figure 76. With the slot latch and slotted guide attached, the distance required to shift was
measured and then equivalent extra material at the bottom of the slot latch was removed in order to
enable the drive levers to be in the forward position at the bottom of the slot latch, Figure 76. The
diameter of a 10-32 bolt was added to this measurement to accommodate the bolt threaded into the
straight shifting rod used to move the mechanism up and down, Figure 77.

Figure 77: Shifting in Reverse Position

10.6 Brakes

The disc brake is on the wheel hub and the brake calipers were mounted to the wheelchair
frame in an unobstructed location. To do this, a small metal plate intended to hold the brake calipers
was welded to the end of a 7/16 inch axle stock. The axle was press fitted into the lower axle slot in the
wheelchair frame. The position of the caliper on the plate was then located to meet the disc brake and
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¥ inch holes were drilled. To finalize the assembly, the axle was welded in place and the brake calipers
were mounted to the small metal connection plate.

10.7 Final Assembly

With armrests in the corrected position, final assembly began by cutting each axle and die cutting
7/16 inch threads on each side. The wheel bearings were replaced with 7/16 inch ID roller bearings that
were press fit into each wheel hub. The ratchet device subassembly was then bolted to each wheel with
the disc brake rotors and the drive lever system was mounted on to each ratchet device. The wheels and
connected propulsion systems were mounted on the axles and bolted to the chair frame. An aluminum
spacer was mounted between the frame and the drive lever on each side to prevent the socket wrench
from disengaging the welded socket. Figures 37-41 show the completed sub-assemblies of the
wheelchair coming together to complete the final prototype.

Figure 78: Propulsion System Assembly

The next figure shows the wheel assembly mounted on the wheelchair frame.
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Figure 79: Propulsion System Bolted to Wheelchair Frame

Finally, the chair is displayed from a side view in both indoor and outdoor seating positions.

Figure 80: Side View of Wheelchair in Indoor Position

Notice the difference in the seat’s position in regards to the wheelbase and height from the ground.

|Page 84



Figure 81: Side View of Wheelchair in Outdoor Position

Figure 82: Final Assembly of Wheelchair
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11.0 Testing

This section describes each testing protocol that was carried out in order to determine the
success of the device. Design specification testing isolates and tests individual aspects of the prototype
and compares them against expected results of a successful device. Field-testing involves performance
in a real world environment. It outlines a testing path that incorporates many obstacles in the terrain
that a user might struggle with while using a standard wheelchair. The tester navigated the path to
determine if the prototype is effective in a realistic scenario.

11.1 Design Specification Testing

To determine if the final prototype is successful, it must be compared against the design
specifications previously established. Each specification will be marked with a Pass or Fail. Passing
critical design specifications is required for deciding if the prototype is a success. The protocols can be

found in Appendix E: Propulsion System Failure Testing Protocols
This test was set up with the same configuration as the propulsion system in the final prototype.
This determined feasibility of the design in regards to system failure.

To be tested:

e Potential failure modes of the system

e Maximum torque applied before failure

e Part that fails first (ratchet, lever arm, weld connections, wheel spokes, hub)
Materials:

e Spring Gauge (with tape covering the indicator to give a maximum force reading)

e 10 Ib. Weights

e Bucket
e Rope

e  Wheel
e Socket

e Ratchet Wrench
e Clamps or Equivalent
Setup:
1. Using self-tapping screws, a steel plate was attached to the wheel hub and then a pass through

socket was welded onto the steel plate, Figure 100.
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Figure 100: Wheel with Welded Steel Plate and Socket.

This simulated the final prototype, which had a steel piece onto which the steel socket was
welded. The wheel that was used for the prototype is shown in Figure 101.

Figure 101: Wheel that was used for Final Prototype.

Although different shapes, the steel piece screwed to the hub is what the socket will be welded
to. The similarity between the intended prototype wheel and the tested wheel provides an accurate
representation of the wheel hub and this allows for destructive testing on a wheel that will not be
needed for the final prototype.

2. The test wheel was secured to a table in a horizontal orientation. Torque was applied so it was

fastened in a way to prevent rotation. This was done by clamping the wheel directly to the
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table edges and creating a perimeter around the other edges to prevent it from lifting up or
spinning, Figure 102.

Figure 102: Wheel Clamped to Table.

3. The ratchet was connected to the outside of the lever arm via hose clamps. A metal tube was

used as the lever arm. A hole was drilled 36 inches from the center of the ratchet for the spring

gauge, which was attached in later steps, Figure 103.

Hole for

Ratchet Spring Gauge

P
- g’-‘.‘ﬂ

Hose Clamps

Figure 103: Ratchet attached to Lever Arm.

4. The ratchet was connected to the socket that is mounted to the wheel hub. An additional piece of
plywood was added to support the weight of the lever arm due to the orientation of this test. The final
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prototype will have the wheel in a vertical orientation, so this will not be a factor. Supporting the
lever arm in this way makes it a more realistic test. The spring gauge was connected to the lever at the

hole that was drilled earlier, Figure 104.

Figure 104: Lever Arm attached to Socket.

A The Spring Gauge attached to the lever arm
B Ratchet attached to the socket

C Wood piece supporting lever arm weight

5. The other side of the spring gauge was attached to a rope that leads to a pulley system with a

bucket on the other end that weights can be put in, Figure 105.
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Figure 105: Pulley and Weight Bucket Configuration.

Ais the pulley. B is the bucket to hold the weights. The metal bar inside of the bucket prevents
the rim from collapsing under the weight.
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Appendix F: Design Specification Testing.

Table 25 displays the results of the performance based design specification tests. These prove
the device’s ability to effectively satisfy the design constraints with regards to usability and functional
aspects.

Table 25: Performance Design Specification Results

Indoor Operation Function Size/Weight Environment
Pass Pass Pass Pass
Fail Fail Fail Fail

Table 26 displays the results of the production based design specification tests. These
specifications are concerned with the quality and manufacture of the device.

Table 26: Production Design Specification Results

Cost Aesthetics Maintenance Manufacturability Safety
Pass Pass Pass Pass Pass
Fail Fail Fail Fail Fail
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11.2 Field Test

A specific test path was laid out in Institute Park to incorporate natural terrain, obstacles, and
slopes, Figure 83 and described in Table 27.

Figure 83: Testing path through Institute Park (Google Maps)

These elements will help test each design specification, Table 27. At any point along this path or
nearby, special tests can be conducted to ensure thorough and reliable testing. This path also assumes
the operator is a fully capable user and can pass all wheelchair skills tests.
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Table 27: Description of each zone and which design specifications the zone tests.

Zone Description Design Specification Tested
1 ADA approved walkway, uphill, Possible Snow 4,5
2 Loose Gravel 1,2,10
3 Lateral Stability test slope 15 degrees, large tree roots 8,12
4 Downhill testing Slopes 10-20 degrees 6,7,9 11
5 Thick Grass, Flat, potential mud 3
6 Uphill testing slopes 10-20 degrees 6,7,9, 11
7 Mostly level grassy terrain 3
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12.0 Results

The design team completed a series of tests on the prototype that showed very conclusive and
showed that the prototype wheelchair overcomes several of the limitations of using a standard indoor
chair. It was tested indoors and was able to pass all ANSI standards as well as the original design
specifications. The following includes the objectives and results for each of the tests conducted by the
project team.

12.1 Design Specification Testing

Each design specification was tested using Table 28. Of the 42 design specifications, the
prototype passed 35 of the design tests. Two design specifications were unable to be tested due to time
constraints. These design specifications were “The device is able to traverse a Class 1 Hiking Trail” and
“Under normal indoor and outdoor operation, the device must last at least five years.”

Design Specification Testing

Design
Test Steps Expected Result Pass/Fail
Specification

Indoor Operation Requirements Design Specification Tests

The tests in this section should be performed with the device in the indoor position

1. With the drive levers in the down The device does not
position, measure the horizontal distance | exceed 51 inches in length. P
' between the front most and rear most 51 inches
point of the device.
1. With the drive levers in the up position, The device does not
measure the vertical distance between exceed 43 inches in height. F
2 the lowest point and highest point of the 49 inches
device.
1. Measure the horizontal distance The device does not
between the left most and right most exceed 28 inches in width. F
3 points of the device as viewed by the 29 inches
user.
1. Visually verify that wheel locks are Wheel locks are present F
4 present on the device and engage the and engage the wheel in Not
wheel when activated. the locked position. Present

Function Design Specification Tests
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10.

No outside help and no use of the
tester’s legs are allowed for this test. The
user must remain on seat of the device
for steps 2 - 7.

Move the seat from the indoor position
to the outdoor position by using the arm
rests to lift and pull the seat forward.
Move the seat from the outdoor position
to the indoor position by using the arm
rests to lift and push on the seat
backrest.

With the propulsion system in the
forward direction, push both drive levers
to propel the wheelchair forward at least
10 feet on an ADA approved surface.

Put one of the drive levers into reverse
and leave the other in forward and use
both drive levers to turn the device at
least 90°.

Reverse the direction of both drive levers
and use both drive levers to turn at least
90° in the opposite direction as step 5.
Put both drive levers in reverse and use
the drive levers to move backwards at
least 10 feet on an ADA approved
surface.

Transfer from the device to another seat
or equivalent.

Remove the seat from the device and
fold the frame.

Unfold the frame and replace the seat.

All features of the device
can be operated solely by
the user including the seat
adjustment, propulsion,

and folding.

Verify that the device can pirouette by

The device can pirouette.
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using one drive lever in forward and one

drive lever in reverse.

With the seat in the indoor position,
place 250 Ibs. onto the seat in any
configuration.

Repeat Step 1 with the seat in the

outdoor position.

The device can support a

load of 250 lbs.

While in the indoor position, measure
the vertical distance from the lowest
point of the device to the surface of the

seat.

The seat does not exceed

20 inches from the ground.

19.5

inches

In the indoor position, move the
wheelchair by either have another
person manually pushing it or use of the
drive levers.

While moving, activate the brake handle
on the drive lever until the device comes

to a stop.

The device has a means of

slowing down and

stopping.

10

While in the indoor position, push or
propel the device on an ADA approved
surface at least 14 feet per second.
Verify the speed by using a video camera
with a backdrop displaying distances. Use
frames per second to determine the
speed traveled just before braking.
Activate the brakes and measure the
distance traveled from first activating the
brakes until coming to a complete stop

as verified by the video.

The device is capable of
coming to a complete stop
within a distance of 10 feet
when traveling at a speed

of 14 feet per second.

4 feet
6 inches

Size/Weight Design Specification Tests

|Page 96




The following tests should be performed with the device in the indoor position.

1. Weigh the entire device on a scale. The device weighs 50 Ibs.
11 F 52.61bs
or less.
1. Remove the seat and fold the frame. The device is less than 30 x
2. Measure the dimensions of the folded 29 x 60 inches during F
2 frame in a manner in which they would transportation. 38x23x51
be placed into the back seat of a car.
Maintenance Design Specification Tests
1. Obtain a wrench set, pliers, screwdrivers | The major components of
and a hammer. These are the only tools the device are capable of
allowed for this test. being assembled and
2. Unscrew the bolts holding on each axle disassembled with
and remove each axle. common household tools.
3. Remove the brake handle from each
drive lever.
13 4. Remove each wheel with drive lever P
attached.
5. Unscrew the screws at the inside of each
wheel hub that supports the disc brake
and drive levers.
6. Undo the bolt that holds each front
caster and remove both casters.
7. Replace all components of the device.
1. Test 13 is indicative of the success of this | Part replacement can be
Test. If Test 13 passes, the same conducted using only
procedure with new parts instead of the | common household tools.
4 old could also be executed, meaning it P
satisfies this requirement and no further
testing is required.
Durability Design Specification Tests
15 1. Due to the time constraints, this design N/A N/A
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specification cannot be tested.
Cost Design Specification Tests
Add up the costs of all parts that make The parts required for
16 the prototype. prototype construction P
cost less than $640.
Aesthetics Design Specification Tests
Attach armrests to the wheelchair. The wheelchair has the
17 Remove the arm rests from the option to have armrests. p
wheelchair.
Attach wheelie bars to the frame of the The wheelchair has the
wheelchair frame. option to have wheelie
e Remove the wheelie bars from the bars. i
wheelchair frame.
Visually verify that operation of the The user is protected from
device does not require touching the dirt and debris that come
o wheel. from direct contact with a i
wheel.
Verify that portions of the wheelchair The wheelchair can be
20 have the ability to accept paint. produced in a variety of P
colors.
Visually verify that the wheelchair has The wheelchair has storage
21 the option for storage either underneath | that is accessible while P
the seat or at another location. seated,
Verify that a portion of the frame or The user has the option of
22 armrest has the possibility of attaching a | attaching a cup holder to P
cup holder to it. the side of the wheelchair.
Use the handles attached to the seat The user has the option to
23 back to push the wheelchair. have handles on the back P
of the wheelchair.
Visually verify safety labels are present at | Safety labels are present
& any potential dangerous part of the and visible. -
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wheelchair.

Environment Design Specification Tests

The following tests should be performed with the device in the outdoor position.

1. Find a crack or gap at least 30 inches long | The device is able to
and between 1.5 and 1.6 inches wide. navigate at least 1.5 in.
2. While operating the wheelchair, pass wide gaps or cracks from
over the crack with a perpendicular any direction.
approach.
25 P
3. Pass over the crack at an approximate
45° angle.
4. Pass parallel over the crack so that one
wheel of the device is completely
covering the width of the crack.
1. Find or create a ditch 6 inches deep, 30 The device is not impeded
inches long, and 13 inches wide. by a ditch less than 6
26 2. While operating the wheelchair, pass inches deep and less than P
through the ditch from a perpendicular one radius of the driven
approach. wheel wide.
1. While operating the wheelchair, pass The device is able to
through grass at least 4 inches tall. navigate grassy terrains
27 with grass up to 4 inches i
tall.
1. Verify that no parts of the device are The device must be
significantly affected by temperatures as | operable in cold, winter
28 low as 0° F. conditions with i
temperature as low as 0° F.
1. Propel the wheelchair on a walkway The device can traverse a
29 covered with at least 2 inches of snow. walkway that has at least 2 P
inches of snow.
1. Place the device on a piece of plywood The device does not tip P
30 and load the seat with 250 Ibs. of sand when stationary and 25-30
degrees
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bags or equivalent, while attempting to positioned transversely on
evenly distribute the load. a 25° slope.
Engage the wheel locks.
Using a car jack, slowly lift either the left
or right side of the plywood until the
chair begins to tip.
Measure the maximum angle before
tipping with an inclinometer.
Repeat Test 30 but lift the front of the The device does not tip
plywood. when stationary and
31 P
Repeat Test 30 but lift the rear of the positioned longitudinally
plywood. on a 25° slope.
Use a double sided ramp (one with a The device is able to
peak and a down slope on each side), or | navigate bumps or rocks
equivalent, that is a height sufficient to without tipping that lift
tilt the wheelchair transversely to a 15° one wheel up to create a
angle when one wheel is at the peak and | 15° angle.
32 the other is on the ground. P
Propel the wheelchair to have one of the
wheels pass over the ramp and down the
other side while the other wheel remains
on the ground.
Propel the wheelchair up a slope of at The device must be able to
least 15°. climb and descend up to
33 Return down the same slope. 15° slopes while P
maintaining stability.
Propel the device over at least a % inch The device is able to
34 gravel or stone walkway. traverse at least % inch P
gravel or stone walkways.
Use the device on a class 1 hiking trail for | The device is able to
35 N/A
1000 feet without getting stuck or traverse a Class 1 Hiking

| Page 100




tipping. Trail
1. Propel the wheelchair over a log at least | The device is able to travel
36 4 inches in diameter. over a log at least 4 inches P
in diameter.
Safety Design Specification Tests
The following tests should be performed with the device in the indoor position.
1. Visually verify that the device has no The device has no exposed
37 exposed sharp edges, pinch points, or sharp edges, pinch points, p
foot/leg entrapments. or foot/leg entrapments.
1. During testing, verify that no discomfort | The user is not endangered
or injury is being inflicted to the tester. when operating the device
3% This demonstrates the safety of the correctly. g
device under correct operation.
1. Visually verify the routing of all cables All mechanisms and wires
and wires are done to mitigate risk and do not interfere with the
do not interfere with operations of the use of the chair.
39 chair. P
2. Visually verify all moving mechanisms
cannot interfere with operations of the
chair.
Manufacturability Design Specification Tests
1. Verify that all manufacturing was All manufacturing was
40 completed on the WPI Campus . completed on the WPI P
campus.
1. Verify the date of completion of the The device was
41 prototype and testing. constructed and tested P
before April 21*,
1. Verify the lead-time on any purchased All materials required for
material did not exceed one week and manufacturing were
2 that no individual part cost more than readily available and low- g
$200. cost.
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The prototype passed every function, environment, cost, aesthetics, maintenance,
manufacturability, and safety design specification test, Table 29 and Table 30.

Indoor Operation Function Size/Weight Environment
Pass 1 Pass 6 Pass 0 Pass 11
Fail 3 Fail 0 Fail 2 Fail 0
Cost Aesthetics Maintenance Manufacturability Safety
Pass 1 Pass 8 Pass 2 Pass 3 Pass 3
Fail 0 Fail 0 Fail 0 Fail 0 Fail 0

Indoor operation mainly focused on the overall dimensions of the prototype. The prototype had
a length of 51 inches, height of 49 inches, and width of 29 inches. The length passed the test since the
expected results was for the device to not exceed 51 inches in length. However, the height and width
failed since the device did exceed 43 inches and 28 inches, respectively.

Environment testing passed all of the expectations for the design. The device traversed 4 inches
of snow, which is two inches more than required. The device may be able to handle deeper snow but
due to weather conditions, this could not be tested. Stability of the prototype on steep slopes was of
high interest. The design specification state the device should not tip when stationary and positioned
transversely on a 25-degree slope, or longitudinally on a 25-degree slope. To test these specifications,
the prototype was positioned on a board and lifted using jacks for testing.

12.1.1 Static Slope Testing

The prototype was positioned on an adjustable slope and the forward, backward and side
tipping angles were measured, Table 31. The goal of the test was to determine how much the prototype
improved the standard tipping angle of wheelchair. As a control and comparison, an ADA approved
ramp or slope can be no more 5 degrees. The chair was able to remain upright in the forward (Figure 84)
and backward (Figure 85) position up to 30 degrees and up to 24 degrees in the sideways position.

A standard wheelchair was also tested, confirming the advantages of the prototype in the rear
and lateral tipping directions. However, the prototype did not show much advantage when tipping
forward. The test still showed success with the backwards testing of the prototype being 3x better than
the standard indoor chair.
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Table 31: Tipping Degrees

Direction Prototype Standard
Forward 30 Degrees 28 Degrees
Backward 30 Degrees 10 Degrees
Lateral 24 Degrees 19 Degrees

- ALTIMETER

Figure 84: Static Forward Tipping Test Setup
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Figure 85: Static Backward Tipping Test Setup

12.2 Park Course Testing

The prototype and a standard wheelchair provided by WPI Health Services were operated
through the test course to see a direct comparison on a variety of slopes, surfaces, and obstacles. The
prototype proved exceptionally stable and competent in various aspects of the course, while the
standard wheelchair was prone to tipping and lacked traction and maneuverability. The prototype was
more efficient and required less energy from the user to traverse slopes and ascend inclines. The user in
the standard wheelchair was considerably more tired after long inclines both on sidewalks and in grass.

The user in the prototype was able to safely navigate declines and could fully stop and rest on
slopes with the brakes. The outdoor mode of the prototype increased stability and gave the user more
confidence on higher degree slopes. The brakes allowed the user to steer and handle the wheelchair
without grabbing the dirty wheels. The hands and clothes of the user in the standard wheelchair were
also noticeably dirtier than those of the prototype user. The drive levers kept the user's hands and
clothing away from the wheels, an unexpected benefit of not using the hand rims.

In conclusion, the performance of the prototype definitively passed all requirements in all zones
of the test course. The prototype moved through each zone in less than half the time it took the
standard wheelchair too. The prototype easily navigated the course’s slopes ranging between 10 and 20
degrees that caused the standard wheelchair user to tip. The standard wheelchair user had to shift his
weight several times to wheelie over a root or maneuver himself through mud or gravel. The prototype
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user felt much safer and did not need to move his body weight around to overcome obstacles, different
slopes or surfaces.

12.3 User Feedback Testing

12.3.1 Feedback Testing Protocols:

Goal: To compare the device with a standard indoor wheelchair by testing the standard functions of
each chair. The data found will provide the group with relevant information regarding any benefits or
drawbacks of the prototype outdoors and on slopes.

Participants will be chosen at random and given an instructional manual as to how to use the
device's functions being tested. Prior to the tests beginning, participants will be evaluated to ensure
they can safely operate the device. All mechanism, bolts, fasteners, and edges on the devices will be
checked prior to testing as well, to prevent failure or injury. Group members will monitor tests.

Goal: To discover the user's capability of transitioning from indoor position to outdoor position and then
back again.

Procedure:

After reading the Instructions describing the Transition process, the participants will be asked to
transition down and up using the linkage system. Each transition (up and down) will be timed separately.
Afterwards, the participant will be asked to fill out the survey in regards to the interface and ease of use.

Goal: To compare the ease of folding and storing the chairs
Procedure:

After reading the Folding mechanism section of the instruction manual for the prototype
wheelchair, participants will be asked to fold and unfold each wheelchair. They will be timed and
following the test, the chairs will be folded again and participants will be asked to lift and insert each
chair into the rear seat of a car. They will again be timed and following the completion of this test, asked
to fill out a survey comparing function and ease of use of each chair's ability to fold.

Goal: To compare the prototype and a standard wheelchair in the ease of propulsion. Specifically, the
ease of propulsion in grass when traveling forward and then traveling backwards will be compared.

Procedure:
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After reading the instructions manual for propulsion and shifting, the participants will be asked
to switch the propulsion system from forward to reverse, then reverse to forward. Next the user will be
asked, using the drive levers, to propel the wheelchair forward across the flat grass for 20 feet, turn 180°
and return to the starting line; this task will be timed. Then the participant will use a standard
wheelchair to repeat the test. After every task has been completed, the participant will complete a
survey about each task they completed.

Goal: To compare the prototype to a standard wheelchair in the ease of traveling up an ADA approved
ramp.

Participants will begin in a standard wheelchair at the bottom of the ramp in front of Alumni
Gym. They will propel themselves up the ramp and will be timed from the moment they begin until they
reach the top of the ramp. The ramp consists of a 53 foot ramp, a 180-degree turn on a landing, and
another 39 foot ramp. Testing will then be repeated with the prototype using only the hand rims. It will
then be repeated one more time using the prototype drive levers. After the testing, the participant will
complete a survey about the task they completed.

12.3.2 Results of User Tests

Seven subjects tested a standard wheelchair using the hand rims, the prototype with hand rims,
and the prototype with drive levers on grass. When asked which wheelchair they preferred for travel on
grass, six of seven people preferred the prototype. Additionally, the raw data collected by the project
group can be found in Table 32.

Tester Standard Wheelchair Prototype Hand Rims Prototype Drive Levers
1 47 seconds 33 seconds 69 seconds
2 33 seconds 31 seconds 42 seconds
3 23 seconds 21 seconds 30 seconds
4 40 seconds 37 seconds 38 seconds
5 62 seconds 33 seconds 52 seconds
6 28 seconds 27 seconds 47 seconds
7 45 seconds 30 seconds 45 seconds
Average 39.7 30.3 46.1

Std Deviation

13.17

5.1

12.3.2.1a Determining if the Data is Statistically Significant

Standard Wheelchair vs. Prototype with Hand Rims on Grass

12.3

A non-normal distribution of the participants’ times will be assumed for this test. A Wilcoxon
test, which compares the median values of two sample sets to determine the statistical significance was
used (Boston University School of Public Health 2016). A a value of 0.05 will be considered statistically

| Page 106



significant for this one-tailed test with a hypothesis that the prototype with hand rims is faster than the
standard wheelchair on grass. To determine if the data between the standard wheelchair and prototype
with hand rims are statistically different, a Wilcoxon test was performed. The information is in Table 33.

Critical a value Sample Size Critical W Resultant W Significant?
0.05 7 3 0 Yes
The data showed a significant difference between the prototype with hand rims and the
standard wheelchair, indicating that the prototype with hand rims is faster than the standard wheelchair
for travel on grass.

Prototype with Hand Rims vs. Prototype with Drive Levers on Grass

The same procedure was repeated for the prototype with hand rims and the prototype with
drive levers, Table 34. If the data are not statistically different, the drive levers will be considered the
same speed as hand rims on grass. If the data are significantly different, drive levers will be considered
to be slower than hand rims.

Critical a value Sample Size Critical W Resultant W Significant?
0.05 7 3 0 Yes

The data show that drive levers are slower than hand rims. Later in this document, the
investigation to how much slower the drive levers are than hand rims, and if the mechanical advantage
of the drive levers are enough to offset the slower times will occur.

12.3.2b Analysis

The first investigation will be the comparison of the prototype with hand rims to the standard
wheelchair on grass. It is clear that the times of the prototype with hand rims showed a smaller standard
deviation implying that it is more reliable and repeatable regardless of the user. The standard chair on
the other hand, had a large standard deviation and in general, only users with experience were able to
travel quickly and most struggled. Figure 86 shows the two times of each test for each person.
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Figure 86: Graphical Comparison of Tester's Time with the Prototype Hand Rims and Standard Wheelchair

The comparison from person to person negates the confounding factors such as physical
variation of each tester, test weather, and experience in a wheelchair. Every test subject was able to
travel on grass faster with the prototype. Improvement of times for every tester indicates that the
prototype was more effective at traveling on grass. A numerical comparison of the times in standard
wheelchair and the prototype with hand rims can be seen in Table 35.

Table 35: Numerical Comparison of the Times in the Standard Wheelchair and Prototype of Each Tester

Tester Standard Wheelchair Prototype Hand Rims Percent Faster
1 47 seconds 33 seconds 42%
2 32 seconds 31 seconds 3%
3 22 seconds 21 seconds 5%
4 40 seconds 37 seconds 8%
5 62 seconds 33 seconds 88%
6 28 seconds 27 seconds 4%
7 45 seconds 30 seconds 50%
Average 28.6%

This is a definitive result that is indicative of the success of the prototype. To further reinforce
the result, more testing should be completed. Ultimately, 6 out of 7 testers preferring the prototype
over the standard wheelchair indicates that the prototype is superior for travel on grass.

The next comparison is between the prototype using hand rims and the prototype using drive
levers. The large standard deviation of the drive lever times, much like the standard wheelchair on grass
indicates that there is a distinct learning curve. Some users struggled with the drive levers while others
were able to travel quickly.

It is clear that drive levers took a longer time, but the additional mechanical advantage was
expected to slow the wheelchair down to increase torque. The mechanical advantage provided by the
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wheelchair is anywhere from 2-3 times that of the hand rims depending on where the user's hands are
on the drive levers. On average, the drive levers are 1.5 times slower but the drive levers provide an
average mechanical advantage of 2.5, which indicates the increased mechanical advantage, is beneficial.
Another method of visualizing this can be seen in Figure 87. It would be expected that drive levers are
2.5 times slower than hand rims, assuming the same stroke length provided by the user. The black line
in the graph represents the ratio of 2.5:1 time ratio between the prototype with drive levers and the
prototype with hand rims.

Drive Levers vs Hand Rims on Grass
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Figure 87: Drive Levers vs. Hand Rims on Grass to Determine Efficacy of Drive Levers

Each data point that falls below the line indicates that the user was able to travel faster than
two times slower. Frequency of stroke was not measured and cannot be assumed to be the same but
assuming a similar amount of effort input can be. This is because all users were all reasonably fit and
above average in terms of upper body strength. Thus, with seven of seven people provided data points
below this line, it indicates that each tester benefitted from the drive levers. For travel on grass, the
prototype is superior based on user preference and performance.

12.3.2.2 Ramp Testing

Six subjects were tested on the ramp with a standard wheelchair, the prototype using the hand
rims, and the prototype using the drive levers. When asked which wheelchair they preferred for travel
on slopes, five of six people preferred the prototype. The raw data can be found in Table 36.
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Tester Standard Wheelchair Prototype Hand Rims Prototype Drive Levers

1 34 seconds 33 seconds 78 seconds

2 46 seconds 55 seconds 110 seconds

3 32 seconds 27 seconds 47 seconds

4 30 seconds 31 seconds 72 seconds

5 27 seconds 28 seconds 60 seconds

6 26 seconds 31 seconds 67 seconds
Average 325 34.2 72.3
Std Deviation 6.6 9.5 19.5

12.3.2.2a Determining if the Data are Statistically Significant

Standard Wheelchair vs Prototype with Hand Rims up the Ramp

A non-normal distribution will be evaluated for this test and a Wilcoxon test was once again
used. A avalue of 0.05 will be considered statistically significant for this one-tailed test with a
hypothesis that the prototype with hand rims is faster than the standard wheelchair up the ramp. To
determine if the data between the standard wheelchair and prototype with hand rims is statistically
significant, a Wilcoxon test was performed. The information is in Table 37.

Critical a value Sample Size Critical W Resultant W Significant?
0.05 6 2 8 No
The data are not statistically different. The prototype with hand rims and the standard
wheelchair are equivalent in time for travel up the ramp.

The same procedure was then repeated for the prototype with hand rims and the prototype
with drive levers. The information is in Table 38.

Critical a value Sample Size Critical W Resultant W Significant?
<0.05 6 2 0 Yes
It is statistically significant that the drive levers are slower than the hand rims up a ramp. Later
in this document the investigation to how much slower the drive levers are than hand rims, and if the
mechanical advantage of the drive levers are enough to offset the slower times.

12.3.2b Analysis

The first study will be to compare the standard wheelchair to the prototype with hand rims.
Once again the analysis will compare each person to avoid confounding factors. The data shows that the
prototype was slightly slower, and showed a higher standard deviation. This is potentially due to the
prototype being heavier which affects users of varying ability differently. Figure 88 is a graphical display
of the times for each tester.
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Figure 88: Graphical Comparison of Tester's Times of the Standard Wheelchair vs. the Prototype Hand Rims

Two people were faster with the prototype and four slower, but the times were not statistically
significantly different. The numerical comparison of each tester can be found in Table 39 for reference

only.

Table 39: Numerical Comparison of Tester's Ramp Climbing Times of the Standard Wheelchair vs. the Prototype Hand Rims

Tester

1

b~ WN

Standard Wheelchair

34 seconds
46 seconds
32 seconds
30 seconds
27 seconds
26 seconds

Prototype Hand Rims

33 seconds
55 seconds
27 seconds
31 seconds
28 seconds
31 seconds

Percent Faster

3%
-16%
19%
-3%

-3%
-16%

Although the time in each wheelchair to climb the ramp is statistically equivalent, users
frequently stated feeling safer in the prototype. With the standard wheelchair, the front casters often
lifted off of the ground and the wheelchair nearly tipped backwards. The wheels of the prototype
remained firmly on the ground throughout the entire test. With optimization to reduce weight of the
indoor outdoor wheelchair, it could potentially be faster and safer for travel up ramps. Five out of six
testers prefer the prototype to the standard wheelchair, making the prototype superior for travel up

ramps.

The next comparison is between the prototype with hand rims and prototype with drive levers

up the ramp.
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As expected, the drive levers are slower than the hand rims up a ramp, but only by 2.1 times.
After each test, the users noted being significantly less tired after using the drive levers. With more
practice, drive levers can be used more quickly and more effectively and are also beneficial for travel up
longer ramps. Once again, a graph was created to test the benefits of the drive levers, Figure 89. The
black line in the graph represents the ratio of 2.5:1 time ratio between the prototype with drive levers
and the prototype with hand rims. While it has no statistical relevance, it is a valuable reference for
comparing drive levers and hand rims while climbing a ramp.
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Figure 89: Prototype with Drive Levers vs. Prototype with Hand Rims for Ramp Climbing

Six out of six testers produced data points below the line, meaning that each tester benefitted
from the use of drive levers.

12.3.2.3 Folding
The time it takes to fold the prototype was also compared to the time it took to fold a standard
wheelchair. The raw data are in Table 40.
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Tester Standard Wheelchair Prototype

1 3 seconds 5 seconds
2 3 seconds 5 seconds
3 10 seconds 12 seconds
4 2 seconds 4 seconds
5 3 seconds 5 seconds
6 7 seconds 2 seconds
7 4 seconds 3 seconds

Average 4.6 5.1

Std Dev 29 3.2

Although the prototype takes longer and has a slightly larger range, the times are tested for
statistical significance. The data to test the significance is in Table 41. A normal distribution will be
evaluated. A p value of greater than 0.05 would indicate the null hypothesis is true, that the wheelchairs
are equivalent in folding.

Desired p value Variance t-score Degrees of Freedom Resultant p value
>0.05 2.31 1.30 12 0.109

The p value of 0.109 indicates for all intents and purposes, the time to fold each wheelchair is
equivalent. A Wilcoxon test was performed to further solidify this conclusion should the data not be
normally distributed. The information is in Table 42.

Critical a value Sample Size Critical W Resultant W Significant?
0.05 7 3 12 No

Each tester was timed when transitioning from Indoor to Outdoor and Outdoor to Indoor, and
all times were less than 10 seconds. Therefore, the following analysis will investigate the ease or
difficulty that each tester reported. Each tester was asked to rank the ease or difficulty of transitioning
on a scale of 1to 5, 1 being easy and 5 being difficult and their responses are shown in Figure 90.
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Figure 90: Ease/Difficulty of Transitioning from One Position to the Other

Each test subject was capable of transitioning from one position to the other with relative ease
despite one person from Indoor to Outdoor experiencing difficulty. This was caused by an issue with
reinserting the pin to lock the link in place and is considered an anomaly. Transitioning from Outdoor to
Indoor was more challenging, as expected, because the user must lift his or her weight, but still easy
overall. An active manual wheelchair user would most likely have a stronger upper body and be able to
transition without difficulty.

12.3.3 User Feedback Testing Discussion

Results showed that the prototype with hand rims is faster on grass than the standard
wheelchair. Although the prototype with drive levers is slower, for most people the mechanical
advantage makes the device easier for travel on grass. Data from the Wilcoxon tests statistically showed
the performance of the prototype and testers’ remarks regarding the prototype confirms the benefits of
the drive levers while on grass.

The prototype with hand rims and the standard wheelchair allow the user to travel up the ramp
at the same speed, but feedback from testers showed that the prototype is easier, safer, and confidence
inspiring. The drive levers were 2.1 times slower but the stability of the chair and mechanical advantage
make up for the added time. With future improvements to the wheelchair, it is possible and likely that
the times could be improved with reduced weight and improved gearing.

Finally, the time to fold the prototype is the same as the time to fold the standard wheelchair,
proving that the added mechanism does not hinder lower priority tasks such storage and transport.
Transitioning from position to position was also completed by all testers with relative ease, confirming
the parametric analysis and anthropometric study results done prior to manufacturing and testing.

|Page 114



13.0 Conclusion

The design and development of the indoor/outdoor wheelchair was successful and exposed
many weaknesses present in standard indoor wheelchairs in today's market. Standard indoor
wheelchairs are ideal on ADA-surfaces but fall short when taken off of ADA-surfaces. Standard
wheelchairs struggle on grass, mud, and steep slopes.

A wheelchair was designed to operate in an ADA standardized building while still being able to
be utilized outside on non-ADA surfaces. A new seat system was added. The seat has the option to
be completely removed, allowing for a rigid frame when being used and a collapsible frame when not
being used. The seat's frame attaches to a linkage system, which was also a part of the design. The seat
allows for two positions: indoor and outdoor. When in the indoor position, the seat sits at a standard
height for manual wheelchairs. The linkage system then rotates the seat forward and down to be in the
outdoor position. A new propulsion system was also added to the wheelchair. The system used a
reversible ratchet and pawl as its driving mechanism. The ratchet can be switched between forward and
reverse to allow the user to travel backwards and pirouette. The new propulsion system and linkage
system are the key features to the prototype.

The prototype not only has the potential to extend the user's independence to higher degree
slopes and more rugged surfaces, but it can also increase confidence on ADA approved ramps and
around campus. Users felt more confident that they would not tip and were able to push hard while on
grass with the increased traction of the mountain bike tires. Many evaluators did complain of the
bulkiness and it not being as fast as the standard indoor chair on the ramp tests. Using lighter materials
could potentially increase maneuverability and allow the user to achieve similar speeds as the indoor
wheelchair on ADA surfaces. In conclusion, the project team successfully addressed all initial objectives,
recently filed for a provisional patent and is currently looking to the future to expand upon and improve
the device. The team hopes this device can one day be readily available and have significant impact on
those who require the use of a wheelchair.
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14.0 Future Work

While great strides were made in increasing the stability and propulsion of a wheelchair, there is
still much room for continuation and improvement. Testing of the chair's tipping angles on a static slope
showed that rear and lateral tipping angles had increased, but forward tipping was not greatly affected
by the relocation of the center of gravity. This shows that descending a slope of at least 15 degrees in
the prototype still produces a high percentage chance of tipping forward. Finding a more optimal
location for the outdoor position in relation to the front casters may prove successful in significantly
increasing the forward tipping angle.

Feedback from the independent testers showed a desire for an improved seat design. Testers
remarked that the use of sliding tracks might speed up insertion or removal of the seat. The group also
saw several issues with the propulsion system and suggests a redesign of the shifting
or ratcheting system. The prototype had several interference issues and because of it, a
better tolerance or machined system may be an adequate solution as well. Testers also suggested a
better mechanical advantage so they could achieve a higher speed. They mentioned that reduced
torque would be worth a higher flat ground speed if it were kept at one speed. However, implementing
a multi-speed system could solve this problem without sacrificing torque for steep slopes or surfaces
with high coefficients of friction.

There were reoccurring issues with the brakes and removal of the wheels was time consuming
and difficult. A redesign of the interface between the brake rotor and caliper is advisable. There were
issues with misalignment and the axle bending slightly under heavier testers causing the rotor to also
deform. This caused uneven wear on the rotors, reduced power and inconsistent braking. It is
recommended that a thicker or stiffer material be used for the axle as well. Braking was found to be an
important factor for control and is desirable when outdoors.

It is recommended that a new prototype be built and not from an existing wheelchair. A
prototype can be much lighter and efficient if it is not restricted by an existing chair’s design. Finally,
testing done by more subjects, especially those who are paraplegic is desirable. Every student who used
the prototype was able bodied and therefore potentially overlooked possible flaws or hazards for users
who are paraplegic. These users could produce much different data and comment on new problems due
to the limited or increased use of different muscle groups. While the project was successful, there is still
much to be built off of and improved upon in the future.
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Appendix A: Wheelchair Propulsion test and ADA

Wheelchair Propulsion Test (WPT)® Version 1.0 Form

Subject # : . Drate: . Time: Test&#
Recorded Data*
1. Able to successfully complete the 10m distance? Yesd No O
2. Direction of travel Forward O Backward O
3. Limbs contributing to propulsion, steering or braking (tick all that | Left: Hand O Leg O
apply) Right: Hand O Leg O
4. Limb monitored for timing propulsion cveles (tick one limb) Left: Hand O LegO
Right: Hand O Leg O
5. Time (to nearest second)
s
6. Total number of propulsive cycles (to nearest full eyele)
cveles
7. Ifusing one or more hands for propulsion in the forward YesO No O
direction, during the contact phases, did the subject generally Mot applicable O
begin the contact between the hands and the hand-rims behind the
top dead center of the rear wheel?
&, If using one or more hands for propulsion in the forward YesO No O
direction, during the recovery phases, did the subject generally Mot applicable O
use a path of the hands that was predominantly beneath the hand-
rims?
9. If using one or more feet for prapufsion and going forward, did YesO No O
the subject make initial foot contact with the knee flexed less than | Not applicable O
907 from full extension and finish with the knee flexed more than
907 (or the opposite if going backward)?
10. Comments: (e.g., position on seat, trunk and arm posture, hand grip, foot contact, consistency,
need for training, footwear, equipment worn, wheelchair issues)
Derived Wheelchair-Propulsion Data*
1. Speed: 10m f # seconds = mis
2. Push frequency (cadence): # cveles / # seconds = cvclesis
3. Effectiveness: 10m/ #oyeles = mifcyele

*Directions on next page.

Tester signature: Tester name (print):

Figure 91: Wheelchair Propulsion Test (Wheelchair Skills Program 2012)
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Table 43: ADA specifications (Justice 2010)

ADA Specifications Measurement
Doorway Width 32 inches
Ramp Slope 1:12
Allowable floor gaps < 0.5 inches

Appendix B: Parametric Analysis

The following analysis compares the effects of changing the COG, track and wheelbase on the
Chair’s Tipping angles. The group evaluated the longitudinal and lateral tipping angles while the chair is
stationary, climbing and descending.

Setup
A wheelchair was standardized in order to perform the study Figure 92 and Figure 93. The weight
of the wheelchair is 261bs.
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Figure 92: Front View of the Wheelchair Used, with Dimensions
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A model of a person was retrieved from Grabcad and used to allow the correct weight distribution
of an average male weighing 195Ibs, Table 44.

Weight Distribution
Body Part Head | Trunk | UpperArm | Lower Arm | Hand | Thigh Lower Leg | Foot
Percent Weight | 6.68% | 42.57% 2.55% 1.38% 0.56% | 14.78% 4.81% 1.29%

The model was placed in the seat in a normal position and the location of the combined center of
gravity of the wheelchair and the model, relative to the midpoint between the rear wheel contact points
was calculated, Figure 94.
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Method

Figure 94: Human Model in Standard Wheelchair, Side View (Grabcad.com)
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In order to determine how the position of the user’s center of gravity, the wheelbase and the width
of the track affect the longitudinal and lateral stability, the tipping angle of the a wheelchair was
evaluated. First, the uphill longitudinal tipping angle was evaluated by changing the height of the center
of gravity, H, and the horizontal distance from the rear wheel contact point with the ground to the CG, L.
Next, the downhill longitudinal tipping angle was calculated by changing the height of the seat, the
wheelbase, and the horizontal distance from the rear wheel contact point with the ground to the CG, L.
Finally, the lateral tipping angle was assessed by changing the track width and the seat height. A
reasonable range for each variable was selected, Table 45.

Table 45: Operating Ranges for Each Dimension Changed

Dimension | Wheelbase, L+L2 CG Height, H CG Forward Distance From Axle, L | Track (in)
(in) (in) (in)
Range 16 -24 26 - 30 6-12 20-34
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Longitudinal Tipping Angle
In order to assess the factors affecting longitudinal stability, a free body diagram was
created to display the relevant dimensions for the tipping angle, Figure 95.

£

Figure 95: FBD of Longitudinal Stability, where H is the Height of the Center of Gravity, L is the Distance of the CG from the
rear Wheel Axle and L+L2 is the Wheelbase

Longitudinal stability was broken into two parts, uphill and downhill. Uphill stability is affected
by the user's center of gravity (CG) location. The tipping angle is calculated using the location of the CG.
Figure 96 shows the CG located at a length 'L" horizontally from the rear wheel point of contact, and a
certain height 'H'. The following equation that solves for theta expresses the angle at which the wheelchair
will tip when traveling uphill:

0=t —1(L)
= tan “(—
H (Eq. 1)

The uphill longitudinal tipping angle can be increased by lowering the user's center of gravity
and/or shifting the user's center of gravity forward, Figure 96.
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Figure 96: Uphill longitudinal tipping angle.

In a reasonable operating range, shifting the user's center of gravity horizontally and vertically

does not directly affect each other. If the height is changed, while the horizontal center of gravity
remains the same, the tipping angle changes slightly but it is not significant enough to make a
substantial difference to a design. Likewise, the distance between each line, Figure 96, is essentially
equivalent meaning that changing the height at any given CG horizontal distance will have the same
impact on the tipping angle.

Downhill stability is affected by the user's CG location and the wheelchair's wheelbase. The

distance 'L2' is the distance between the CG and the front wheel's point of contact.

8 =tan 1(—)
an
H (Eq. 2)
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The downhill longitudinal tipping angle can also be increased by lowering the user's CG or lengthening

the wheelbase, Figure 97.

Downbhill Longitudinal Tipping Angle
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Figure 97: Downhill longitudinal tipping angle.

Within the specified range, moving the CG forward, lengthening the wheelbase and changing the
height are not strongly dependent. With the height of the seat or wheelbase changed, the horizontal
distance (in inches) of the system's CG from the backrest is slightly more sensitive to change. However,

the change is not significant enough to make a substantial difference to a design.

Lateral Tipping Angle

A free body diagram was also created to display the relevant dimensions for lateral

stability, Figure 98
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Figure 98: FBD for Lateral Stability, where L3 is half the width of the track, and H is the height of the center of gravity.

Lateral Stability is affected by the height of the CG and the wheelchair's track width. The same
method is used to find the tipping angle in the lateral direction:

6 = tan! (%) (Eq. 3)

To compare the effects of changing the height of the seat and the track width vs. the tipping
angle, a graph was created, Figure 99. If the user's CG is lowered and/or the track width is widened, then
the tipping angle increases.
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Figure 99: Lateral Stability Tipping Angle. The angle is affected by the width of the track and the height of the center of
gravity.
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In the selected range, the track and the height of the center of gravity are independent for the
purpose of this application. This analysis determined that all variables are independent and do not affect
the sensitivity of one another. Therefore, when designing, the largest possible change of any variable will
always produce a maximum change in tipping angle.
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Appendix C: Mathcad Calculations

The following calculations and sketches determine maximum stresses on the chair, links and

stoppers used to determine safety factors, dimensions and materials.

W

2.7

PRS- 57, | ittty el
L 4

Seat

FL1 FL2

Calculations (Mathcad):

When there is no weight on the chair (user is transitioning chair back to upright position)

Wy o= 17410bf

When there is weight on the chair (user is using chair in lowered position)

W5 = 2500bf + Wy W, = 267-1bf
F = Olbf

Given

Fii+F3-Wy=0 sum of the forces in the vy direction

-W5-(8.4lin) + Fp5-(11.11lin) = 0 sum of the moments about the front pin

(Fr1) .
\Fr2) ' -
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Assumed Dimensions and Material (Mathcad):

1= 4din

h = 623in
d = 23in

thick = 0.30in
Using AISI 1090 Steel
Yield strength

S, = T8ksi

i

Safety factor

SF=73

Spax = 13.6°ksi

I= 1]_1]1-1'114

e =0313-in
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Force Calculations (Mathcad):

Known Values:

Fp = 2021bf

By = 65— = 113
180

il
By = 25— =043
27 180
Find R, and R,

Guess
R'!. = 1lbf
R'Z = 1lbf

0y = ldeg
Given
Ry-sin(05) — Ry-sin{ 05} =0
-Fp5 + Ry-cos(B,) — Ry-cos(f3) =0
-Ry-2+ Frysin(0))-35=0
Ry

Ry [ = Find(Ry.R5.03)
%

sum of the forces in the x-direction

Sum of the forces in the y-direction

Surmn of the moments

Ry=320. Ibf
Ry=161. -Ibf
B3=776. -deg

8 =085 720deg=36. -deg
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Bending Stress Calculations (Mathcad):
Singularity functions

S(z.z) =if{zzz,1.0)

V(%) = —Fpy-sin(#;)-8(x,0) + Ry-S(x,1.5) — Ry-cos(#3)-8(x,33)

M(x) = —Fp -sin( 8 }-S(x, Oin)-(x - 'I}in}l + Ry-S(x, 1.5im)-(x - 1.5:':1}1 — Ry-cos(f3)-8(x, 3 3in)-(x - 3.5:‘:1}1

Shear Diagram
200

100
Viiz)
Ibf

— 100

2005 1 2 3

Moment Diagram

0

Mix) 100
thf-in
00

- 300, 1 2 3

=
in
My = M(L5in) M. = -2746 Ibfiin

_}.'.imax.c
o e

it - : Topit = 54 ksi

Suc»:essﬂ. = |"YE&" i T it < Smax Suc»:essﬂ.= "YES"

"NO" i Gyt Z Sy
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Tear Out Stress Calculations (Mathcad):

267

o = — =14 k=i
tear i — d)-thick
Suu:n:EsstEa_r = |"YE&" if Tpagr = Sma:{ Suu:n:EsstEa_r = "YE&"
"NO" of Ttear = Smax

M(x) = —Fp -sin 8 }-S(x, 0in)-(x — Oin)~ + Ry-8(x, 1.3im)-(x — 1.5in)" — Ry-cos|#3)-5(x, 3.5im)-(x - 3.5im) |

MathCad:
Known
a = 8.4lin b = 4.7%in ¢ = 5.06in d = 9.35in
8:=25 W= 1741b
™
deg 180
Solve
Guess
Ry = 1ib R, = 1ib F=1b
Given

0= —Rl-cos[_!';\deg:} - R}":':'E[_Hdeg::' +F
0= Rl-sin[_ﬁdeg} + RE-EMI:_HdEg} -W

0= Ry-sin{8 go) (2 + b) + Rysinff4,.} b — Wee + Fd

(968
ans = find (Ry.Ry F) — | 1380
\ 373
By= ans, By= ans, F= ans,
Results
F=373 Ib R;=-93 Ib R,=138 b
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Appendix D: Drawings of Prototype

=M EEMSION DESCRIPTION DATE B
MERA M. P& RT MU ER DESCRIFTICN GITY.
1 1o Right <f Wheelzhair 1
& Seat Assembzly 1
70 Left of Wheelchar 1
-0 Folding Mechaniem 1
HETFRIBL: WCEWFLEDT
100 Lyzthete Rd
PROCE 3d: Worzester, Wa 01602
n [TMLEDE=CRIFTION
raLEMGH Ea3 1 EME carr 03M1/2016 FU” ,ﬂ‘ssem b'y
AT " EdvE PART 1 2 . o
. MO,

134
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2 a0 Busking, Fom Drive Lewer to 1
Ratchet
3 20 Driwe Levear Tukirg, To Bushing 1
4 2-3 Ghp, To Drinve Lever Tuking 1
5 2-4 Brak e Hondlle, To Drve Levser Tuksirg 1
_ Bolt Lock, from Dhve Lewer Tukirg
& 2-5 1a &iffing Mecharism !
_ o oden Spacer, From Drive
7 26 Lewer te Lo ck Belt 2
COnFRERTEL NG F R SR T T HeTERIsL: WC@WPLEDU
REPRODUCED LAFD £ BI3CLORD 10 OTHERS 100 st Rd
WIThCLT WRITTEh CohaFhT OF FROCE &a: Warnzester, WA 01609
W WEIEDL
[ - [TMLEDE=SCAIPTION
e be: EME oot 0301016 Propulsion Systern
[— T
ChECKED
2 Ghdees) 8 Gy Y OeTE:
o ez PART 2 0
KKK H-oos KK EPPROCED N .
HGAES H-1ZO0G smearswazme | U CEATA scetr: —dadh— | reveich: 3 | serem: 3 o ST

136



SNM REVISION DESCRIPTION DATE BY

ITEM MO P& RT HUMBER DESCRIFTICON GITY.
|| 1 3-1. Bik2 Tire 1
2 29 Dizc Brake, From Yheel to 1
Propulzion Syetem

THE DREWh OF SFECFICETION 12

CONALENTIS! el PRCERE TSR TO HETERIBL: WCEWPLEDD

WC WP LEDL £ RO HE Y ROT B
REFROOUC D USFD O 0 KCLOSED 0 OTHER S 100 hstite Rd
wr

Tk CUT WRITTR R C CREERT OF Worcester, MA 01603

FROCKS &

[ - A TITLET EEC AIPTIN
e e b EM.S new: 0300162018

Wheel Syztem
] .
CHECKED
% H-om X T
u: LT
K H-D1B & 4T P[\'T‘ST 3- |0
KEKH-J2E KK H-1 EFFROVET :
AMCLEE - 1ZOEC reecaes woazoec |0 beT: scete: — 1S | REvIEh: 3 | skeem & oF ST
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=M REYISION DESCRIPTION DATE BY
TEM MO, PART MR ER D ESCRIFTICON QT
1 3-0 Wheel System 1

2-0

Prepukion System

Thts GREWI A OF SEECFICATIN 13
el WC@WELEDU
WC A WPIE DU £RD HEY ROT BF
REFRCLLE Rl LAFD OF b ECLOAFD TO OTH R & 100 I sttate Rd
WITH CUT WRITTCh C CREE AT OF FROCES & Woncester, Ma 01609
e e e — TITLED EZC RIFTR N

o= EM_B nets: 0300102016

1-0,2-0,3-0 Syztem

ohes .
ChECRED
+ 4-m el B beTE:
Kk H-01D & HT P ART 4 0
KKK HoE K- EPPROVED NO.
AMGLET 4- 1Z0EG gz q-zoee [* oem scet: —JdeB— | ervisow: —— | serm S or _SL
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ShM REWISION DESCRIPTION DATE B
\, ITERA MO FART HUMBER DESCRIFTICN GITY.
1 51 Caster rane, from frame to 1
Coster Whes|
2 52 Caster Wheel On Coster Frame 1
COhRIBERTIEL 4hl FREERE e 15 He TERIEL: WC@WPLEDU
REPROTE b LD R B E 2L HAED B0 0T R & 100 izttt Ra
WITH CUT WRITTER CORSERT OF FROCF&E: IWomcester, Ma 01609
WEGWELED L
TITLED E=C RIPTE N
bRGWh

Caster Azsembly

e e o= EM.5 net: 03N 2016
THE HE= WL AT =
curckEn
K H-Tm K HT o bETE:
_H-p1m * M FART 5 (- |0
Meote: Any caster assembh which fits the wheslch air frame can ke vaed Kb K S KK H- EFPROVIT NO .
AMEAET H- 1ZOEG oz H-nzoee M7 e scetr: — 1o | Revison: | wEen & or _£T
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MER H O PART HUWBER DESCRIPTION Gy,
1 &1 Seat rame Pipe, From Comer 5
Bleow to Sect Clarnp
Back Rest Frame Fige, Te Comer
2 &3 Hbsent 2
3 &4 Seat, Te Seat Clamp 1
Seat Clanp, frem Seat Fame Fiees
4 &5 to Seat 4
5 & Comer Elbow, From SeatFrame 2
Pip e to Back Rest Frame
& (=) Back Rest, Te Seat Frame Pipe 1
L] Ll
a o
L] Ll
o o
L] -]
ral T 'l

T

S

REWISION D

ESCRIPTION

DATE

BY

ThE DREWN G OR 5FECEICETION |5
COMFIDERTIEL thD PROPRETERY TO
WL WPl £ DU RO HEY ROT BF
REFROOLE M LAFD OF O BCLOAFD TO ST R
w

HETERIEL:

WCEWFPLEDT

100 hstinte Rd
Nhomcester, WA 01603

T CUT WEITTE W C CRSERT CF A
WERGWE LT L
IO EHE WG FRE B IMGHES T (MTLEDR E=C RIFTIN
ARLETE OTHERAYEE SrECEn
ppinipiitinly b EM.5 nem: 03001:2016] Seat Assembly
HEE LT
CHECRED
X H-Tm X HT " e -
K H-DMD & H- 3 sl - lo
0 K #- KK H-1 BFEROVED :
RHGLET 4-1Z0EC sascaes vozoec | nem: scele:  —deE | Revisow: x| awrEm T of _ ST
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=M

REWISION DESCRIPTION DATE

By

ITERA MO, P& RT HUMBER DESCRIFMON QTY.
1 7-1 Left Frame 1
2 7-3 lirk. Te Stop 2
3 5-2 Front Armm Rest Helder, From A 1

Rest to Frames
4 21 Rear Arm Rest Helder, From Amm 1
Rast o Frame
5 =Rl Left Anm Rest Assembly 1
a 7-4 Whesl Ade, Rom Frame te 4-0 1
7 -0 1-0, 2-0, 3-0 Systemn 1
g 50 Caster Assemiclhy 1
2 5-3 Caster Extention 1
10 5-4 C aster Beanng Holder 1
11 7-3 Spacer 1
12 10-2 Right Stop, Frarm Right Frame to 2
Lir k
13 13-3 Pin Locator, to Stop 1
14 13-1 Pir to Stopper 1
15 13-2 Pin Screw, to FPin 1

THE DREWR O OF SPECFICETION 15
CORFGERTIA Ghl FROFPRETERY TO
W i WFIEDL EhD HEY ROT BE
REPRODUC BB LSED OR D ECLOSED To OTH R &
WITh CUT WRITTER C ORSERT OF
WCRWELET

HETERIEL:

PROCESS!

WC@WPLEDU

100 sttt Rd
orcester, Ma 01605

LREWh
w: EM_& petr: 0301/20146]

TITLE'D E=C RIFTI N

Left of Wik eelzh air

P ART

] vaLsETER T
CHECKRED
= Shle) bl B beTE:
k11D 4.3
KK -0 ki -1 SFFROVED
RHGLES - 1Z0EC oz H-nzoee | *7 oem

MG

7-1]0

ACELE:

— 410 | rrvioe: 3| sweer _ & oF _ ST
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ITERA M. PART HUMEER DESCRIFTICON QTY.
1 53 Lett Anm Rest Sde Parel, From 1
Holders to Anm Rest Frame
9 Ged Anmm Rest Frame, From At Rest 1
Fackding to Arm Rest Side Panel
3 86 Armn Rest Black Clig, Te Anmn Rest 1
Sicle Panel
L
a

=l

REVISION DESCRIPTION DATE BY

ThEs DREW O OF SEECFICETION 12
e Sy ey T WC@WELEDU
WC @ WPIEDU ERD HEY ROT RE
REFROLLE Pl L4ED ORLECLOGED T OTHERE 100 hstitate Rd
WITL CUT WRITTE W C CRSERT OF FROCERE: Worcester, Ma 01603
e e e —— (MTLED E=:AIPTON

o EM.F pem: 030172016

Left Arm Rest Assembly

Towrm s
ohes VLT
CHECRED
% H-om T e e
K H-1D 4T
KKK H- 0 k- EFRROVED
HHGLES 4- 1Z0EC mcaez-uzoee |7 nems

P ART

g|-(0

ACELE:

Y-S e S ™ S
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MEM HO, PART NUMBER DESCRIFTION arr., ikl 12 1 20 E ST NP TV DATE B
1 -1 Cross Bar Large Bar Front 1
2 o2 Cross Bar Lorge Bar Back 1
3 -3 Cross Bar Small Bor 2
4 9.5 Felclimg Bdsl—lecﬁggrm Block Bor 2
5 -4 Cross Bar Spacer 4
4 -7 Cross bar Washer 2
7 9.3 Top bar Connector, Fom Small 2
Cross Bar to Frame

B 1

H-._,-J:ﬁ
_/—:—\-\-\.\
b=
—
L]
[ v 1 ] AC DETAIL AC
SCALEZ2:3
'\__\_\___,/
CORIBERTIE Ghis PR TERY T He TERIEL: WC@WPLEDU
WC WP SL £ RD HEY ROT BE
REPRODUC B0 USFD OF 0 ECLOSED TO OTH R & 100 I #ttate Rd
= B WITh CUT WRITIE R C CRGERT OF PROCESG: Wamester, WA 01603
@ WP LI
e — A MTLED E=C RIFTIO N
s e s b EM.5 nem: 030412018 Falding Mechanizm
= TR
CHECKED
% H.om K HT e A
e s PanT 9| -|0
KKK H-T5 K H- EFPROVED -
AMGLET - 1ZORC mecar= wozoec |0 neT: wer: —1:3 | eevisow: _3 | sween 10 or _ ST
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5 hd REVISION DESCRIFPTION DATE B
3
MEM MO, FART MUMEER DES CRIFTION arT.
1 10-1 Right Frame 1
2 50 aster Assem bly 1
3 40 1-0,2-0, 3-0 System 1
4 74 Wwiheel Axe, From Frame to 4-0 1
5 3 Link,To stop o
& P Fron t &mn Rest Holder, From A 7
Rest 1o Fram e
7 11-0 Right Amn kst Assembly 1
& 51 kear Am kest Holder, From Am ;
Restto Fram e
o 54 Caster Bearing Helder 1
10 5-3 Caster Extenticn 1
11 75 Spacer 1
12 79 Left Stop, Frolfjn L=ft Frame to 2
ink
13 13-3 Fir Lecator, o Stop 1
ONEEr I b1 4HE £ ROFRIE 4R 18 HETERBL: W@ WPLED T
RHP REBUE o Ua 1E. BN BIEIGA 16 1B 81 HERE 100 sttt Rd
LUHOUL SRR RH EOHIEHI O P ROCE 24: Worcester, Mo 01603
g ey
DIMEHIIIH 3 SRR IH IHEHES BT UL HEEE G UIED
R o et E ear ) .
T B COD TR0 Right of Whelchar
1M [E—
o 4 am % ae.r )
s aman - PART 1|{of-|0
SRR AR N e FLLY LTy HO.
aHaLma 4 ¢ 4aoma avoims - 1aoma |V e acare —d2@ | eewaow [ G T e & BT
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DATE

BY

TERA M,

FPART HUMBER

DESCRIFTION

QY.

11-1

Right Armn Rest Side Ponel, From
Hzlders to Arn Rest Frame

G4

Anmm Rest Frame, From Arm Rest
Padkding to Anmm Rest Sicke Ponel

g-o

A Rest Black Clip, To Anrm Rest
sicle Ponel

|:"n

S

REYISION DESCRIPTION

THE DREW RO O SPECEICETION 12
COMADERTIEL $hD FROFEETERY TO
L

&l HeY

WiE @ WP L
REFROOLE B LAED ORBECLOMED TO OTH IR &
WITH CUT WRITTER C ORSERT OF
WC g WFLED b

HETRRIEL:

FROCER:

WC@WFLEDU

100 I £tinte Rd
Womcester, Wa 01609

DREWR

TITLEDE=CAIFTIN

Right Arm Rest Asmemlbhe

ML OTHERMEE TrEQ e
i EM_G 0eTe: 0300172016
oS vaLsTER
CHECKED
¥ n-m ¥ T e - b ART
KK H-D10 K4 MO 1 - 0
KK K -0 b M- LFFROVED =
AMGLEE H- 120G scarz s-nzoee [ nem: acelr:  —IeS | Revizon: —— | seerr 12 or DI
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=M REWISION DESCRIPTION
MERA MO, FPART HUMBER D ESCRIFTION

DATE B
QY.
1 13-1 Finte Stepper 1
2 13-2 Pin Screw, to Pin 1

THE DREWRL OF SEECEICETION 15
CohFBERTIA Ghh FROFRETERY TO HETERIE L: WC@WPIEDU
W GWFLEGL &hD Hek RO T BE
REFROOUC B LSFD OR D ECLOSED TOOTHER &

100 lesttete Rd
WITH CUT WRITTE b C ChabhT OF FROCKS &
A WE LI s

Wonester, MA 01609
CAEHEHINT FRE HIHG HES FET TITLED E=G RIPTO N
LT OTHERATE TrEd e .
e i EM.5 nem: OXEAE016 Fir Azzembhy
] LR s
o 7 -
& n-om X T
ut: LET:
KK H-D1D % M3 P[\’?‘ST 1 3 . 0
R SR, Kk H-A LREROVED .
AMGLET #- 1ZOEG soscars s-nzoee |4 B seon: — el | mrwsem 3 | seeen 3 or &1
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080

15.00

SNM

REVISION DESCRIPTION DATE By

WE o WP £
REFRODUCKD USFD OF
w

ThE GREWh OF SFECFICETION 12

CORFDERTIA GhD FROFRETERY TO

U EhD HEY ROT

DECLOSED

CUTWRITTER C ORSERT OF
WELED L

HETERIBL:

13
TOOTHR &

FROCES S

WC@WPLEDU

100 I #ttate Rd
Wamester, WA 01603

LREWh
u= EM.5 pemw: 03001/2014]

TITLE'D E=C RIPTIO N

Shifting Mecharnizm Rod

] .
ChECRED
% H-om T o
: LeTE:
K H-D10 &+ -3 PT\TCR)T 1 - 1
KKK HT K- ERER R 2
FMCLET 4-aZ0EC reecaes qozoec |0 (e scete: — 12| REvIEDR: _ | seerm 14 or _ ST
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.78

008

0.25

0.50

St

REVISION DESCRIPTION DATE

BY

THE DREWR O OF SFECFICETION 15
COhFIDERTIA $hD FROFRETERY TO

WC@WEPLEDU

HETERIE L:
WC EWEIEDU 6RO HEY ROT BE
REFRODUC FD L3ED OR DGCLOSED TOOTHERS 100 hsttate Rd
WIT: CUT WRITTER C ChaFhT OF FROCESS: Wansester, M8 01609
WEEWELED U
TITLED ESC RIPTION
RN (M SR TGS nREwe

iz EM.E perr: 0300124016

TOLER A Shifting Mechanim LinkA
e LT
CHECEED
X H-om 8 Sdf B OeTE:
o amm sos PNAST 1) -] 2
KKK 0 _KkH-A EPPROVED =
AMCLET H-1Z0EC wecirzH.nzoee |07 nemw: scee: — 221 | mevisow 3¢ | seePr 15 oF ST
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242

0.10

0.42

e

042

S

REYISION DESCRIPTION

DATE

BY

THE DREW R0 OR SPECEICETION [%
CORADERTIEL £RD PROPRETERY TO

WC@WFPLEDU

HeTERIEL:
WC @WEIEDU ERD HEY ROT BE

REFROOLE BT L4ED ORDECLOGED TO OTHER & 100 I sttate Rd
WITL CUT WRITTER € CRSERT OF PROC Fad: Wompcester, Ma 01608
TATSE P e rea - TITLEDN ESC RIFTI N

u: EM.5 perw: 030152416

Shifting M echaniem LinkE

T{HER HHCES
WG HES VELLEBAETEN
chEckEn
* #.om 5T " ems o AR T
KK H-DMO K H-T NO 1 - 3
KKK H-T KK H- EFFRONED z
AMGAET - 1ZOEG sescars s-nzoee U nem: scee: —2el— | mevaon: ¢ | seeer 18 or _ST
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1.56

085

A

0.1&

0.35

S

REYISION DESCRIPTION

DATE

BY

THE DREWR 0 OF SPECEICETION 15
CORFIDERTIEL &ND FROFRE TERY TO HETERIEL: WC@WPIEDU
W WFIFDL Rl HEY hOT BF
REFROGLE ML LAFh ORDECLOSED TO OTh iR & 100 lv £1inte Rd
WITH CUT WRITTER C OhEERT OF FROCERS: Womncester, WA 016049
W WELET
TATSE = S TITLEDN E=C RIFTI N

o= EM.5 oet: 03001724016

Shifting Mechanizm Bent Red

TOMER M
oS vaLsTER
CHECKED
¥ n-m ¥ T e - b ART
K H-DD & - MO 1 - 4
KK K -0 b M- LFFROVED =
AMCAET H- 120EG sicars Honzoee | e acetr:  —3ed— | mevizon: [ wewwr A7 or ST
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S REYISION DESCRIPTION DATE BY

Ex @020 THRU
L ®0.38%0.17

0.57

2,26

022

0.54

i
-
s=em=maaq]
—

e
[
—
======o=g)
H

THE DREWR Q& OR SPECEICETION 15
CORAGERTIEL ERD FROFRE TERY TO HETERIEL: WC@WPIEDU
WC CWELEDL ERD HEY ROT BE
REPROOUC KD USED OF O GCLOSED TOOTHER & 100 lztitate Rd
WITHCUT WRITTE R CORLERT OF FROCFaE: Wongester, M4 01609
WEEWELED L
AP M R E B T [P ED B8 U0
RALETE OTHERATE ZrEG e 7 i
b EM_6 oo 03012016 Socket Welded te Chain Piece
o ML
CHECKED
) X "7
B LT
e s Prﬁ\gT 1 -| 5
KKK H-05 K H-A EPPROVED 2
HMCLET H- AZOEG secars s-nzoec MV et scetr: —ded | Revion: —— | seeer 18 or _O1

|Page 151



The ratechaet comes frem Heme Depet Medel Mumber HUWTHRLZEPC

SYM

REYISION DESCRIPTION

DATE

BY

THE DREWR G O SFECFICETION |5
COhAGFRTIA EhD FROFRETERY To

WCEWPLEDU

HETERIE L:
WEEWFLEDU £ HEY WD T BE
REPRODLC ED LSED OF DECLOSED TO OTHER & 100 hcittate Rd
WITHOUT WEITTE W C R T OF PROCFRS: W orgester, MA& 01603
WECWPLED U
A S IS S E NG HES T [PRSED E=S D0
AR OTHEWESE TG
oy EM. & Deme: 03M1/2016) quche*
1T LT
CHECKED
% H-om KT
o ne:
K H-D1D T P[\'Ja'g-r 1 - &
KKK H-JTE KK H-1 EFFROVIT =
AMGLEE 4-1Z0RC swscirz Honzoec |57 e scerr: — el | mewvisew: 3¢ | seeem 13 oF _ ST
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1.50

1.80

St

REVISION DESCRIPTION

DATE

BY

THE OREW I G OF SFECFICETION 15

WCEWFPLEDU

CORFIDERTIEL 6RO FROFRETERY TO HETER 6 L:
WC @WEIEDU ERD HEY ROT RE
REFRCOLE FD L4ED OF DECLOSRD T OTH RS 100 In#titate Rd
WITH CUT WRITTERE DRSERT OF PROCFE&: Worcester, Ma 01602
WEEWELED U
AN T S E MG IS L REWh [ ED EZ2 GG
UHLETT STHEAEE SrEQmnen i
b EM.E nerr: 03401124016 Bushin g
o vaLRETERT
curcern
% H-Tm T
B LT
KK H-D1D K-z P[;]&(R)T 2 - 1
KKK H-JmE Kk H- EFFROVIT :
AMGLEE H-1Z0EG secaEs H.nzoes |07 (ekB scote:  —22— | REviaGR: x| swerm 20 or _ ST

| Page 153



DATE

BY

REYISION DESCRIPTION

SM

346.00

THE DREW RO O SPECEICETION 12
COMADERTIEL $hD FROFEETERY TO
WE e WFIEDL GhD HEw kO TGP
REFROOLE B LAED ORBECLOMED TO OTH IR &
WITH CUT WRITTER £ ORSERT OF

HETRRIEL:

FROCERE:

WC@WFLEDU

100 I £tinte Rd
Womcester, Mo 01609

TITLEDE=CAIFTIN
LREWh

Cirive Lever Tuking

WLET GTHERATE TrEQ e
u: EM.5 perw: 030152416
] LR s
CHECKED
& n-m T e e b aRT
om0 -z i 2 2
K K 405 ki -1 EPFROVED =
AMCAET H- 1ZOEG ez v-nzoee |V ner: acelr: —1i2 | REvison: | =eEEr 21 or ST
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466

=M

REWISION DESCRIPTION

DATE

BY

ThE GREWH ik OR FECFICETION |5
CORFDERTIA 6RO FROFRETERY TO

o e

WE W LEDL nOT BE
REFROOLE B LAED OF 0K CLOAED To OTH R &
WITH OUT WRITTE R C CRSERT OF
WKW LT L

HETERIEL:

FROCF&&:

WC@WPLEDT

100 hsttnte Rd

Intorcester, WA 01603

TITLE'D E=C RIPTE N
OREWR

ey EM. & petr: 0300172016|

G i

2 =

3

TOUER Feea
o Hes .
CHECKFD
& H-mm KT - o P ART
ik H-D1D PR MO
KK K D K- SFFROYEL 2
RHOLET H-1ZOEG smcarz d-zoee | * nem: acets: —ed—

REVISIR:
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Any Bicyele brake handle which can be connacted te a cakle can be vzad.

SYM

REYISION DESCRIPTICONMN

DATE

BY

This GREWH & OF SFFCFICETION &
B e e WC@WFPLEDT
15 Bl AL HEY ROT BE
REPRODLCED LAED OF 0KCLOSED TOOTH IR & 100 i sittate Rd
rurzmrlucnun PROCESS: Wocester, Mo 01609
R —— I TITLED E=C AIPTI N

6= EM.& petr: 03001/2016)

Braks Handle

2| -| 4

ChECRED
+ 4-m el B beTE: P ART
Kk H-D1D & HT MO
KKK H- K- EEEE L 2

AMGLES - 1ZOEG soecars Hozoee |0 OeT: scetr: —dad—

RENIEh: — | swerr _ 23 oF 57
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SN REYISION DESCRIPTION DATE BY
Apurchazed bolt lock can ke vied. Thi lock waz bought from Home Depot then
maodified to meet the contour of the pipe. Ako the centarzhit was extended.
| R
3 |
e
° QL O 0
8 . %,
= S| ——-— g
]
U .
| i
I}
o
IR
005 _||
0.25
WE WY Al
AN e TIRL L £ RoE A TRy To e TERISL: WC@WFPLEDU
WCGMFLELL SR MY RC T U
| REFRCULE B LR DR b KELOLED 10 6T 100 Wttt Rd
. WITH CUT WRITTE b C CRaERT OF FROCES S Wocester, Ma 01609

LREWR

TITLED E=C RIPTIO N

MLET OTHERATE TEGmED
i EME petr: 030012018 Bolt Lock
R VLTINS
CHECKED
K H-Tm et
u: bem:
e s o 2| -8
nn ke LRPRONED - a1
AMCLET H-120BEC oz Houzoee |4 bemw: scets: —ded— | rrvizon: X | s 2k oF
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=M REWISION DESCRIPTION DATE BY
0.7a
]
H -I. H
H H
| N \,I A R
NS o
i ' "
T
0.53
B :
I
o L (A - WL RTIOL 8wty PROFRET S 10 He TERIEL: WC@WPLEDT
Ly = W GMELE T LD Ly R B
' i REFRODUC FD LSFD ORDKCLOSED TOOTH RS 100 hsttite Rd
! g WITH DUT WRITTE R C ChSERT OF PROCES & NWomcester, Ma 01609
[ — e TITLED ESC AIPTI N
RS DT e w: EM.5 Lo 030172016 Wooden Spacers
o] vLsTER
CHECRED
=3 GhlEs) bl v LT
Kk H-DID K -7 P[\TgT 2 b
KKK - ik -1 BFERDED =
AMGLES 4-1ZOEG e vozoee (O e acer: —dd— | mevicion: | sewEr 25 oF ST
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Any diec brake, calipersat thatis akle te be maunted to the tire can be vsad

ShM

REWISION DESCRIPTION DATE By

THI: OR EMIRG OF SEECIFEETOR 1

CohFIGER TEL &k b PROFR ETERY T

1T CU T WRITTE b Chiih T 2F
WCEWFIEOL

HETERIEL:

WC@WEPLEDU

100 Institute Rd
PROCELE:

W or cester, MA 01609

UBLETT OT HERWYE E ZrE G

DR EWh

Gv: EM.E pem: O03M1/24016

[TMLE DESC AIPTION

D Brake
s MM

chEcRED

& +Hom X H-T
s e TE:

KK o0 & T PART 3 - 2

MO
KK oD X WA LRFROWED
MCLEE A zoec awcars wzoee | O A scewr: A1 | ervmions 3 | semer: A oo ST
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ShM REYISION DESCRIP TION DATE BY

T T
i 1
1 i
' '
; : o
- - - - -— i S
i '
1 i —
i 1
1 i
' '
H

THIL BR AR 57 SEECIFIE EThNN 15

B R per e o WC@WPLEDT

WC WP LEDU Eh D HEY DT RE o
PERROBUCRD LAEh OR BIAC LOSTD T6 8THERS A00 Iretitute Fd
WITH OU TWRITTE b CORSERT OF FROCES&: Wi or cester, M 016
WCEWEILEDL
O EW O RRE B NG HES LR EWh [ECEEE=C BT
"'““""" FE e ane ur: EM& Dem: 0222016 CasterExtention
1MGres MELMETERT
CLECKED
PR ) 5 H-T
o eTE:
6 s s [P AR 3-13
MO,
KK H-pO X - EPRROGTD
RMGLET H IZIEC AbcLEs 5 izoec |5 nere: scewr: —421 | movision: | serer 27 op _SF
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217

=Nl

REYISION DESCRIPTION DATE

B

This DR EWIRG OF SPECIFK ETIOR 15
CChFDERTEL thD FROPRETERY TO

WITH Ol T WRITTE h CORGER T OF
WCWELEDL

HETERIEL:

BROCELE:
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Part

Description of Part

Number
1-0 Shifting Mechanism
1-1 Shifting Mechanism Rod, From Link A to Lock Bolt
1-2 Shifting Mechanism Link A, From Rod to Link B
1-3 Shifting Mechanism Link B, From Link A to Bent Rod
1-4 Shifting Mechanism Bent Rod, From Link B to Ratchet
1-5 Socket Welded to Chain Piece, From Ratchet to Axle
1-6 Ratchet, From Socket to Bent Rod
1-7 4.80 ID Nut
1-8 4.8mm Screw
1-9 7.90 ID Nut
1-10 3.15mm Screw
2-0 Propulsion System
2-1 Bushing, From Drive Lever to Ratchet
2-2 Drive Lever Tubing, To Bushing
2-3 Grip, To Drive Lever Tubing
2-4 Brake Handle, To Drive Lever Tubing
2-5 Bolt Lock, From Drive Lever Tubing to Shifting Mechanism Rod
2-6 Wooden Spacers, From Drive Lever to Lock Bolt
3-0 Wheel System
3-1 Wheel, On Axle
3-2 Disc Brake, From Wheel to Propulsion System
4-0 1-0,2-0,3-0 System
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5-0 Caster Assembly

5-1 Caster Frame, From Frame to Caster Wheel

5-2 Caster Wheel, On Caster Frame

5-3 Caster Extension

5-4 Caster Bearing Holder, From Caster Frame to Frame

6-0 Seat Assembly

6-1 Seat Frame Pipe, From Corner Elbow to Seat Clamp

6-2 Corner Elbow, From Seat Frame Pipe to Back Rest Frame Pipe
6-3 Back Rest Frame Pipe, To Corner Elbow

6-4 Seat, To Seat Clamp

6-5 Seat Rods, From Seat to Seat Frame Pipe

6-6 Back Rest, To Seat Frame Pipe

7-0 Left of Wheelchair, 4-0,5-0,6-0,8-0 System

7-1 Left Frame

7-2 Left Stop, From Left Frame to Link

7-3 Link, To Stop

7-4 Wheel Axle, From Frame to 4-0

7-5 Spacer

8-0 Left Arm Rest Assembly

8-1 Rear Arm Rest Holder, From Arm Rest to Frame

8-2 Front Arm Rest Holder, From Arm Rest to Frame

8-3 Left Arm Rest Side Panel, From Holders to Arm Rest Frame
8-4 Arm Rest Frame, From Arm Rest Padding to Arm Rest Side Panel
8-6 Arm Rest Black Clip, To Arm Rest Side Panel
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9-0 Folding Mechanism

9-1 Cross Bar Large Bar Front

9-2 Cross Bar Large Bar Back

9-3 Cross Bar Small Bar

9-5 Folding Bars Bottom Black Bar Holder

9-6 Cross Bar Spacer

9-7 Cross Bar Washer

9-8 Top Bar Connector, From Small Cross Bar to Frame
10-0 Right of Wheelchair

10-1 Right Frame

10-2 Right Stop, From Right Frame to Link

11-0 Right Arm Rest Assembly

11-1 Right Arm Rest Side Panel, From Holders to Arm Rest Frame
12-0 Full Assembly

13-0 Pin Assembly

13-1 Pin, To Stop

13-2 Pin Screw

13-3 Pin Locator
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Appendix E: Propulsion System Failure Testing Protocols

This test was set up with the same configuration as the propulsion system in the final prototype.
This determined feasibility of the design in regards to system failure.

To be tested:

e Potential failure modes of the system

e Maximum torque applied before failure

e Part that fails first (ratchet, lever arm, weld connections, wheel spokes, hub)
Materials:

e Spring Gauge (with tape covering the indicator to give a maximum force reading)

e 10 Ib. Weights

e Bucket
e Rope

o  Wheel
e Socket

e Ratchet Wrench
e Clamps or Equivalent
Setup:
3. Using self-tapping screws, a steel plate was attached to the wheel hub and then a pass through

socket was welded onto the steel plate, Figure 100.

Figure 100: Wheel with Welded Steel Plate and Socket.
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This simulated the final prototype, which had a steel piece onto which the steel socket was
welded. The wheel that was used for the prototype is shown in Figure 101.

Figure 101: Wheel that was used for Final Prototype.

Although different shapes, the steel piece screwed to the hub is what the socket will be welded
to. The similarity between the intended prototype wheel and the tested wheel provides an accurate
representation of the wheel hub and this allows for destructive testing on a wheel that will not be
needed for the final prototype.

4. The test wheel was secured to a table in a horizontal orientation. Torque was applied so it was
fastened in a way to prevent rotation. This was done by clamping the wheel directly to the
table edges and creating a perimeter around the other edges to prevent it from lifting up or

spinning, Figure 102.
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Figure 102: Wheel Clamped to Table.

4. The ratchet was connected to the outside of the lever arm via hose clamps. A metal tube was
used as the lever arm. A hole was drilled 36 inches from the center of the ratchet for the spring

gauge, which was attached in later steps, Figure 103.

Hole for
Ratchet ' Spring Gauge

Figure 103: Ratchet attached to Lever Arm.

5. The ratchet was connected to the socket that is mounted to the wheel hub. An additional piece of
plywood was added to support the weight of the lever arm due to the orientation of this test. The final
prototype will have the wheel in a vertical orientation, so this will not be a factor. Supporting the
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lever arm in this way makes it a more realistic test. The spring gauge was connected to the lever at the

hole that was drilled earlier, Figure 104.

Figure 104: Lever Arm attached to Socket.

A The Spring Gauge attached to the lever arm
B Ratchet attached to the socket

C Wood piece supporting lever arm weight

6. The other side of the spring gauge was attached to a rope that leads to a pulley system with a

bucket on the other end that weights can be put in, Figure 105.
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Figure 105: Pulley and Weight Bucket Configuration.

Ais the pulley. B is the bucket to hold the weights. The metal bar inside of the bucket prevents
the rim from collapsing under the weight.
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Appendix F: Design Specification Testing
The following table describes each of tests conducted to determine if the prototype pass all of
the initial design specifications. Note that P denotes Pass and that F denotes Fail.

Design Specification Testing

Design

Specification Test Steps Expected Result Pass/Fail

Indoor Operation Requirements Design Specification Tests
The tests in this section should be performed with the device in the indoor position

1. With the drive levers in the down
1 position, measure the horizontal The device does not exceed
distance between the front most and 51 inches in length.

rear most point of the device.

2. With the drive levers in the up

2 position, measure the vertical distance | The device does not exceed
between the lowest point and highest 43 inches in height.
point of the device.

L Measure the horizontal distance .
. . The device does not exceed

3 between the left most and right most points of . o

. . 28 inches in width.,
the device as viewed by the user.
L Visually verify that wheel locks are | Wheel locks are present and

4 present on the device and engage the wheel engage the wheel in the

when activated. locked position.
L No outside help and no use of the

tester’s legs are allowed for this test. The user
must remain on seat of the device for steps 2 —
1.

7 Move the seat from the indoor position
to the outdoor position by using the arm rests
to lift and pull the seat forward.

3 Move the seat from the outdoor
position to the indoor position by using the
arm rests to lift and push on the seat backrest.

5 a With the propulsion system in the

forward direction, push both drive levers to

propel the wheelchair forward at least 3 feet on
an ADA approved surface.

5. Put one of the drive levers into reverse
and leave the other in forward and use both
drive levers to turn the device at least 90°.

6. Reverse the direction of both drive
levers and use both drive levers to turn at least
90°in the opposite direction as step 5.

7 Put both drive levers in reverse and

All features of the device can

be operated solely by the user

including the seat adjustment,
propulsion, and folding.
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use the drive levers to move backward sat least
3 feet on an ADA approved surface.

) Transfer from the device to another
seat or equivalent.
0. Remove the seat from the device and
fold the frame.
10. Unfold the frame and replace the seat.
L Verify that the device can pirouette by
6 using one drive lever in forward and one drive| The device can pirouette.
lever in reverse.
L With the seat in the indoor position,
place 250 Ibs. onto t_he seat in any The device can support a load
7 configuration. of 250 Ibs
2. Repeat Step 1 with the seat in the '
outdoor position.
1 While in the indoor position, measure
8 the vertical distance from the lowest point of T?ﬁcshe:; 19r zfﬁ ?&t S?gﬁﬁg 20
the device to the surface of the seat. '
L In the indoor position, move the
wheelchair by either have another person
9 manually pushing it or use of the drive levers. | The device has a means of
2 While moving, activate the brake | slowing down and stopping.
handle on the drive lever until the device
comes to a stop.
L While in the indoor position, push or
propel the device on an ADA approved surface
at least 14 feet per second.
2 Verify the speed by using a video .
camera with a backdrop displaying distances. The_ device is caplable of
10 Use frames per second to determine the speed v?/?t?ilggtd%;:r?cg% f?os;gept
traveled just before braking. hen traveling at d of
3 Activate the brakes and measure the | WeM Hraveling at a speed o
distance traveled from first activating the 14 feet per second.
brakes until coming to a complete stop as
verified by the video.
11 L Weigh the entire device on a scale. | The device weighs 50 Ibs. or
less.
b Remove tﬂe (s;rat an(_j fold fthﬁ f;ar::f' q The device is less than 30 x
12 2 ) Measure the dimensions of the folde 29 x 60 inches during
rame in a manner in which they would be transportation
placed into the back seat of a car. '
L Obtain a wrench set, pliers, The major components of the
screwdrivers and a hammer. These are the only| device are capable of being
13 tools allowed for this test. assembled and disassembled

2 Unscrew the bolts holding on each
axle and remove each axle.

with common household
tools.
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3, Remove the brake handle from each
drive lever.
a. Remove each wheel with drive lever
attached.

5. Unscrew the screws at the inside of
each wheel hub that supports the disc brake
and drive levers.

6. Undo the bolt that holds each front
caster and remove both casters.

7. Replace all components of the device.

L Test 13 is indicative of the success of
this Test. If Test 13 passes, the same procedure

Part replacement can be

14 with new parts instead of the old could also be conducted using only
executed, meaning it satisfies this requirement| common household tools.
and no further testing is required.
L Due to the time constraints, this design
15 e - N/A
specification cannot be tested.
L Add up the costs of all parts that make The parts required for
16 the prototype. prototype construction cost
less than $640.
L Attach armrests to the wheelchair. The wheelchair has the option
17 2 Remove the arm rests from the
. to have armrests.
wheelchair.
L Attach wheelie bars to the frame of the
18 wheelchair frame. The wheelchair has the option
2. Remove the wheelie bars from the to have wheelie bars.
wheelchair frame.
L Visually verify that operation of the | The user is protected from
19 device does not require touching the wheel. dirt and debris that come
from direct contact with a
wheel.
L Verify that portions of the wheelchair The wheelchair can be
20 have the ability to accept paint. produced in a variety of
colors.
L Visually verify that the wheelchair has| The wheelchair has storage
21 the option for storage either underneath the that is accessible while
seat or at another location. seated,
L Verify that a portion of the frame or | The user has the option of
22 armrest has the possibility of attaching a cup | attaching a cup holder to the
holder to it. side of the wheelchair.
L Use the handles attached to the seat | The user has the option to
23 back to push the wheelchair. have handles on the back of
the wheelchair.
L Visually v_erify safety labels are Safety labels are present and
24 present at any potential dangerous part of the visible
wheelchair. '
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L Find a crack or gap at least 30 inches
long andbetweenl.5and 1.6inches wide.

2 While operating the wheelchair, pass
over the crack with a perpendicular approach. [The device is able to navigate
25 s Pass over the crack at an at least 1.5 inches wide gaps
approximate45° angle. or cracks from any direction.
4 Pass parallel over the crack so that one
wheel of the device is completely covering the
width of the crack.
L Find or create a ditch 6 inches deep, - .
30 inches long, and 13 inches wide. The d_eV|ce IS not |mpeded by
) . . a ditch less than 6 inches
26 2 While operating the wheelchair, pass deep and less than one radius
through the ditch from a perpendicular . i
of the driven wheel wide.
approach.
L While operating the wheelchair, pass [The device is able to navigate
27 through grass at least 4 inches tall. grassy terrains with grass up
to 4 inches tall.
L Verify that no parts of the device are | The device must be operable
28 significantly affected by temperatures as low | in cold, winter conditions
as0°F. with temperature as low as 0°
F.
L Propel the wheelchair on a walkway | The device can traverse a
29 covered with at least 2 inches of snow. walkway that has at least 2
inches of snow.
L Place the device on a piece of
plywood and load the seat with 2501bs.of sand
bags or equivalent, while attempting to evenly
distribute the load. The device does not tip when
2 Engage the wheel locks. . .
30 . ? e stationary and positioned
3. Using a car jack, slowly lift either the transverselv on a 25° slooe
left or right side of the plywood until the chair y pe.
begins to tip.
4 Measure the maximum angle before
tipping with an inclinometer.
L Repeat Test 30 but lift the front of the | The device does not tip when
31 plywood. stationary and positioned
2 Repeat Test 30 but lift the rear of the longitudinally on a 25°
plywood. slope.
L Use a double sided ramp (one with a
peak and a down slope on each side), or
equivalent, that is a height sufficient to tilt the
wheelchair transversely to a 15° angle when |The device is able to navigate
one wheel is at the peak and the other is on the| bumps or rocks without
32 . -
ground. tipping that lift one wheel up
2 Propel the wheelchair to have one of to create a 15° angle.

the wheels pass over the ramp and down the
other side while the other wheel remains on
the ground.

| Page 202




L Propel the wheelchair up a slope of at

The device must be able to

33 least 15°. climb and descend up to 15°
2 Return down the same slope. slopes while maintaining
stability.
L Propel the device over at least a % | The device is able to traverse
34 inch gravel or stone walkway. at least ¥ inch gravel or stone
walkways.
35 L Use the device on a class 1 hiking trail| The device is able to traverse
for 1000 feet without getting stuck or tipping. a Class 1 Hiking Trail
L Propel the wheelchair over a log at | The device is able to travel
36 least 4 inches in diameter. over a log at least 4 inches in
diameter.
L Visually verify that the device has no | The device has no exposed
37 exposed sharp edges, pinch points, or foot/leg | sharp edges, pinch points, or
entrapments. foot/leg entrapments.
gi - During testing, verify that no The user is not endangered
38 |scomf0rt_ or injury is being inflicted to the when operating the device
tester. This demonstrates the safety of the
. . correctly.
device under correct operation.
L Visually verify the routing of all
cables and wires are done to mitigate risk and . .
. . . . |All mechanisms and wires do
do not interfere with operations of the chair. . !
39 . : . not interfere with the use of
2 Visually verify all moving .
. ; ) . the chair.
mechanisms cannot interfere with operations
of the chair.
L Verify that all manufacturing was All manufacturing was
40 completed on the WPI Campus. completed on the WPI
campus.
a1 L Verify the date of completion of the | The device was constructed
prototype and testing. and tested before April 21-.
L Verify the lead-time on any purchased| All materials required for
42 material did not exceed one week and that no | manufacturing were readily

individual part cost more than $200.

available and low-cost.
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