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Abstract

This project was created to improve existing technology and create a design for a new
chair lift to assist the disabled in entering and exiting a pool. Our goal was achieved through in-
depth research into the problems within technology already on the market, and creating a
proposal that improved on the portability weakness most designs possess. Initial concepts were
analyzed to determine the lift mechanism and counterweight system for the device. Once a
design was chosen, we completed a full CAD model of the device and all of its subassemblies to
show and test basic functionality. After the model was complete, we then bought all the
components of the device and began manufacturing, using the tools available in Washburn
Shops. Finally, construction progress and a list of future recommendations was presented to our

advisor for further implementation and utilization.
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1. Introduction

In 2011, the Americans with Disabilities Act (ADA) was put into law, requiring that
many public and private aquatic facilities become more accessible to handicapped persons. The
most notable and expensive change was the requirement to install a pool chair lift to help persons
enter and exit a pool. The overarching problem with existing technology is that the quality of
products that exist does not correlate to the prices offered. Many existing devices not only cost a
significant amount of money to buy at first, but also do not allow for serviceability, threatening
to void warranties if a user even undoes a single screw. In addition, products have a variety of
shortcomings, including but not limited to weight, stability, and reliability. Our team’s goal is to
create a working prototype that is affordable to all pools while still allowing companies to make
a profit. This will be done by utilizing low cost and repeatable manufacturing methods that will
still lead to a sturdy and effective prototype. Having access to an economical yet safe and
effective device is of paramount interest to both potential users with disabilities as well as pool

owners and staff.



2. Background

The Americans with Disabilities Act (ADA) was revised in 2011 to incorporate the 2010
Standards for Accessible Design to require that pools have a pool lift capable of moving a
disabled person into and out of the pool. The pools covered under these requirements are of a
very wide range, including but not limited to hotels and motels, health clubs, recreation centers,
universities, public country clubs, and other businesses that have swimming pools, wading pools,
and spas. In addition to requiring the pool lift be accessible to those that require it, the ADA
includes guidelines describing the location and usage of any pool lift device. These guidelines

are essential to designing a successful pool lift device.

2.1 ADA Guidelines

The ADA guidelines explicitly define the area in which a pool lift can be used. The pool
lift must be used where the depth of the pool does not exceed 48 inches (ADA 1009.2.1). The
exceptions to this regulation include if the depth of the pool is greater than 48 inches at all areas
or if there are multiple pool lift devices installed in fixed locations only one needs to meet the
requirement. In the loading position, the centerline of the seat must be a minimum of 16 inches
from the edge of the pool (ADA 1009.2.2). In addition, there must be a minimum of 36 by 48
square inches clear deck space for the occupant to be able to board the chair (ADA 1009.2.3).
The height of the chair must be a minimum of 16 to a maximum of 19 inches from the ground
when held above the deck for the user to seat themselves on the device (ADA 1009.2.4). These
constraints all serve to allow adequate room for the user to board the pool lift with ease.

Diagrams for several of these positioning constraints are featured in Figure 1 for reference.
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Figure 1: ADA Pool Lift Figures Defining Loading Position

The mechanical design of the pool lift is also controlled by the ADA guidelines. The seat
is required to be a minimum of 16 inches wide (ADA 1009.2.5). A foot rest must be included
with the seat, and if armrests are employed they must be able to fold back to allow unobstructed
boarding and unboarding of the chair (ADA 1009.2.6). Both of these requirements serve to
provide a comfortable and stable position for the user while using the lift. The pool lift must also
have provisions that allow operation at both the pool deck and water levels by the user unassisted
by pool staff (ADA 1009.2.7). This requirement is typically accomplished with a portable
waterproof remote the user can hold while in the chair of the pool lift and is crucial to ensure the
user is not stranded in the pool in the absence of assistance. The pool lift must also be designed
such that the top of the chair is submerged 18 inches from the top of the seat as seen in Figure 2
(ADA 1009.2.8). This allows for the user to easily re-seat themselves while still in the water. The
lift must be capable to of lifting a load of 300 pounds minimum (ADA 1009.2.9). This weight
threshold is able to cover the majority of the population without imposing more costly design

constraints on an already expensive product.
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Figure 2: ADA Figures Defining Submerged Position

2.2 Current Pool Lift Designs

From a design standpoint, in looking to create a new and improved device specifically for
this project, it was crucial to look into the existing devices and mechanisms that are already
available. As the ADA requirements were enacted about 7 years ago, the market for pool chair
lifts is now quite extensive with lifts varying in size, price, capability and style. Most pool lift
devices can be split into two different categories as seen in Figure 3: those that are fixed in place
(left) and those that are mobile (right).

Fixed designs are characterized by a mast that is attached to the deck of the pool via an
anchor point. The anchor is typically installed into the pool deck by drilling into the concrete and
adding a sleeve for the mast to attach to, then filling in the extra surrounding area with new

concrete.



Figure 3: Fixed (Left) vs. Mobile (Right) Pool Lift Designs

Mobile designs mount the mast to a base with wheels so the whole device may be
transferred around the pool or stored conveniently. The base also contains a large counterweight
to prevent tipping when the device is in use. Each of these design options have their own pros
and cons.

The fixed pool lift design offers the advantage of being structurally secure assuming the
anchor is properly installed. The support reactions needed to prevent the device and occupant
from tipping over are all transferred through the anchoring point to the pool deck. By
counteracting the weight of the occupant this way, the design does not require a significant
counterweight to balance the moment caused by the occupant. As a result, fixed designs tend to
be much lighter in weight. While the location where a user can be lifted into and out of the pool
is limited by the location where the anchor is installed, the mast can be detached from the anchor
and stored when necessary.

The mobile pool lift design is able to be used at any location around the pool that
complies with the ADA guidelines. This also allows for easy storage when the device is not in
use. However, the device requires a large counterweight to prevent tipping during operation. In

some cases the weight is so heavy that the device cannot be moved by a single person.



For the pool that is located on Worcester Polytechnic Institute (WPI) facilities --a semi-
private, in-ground pool-- the faculty previously purchased a Spectrum brand portable pool chair
lift. Other brands include Aqua Creek, Hoyer and PAL (Portable Aquatic Lift). The devices all
share similarities; however, some aspects of the design vary depending on price. Some of the
cheaper portable lifts have flexible seats that are a mesh material in the shape of a seat as shown
in Figure 4. Other chairs have a more stable seat that potentially includes movable armrests, a
footrest and a safety strap that fastens across the lap of the user. This particular style of seat

design is shown in Figure 5.

Figure 4: A Pool Lift Featuring a Flexible Mesh Chair
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Figure 5: A Mobile Pool Lift Featuring a Hard Plastic Chair and Armrests



2.3 Safety Guidelines and Practices

Beyond the guidelines provided in the ADA, there is not much information specific to the
design of pool lift devices. In order to develop a device that both accomplishes the required task
and is also safe for the user and operator, the team looked to best practices and standards to guide
our design. We wanted to come up with a design that improved on existing technology while

also not over engineering our design to create extraneous costs.

2.3.1 Human Factors

Any pool lift subjects the occupant to accelerations during operation when moving the
person from the pool deck into the water. Large accelerations can cause negative health impacts
on the human body, such as feeling pain/pressure or even losing consciousness. These
consequences are typical of a high acceleration situation such as space shuttle taking off, and
unlikely to be experienced by the occupant of any pool lift device since the motion is
considerably slower and has a much lower acceleration. It is important to consider the threshold
for voluntary tolerance to acceleration so the occupant is comfortable when using the device. An
acceleration can be experienced voluntarily for a certain duration depending on the magnitude
and direction, as shown in Figure 6. For example, a person can experience an acceleration of
16G in the +z direction for approximately 0.02 minutes (1.2 seconds) on a voluntary basis. This
means the person will not feel uncomfortable or uneasy during this time frame. These factors
also depend on the individual under the acceleration, and people can even train themselves to
withstand larger magnitudes of acceleration. Figure 6 shows the average value, however, the user

of a pool lift device likely has a lower tolerance to acceleration if they are handicapped. These



factors will need to be considered when selecting an appropriate acceleration for the pool lift

device to operate.
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Figure 6: Average Tolerable Acceleration

2.3.2 OSHA Requlations

In addition to understanding the human tolerance of acceleration, other safety
compliances that must be considered are the Occupational Safety and Health Administration’s
(OSHA) guidelines for pinch points and tipping. OSHA defines a pinch point as “any point other
than the point of operation at which it is possible for a part of the body to be caught between the
moving parts of a press or auxiliary equipment” (definition 1910.211(d)(44)). Our pool chair lift
is likely to have instances of pinch points that must be considered when manufacturing. The
biggest concern is the user’s feet hanging over the side of the chair, as the potential for a pinch
point exists when the lift is positioned over the side. If the lift is moved to a place that is not far
enough over the pool, there exists the possibility that feet could get pinched between the mobile
chair and the stationary floor. To overcome this, it will be important to set clear guidelines on

where the chair must be positioned with respect to the edge of the pool.



While OSHA does not have direct guidance for pool chair lifts, similar information can
be taken from the guidelines for use of heavy machinery such as forklifts. OSHA sets out clear
guidelines with regards to avoiding tipping of forklifts, and the same general guideline can be
used for chair lifts. As shown in Figure 7, as the center of gravity moves further away from the
true center of the machine, the capacity of the machine goes down to avoid tipping over. In order
for our team to be able to operate a lift with a 300 pound person, we will have to have a
significant counterweight to ensure that the center of gravity does not stray too far from the

center of the machine.
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Figure 7: OSHA Forklift Tipping Demonstration

2.3.3 ASTM Standards

Another standard we must follow will be the American Society for Testing and Materials
(ASTM). As the team builds a device that will be used in a corrosive environment, we must be
aware of the materials used in building such a device. ASTM designation number ASTM G78 -

15 defines testing materials for corrosion in chlorinated aqueous environments. It outlines



different testing methods for different materials, the most important being stainless steel and
plastics. It emphasizes that “In-service performance data provide the most reliable determination
of whether a material would be satisfactory for a particular end use” (ASTM G78 - 15). While
we are unable to have huge amounts of in-service data, we should obtain materials ahead of time
and test early prototypes submerged in the water to ensure that corrosive effects do not get in the

way of our prototyping efforts.

2.4 Functional Requirements

As a result of our research into existing chairs and their characteristics, our team has
developed a set of functional requirements. A “functional requirement” specifies the functions
that a system or component must perform, typically describing what is needed by the system user
as well as requested properties of inputs and outputs. We feel this list best suits the necessary
requirements that our design must fulfill to satisfy our goal of producing a reasonable pool chair
lift

1. Device must be ADA Standard Compliant.

2. Device shall be designed for a public, in-ground pool.

3. Device shall be able to be tested at the pool in the Recreation Center at WPI.

4. Device shall not tip into pool upon use.

5. Device shall not tip occupant into pool during use.

6. Device shall have a restraint system for use by the occupant during operation which is
easily removed by occupant once chair has been submerged.

7. Device shall comply with ASTM Standards for corrosion.

8. Device shall stay stationary during operation.

10



9. Device shall be OSHA compliant.
10. Device shall move lift mechanism and seated occupant with the following motion:

o Loading shall occur while the seat of the chair is located fully above the pool deck

o While in motion, device shall move at a comfortable rate for the occupant.

o From the loading the position, the device shall position the occupant over the
water and then lower the occupant into the water to a depth compliant with ADA
standards.

o The device shall be capable of operating the reverse sequence to assist the user in
exiting the pool.

11. Device shall be movable by one person.

12. Device shall be designed for ease of assembly and require only a basic tool kit.

13. Device must be able to be constructed by MQP Team and Washburn Lab Technicians.

14. Device shall not exert accelerations larger than what a human is comfortable
experiencing.

15. The time required to position the device at the side of the pool and prepare for operation
shall not exceed 15 minutes.

16. The time to move the occupant from the loading position into the pool shall not exceed 3

minutes.

11



3. Design Concepts

Following initial investigation into existing technology, the team came up with several
preliminary design ideas that served as the foundation for the design matrix used in selecting the
final design to build and test. These design ideas were sorted into two different categories: the
designs for the lifting mechanism for the device, and the designs for the counterweight of the
device.

It was decided that design ideas for both semi-permanently installed and mobile style of
device would be entertained until we knew more, since we were initially uncertain of what the
WPI facilities would allow us to change within the pool area in the Recreation Center. Therefore,
the team came up with three designs for potential lifting mechanisms and three designs for
potential counterweight mechanisms. Each design within the lifting category is capable of being
paired with any of the selections for the counterweight category and vice versa, allowing us to

have full range in choice of design.

3.1 Lifting Mechanisms

Detailed within this subsection are the specifics and early sketches of each of our initial
ideas for the lifting mechanism. These designs were crucial to the overall progress of the project,
as we needed to find the best mechanism to lift the user in and out of the pool and to be able to
pivot to allow the user to enter and exit the chairlift at a safe distance in accordance with ADA

Standards.

12



3.1.1 Pulley Mechanism

The first of the three proposed lifting mechanism designs was a pulley system. Our
process began with finding the simplest way to lift and lower any type of object, as we were not
sure what style of seat or carrying sling would be part of the device. Our first thought went to a
pulley system; a simple and affordable way to lift and lower an object. This idea included two
pulleys with some variant of rope, chain or belt connecting the pulleys raising the user in and out
of the water, shown in Figure 8 below. This pulley system would be mounted on a rotating mast
which would satisfy the design requirements needed for the lifting mechanism in accordance

with our functional requirements.

.MN
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Figure 8: A Rough Sketch of the Proposed Pulley System

3.1.2 Three Bar Inverted Slider Mechanism

The next of the design concepts we developed was the three bar inverted slider. Based on
research into technology that already exists on the market, we noticed that another common
choice for this type of device was the three bar slider. The design is rather simple (seen in Figure
9) consisting of two pivot points on the same horizontal axis that have the capability of rotating
about the pivot point in a radial motion. There is a slider firmly attached to the end of one rod

that slides along the axis of the second bar located at the second set pivot point. To achieve this

13



motion, there is the possibility of using a cranking system or using a linear actuator. More in-
depth details were not discussed at this preliminary stage, however a rough sketch was formed

and key features were touched upon.

Figure 9: A Rough Sketch of the Preliminary Three Bar Inverted Slider Concept

3.1.3 Four Bar Mechanism

The final design concept we had for the lifting mechanism of the chair was a simple four
bar mechanism as shown in Figure 10. This style of assembly consists of a vertical mast that has
two parallel bars attached at their ends. These two bars are separated by a specified amount of
space depending on design requirements, and at their other ends are connected to a second

vertical bar. For our project, the chair would be attached to the second vertical bar and some sort

14



of motor, crank or actuator would drive the chair up into the raised position and lower it into the

water.

ey

Figure 10: Initial Sketches of the Four Bar Mechanism

3.2 Counterweight Designs

Discussed within this subsection are the early details and hand sketches of each of our
ideas for the counterweight of this device. In order to meet ADA Standards, the chair must lift a
maximum weight of 300 pounds, requiring the counterweight of the device to weigh more than
this maximum weight of the user. There are two different styles of counterweight: one that
secures a mast into the concrete platform of the pool deck, and one that features a portable design
with some type of added weight (sand bags, metal, water, etc.) mounted on the base to weigh it
down.

3.2.1 Fixed to Deck (Anchor)

Our research led us to a few different design options for counter-weighing the device
including mounting a mast style support either permanently or semi-permanently installed in the
pool deck as shown in Figure 11. There is a hole drilled into the deck of the pool to a

predetermined depth. Within this hole, a hollow collar is permanently installed that is made of

15



some type of plastic or metal material. The lowest portion of the anchor style counterweight is
lowered into the hole and secured for use of the device. If the device is only semi-permanently
mounted, the device can then be removed from the deck of the pool and a temporary cover can

be placed on the hole to avoid injury.

Figure 11: Anchor Design of Counterweight Mechanism

3.2.2 Movable Base with Removable Weights

Our next design concept focused on a design that would be independent of the pool and
its surroundings, specifically a movable base on wheels with a storage bin type structure for
housing removable counterweight materials which can be seen in Figure 12. For example, the
chairlift that currently resides at the WPI facility has a two foot by two foot metal frame, inside
of which about eight 1 inch-thick pieces of steel are stacked on top of one another. In our design,
we would like to make these weights smaller and easier to remove, since the existing lift does not

have this feature.

16
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Figure 12: Counterweight Design with Removable Weights

3.2.3 Movable Base with Water Tank

After the initial thought of having some sort of counterweight material that would be
removed from the device, we delved into thought into which materials would have the most
substantial weight while also being easy enough for one person to remove by themselves. Initial
thoughts went to steel, aluminum and sand, however there was another idea that posed an
interesting design concept: a water tank as seen in Figure 13. This design idea features the same
movable base on wheels as mentioned previously, yet features a tank to hold water rather than a
structure to hold metal counterweights. The device would be transported to the side of the pool
while empty, a pump would fill the tank to capacity, the user would use the device, the tank
would be drained after use and the lift would be easily moved from the poolside to its storage

location.

17
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Figure 13: Detailed Design Concept of Water Tank Counterweight

18



4. Design Selection

A complex design such as this chairlift has many possibilities and many different
permutations of those possibilities. Our team was able to narrow down the amount of decisions
we had to make to two major design choices. The team needed to select a lifting mechanism to
move the user up and down, and in addition the team needed to select a method to balance the

weight of the user.

The use of the decision matrices shown below made helped to guide our design choices.

We narrowed down our needs to four distinct and measurable quantities: price, safety,

performance, and manufacturability. These factors would help our decision the most, as well as

the factors to which we could most easily quantify. The decision matrix also allows for
weighting of each factor, meaning if we felt one factor is more important than another, we still

could use said factors in making one decision by putting them at different weights. We set our

scores for each factor as an integer of one to five, and our weights as decimals adding up to one,

meaning that the “winning” choice would have the highest total weighted score out of five.

4.1 Lifting Mechanism Design Selection

Lifting Mechanism

Price Safety | Performance | Manufacturability | Total
(0.20) (0.35) (0.25) (0.20)
Four bar 4 4 4 4 4.00
Three bar 3 4 3 3 3.35
(inverted slider)
Pulley 5 2 3 5 3.45

Table 1: Lifting Mechanism Decision Matrix

19



The lifting mechanism came down to three designs as stated in section three. The four-
bar mechanism, the three-bar inverted slider-crank mechanism, and the pulley.

Four bar linkages are a common style of mechanism used in kinematic designs, so there
was a sufficient amount of research available for us to peruse. After looking at the existing
designs and their use of this mechanism, we were able to identify its strengths and weaknesses.
Four bar mechanisms are the simplest to build and provide a good deal of control based on our
inputs and offers an ideal mechanical advantage; however, four bar mechanisms also offer the
least freedom of motion, and does not offer any mechanical advantage, meaning the team would
need a significant amount of force to move the linkage. Overall, the design is pretty commonly
used for this application. The mechanism lifts a large weight, so the bars within the mechanism
must be very sturdy, posing a threat to our already limited budget. A depiction of this style can
be seen in Figure 10.

Strengths and weaknesses of the four bar design were also conceptualized, and we
gravitated towards a more robust design as compared to the pulley system. We noted that a
majority of existing chair lifts that used this style of lifting mechanism were either permanently
or semi-permanently mounted into the deck of the pool. This offered the chance to either
improve on existing technology with our new design by making it portable, or posed a potential
conflict if we found we were unable to make any changes to the deck around the pool at WPI.

As with any design, there were positives and negatives associated with the pulley idea.
The idea was cost effective; however, ADA Standards require that the device lift a minimum of
300 pounds. A pulley system would need to be extremely robust within a small amount of space
in order to support this weight and remain open to the possibility of a portable design being

mounted on some type of moving base.

20



Overall, as can be seen by the score in the table above, the best decision was the four bar
mechanism, as it was the easiest to both design and manufacture while still accomplishing our

functional requirements.

Counterweight Design
Price | Safety | Performance | Manufacturability | Total
(0.20) (0.35) (0.25) (0.20)
Fixed to deck 1 4 2 1 2.05
Moveable base 5 2 4 3 3.3
(Water Tank)
Moveable base 2 3 3 4 3.0
(Weights)

Table 2: Counterweight Design Decision Matrix

4.2 Counterweight Design Selection

The other major decision for our team to make was the method in which the weight of the
user is balanced, termed as the counterweight. As the user sits in the chair, the center of gravity
is moved significantly towards the chair. As will be mentioned in the tipping analysis in Section
5.1, we needed to ensure the center of gravity does not go outside the rectangle formed by the
caster wheels on the outside of the base.

After investigating conditions at the Recreation Center Pool at WPI, we decided that the
option to permanently anchor any object into the pool deck was unavailable since the pool is
primarily used as a Division I1l competitive racing pool, and having a chair permanently
anchored next to the pool would not allow the pool to continue to meet NCAA standards. There
was still the option of drilling into the deck a certain distance such that we could mount a mast

while the device needed to be used and cover the hole while not in use, so as to not pose a safety
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hazard. A conversation with the WPI Facilities department led us to decide that this was not
feasible either, as that significant of an edit to WPI’s infrastructure would be too costly.

WPTI’s Recreation Center currently uses one of our design options, a very large weight
system stacked on to the base. As a result, the chair lift in the Recreation Center weighs just
under 800 pounds, and is only movable by three people at once, sometimes four. This easily put
the score for performance very low, and in addition, we were quick to not go in this direction as
we wanted to avoid simply reinventing chair lifts that are currently used.

In deciding the appropriate method to use, we hoped to improve on the portability of the
existing device that is in the Recreation Center at WPI and allow it to be movable by a single
person rather than two to three. This meant that one of the biggest options was to implement
design that, by our research, did not exist yet. This was the option to have an external tank
attached to the base that would be empty while the tank was mobile, but filled with water while it
was next to the deck of the pool. Not only does this option perform well, but for the purposes of
our prototype the ability to take an off-the-shelf drum and sit it on top of our base meant that the
cost was almost zero to us. We initially planned on making an acrylic tank, but this idea proved
to be very expensive. Instead, we came up with the alternative to use a 55 gallon drum. This
brought the cost way down and increased the price and manufacturability ratings for this design.
This very clearly put the drum at the top of the list in the decision matrix.

With our two matrices considered, the choice for both was clear as demonstrated by our
matrices. We decided to choose the four bar linkage for the linkage mechanism, and the water-

filled tank for the counterweight.

22



5. Synthesis and Analysis

The following section details the necessary analysis completed to ensure the design

would meet our functional requirements.

5.1 Tipping Analysis

One of the challenges of any existing pool chair lift with a movable base is the danger of
the whole device tipping over when in use. Suspending a person of 300 pounds a distance a few
feet away creates a moment reaction that needs to be counterbalanced in order to prevent tipping
of the device. As mentioned in the background chapter, this is usually accomplished by including
a heavy counterweight in the base of the device that can way several hundred pounds. This
makes moving these devices difficult, and was part of the rationale behind selecting the water
tank design for the counterweight. This choice does add an extra consideration to the tipping
analysis; it is now necessary to make sure the device is not off balance under its own weight.
Therefore the discussion will be split into two parts; unloaded and loaded configuration of the

device.

5.1.1 Unloaded Configuration

The unloaded configuration considers the device without any water in the tank or a
person sitting on the chair. The center of mass of the device can vary depending on the position
of the linkage. Two extreme cases were chosen to be analyzed; one where the linkage was
straight in front of the base with links 2 and 4 parallel to the ground and the other case where the
mast is rotated to the side of the device and the chair in its highest position for the person to

board the device. The analysis was conducted in SOLIDWORKS by first assigning material
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properties to all components. Once this was complete the Mass Properties tool was used to
determine the center of mass for each configuration. The first case as shown in Figure 14 puts the
chair as far as possible from the base in the X-direction. For the device to not tip, the center of
mass must be located within the boundary created by the four wheels underneath. For this case,
the center of mass is within the boundary, so the device will not tip. The second case is shown in
Figure 15. As mentioned this case does not have the linkage parallel to the ground, under the
assumption that the chair would be at its highest point to allow the user to board the chair at the
ADA approved height. As long as the chair is over the deck of the pool, it cannot be lowered
significantly without the footrest hitting the ground. This was part of the reasoning behind this
assumption. While the center of mass has shifted, it still remains within the bounding box, so the

device will not tip.

]

Wheel Bounding Box Center of Mass I
X Y

Figure 14: Unloaded Configuration Center of Mass Case 1
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Figure 15: Unloaded Configuration Center of Mass Case 2

This analysis was made with certain assumptions regarding the position of the moving
parts of the device as well as the mass of certain components. Some items that were direct
purchases such as the chair and actuator could not be modeled to the exact geometry and
therefore the center of mass data may be different. These items were modeled approximately and
then an average density was applied to make the total mass accurate to the product we were
purchasing. In the case of the chair, some extra weight was added to account for modifications

we planned to make.
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5.1.2 Loaded Configuration

The tipping analysis for the loaded configuration was conducted in the same manner as
the unloaded configuration. The key differences are the inclusion of two additional parts in the
assembly to represent the person sitting in the chair and the water held in the tank to act as a
counterweight. The first case as discussed in the previous section can be seen in Figure 16. The
center of gravity has shifted from the previous unloaded case, but still remains within the
bounding box. The second case can be seen in Figure 17. For this case, the center of gravity has
shifted outside the wheel bounding box. As the device is shown, it will tip over in this position if
a person of 300 pounds were to sit in the chair. In order to prevent this, outriggers were added to
the device that could be deployed when the device is in use. The outrigger acts as an extra
support reaction to counteract the tipping of the device. The outrigger system is described later in

section 6.5 of this report.
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Figure 16: Loaded Configuration Center of Mass Case 1
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Figure 17: Loaded Configuration Center of Mass Case 2

5.2 Three Position Synthesis

One of the critical functional aspects of our design is the ability of the linkage to be able
to lift a handicapped person into and out of the pool. The exact path the linkage moves through is
actually quite important, as multiple ADA guidelines (and therefore functional requirements)
dictate the extreme positions of the chair in the loading and unloading positions. Some of the
pertinent regulations are ADA 1009.2.4 and ADA 1009.2.8 as mentioned in the background
chapter which essentially dictate the start and end height of the device. In order to create a
linkage able to pass through these two points, the method of three position synthesis described in
Norton’s Design of Machinery book was used. To perform this analysis, three desired positions

of link 3 are drawn in space with the first and last positions show the extreme positions of the
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linkage. As shown in Figure 18, these are the pairs of AxBx points for each position. From these
three positions, lines are drawn connecting points Az to Az and Az to As to each other and
likewise for B. Perpendicular bisector lines are then drawn from the connecting lines A1A2 and

AxAsz and where these lines intersect determine the fixed pivot O, of the ground link. Repeating

for B1B2 and B2B3 provides the fixed pivot O4, see Figure 19. While these criteria provided in the

ADA guidelines drove this analysis, there were other important characteristics a three position

synthesis solution needed to be valid for our application.
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(22 inches below deck) _l Sidewall of pool

Figure 18: Three Position Synthesis with Reference Features
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Figure 19: Determination of Fixed Pivots O, and O4

While any three position synthesis solution could appear to work in arbitrary space, there
are certain physical constraints that needed to be met for a solution to be valid. A series of
reference features were created to represent the height of the pool deck, depth under the water
level where the chair would be submerged enough to meet ADA 1009.2.8, and the sidewall of
the pool. The three position synthesis would not be valid unless the location of the ground link
was above the deck of the pool so the device would not be floating over the water or partially
buried underground in a real application sense. The depth of the water was taken to be 18 inches
plus an additional four inches from the level of the pool deck, since the water level is never even
with the pool deck. Using these reference features, a length that the chair had to hang down from
link 3 was determined by taking the distance from the floor to extreme upwards position and
subtracting the 16 inches minimum distance between the seat and the floor. A subsequent criteria
was to ensure the linkage solution allowed for this fixed distance of the chair to reach the 22
inches below the deck of the pool for the extreme downwards position. A completed figure of the
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three position synthesis with the added chair feature can be seen in Figure 20. A solution was
deemed satisfactory once it satisfied all the physical constraints detailed above. A final decision
was made based on other factors such as the lengths of the links to make sure material costs were
not unnecessarily high. The next step in the three position synthesis was to determine the

location of a driver dyad.

Key:
Blue: Position 1

Orange: Position 2 #
Black: Position 3 ﬂ[

Figure 20: Completed Three Position Synthesis Showing Linkage in Each Position

A driver dyad is created by adding additional links to a four bar or other linkage that
allow for the linkage to be driven from the dyad location rather than the fixed pivot of the input
link. In the case of this device the driver dyad is the linear actuator that attaches to link 2 in order

to drive the mechanism. The dyad should not be placed arbitrarily, since the ability of the dyad to
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transmit force to the rest of the linkage is determined by the transmission angle. In order to place
the dyad in a position where the transmission angle is optimal, the procedure shown on pg. 107
example 3-4 of Norton’s Design of Machinery book was used. First a position on the input link
must be chosen. The input link is then drawn in its two extreme positions. A line is drawn
connecting the selected point C: and C> together. Draw the perpendicular bisector of this line.
Since the driver dyad of this mechanism is a linear actuator rather than a crank and coupler, the
length of the line between C1C: is the stroke of the actuator. Extend the line between the points
C.and C» to an arbitrary location where the actuator fixed pivot Os can be placed. The location
for the actual device will be controlled by the retracted length of the actuator. Another important
consideration at this point in the analysis is the distance Og from the mast of the mechanism. The
further this point is from the mast, larger cantilevered forces will be imposed on the bracket

supporting the actuator.

5.3 Kinematic and Dynamic Analysis

Once the desired motion of mechanism was achieved using the three position synthesis,
the next step was to understand the kinematic and dynamic characteristics of the motion. The
complete mechanism is a six bar mechanism: a four bar driven by a driver dyad (linear actuator)
which is actually two more links. While in certain special cases a mechanism of more than four
bars can be analyzed in one step, for this application the mechanism must be split into two four
bar loops so one may be solved in order to apply the results to the other and complete the
mechanism. Figure 21 is a kinematic diagram of the entire mechanism. The actuator attaches to
link 2 at point C. The mechanism is driven by the driver dyad, so the first four bar loop should

include this part of the mechanism. An inverted crank slider loop can be created by taking O.C
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as link 2 and 0206 the ground link as shown in Figure 22. A new coordinate system is required
for this four bar loop, and is given by rotating the global coordinate system a fixed angle. The

second four bar loop is shown in Figure 22 and is the functional portion of the mechanism used

to move the user from the deck of the pool into the water. Once the mechanism was divided into

separate four bar loops, the analysis becomes far simpler.
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Design of Machinery

Figure 21: Kinematic Diagram of Full Mechanism
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Figure 22: Inverted Crank-Slider Four Bar Loop

The kinematic analysis of the mechanism begins by relating the positions of the links of
the mechanism using the known lengths of the links and input information such as the angle of
one of the links. Norton’s Design of Machinery book describes the process for determining the
positions of an inverted crank slider given the angle of the crank. This process is not ideal for
this application, since the mechanism is really being driven by the linear actuator rather than a
motor at O,. Therefore, the equations are instead rearranged to be in terms of the length COg, or
how far the actuator has extended. A complete Mathcad document is available in Appendix D:
Mathcad Calculations detailing this and all related calculations for the kinematic and dynamic
analysis. The positions of the second four bar loop can be determined after applying a coordinate

system rotation to adjust the angles found from the inverted crank-slider loop. Similar steps are
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taken to determine the velocity and acceleration of the links. The linear velocity of the actuator,
or b, is specified as a known value and used to find the remaining angular velocities of the
inverted crank-slider four bar loop. These results are then applied to the second four bar loop to
find the remaining velocity data. The acceleration uses the assumption that the linear acceleration
of the actuator will be zero. Once again the results of the inverted crank-slider are determined
and then applied to the second four bar loop to complete the kinematic analysis. With this
information known, the next step was to calculate the dynamics of the mechanism.

The dynamic properties of the mechanism are important for several reasons. The forces
caused the by the motion of the mechanism are important to know in order to conduct the
necessary stress analysis. Additionally, the force required to drive the mechanism influences the
selection of a linear actuator. Once the equations of motion are written for each of the links in the
mechanism, it becomes evident that the pin reactions of the mechanism cannot be solved by
using the matrix method with the available information. The number of unknowns (including the
reaction forces and the force applied by the actuator) are greater than the number of equations
available. Instead, the approach used was an iterative one where the force of the actuator was
assumed and then the standard procedure for calculating the forces and torque of a four bar
mechanism detailed in Norton’s Design of Machinery was used. Only links 1 through 4 were
included, since the actuator was assumed to be an applied force. The calculations were repeated
until the selected value for the force applied by the actuator resulted in approximately O required
torque, meaning there would be no need for a motor at the fixed pivot Oz to move the
mechanism.

There are some considerations that impact the validity of these results. The reaction

forces and torque is only calculated at one position of the linkage at a time, and therefore the
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calculations had to be done for multiple points of the linkage to ensure the the required torque
was zero at the position where the mechanism required the most torque. As a result, at the other
positions the torque is not zero, and is instead a negative number. Through the process of
iteration, it was observed that in order to approach a torque of zero when the torque was a
negative number the force had to be decreased. When it was desired to approach a torque of zero
when the torque was a positive number the force had to be increased. The way this can be
understood in reality where there is no motor providing torque is that a negative value means the
mechanism will move, however, the links will have higher values for velocity and acceleration
since the applied force by the actuator is more than what is required to move the mechanism at
the velocity and acceleration determined previously in the kinematic analysis. The exact change
in velocity and acceleration is not known, but is taken to be small. The situation of negative
torque is preferred to positive torque, which would mean force provided by the actuator is
insufficient to move the mechanism at the given velocity and acceleration. It may be possible
that the mechanism would move albeit slower, but there is the potential for the actuator to be

unable to move the 300 pound load.
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6. Detailed Design Description

This section will cover the description of the final design. Detail drawings of any non-
standard parts are included in the referenced appendices. Key functional parts of the device
including the lifting mechanism, movable base, pump and tank system, outrigger system, and

electrical system will be described in particular.

6.1 Lifting Mechanism

The links for the lifting mechanism were made with 80/20 ReadyTube bars. The
ReadyTube bars were favorable for the ease of assembly since each came with several pre-drilled
holes. The ReadyTube links were connected with threaded rods and secured with nuts on each
end. Link 3 extends downward and suspends the chair on which the user sits during operation.
The ground link is a piece of ready tube that bolts to a circular shaft which in turn mates with the
bearing system.

A linear actuator attaches to link 2 and drives the mechanism. The actuator was selected
by first determining the force required to move the mechanism when a 300 pound person uses
the device, which is the maximum required as per the ADA guidelines. Through iterative
calculations the force required by the actuator while the device was moving the 300 pound load
was determined to be approximately 850 pounds. From this point an actuator with appropriate
load capabilities and stroke length was selected. A mounting fixture had to be created to hold the
fixed pivot of the actuator in a position that would provide optimal transmission angles. The

lifting mechanism can be seen in Figure 23.
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Figure 23: Lifting Mechanism

6.2 Bearing System

The lifting mechanism had to be able to rotate about the y-axis to position the chair over
the pool deck. There would also be significant loading caused by the person sitting on chair at
such a far distance from the mast. Therefore a bearing system was devised to allow for the mast
to rotate and also handle the loading caused by using the device. Tapered roller bearings were
selected since the system has a combination of axial and radial loading along the shaft. Figure 24

shows a cross-sectional view of the bearing system. An outer housing featuring shelves for each
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of the two bearings was used to keep the system in place. The outer diameter of the two bearings
were press fit to the housing so the outer race would remain stationary. The shaft was mated to
the inner race of the bearings with a close fit. The housing itself was bolted to a plate that

connected to the movable base.
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Figure 24: Cross-section View of Bearing System

6.3 Movable Base

One of the key features of our design was the mobility of the device as a whole. A
movable base provided the mounting points for all the other subsystems of the device. This was
made particularly easy by using 80/20 t-slotted extrusions for the framework of the base, which
provided a lot of flexibility for the exact mounting locations. The base featured four caster

wheels, two of which had foot brakes to allow the base to move smoothly. The exact casters
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were selected based on the maximum weight of the device with a full tank and a 300 pound

person sitting in the chair.

6.4 Pump and Tank System

In order to provide a counterweight to balance the system and also allow for the device to
be easily movable when not in use, a fillable water tank is installed in the rear of the base. A low
cost option to serve as the pump was a large 55 gallon drum. A hose connected to a portable
water pump is placed in the water tank and the pump is used to siphon water from the pool
temporarily. Once the use of the device is concluded, the pump can be placed in the drum and the
hose in the pool, and then the water is returned to the pool. A picture of this system can be seen

in Figure 25.

Figure 25: View of the Tank, Pump, and Base Assembly
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6.5 Outrigger System

As mentioned during the discussion of the loaded configuration tipping analysis, an
outrigger system had to be added to prevent the mechanism from tipping while the user boarded
the device. Figure 26 shows a view of the outrigger system when deployed. This system utilizes
a locking pivot joint with a piece of T-slotted 80/20 bar to engage with the ground. Rubber was
applied to the end to increase traction with the ground surface. When not in use the bar can be
rotated completely vertical so it will not interfere with the movement or storage of the device. A

view of the outrigger in the retracted position can be seen in Figure 25.

VIEW FROM FRONT
LOOKING BACKWARD

Rubber Coating Ground Level

Figure 26: View of Deployed Outrigger System

6.6 Electrical System

The electrical system supplies power to and allows the control of the linear actuator in the
lifting mechanism. The system was created using the wiring diagram shown in the Progressive

Automations PA-31 data sheet (Figure 27). An extension cord was modified by cutting off one
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end and exposing the live, neutral, and ground wires. These wires were tinned and then

connected to the AC/DC converter to supply 120VAC. The control box and actuator were then

wired as depicted with the accompanying wire harnesses.

[L N =t com comcom +V +V +V]
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BLACK Wire to COM

ACTUATOR

Type: DC Motor,
Bi-directional

No. Connections: 2

Figure 27: Progressive Automations PA-31 Wiring Diagram

41



7. Manufacturing

This section of the report will cover the general assembly sequence and manufacturing

process when building the prototype of the device.

7.1 Movable Base

The base was the first subassembly to be built for the prototype. Two types of 80/20 t-
slotted extrusions were used to make the framework of the device; the 1515 series and 1530
series. The 1515 series had maximum dimensions of 1.5 inches by 1.5 inches and features a one
T-slot by one T-slot profile, while the 1530 series was 1.5 inches by 3.0 inches, and features a
one T-slot by two T-slot rectangle profile. Two long 1530 series bars were placed parallel to
each other so the rest of the bars could be slid in between and secured via slide in nuts and corner
brackets. Once the bars were in the appropriate position the screws were tightened into place. It
was important to place any slide in nuts required for later attachment into the crossbars before
placing them in between the two long 1530 series bars, since the nuts could not be added once
the entrance to the slot was blocked.

The next general step in the process of assembling the base was cutting the sheet metal
that covered the exterior of the base. Some pieces of sheet metal were added later in the process
so that holes could be cut out to allow certain parts to protrude from the top of the base, such as
the water tank. Pieces were cut from three feet square sheets to match the geometry of the base.
Holes were drilled in the sheet metal to allow for screws to thread in to prepared slide-in nuts.
These screws ultimately secured the sheet metal to the exterior of the 80/20 bars.

Attaching the caster wheels of the base was the next step in the process. Since the

minimum distance between the cross bars was restricted by the size of the brackets used, the bars
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could not be placed directly under where the caster wheel bolt pattern was located. Therefore,
adapter plates were used to make sure there was a sturdy surface for the caster to mount to.
Screws for three of the caster wheels were placed through the caster, adapter plate, sheet metal
and finally into a slide-in nut in the 80/20. The fourth screw was not over an 80/20 bar and
instead a standard hex nut was threaded on from the back to secure it to the adapter plate. Two
more screws attached the adapter plate to the next available 80/20 bar. In some cases, the holes
between the adapter plates and sheet metal did not align with the 80/20 bars underneath. When
this occurred, the 80/20 bar underneath was readjusted when possible. If this could not solve the
problem, the holes in the sheet metal were widened to allow the screw to pass through.

The water tank was the next part of the base to be attached. The bottom of the barrel was
traced out on a piece of sheet metal so a circular hole could be cut out to go around the barrel.
The sheet was cut into two pieces to make cutting the circular hole easier. The outer diameter of
the barrel was not the same at all points, and at the point where the sheet metal actually met the
barrel was smaller than the bottom. As a solution, we had the two piece of sheet metal overlap so
the hole was flush with the barrel. After securing the barrel, we realized that the whole device
was light enough such that we could push the barrel to move the base. Therefore, we decided to
remove the push bar from the design. The rest of the assembly is covered in the subsequent

sections as the other major subsystems are attached to the base.

7.2 Lifting Mechanism

The first step in assembling the lifting mechanism was cutting threaded rods to act as the
pins for the linkage joints. To do this correctly, a hex nut had to be threaded on prior to making
the cut, then unscrewed to force the threads back into alignment after the cut. Once the rods were

cut, the assembly of the linkage was straight forward as all the holes were pre-drilled in the 80/20
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ready tube. The ready tube of the mast was secured with two bolts to a steel shaft. One of these
bolts also secured the actuator bracket to the 80/20 ready tube. The shaft initially had a one inch
diameter so the four inches of length of that were engaged with the bearings had to be turned
down to a close fit with the 25 millimeter inner diameter of the bearing. The shaft was placed in

the bearings and the housing was mounted to the movable base via a steel plate.

7.3 CNC Machined Parts

A few parts had complicated geometry and required more than simple drilling operations
to manufacture. As a result, we utilized CNC machining to create these parts. The two parts

where this method was used were the bearing housing and the actuator bracket.

7.3.1 Bearing Housing

The bearing housing was machined from a 4 inch diameter, 6 inch long cylindrical piece
of low carbon steel. The final part is only 4 inches long, and therefore a facing operation was
required to remove the excess material from the ends of the stock. This was performed on each
side of the part in separate operations for a smoother surface finish. Next a through hole was
drilled through the center of the entire piece for the shaft to go through. During the machining
process we realized the design called for a through hole that was much wider than it needed to
be, and also would be difficult to make much wider because the tooling was not available. The
diameter of the actual part was left at 1.25 inches. Next, a pocketing operation was used to create
the space for the top bearing. Afterwards the part was flipped over and a second pocket of the
same diameter but slightly deeper was machined along with eight holes for a 3/8 - 24 tap which

were later tapped by hand.
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7.3.2 Actuator Bracket

When creating the CAM code for the actuator bracket, we realized the angled portion was
difficult to machine. As a result, we made this shape rectangular instead. This would satisfy the
same purpose as the triangular feature and be significantly easier to machine. The stock we used
was a 3x3x12 inch® aluminum bar. The process was completed in two operations. The first
operation faced the part and machined the now rectangular support. The part was then flipped
over, clamped on the rectangular support, and the two pockets were machined. During this
process, the width of the part was also machined to match the desired specifications. One
difference we observed in the finished product was that the pocket machined to hold the actuator
had a thin layer of aluminum left over at the bottom of the pocket. We suspect this to be a
combination of not extending the tool path further below the bottom of the pocket and the piece
not being properly fixtured by clamping just the support feature from the first operation. The
latter likely allowed the part to deflect during machining, since the other pocket was not
incomplete and was machined at the same time. The two holes required in the flanges were

drilled manually with a drill press after the two CNC operations were completed.
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8. Testing

This section details all the testing conducted to verify performance and proof of concept

for the relevant aspects of the design.

8.1 Electrical Testing

While in the process of building the device, we were able to start with some testing of the
electrical components. In order to provide electricity to our device, we needed to outsource a 20
Ampere DC power supply in order to supply enough power for the actuator to lift and lower the
chair into its in-use positions. After the assembly of the electrical components, we hooked up the
power supply to a multimeter and measured the voltage across the power supply. We could only
obtain a voltage of 10.77 volts through the multimeter, which is enough for our purposes.
However, this could prove to be an issue when the device has to lift larger loads.

When the device was fully assembled, we also tested the performance of the electrical
components in a dry setting where the lift was constructed, and in its actual position at the edge
of the pool. During the assembly, we had to move the wiring around quite a bit to ensure the
wires were in the correct position and not in the way of any vital moving components. It was
important to make sure that the movement had not caused any issues with performance for the
electrical system. During this testing procedure, the actuator functioned as expected, with no
issues from an electrical standpoint. The actuator raised and lowered the four bar mechanism

with the use of the remote and performed at a proper speed, similar to what we had predicted.
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8.2 Full Device Testing

After the build of the device was completed, it was time to test the device in the
Recreation Center at WPI. While all of the individual components had been tested on their own
for performance and general overview, the final test within the Recreation Center was the first
time we had powered up the device and completed an entire cycle.

We began by transporting the chair lift over to the WPI Recreation Center from Higgins
Laboratories. The trip is roughly 100 yards, and is paved, flat ground. We kept an eye out for any
potential issues along the travel path but encountered little to no obstacles along the way. Once
in the athletic center, the chair lift was transported by elevator down to the pool area on the
bottom floor. The chair was wheeled off into a corner of the pool area to be checked for any
issues post-travel and to go over the checklist of events for the final tests.

In this corner, we had a relatively dry environment. The team decided to do a small scale
test here to make sure the electronics were performing as expected, and the construction of the
device was sound before we introduced water into the equation. This test proved that the
components of the device were moving and functioning properly after travel. When no issues
arose from the actuator and the electrical supply, we continued to the edge of the pool.

We began timing our device when we started moving it from the spot in the corner over
to the edge of the pool. Once located in the correct position, we swung the chair into the correct
position for the user to enter the seat, and locked the lockable caster wheels into the stationary
position. The outrigger was also swung into position during this procedure. After the chair was in
a safe, non-moving position, we started the process of filling the tank. We connected one end of
the hose to the pump, and placed the other end within the water tank. The pump was switched on

and began to fill the tank, taking approximately five minutes.
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With the device in place, the water tank filled, and the wheels locked into position, the
next step was to supply electricity. The extension cord was then plugged into the wall, and we
continued through our required steps. The user we had originally decided to employ for this
procedure only weighed roughly 150 pounds, so we expected the device to not encounter any
weight-related issues during the test. However, once we assembled the device, we noticed some
potential structural issues within the 80/20 frame that the bearing housing sat upon. While the
housing was sound, the aluminum bars underneath were beginning to deflect under the weight
being added. Activity from this point forward proceeded with extreme caution, keeping an eye
out for any potential issues. The mast assembly was then swung out over the edge of the pool.
Located in its proper position for movement, the chair was then lowered down into the water via
the remote system that came with the control box. We decided to keep the remote on the side of
the pool, as the company that provided the remote did not advertise it as being waterproof and
we did not want to ruin it by exposing it to water.

Once the chair had been lowered into the pool, we let the device sit in this position for a
few moments to ensure the chair was stable and behaving as expected. After a few minutes, we
once again used the remote system to raise the chair out of the water and manually swiveled the
mast and chair assembly back over the edge of the pool. The chair was then unplugged from the
wall so as to avoid any electrical issues with water involved before moving on to emptying the
tank and putting away the device.

Emptying the tank was the next step in the process, so we removed the lid from the water
tank and placed the pump in the tank with the other end of the hose back over the edge of the
pool to release the water. We let the pump drain the tank completely, a process that took roughly

four minutes and replaced the lid. The outrigger was then loaded back into the travel position and
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the caster wheels were unlocked, at which point the chair was moved back into the corner of the
pool area.

At this point, we stopped the timers on our test and concluded that the entire process
takes roughly eight minutes for moving the user one way (i.e. from the deck into the pool or from
pool to the deck). This time could be further shortened with more experience in completing the

entire procedure and still meets our functional requirements.
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9. Conclusions and Recommendations

We met 14 out of 16 of our functional requirements. The two functional requirements we
were unable to meet were complete ADA standard compliance and ASTM corrosion standard
compliance.

One of the bigger obstacles we encountered during this project was the ability to make
the device able to sustain a load of 300 pounds. With the testing that our group completed, we
were able to get the device to function without a user seated on the device. Due to a limited
budget, our prototype sacrificed being robust for falling within a manageable price standpoint, so
the materials were unable to withstand the expected 300 pound load. As the ADA standards
require the lift be able to lift a maximum weight of 300 pounds, we were unable to satisfy this
functional requirement. However, we propose a few changes that would allow for this maximum
weight to be achievable.

We were unable to test if the device met the ASTM standards for corrosion due to time
constraints. The majority of the device was constructed with aluminum, however, some parts had
to be made of low carbon steel in order to have suitable strength. Aluminum is typically
corrosion resistant unless at extremes of the pH scale while non-stainless steel corrodes easily at
acidic pH. The environment at a pool would be in the acidic pH range, so the steel parts would

likely be at risk of corrosion.
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9.1 Recommendations

For future designs of a handicapped pool chair lift, we believe that our design has
highlighted some key concepts to keep in mind in order to produce a more robust prototype. The
following section details the changes we could make to our device in particular in order to fully
satisfy our functional requirements.

Improve material selection and robustness of parts.

To improve on the overall stability of the device, we would first redesign the mast to be
more robust than our final prototype. To do this, we would change the cross section of the mast
to be thicker. In its final state, the mast is only 1.5 inches wide and made out of 80/20 aluminum
ReadyTube, a hollow 1/8in thick aluminum extrusion with dozens of holes pre-drilled in to all
sides, severely compromising the yield strength of a part of the prototype that bears a very
significant load during operation. Stainless steel would be a much stronger alternative with
corrosion resistant properties. This material is much more expensive which should also be taken
into consideration, as well as the location of all holes would need to be machined to more exact
tolerances.

Use battery power to operate the device.

The electrical system could also be further improved in a few ways. The present design
requires the device have access to external power from a wall outlet. This restriction is less than
ideal due to the potential for water to cause an electrical shock or for a wall outlet to be a large
distance from where the device needs to be used. The current electrical system may also fail
when attempting to lift a person at the higher end of the ADA requirement of 300 pounds.
During our preliminary testing of the electrical system, the maximum voltage we were able to

obtain at the terminals of the AC/DC converter was 10.77 Volts instead of the advertised 12
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Volts. We suspect that this is a result of a voltage drop from the long extension cord we were
using. While this was not an issue to operate the actuator at lower loading, at higher loads this
supplied power might not be enough. As an improvement we would recommend using an on
board power supply in the form of a replaceable battery.

Conduct a more thorough analysis of the outrigger system.

The need for the outrigger system was identified late in the term of this project. A
thorough stress analysis is required to understand if the current design would be able to
withstand the loading caused by having a 300 pound person sit on the chair in the loading
position.

Have a means of securing the hose to the tank upon use.

Currently the only challenge to operating the lift is that holding the pump in the water
while also having the hose rest on the edge of the tank was difficult to manage. If the end of the
hose that put water into the tank could be screwed in before use, this would make the process
much easier for the user.

Improve upon the rotation system for the mast.

Our design uses a dual-bearing system to hold the mast, with a steel rod press fit into both
bearings, and secured inside the vertical ReadyTube by two screws drilled through the rod. This
system allows for 360 degrees of rotation which creates several undesired pinch points. A
locking system for the mast would remove these pinch points, and could also ensure that the user
does not freely rotate when they are desired to be stationary. An even higher technology option

would be to have this rotation motorized.
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Include a robust push-bar.

While our design includes a push-bar, our final prototype is moved by simply pushing the
entire rig by the 55-gallon drum. This works in the short term, but would be both impractical and
unprofessional from a final design standpoint. A sturdy push bar attached to the base would
allow for the base to be moved and controlled easily by the user.

Include a method to secure the pump.

Our final prototype involves the user filling the tank with water by having to hold a pump
a foot below the surface of the water in the pool while also plugging and unplugging the pump to
turn the pump on or off. Having some sort of detachable shelf on the side of the pool would
eliminate the need for an operator to hold the pump for a full five minutes while the tank is being
filled.

As the MQP is designed to teach students to be innovative and to learn to accommodate
real world scenarios involving price limitations and time constraints, we realize that the
shortcomings of our device are realistic but could also be improved upon with a higher budget.
As our device is so large and must sustain quite a heavy load, most of the materials needed to
have higher strength and the assembly of these materials should be done with corrosion and other
environmental factors kept in mind. With an overall budget of just over $1,000, our decisions
had to be made with manufacturability as a forefront priority and robustness of the design as a

close second.
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Bl A B C

1 QTY. ITEM NO. PART NUMBER
2 1 1 Bottom_Sheet_Metal

3 2 2 54inch 1530

4 2 3 25inch 1530

5 8 4 25inch 1515

6 1 5 Top Sheet Metal

7 % 6 Side Sheet Metal

8 2 7 Front/Back Sheet Metal
n 81 8 Economy Slide in nut

12 40 ) 4302

13 80 10 5/16-18 Screw

14 8 11 3/8-24x1.25 Hex nut

15 1 2 Actuator_Cylinder

18 1 1/} 36in ReadyTube

19 2 14 36in 1515

20 1 & Chair Base

21 6 16 Armrest Dowels

o 2 17 Backrest Support

23 1 18 Backrest

24 2 19 Armrests

25 1 20 Footrest

26 5 2] 5/16-18 Threaded Rods
27 16 2 Preferred Wide FW 0.25

2 4 28 1/4-20 Hex nut

29 1 24 Mast_bar

30 1 25 Mast_Rod

31 2 26 Bearing

- 1 27 Actuator Mounting Fixture
34 4 28 Caster Wheel Adapter Plates
% 1 29 Bottom Bearing Plate
3% 1 30 Bearing Housing

39 1 31 Bearing washer

4 1 82 Water barrel

45 1 58S Outrigger

46 1 34 1/4-20x5.25 Hex Bolt
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Detail Part Drawings

>

Appendix C

1.31

2% .33 THRU—
O

PROPRICTARY SN0 CORTIDIRTIAL
TR BIOFWATIOM COMPAKID b ThE
DFAWKG EFRrsQIrpRapPrery ar
ABSMET COWPAMY BAWTMIER AMY
EMPRQDUCTOk B PARF QGF AS A WhaIT
WFHOUF PRl WEFIMk PrEwESOb OF
ABSMET COWPAMY KAWT IR &
PEQMEFID

XL A3

ArHEAIDY

ooy

2K R.25

R.31

t

.25 \

T

UMIESS QINERWEE SPECIHED:

DMEPECHE AFE W NCHES

ICHERANC ES:
RAC DA 2

LHCUIAR

TAMACH L

1O PIACE DEC Mt

BIRPRIT GO TEL
fOIMPAKCHG PIR:

ATTRL

4061 Aluminum

L

00 NOIMTA I DRANING

BEND

“

IMREE PIACE DEChAL 4

HesE
DRav N
CHECCED
ENC AFPPT.
[EL=F Al N

Qa.
CORWIENIS:

TITLE:

80/20 Bracket

SEE DWG. NO.

A

SCALE: 121

1

WEIGHT:

REV

SHEET1 OF 1

A

59



@ 32 THRU ALL

Actuator Bracket

SEE DWG. NO.

SCALE: 1:5 WEIGHT:

- 10.75 -
—a 75
\|s 52 THRU ALL
* I
1.50
1.50 -anf
[ 6.50 -
- 11.50 -
| | R25 TYP |
2.75 - - A z 2 :
1.00
f e 2.00
1
Uk IS5 OFUMPWEr SPICIrD: bawr oarr
Db MU5OkS A BT B BWCHES oEAWE
rOIMEA ML 5
ﬁvxn.»_ovx.n cerorro TILE:
ABGUIAR  waCK IO 2
WO PIACTOMChW Al * DCLATRE:
TUEIT PIACT O Al 2 wiG APPE
BTESSAT CrOwIMie oA
FEOPSEIARY ARD CORTEERMAL OIMEAMC G ME
COww s

Hr BIORYANOK COMIARTD b K WATEA

DEAWBG B MWl 501 T QMY ar 061 Aluminum

SR COWPAKY bawl BT AbY o >

e T i o

BeSTEC COWPARY baAwE BIETs &

APFIICATIOM 0O BAT SCAIF DRAWERG

FOMETD

2

1

REV

SHEET 1 OF1

60



PROPHETARY ANC CONFICENTIAL

IHE PO RMA NI HCOHIAINED ININE
DRAYWING B IMESCIE PROPERIYOH

< PEERI COMPANT NOME HETE-. ANY
FEPFODUCIIONINPARIOF AS & WHDIE
WIHC UL IMEWRIEN PERMESIDNC

< PEERI COMPANT HAME HEFE- B
PRCHILIED.

HNEX] A55Y

LPPIICANDH

8% @ .33 T 1.00

@3.00

USEDCON

J5

A
:
1

I
I
I
I
L

4.00

SECTION A-A

UHLESS OTHERWRE SPECIFIED:

DIMENS IO NS ARE IN INCHES
TOLERANCES:

FRACTIONALZ
ANGLLAR: M CH2  BEND 2
TWo PLACEDECIAAL 2
THREEPLACEDECIMAL 2

INIERPREI CECMEIRIC
ICHERLNTING PEF:

MATER LA
Low Carbon Steel

FINEX

DO NCISCAIE DRAYW INC

HAME DATE

DRAVMN
CHECKED TITLE:
ENG APPR. + >
Bearing Housing
Qs
COMMENTS:
SIZE DWG. NO. REV
SCALE: 1:2 WEIGHT: SHEET1 OF 1

A

61



2

-—

43 33 THRU ALL ||_ e 1.50

—
1

[ a|_ 50

54.

~ 28.00 -

FEOFSILFAEY A0 CONMIDCRNAL

Tr ErOfwaANOk CORIAKID & B
DEAWKG B I 501 FEOFTY ar
TR COWPARY bawl BT ABY
HFEODUCTOk B PARC OF A3 A WHOIT
WFHOUT Tl WiFTE FEwkiok ar
BSTRE COWPARY bawl bIET B
ORI APHETAIDN

2

NEST AV

ooy

UNIESS CIWETEE SPECPED:

0 b MBSI0KS ART B BCBIS
FOIMEAbCTS:

fEACrOkal 2

ABGUIAE wACK:  IMMD 2
WO PIACTOMChk Al 4
FUEITPIACFOICh Al 2

TR Grow M
TOIMRAMC G T

"EB21 Alurninurm

ke

00 N1 MTAIE DRANING

bawr

DRAWK

chkrocrro

G APPER

wlG APPE

o
COwwrers:

oarr

TILE:

Bottom Sheet

Metal

SEE DWG. NO.

A

SCALE: 11

]

WEIGHT:

REV

SHEET 1 OF 1

A

62



54.00
17.90 36.00
3.00— .88 |*|tl. _Ill.mm .mm“_ H—-— *
|*|1H . ] ] °o ] ] ] ] o1
A x4 .
.88

8% ¢ .33 THRU ALL

UNIESS CINERWEESPECIFIED: WaME DeIE

DMECEDHE AFE N NCHES DRAYN

_vwhm.“;,n,ﬁ_mw CHECLED TIMLE:

ANCUIAT MATH 2 BEND 2 ENC APPT. -

e [ Side Sheet Metal

PROPRILTARY SN0 CORMIDIRTIAL ”.ﬂ”ﬂnﬂﬁ .“_“w_n MM‘“?._ Wis:
e L A —— SZE [DWG. NO! Rev
<BSTEr COWPARY bAWTRIRE: AbY >
EMPFODUCTOK B PART OF AS A WHOIT LU
WELQUF FRF WEFITM PEwESO L OF WBRLASY, $rooy
SCALE: 1:10 WEIGHT: SHEET 1 OF 1

ZMSMET COWPABY bANTUIED &
PEOLEFID ArREAIDY

2

00 4D MTAIE DRANING

1

A

63



23.00

| .m*m —{ 2.50 _l\

3.00 I*| = W - = . 2 = M =
f
4% (@ .33 THRU ALL
SHEET METAL THICKNESS = 0.02

FPROPHETARY ANC CONACENMAL

IME HIQTRAAI DN CONIANED M IHE
DAY NC E IME SDIE PROPERIY OF
< PEERI COMPANT MOME HERE-. ANT

2 2 "
REPRODUCIDON M PARI OF AS AV HCHE NEXI

WANCUL IME YW RITEN PERMESDNCH
< PEERI COMPANT WaaE HERE- B
PROMEBIED.

2

APPICAIDN

ANCUIAT MACH o BEND +
1WC PIACE DECKIAI 3 ENCLAPPE:

IMREE PIACE DECKAAI & I APPT.
MIERPREI CECYNEIRC Q.
ICHERANCHNC PEF: COMMENIS:
MAIERRL )

4081 Aluminum
FHEN

DO N2 SCAIE DRAM NC

8061 Aluminum

Front/Back
Sheet Metal

SEE DWG. NO.

A

SCALE 1:5 WEIGHT:

1

REV

SHEET1 OF1

A

64



2

/].wm THRU ALLTYP

\ |
A : &
10.03
* 1.50
23.00 —fF—- —1
Ir,llfl[
$4.00
| 06
o d
| __— ©23.00
30.94 H
16.00
hl 08
Q Q *
28.00 __
UMIESS QIMERWEESPECIFIED:
DI ENE I2HE AFE IN INCHES
ICIERANCES:
AT IDNG &
ANCUIAT MACH s BEND ¢
1WC PIACE DEC KA +
INREE PIACE DECKAL &
MIERPREI CECWEIRT
PROPH ETARY AND CONRCENTAL ICHERANCNC PER:
IHE HIOTas | DN CONIAMED M IHE PAIERRL
DRAMNC B IHE SCIE PROPERIY OF 4041 Aluminum
< PEER| COMPANT HAME HERE>, ANY
PEPRDDUCI DN M PATI OF 45 & WHDIE HHEBN
KU IHE WRITEN PERMESDN OF HEXI £5S¢ ED N
< MGER| COMPANY NAAE HERE> E
PRONBIED. APPICAIDN DO N2 STAIE DRAW NG

2

Sheet Metal Thickness =o0.020

DRave N
CHECCED
ENC AFPR,
MHC LPPR.
[
COMMENIS:

TITLE:

Top Sheet Metal

SEE DWG. NO. REV

A

SCALE: 1:20 WEIGHT:

1

SHEET 1 OF 1

A

65



Appendix D: Mathcad Calculations

All equations reference Norton’s Design of Machinery book.

Position analysis starting with inverted crank slider loop:

a, = 128in Length O2 foC.
b = 38.58n Length Ogto C.
values taken from Solidworks
cg = Omn Has no length, y = 0.
dg == 33.51in Length O, to Og.
N := Odeg B = 17.29deg
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. . [:'." -
0-5mB, — puogia By - ¢ Sim €~ Ll eqn 4 23k
U.:-.:n_ﬂ The process AEsca ;L-‘L'r G F9 155
to derive E.Llh Y19q:
o o8O, = beos & d
alsiﬂ Gl = b‘,‘:nl']@‘-_
51@1’?_
atcost®, = (beos@ - aY
ot siny = b sht0,
add: q
o (cost B esnD,) = Beosf ¥ 2bdcosOg +d' bSdQ

i
o = b (Eg.ﬁ?@ﬂ-f-s'm"'@) + Zbdensl « d*

S g B
___;_i’f—:-i-;— = (oS @E
2bd
T
c,cs a. - b*- e
-?,.'bd
(22-b2-42)
s, = acos = 161.187-deg
z-bs-ds
't !
03, = asia] — i B, | = 76.404 deg eqn 4.24a, with subsfitution 8, =8,
\ s / knowing v = 0. (eqn 4.22)
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Using solved 6- to complete motion of the mechanism:

A
sr‘av;'\-y ﬂ} Ov_,:O
&

—

oy
y.o' &, O5

Egn 4.22 pg 198
Nesign of Machinery

a:= 36in . Crank (link 2) length

b := 7.5in Coupler (link 3) length
&= 36in Rocker (ink 4) length
d:= 7.5n Ground (ink 1) length

8y = Oy — P =93.694 deg
Transiting coordinate systems from x_-y,
B = Bg — ® =178477.deg to X - Y. Added angle value taken from

= Solidworks.
85 = Bg
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d
Ei=—
17
g, d
R -
':a —bz—cz—d'l
Kz =
lac
d
K4 .=E
Ks = ':cz—dl—al—bz]

2.a-b
&‘_.:= cos(B;] - Kl — cos| B |-K1 - Kj

B = ~2.sin(6,

-‘-.(E"-':= K]. - |:1 - K2|CCIE|:HE| + K3

A=0741
B =-199
C=1286
I 2 |1
- -B-+/B" -4.AC/
Hd- = 2. atan| |
1A

By = 93.694 deg

D= cos{t| - Ky + cos|8, | Ky + K5
E = -2-sin|6,)

F=E; - |-1+EKycos(8;|+ K

1

B3=2332% 10 deg~0

eqn 4 8a

eqn 4.11b

eqn 4.10a

eqn 4.10b

eqn 412

eqn 413
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Using solved w- to complete motion of the mechanism:

CouplerPoint R, = 47.751in &, = 13.146deg This paint represents where the person sits

P in the chair

(sim{By - 6y) )

| sin(63 — 6,

a [ sim| By — H3 I
Wy = =iy =——
4T 2 | sinfby — B3] |

1
wy =-0.052 ;

For velocity and acceleration answers the "real” component of the answer is the
¥-component and the "imaginary” component is the y-component.

Vp = 8-wy-|] cos B, | — 3B, )|
vy = (186 + 0.12i). =

5
vpA = h-uj.[j cos(83) — sin| B1])

in
vga =0.—
BA s

Vg = c-wy-|] cos(B) —sim{ By )|

vg = (186 + 0.12i)- =
]

vpp = R_pa-mg-.:—simj By + ‘SPI £] -cos( B3 = '5[: I

vpa =-257lix 107 O 2
S

VPT VAT VPA

vp = (1.86 + 0.121}% 1 = Re(vp) = 1.35.:"1

p

eqn 6.18a

eqn 6.18b

eqn 6.19a

eqn 6.19b

eqn 6.19¢

eqn 6.19b

eqn 6.19¢
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Acceleration analysis starting with inverted slider four bar loop:
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e Efﬁ A L] R [=
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The forumulation for o, i quite long, and has to be broken into two parts and summed together to fit
the width of the page.

o 2 7 PR
tam_Hﬁg]ll_ —a Wy -sm| By, | - hg-uﬁ - B | - I'hdm"""'ﬁ":m'nﬂﬁr..'j

Mpartl = P . .
d ag(sm{ 8y ) — tan{ B )-cos{ By ) )
L2 N 9 R
—agwy cos By ) + bywgcos{fgg ) + 2-bygopwe-sin| B |
gt = - ;
part> i | 5| By, | — tan|Bg, |-cos| By ||
_ — 4 rad
l'.'l.: = ﬁzpml - ﬁzpanz =2374= 10 —2
s
| / 2. )
a-|ln.-c03|ﬂ- =By |+ wny B, =0y )| =2 by W _
ag = g T2 Yes T Vs 7 -SiBgs — U2s), dot 6:5395x11} 4 rad eqn7.26a
b, .
a5 = ag
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2
ELC = a0 ‘ngJ:Hgg:l =] -cos{ By || — agmf.[ms[&zﬂ =] .51'11|_H25|| eqn 7 27a

. n
Ap=(-0011- CI.'[I'331}-—E
]

P . . 2, / .. \
AQECPart1 = by g 51l Bgs | - J-cos(Bgg )| + by-wg -|cos(Bgs | - J-sin|Bgg | eqn 727b
AQBCPart2 = 2Pdot We [5n Bgs | — J-cos|Bgg || — bagar | cos(Bgs | + J-5im Bgs | )

i
AQ6C = A06CPartl * A06CPart2 = (0.011 + 0.033) =

5

Apg = T |sinfBg. | —J-cos{Bg.|) - cwg - cos(Bg, | + J-5mBe || =0 eqn 7 27c

Using solved a- to complete mation of the mechanism:

A= cosm(8y ) eqn 7.12c
A\%{: b-sin| 84 )
2 2
G, =aopsm6y )+ aw -cos(ty|+buwy coslby) - i:--;udz-ms[f:l‘ll
R_:= c-cos|Hy |

E.;=bcos|b3)

2 2 7
F = a-0iy-cos| by | - a-uz_-si.m:ﬂz |—b- us'-sjm:ﬂy + -:-u:,f_-sim:ﬁlij

AR

o3 = (CD-AF) =::|.E eqn7.12a
(AE-BID) 52
oy = (CE-BF) _ 2374 10 4 rad eqn 7 12c
(AE-BID 52
Ap = —aopsnbd,) -aw 1-n:t:|5|'8-2|=—3311>< llill_g-.E eqn 7.13a
Ax 2 2] 2 | = 3
5
2 in
Ap = aoycos|fy) —awy sinjty | =-0087—

.
[

H
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. 2 . m
ABA.:{ = —b-u;-sm_ By) - b-u:3 -cos( by | = ] -

eqn 7.13b
g
A / 2 . m
BAy = b-ag-cos(t; ) — b-wy sin(By) = El—"
2
! 2 -3m
Agg = —c-oyg-sim| 8y ) - c-wy -cos|fy) = -2311= 10 = eqn 7.13c
2
. s - S _in
‘ﬂ"B.}‘ = c-oy-cos( By ) - cowy s By ) = _D.ﬂg.l-_r,
2
) 2 n
Apa x = “Rpgogsimy = ) - Rpg w3 -cos(B3 = & =0~ eqn 7.13b
2

2. i
Apay = Ry 030503 = By ~ Ry sinl03 = §y) = 0=
3

) = | 2 2_ ".i—n Magniude and drection of the acceleration
‘ﬂ"Amagu.lrude T Apx ‘ﬂ"A.}f 0.097 5 at d nitA
g po )

Aﬁ.angle = Etan2|_A‘_,L_x_;5,_A_ﬂ = -91.366-deg

| 2 2 mm Magniude and drection of the acceleration
ABmagnitude = #Bx * ABy = 0097 atpontB.
5
AB.EJ].gI.E = atmﬂ.: AB_H'A'B}’l =-01 iﬁﬁdeg
Apy=Apa g+ Ap,=-231051= 10 iz Acceleration of point P in x- and y-
2 components.
_ in
AP.'!.-‘ = APPL}’ + J‘!LA_F = —Dﬂg n'-—l
3
l— -
2 2 - In R .
. = | + = 7. — Magniude and direction of the acceleration
‘a"Pmagmmde T "!"P_x A‘P.}-‘ 0.09 5 g

atpontP

AP angle = atan2(Ap .. Ap ) = —91.366 deg
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Dynamic analysis of the mechanism:
blob = 12-slug

Mass of each link:
m, = 0.012blob

mj = 0.042-blob
my = 0.012-blob
ms = 0.001891 blob
mg = 0.0077 blob

Values taken from Solidworks
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Location of center of mass of each ink:

ch} = 19.23in By = Odeg
Ru:gi = 42.285in b3 = 11.472deg
ch4 = 19.253in oy = Odeg
chi = 4. 64in b5 = Odeg
R,:gﬁ = 5.4%n g = Odeg

Mass moments of ineriia about the CG ofeach ink:
2
Igz = 1.446blob-in”

Iz - 9.912 blob in”
.2
Igd- = 1.446blob-1in
Is = 0.026:blob in®
Ig = 0.112 blob in"

Defining position vectors of forces on each Iink:
RlEx = chz-ms[t}z + :‘:2 = 180deg) =124

Riay = Regy-sin{8) + & + 180deg) = ~19.21in

B3y = lel:chz-sin[Eg | ]1 +ja- chz-cusl_ﬁz:l ]2 =1675m
37 = atan? a - [chg |-cos| iy |.chz-sm|_51:[| = (-deg
RBEX = RSECGSIHE - ﬁaz:l = —10?9]]1

B3y = Egosinjtih — 817 = 16.715m

RESX = chﬂ-'ms[ai + :‘:3 = 180deg) = 4144 In

B3y = Rogysin(fy + 83 + 180deg| = 841

from 02 to CG
fromAto CG
from 04 to CG
from C o CG
from O6 to CG

_ o w2 2 o
Ry3 .=\|||ch3-5|.11|_5_:,||.| —|_b—ch3-ms.|53||| =34967-mm

64_3 = atan2|b - ng_;?-mslﬁ_:? ].F‘.fg}-si.n{ 63 || = 166.083.deg

Rd_sx = R._q_;-tﬂ![ﬂs - I.‘Ilq_;l = —339-4]]1

Ry3y = Ry3-sin(03 —8y3) = -8.41in

Values taken
from Solidworks

Yalues taken from Solidworks
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R14x = chd_-ms[ By + 64 = 180deg) =124.in

R14} = fgd_S]II] Hd- + 5_4 + 13ﬂdfg| =-1921-in

[ 2 2 -
Ryq= _\||.:ch4-5|.11|_54_|||| + e~ chd-mslﬁqJ | =1675%m
5-34 = atanl|c - ngd_-ms[ 54 :"chd-' sin| 64_| | =0-deg
RE“‘-}I = R.gd_-l:'ﬂ'![ﬂ“_ - I534| = —10;9]]1

R3gy = Ryysin(fly - 834) = 16.715in

Rpa=4?.?il-in rSP =13.146.deg Location where person sits in the chair from point B.

By = Rpa-ms.: by - '5[:' —ngg-cuslﬂg + 83| =5.059m

RB} = Rpa-ﬂl.ﬂlﬁg + I5F| - R.Egs-gi'll{ﬂs + 53| =245

P
Definttion of inverted shider jont contact area:

Force can anly be fransmitted perpendicular to the axis of siip in the inverted slider joint. On page
599 of Morion's Design of Machinery text book, the posiion vector from the CG to the point on ink
3 and ink 4 where the links apply force to each other is taken to be point B in figure 11-5 since the
shider kength s arbirary. However, this analysis will instead use the real kength of the sliding joint to
define the position vectors Rﬁﬁ and FEEE_

phunger = 11.31in Length from C to the end of ink 5.
cylinder := 12.25in Length from O to the end of ink &.
contact length := plunger + cylinder - b, = -15.02.mm

The force of Inks 5 and 6 on each other & distributed over this length, so we will take the resultant
point force location as the contact lkength/2.

contact_length -

resultant length = 3 -7.51.in

This value is the distance from the free end of each of the links, a more useful distance if from the
points C and O, respectively.

plunger resultant -= plunger — resultant length = 12.82.1n

cylinder_resultant = eylinder — resultant length = 19.76-In

F %= 300Ibf Force applied by occupant, all in the +x direction.
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Fsi:

Ry

chj-ms[ B + :‘sj |=-4638m

R g5 sin( g + 85 = 0.123-in

plunger_resultant-cos| B + 65 - 180deg) - chﬁ-ma: Hg = b5 + 180deg| = 14.175-m

plunger_resultant-sin(tg + 85 ~ 180deg| - ngi-sinlﬁﬁ + 8g + 180deg) =-0377m

chﬁ-ms[ B + 56 |=-5488m

ngﬁglll] El'ﬁ a Eﬁl = ﬂld-ﬁIII.

cylinder_resultant-cos|fg + g + 180deg) - chﬁ-ms( g = g + 180deg) = 14.265.in

cylinder_resultant-sin| Bz + 85 - 180deg) - chﬁ-sinlﬁﬁ + bg + 180deg) =-0379m

a_cos|thy + &) - chz-ms[ By + 85) =0416m

agsin(6; + 8)) - R gy sin(By + &) = -6.437n

Accelerations of each ink center of mass:

-
oy
.
sy

. 2 - -
Agyx = ch4-cx4_-51n1: By - 64_| - ch_d'mq_ -cos| By + 64_| =7886= 10 ~.

fady

“Reg 0y sin(8) + 8y) -~ Regy w7 cos(8) + 8y = 1235 % 107

Rogy0-€o5{8y + 8y) — R_gy-wy sinf6 + ) =—0.052-

CE cg

—ng}“g'g]m-ﬁ_’; + 53 | chj.ui 'WSI.H'; i 53 )= ‘}_j
g

; ' 2 n
chs-cg-l:m[ By + dy) - chg-mg -sim| By + Gy ) = U'_-:.
2

] . o _
= ch4-cx4_.c05|_ By + 54! - ch4.m4 -sinf By + 64_| =—0.052-

i |B

“ |B

3

s |E

“ B

2g5Part] = R,:ES-Q,&-[ sim| Bg | — J-cos{Bg)) + chj-uﬁ -|cos|Bg | — ]-s1m Hg ||

g5Part) = 0ot we (510 Bg) —]-cos| 85| — bygoy | cos(Bg | - j-sin(Bg))

895 = 3g5part] = Agspary = 147 107+ 59551 107"

3| in
2

5

eqn7.13
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147 -4
g5y = F‘.e|_a§5l|—l.4s 10 -

B

agsy = Im{ags) = 5955x 107>

w B

A5 = —P o0 5| Bg | —]-cos(Bg || - R o5 w 2-|1:|::ns[i:1 | = J-simBg )|
1] cgh ™6 6 6 egh ™6 | 1] 6

- ) = — -4
Aghx = Re|_agﬁ j=-1.091= 10 S
s

, -3
gy = Im{agﬁ |=-4607= 10 ~

“u|E

From this point a force applied by the actuator (F,) s assumed. This value was ferated untl f
resulted in a required torgue of approximatehy 0.

Some general frends during the iteration were i the torque was a positive number the actuator force
needed to he inceased, and if the torque was a negafive number the actuator force needed to be
decreased.

F5) test = 850-Ibf

_ _ . F59y test = F57 test-5i0{0g) = 22.592-1bf
F52x test™= F52 test C05(0g) = ~849.71bf 3dy_test ™ 751 _test =6

1 0 1 0 0 0 0 0 0
0 1 0 1 0 0 0 0 0
Ry, R —R;,, B
.12} .123 .32} j%_x 0 o 0 01
m m m m
0 0 -1 0 1 0 0 0
0 0 0 -1 0 1 0 0 0
Matrix A =
= Rya, -R Ry, R
0 0 ._3} .23}: .43} =.131{ 0 00
m m m 1
0 0 0 0 -1 0 1 0 0
0 0 0 0 0 -1 0 1
R3gy -Fagx R4y Ry
0 0 0 0 s i s
m m m m
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1

my-d,7, — F |-—
(M2 -322% ~ F52x test Ibf

1

(my3500 ~ F52y tast 'Tor

(Igeo + B5oyFooy test ~B3522 Fody tent)

) 1
(M3-dg3g ~ rpx-"ﬁ

. ; o1
Matrix C = |m3-3g3y) o r

1

|_Ig3-r13 = Rﬁ}r.rpx:l._in-lbf

) 1
e 2t g

_ 1
|4 Ry g

1
14 —_

Matrix B = Matrix A~ |-Matrix C

Fyx = Marix B Ibf = 577.748 Ibf

Fjyy = Matrix B, Ibf = ~456.999 Ibf

F33; = Matrix_B, Ibf = 271.952 Ibf

}'323,: Matnx B Ibf = 434.406 Tbf

Fy3x = Marmix B Ibf = -28 048 Ibf

}'433.-: Matrix B..Ibf = 434406 Tbf

Flgx = Matrix B Ibf = -28 048 Ibf

Figy = Matnx B_Ibf = 434 406 1bf

Ty = Malrjx_Bg-lhf-in =—57.365.1bf -mn

1

in-Ibf
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To verify this resul the required torque was recalculated using the method of virual work, which has
the same resufl Some velocity values needed o be calculated first, as seen below.

Vg) = Regy wy (sin(By ) + j-cos(6; )}

Vg3a = Bpgy-wy-(—sin(83 = 83 + )-cos{By + 85} Velocity of each Ink's
g cg3 center of gravity.

‘i.-'gaI = VA —\.ESA

Vgq = ch‘l-m‘l-.:—sin{ﬂdj + J-cos|ty )

Velx = F‘.e|_vgz | Vedy = Im(vs)

Vgix = F‘El""gi | Vely = Im{vyg)

Vedx = F‘.e|.vg4] Vady = Lm{vgdr]

v, = as.:uz.[ ~sin| B | = j-cos(85) |:| Veelocity of point C.
Yex = Re(v) ey = Imve

TlE_virrual_part_l = %j'[mz":agzx'vgix - agﬂ}-"vgl}f' - m.’;'[agix'vgh - ag3}"vgij;:[| eqn 11.16

1 _ _
TlE_virrual_pLart_l = E'I:mcl"nag4x'vg4-x - agd.}.-""g:i}rl + I_Igg-ﬂz-wg + Igg'ﬂ'-g";ﬂg - 154-114_- iy |_
! F F-

112 virtwal part 3°= E'l_ px Vpx ~ F32x testVex ~ F32y test Yoy

112 virtwal = T12 virtwal part 1~ T12_virmal part 2 © 112 virtal part 3 = 27363 Ibf-in
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