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ABSTRACT
Modern day public restroom facilities are expected to be accommodating for a variety of people. Some of these
people include individuals who are required to use wheelchairs for daily transportation and have little or no ability
to use their lower body. The restrooms, as well as the toilets themselves, should provide the occupant with the
necessary means to go to the restroom in an efficient, organized, and timely manner. Despite this, some people who
currently use wheelchairs are still encountering issues when using wheelchair accessible restrooms. Some of these
issues include not having the means or strength to lift themselves onto the toilet seats, experiencing a difference
in height between the toilets and the wheelchair, and not having enough room to clean themselves after using the
toilet. In an attempt to resolve these problems, a prototype was designed and built by the 2018/2019 senior design
team (W.A.R.3). The design, however, required modifications in order to fit over a standard toilet without dis- and
re-assembly a revision of the hydraulic system fabricated in-house by W.A.R.3, and a fresh more appealing visual
design. Our team will deliver a product that fits over any standard toilet, meets ADA requirements, and provides
a design similar to that drafted by the industrial design student on W.A.R.3. This design includes ergonomic and
safety features for the customer, such as extended arm supports and a torso support bar, as well as a design that
is aesthetically congruous with home and public restrooms. As a result of the COVID-19 pandemic, our team was
unable to successfully deliver a working prototype; however, the paper below details the plan developed to build
this prototype as well as the specifics of the design and remaining build steps required to ensure a working model is
feasible next year.

Nomenclature
W.A.R. - Wheelchair accessible restroom
MSD - Multi-disciplinary design
ADA - Americans with Disabilities Act of 1990
COVID-19 - Coronavirus Disease of 2019
IRB - Institutional Review Board
CITI - Collaborative Institutional Training Initiative
RIT - Rochester Institute of Technology
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Background
The ultimate goal of this design was to deliver a product that would alleviate the difficulties experienced by wheelchairbound individuals when using public restrooms. Our team set out to develop an experimental model which would provide
the needed support to permit the use of public restrooms in a quick and efficient manner without the assistance of a caregiver.
This version was the fourth iteration of the prototype design and focused mainly on improving the design of the previous
years’ finished builds. The first and most important concern our team was working to address was the size of the unit. The
design offered by the 2018-2019 team (W.A.R.3) was unable to fit over a standard toilet, without dis- and re-assembly, as the
base opening was too narrow. Additionally, there were some concerns with the smooth operation of the in-house hydraulic
system designed and fabricated by the team to lift and lower the users. While the built prototype delivered by W.A.R.3
offered the users the ability to halt the lifting and lowering of the seat at any level, the prototype had begun to stick at certain
points in the lifting process, posing a risk to the end user. The current team (W.A.R.4) set out to address these hydraulics
issues, as well as some safety concerns expressed by the customer, by adapting the model developed by W.A.R.3 to ensure
the final prototype was compatible with a standard toilet, reliable, and safe for the end user.

2 Description of Design
2.1 Creating the Concept
Upon initial receipt of the project, our team met with our customer, Doug Jahen, to set the customer requirements for
the finished prototype. During that meeting, it was established that the customer’s main focus was that the prototype be easy
to use, safe, and reliable for the end users rather than affordable and easy to manufacture.

2.1.1 Shortcomings
After meeting with the customer, the team went directly to the livability lab, where the previous iteration of the project
was located. The purpose of that visit was to gain as much information as possible on the current state of the prototype made
by the W.A.R.3 team. By making observations and conducting some light testing, the team was able to obtain a good idea
of which functions/subfunctions and components might require redesign or modification. The list of shortcomings found
with the prototype includes issues with many of the subsystems. One system that had multiple problems was the hydraulic
system, which tended to stick. The hydraulic cylinders were unable to move whenever they were fully compressed to the
lowest height or would raise and lower at uneven paces, which led to the unit unintentionally tilting to one side or the other.
This would put the user at risk of being unable to transfer back from the device to their wheelchair. Other concerns with the
prototype included the existing risk of user injury as a result of falling off of the device. There was no torso support provided
on the prototype, and the arm supports were bulky, short, and could only be adjusted to one position. It had a base that was
too narrow, nor was there enough clearance between the rear side of the unit and the rear side of the toilet; thus, it did not
fit over a standard toilet. An additional problem was that the lever that adjusts the occupant’s height was poorly secured and
detached itself with minimal required force. One last issue with the W.A.R.3 prototype was that the bar attached to the rear
became loose when the frame was raised.
In order to combat these issues, the customer voiced a desire for torso, back, and arm supports that would eliminate risks
of bodily injury in the new design. Table 1 shows the key customer requirements considered in the build.

Table 1.

Category

Essential Customer Requirements

Importance

Requirement

Ease of Use

9

Ease of use

Ease of Use

9

Ease of sanitation

Ease of Use

9

Universal load and size capacity

Safety

9

Safety and stability

Reliability

9

Durability

Table 2.

Category

Essential Engineering Requirements

Importance

Requirement

Unit of Measure

Ideal Value

Marketability

9

ADA compliance

binary

yes

Safety

9

Load capacity of frame

lbs

400

Safety

9

Load capacity of seat

lbs

400

Ease of Use

9

Adjustability

in

14

2.1.2 Ideation Process
After assessing the customer requirements, we used the House of Quality, a design management tool, to set the key
engineering requirements that would ensure the satisfaction of the customer’s needs. It was established that the key requirement of the design would be a seat that is able to lift and lower within the range of 17 inches to 27 inches from the ground,
while supporting up to a 400-pound load without risk of fall. It was also crucial that all of these requirements were met while
meeting ADA requirements for plumbing in accessible restroom facilities [1]. Table 2 lists the key engineering requirements
used to develop our design.
In order to determine what functions and features the final prototype should have, each team member came up with a
use scenario. A use scenario is intended to show the sequence of events that take place in order for the device to be utilized
properly. In this case, the team knew that the prototype should be able to cater to a variety of different people. What if the
person using the restroom has full use of their arms? What if they don’t? What if the person doesn’t have a lot of upper
body strength? All of these questions were taken into account when creating these scenarios. Additionally, the use scenarios
assist with identifying the different stakeholders that may or may not be present for each scenario. Who is involved? How
involved are the stakeholders? etc.
The team was able to come up with five different use scenarios:
1. A non-motorized wheelchair user, no use of lower body, limited use of arms, can grip with hands, at a restaurant, with
their close friend, needs to use the restroom.
2. A non-motorized wheelchair user, no use of lower body from the chest down, limited use of arms, can grip with hands,
at a restaurant, without a caretaker, needs to use the restroom.
3. A non-motorized wheelchair user, limited use of lower body, a strong upper body, in a public place, without a caretaker,
needs to use the restroom.
4. A motorized wheelchair user, limited use of lower body, limited use of arms, no grip strength, spending a day at the
beach, without a caretaker, needs to use the restroom.
5. A non-motorized wheelchair user, limited use of lower body, limited use of arms, can grip with hands, with the help of
a caretaker, needs to use the restroom.
The team used these five scenarios for determining what the unit should be able to do. Can we design something that
will accommodate all of the scenarios that were chosen? This was the main question that we were trying to answer when
designing this product.
Before the team could start brainstorming new concepts for the design, it was determined that, while the prototype
created by the W.A.R.3 team met many of the customer’s needs, there were still a few components that needed reworking.
One of the first steps in the brainstorming phase was to complete a benchmarking analysis. This involved each team member
coming up with a list of products that are currently existing on the market. Those products had to closely resemble the device
that we were looking to build, or at the very least have a function or purpose similar to what we wanted our final prototype
to do. In this case, we were tasked with designing and constructing an articulating toilet system that could be used to make
bathrooms wheelchair accessible. Therefore, when conducting our research, we made sure to keep the following question
in mind: What products are currently available on the market that also look to accomplish this? The main purpose of the
benchmarking analysis was for the team to dissect as much information from these products as possible. This was done by
each team member creating a list of parameters that would eventually be used for comparing all of the found products against
each other. By the end of the analysis, we were able to come up with a list of 15 parameters:
1.
2.
3.
4.
5.

Load capacity
Vertical motion, tilt motion, or both
Power source
Clearance below seat
Arm support existence

6.
7.
8.
9.
10.
11.
12.
13.
14.
15.

Vertical displacement
Product weight
Price
Operable water pressure (if applicable)
Product dimensions (height, width, depth)
Product mounting system
Control system
Existence of patent
Adjustability
Compatibility with standard toilet

Based on the information found for each product, a minimum, maximum, and average value was found for each parameter (where applicable). After that, a desired range was determined for each one. In other words, based on the data recovered
from our research, we were able to decide how these 15 parameters could be applied to our prototype, which would define a
desired range for each of them. This was the point in time when we really began to consider in detail the limitations that our
prototype may face.

Fig. 1.

W.A.R.4 Prototype Version 1: 1, lift seat; 2, lift piston; 3, vertical guide rail; 4, bearings; 5, tilt seat; 6, tilt piston; 7, hinges.

2.1.3 Preliminary Design
With prototyping in mind, the team began the design of the W.A.R.4 Project. Using the benchmarked products in
combination with the customer requirements, engineering requirements, and shortcomings of the current system, the team
developed six subfunctions of the device: system mounting, vertical lift, tilt, arm support, back support, and torso support. In
order to design a variety of concepts for each, every team member was asked to sketch at least six designs for their designated
subfunctions. We used a morphological chart, which is a diagram that structures and visualizes drawings, to organize our
designs. From the subfunction concepts in the morphological chart, the team came up with 27 unique designs for the
whole system which we thought were the most feasible. To help determine which concepts were most practical, a couple
of members of the team met with Nate Garcia, a professional plumber, who instructed the team about different materials
and ADA requirements that could be found in most public restrooms. In order to narrow down the number of system
concepts from 27 to 5, each team member received 5 votes to cast for the design concepts that they thought were the most
viable. From this vote, the top five design concepts were selected and captured on a Pugh chart for further analysis. In the

Pugh chart the team compiled the five final system designs and compared them using the following selection criteria: cost,
design complexity, ergonomic compatibility, manufacturability, size, ease of sanitation, serviceability, compatibility with
other design components, ease of install, aesthetics, durability, and level of innovation. These points of comparison were
chosen based on factors such as the customer and engineering requirements, and some of them were left to our discretion.
In the Pugh chart, one concept is selected as the datum, or point of reference, for the other designs. In our case, the datum
was the W.A.R.3 prototype. All of the other designs were then given either a plus one or minus one in all of the selection
criteria based on how it compared to the datum in that particular category. The points were then tallied, and the design with
the highest score was deemed the best and became the team’s final selected design.
This design had a few significant improvements as compared to the previous year’s model. These include changes to
the structural mechanics of the seat and frame, the addition of the tilting function to the seat, as well as more rigid coupling
between the left and right pistons. The first version of the design can be seen in Fig 1.
Two hydraulic pistons (Fig 1, item 2) toward the front of the toilet seat actuate the vertical lifting function, while guides
and bearings (Fig 1, items 3 and 4) in the rear constrain the seat from tilting. The tilting function is accomplished using a
secondary tilting seat (Fig 1, item 5) that is attached to the lift seat (Fig 1, item 1) through a hinge (Fig 1, item 7) at the front
of the toilet seat. Another set of pistons (Fig 1, item 6) is placed between the lift seat and tilt seat in the rear. A low cost of
manufacturing was kept in mind for this design; thus, the entire frame can be made using two lengths of box tube, one length
of round tube, and a sheet of steel.
2.1.4 Detailed Design
After much discussion with the client, the initial prototype needed to be updated. Several design changes were made.
These changes include: simplifications to make the unit less intimidating, the removal of the tilting functionality, and thicker
plates. The components that had not been designed in the earlier stages were also added during this stage.

Fig. 2. W.A.R.4 Updated Design Concept: 1, base tube; 2, piston mount bracket; 3, piston mount pin; 4, vertical guide rail; 5, guide rail
bracket; 6, guide bearing plate; 7, bearings; 8, crossbar; 9, front crossbar bracket; 10, rear crossbar bracket; 11, seat plate; 12, hydraulic
piston; 13, piston mount rod; 14, arm support vertical tube; 15, arm support; 16, torso support slide; 17, torso support bar; 18, torso support
bracket.

The base of the system was updated to be a rectangular box tube (Fig 2, item 1) rather than a flat plate, to avoid warping
during welding. Additionally, the lift pistons (Fig 2, item 12) were moved towards the rear of the system, since the tilting
functionality was removed. Overall, the prototype design was simplified. The seat was redesigned to be constrained by
bearings (Fig 2, item 7) that run along the vertical guide bars (Fig 2, item 4), which prevents seat motion in all directions
except vertical translation. A large crossbar (Fig 2, item 8) was added to improve overall system stiffness. This was to ensure
the pistons and bearings stay aligned to minimize any binding due to misalignment. With a completed detailed design, a
system flowchart and hydraulics diagram were finalized. They can be seen in Fig 3.

Fig. 3.

System Flowchart

During the design process, the team kept manufacturing in mind by maintaining standardized tube sizes across multiple
components. Calculations were done to ensure the tubing was appropriately sized in order to avoid excessive deflection or
stress that could lead to user discomfort or system failure. Through structural analysis, and referring to ergonomic texts [2],
we were able to determine appropriate dimensions for the different components within the unit that would accommodate the
measurements of both males and females from the 1st to 99th percentiles. We then created a list of desired tubing materials
and found everything we needed at various suppliers. We linked specific products to prototype components, along with
corresponding part numbers. Parts would be cut to their specific sizes once materials arrived. The finalized design geometry
can be seen in Fig 2.

2.2

Test Plan
In the Preliminary Detailed Design Phase, the team developed testing procedures designed to make sure that the device
would conform to the engineering requirements. In order to determine that the device fulfills its purpose and is safe to use,
the team drafted six different plans to test the functions of the device. These test plans concern: functionality, hygiene, piston
leakage, safety, static load capacity, and human testing. Each test plan contains sections for detailed testing specifications
(function tested, specification tested, unit of measure, and margin of error), equipment required for testing, data collection
strategy, procedure for testing, tables for data collection, and space to record any observations or conclusions that the team
would draw from the test.
The functionality test includes procedures for testing the range of motion for the height of the seat as well as the
maneuverability of the arm supports. The ease of sanitation would be confirmed during the hygiene test. The team designed
the piston leak test for the hydraulic system. The static load test would make sure that the device can hold the weight specified
in the engineering requirements. And lastly, the team members would complete a final safety check by attempting to use the
prototype themselves.
The documents containing our human test plans are separate from the rest of our test procedures, as the human subjects
test procedure had to be submitted to and approved by RIT’s Institutional Review Board before testing could take place.
In order to start the approval process through the IRB, the team had to complete all of the IRB and the CITI testing and
training procedures.

Table 3.

Klein Steel Orders

Item Description

Length/Area Purchased (in/in2 )

Cost

1

2x1x16ga RECT TUBE

144

$20.14

2

3/4 ODx16ga HREW ROUND TUBE

144

$19.37

3

1 SQx16ga TUBE

144

$13.54

4

1 ODx14ga HREW ROUND TUBE

144

$14.40

5

0.1” Carbon Steel Plate

1320

$36.00

Total Cost

$103.45

Item #

2.3 Build and Test
2.3.1 Budgeting
Throughout the duration of our project development, our team purchased a variety of different parts, all of which were
acquired through three separate transactions. While we were looking at potential parts, we always kept our $500 budget in
mind. We knew that a budget increase request could be made if necessary, but we wanted to try and purchase all of our
materials with the funds that we were given from the beginning.
The first thing that we wanted to do was purchase all of our raw materials. This included any material that would
eventually make up the prototype frame, as well as other components. We decided that we wanted our articulating toilet to
be made out of steel: everything from the base, frame, arm supports, and torso supports would be made up of rectangular,
square, or circular steel tubing. The different brackets and plates, on the other hand, were going to be made of 0.1”-thick
steel. Our initial plan was to purchase all of our steel raw material from OnlineMetals.com. However, all of the material
that we would need (with some extra just in case we needed more in the future) would have cost $275.19 with an additional
$200+ for shipping. Purchasing this from OnlineMetals.com would nearly deplete our $500 budget. Together as a team, we
decided that the cost was too high and that another vendor would need to be found.
2.3.2 Part Ordering
After conducting some research, we decided to purchase from Klein Steel, a company that is located in Rochester. This
would mean that the pick-up option would be available (therefore avoiding a shipping charge) and the steel that they were
offering to sell us was at a much lower price than OnlineMetals.com. The material that we purchased can be seen in Tab 3.
It should be noted that items 1– 4 were purchased together through a quote and item 5 through a separate transaction that
involved the team going directly to Klein to choose from their surplus.
The next step was to purchase all of our hardware (nuts, bolts, etc.) as well as the components that would be needed for
assembling the hydraulic subsystems. We purchased these parts from McMaster Carr. All of the parts were purchased within
the same order and are listed in Tab 4.
Overall, the team purchased $310.20 worth of materials. This left $189.80 unspent within the budget. The team was
planning on purchasing a part for the back support component, however, as a result of the COVID-19 pandemic, we had to
postpone—and then cancel—purchasing before this aspect of the project could be discussed.
2.3.3 Build
After acquiring our raw material, one of the first things we needed to accomplish was cutting everything to size. This
included gathering all of our rectangular, square, and circular tubing so that it could be cut to the specified length. Using
the saws available in the RIT Machine Shop, we were able to do this efficiently. The frame, arm support, and torso support
systems (Fig 2, items 15, 16, 17, 18) all had tubing that needed to be cut to size. Our margin for error was relatively small,
so when we were ordering parts, we made sure to purchase an abundance of excess material.
The next step was to cut out all of our brackets and plates from the 0.1”-thick piece of carbon steel that we purchased
from Klein. This was done using a water jet cutter. We programmed the geometry of all of our plates into the machine,
which allowed us to get all of our parts cut relatively quickly. Parts such as the piston mount bracket, guide rail bracket,
guide bearing plate, and the seat plate (Fig 2, items 2, 5, 6, 11) were all manufactured using this technique. The next task
that our team faced was forming our parts to their final state. More specifically, certain parts required bending. Parts such as
the guide bearing plate, the crossbar brackets, and arm support vertical tubes (Fig 2, items 6, 9, 10, 14) needed to be bent to a
specific shape. After this step was completed, we could start drilling and milling features onto the parts that called for them.
The majority of our design was going to be assembled through the use of welding. However, certain components were going

Table 4.

McMaster Carr Orders

Item #

Item Description

Qty Purchased

Cost

1

Water- and Steam- Resistant EPDM O-Ring, 3/32 Fractional Width, Dash #:120

50

$8.43

2

Water- and Steam- Resistant EPDM O-Ring, 3/32 Fractional Width, Dash #140

40

$10.25

3

Water- and Steam- Resistant EPDM O-Ring, 3/32 Fractional Width, Dash #112

100

$11.48

4

Chemical-Resistant PVC ROD, 1” Diameter

3 ft length

$8.25

5

Chemical-Resistant PVC ROD, 3” Diameter

1 ft length

$22.45

6

Standard-Wall PVC Pipe Fitting for Water, Adapter, 2-1/2 Socket Female x 2-1/2 NPT Female

2

$6.08

7

Standard-Wall Unthrded PVC Pipe for Water, 2-1/2 Pipe Size, 5 ft long

1

$16.39

8

Ball Bearing, Open, Trade Number R10, for 5/8” Diameter

12

$79.92

9

Alloy Steel Shoulder Screw, 5/8” Shoulder Diameter, 3/4” Shoulder Length, 1/2” - 13 Thread

12

$39.60

10

1004-1045 Carbon Steel Cotton Pins, 1/8” Diameter, 1-1/2” Long

100

$3.90

Total Cost

$206.75

to be assembled using shoulder screws, fasteners, and other hardware. The main parts that required drilling were the piston
mount bracket, vertical guide rail, front cross bar bracket, seat plate, and torso support bracket (Fig 2, items 2, 4, 9, 11, 18).
After this, welding could commence.
As the team became ready to weld, it was discussed that there is a considerable risk that by welding 0.1” sheet metal,
there would be significant deformation. With this newfound information, the team worked to redesign the system components
that were at risk. This included replacing the welded joints with bolted joints for all sheet metal components.
Other work that was completed included the machining and drilling of the seat plate components and preparing stock
for the hydraulic components.
Again, as a result of the COVID-19 pandemic, the team had to cancel the remainder of prototyping and building. Future
steps included cutting the seat structure with a metal chop saw, welding it, and attaching the sheet metal plates to the structure
using countersunk flathead screws.

3

Supporting Feasibility Evidence
Although the team was unable to proceed as planned, manufacturing plans were developed to describe and depict the
assembly of the completed product. In addition, a full set of completed test plans to validate the functionality and safety of
the device were developed for future use. Included in these test plans are procedures for human testing, which future teams
will also be able to utilize, if necessary.

4 Results, Conclusion, and Recommendation
4.1 Results and Conclusion
Unfortunately, due to the COVID-19 global epidemic, the team was unable to build and, consequently, test a completed
prototype. Though our team was faced with many challenges, we are satisfied with the success of this project given the
circumstances. Throughout this year, our team was able to develop a robust design that would accommodate a large range
of users, meet customer requirements, and fall within the specified budget of $500. Even though we were unable to build a
finished prototype, we were able to develop plans for use of the materials purchased and fabricated by our team. To close this
project, we developed detailed manufacturing and test plans that will guide future teams to success in building this prototype
using the materials that have been stored for them by the MSD office.
Overall, we created a cohesive design that should be ready for a new team to assemble and test next year. We are
confident in the ability of this design to meet all ADA and safety standards provided that it is properly manufactured.
Once the prototype is built, our test plans can be used to ensure the successful verification and validation of the system’s
functionality. The final look of the system can be seen in Fig 4. All materials pertaining to the remainder of this project can
be found on our team’s webpage listed below [3], and all hardware can be accessed through RIT’s MSD office.

Fig. 4.

W.A.R.4 Final Design

4.2

Recommendations
Given the inability for our team to complete a comprehensive build of the designed system, it is recommended that a
fifth and final iteration of this project be carried out by an MSD team next year. Our team would like to recommend that
future teams working on this project leverage the information provided by our team to develop a successful final design. As
has been the case in past years, our team struggled to develop a design fabricated out of lightweight and durable material that
could be purchased within the given budget. While the steel purchased for this year’s design was functional, we believe that a
better material could be found to successfully complete the design at a much lighter weight. A second area for improvement
that exists in the current design is the visual appeal of the finished prototype. Again, as a result of the choice to use steel,
the design created had significant room for improvement aesthetically. In its current state, the design is unlikely to be wellreceived by the public without a formed plastic casing to cover the steel frame. In addition to these aesthetic improvements,
it is recommended that future teams advance the development of the arm, back, and torso supports designed by our team
to further improve the aesthetics and ergonomics of the finished design. While our team worked to develop a prototype
that utilizes ergonomics in the sizing of the supports, the system would benefit from a design that includes geometry that
conforms with shape of the arms and back. The ideal state of this project would be a product that is aesthetically pleasing,
reliable, comfortable and safe for users at an affordable price.
For any more information, or detailed documentation, please visit our team’s web page [3].
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