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Abstract

Currently, there is a lack of an in-home automatic lifting mechanism in the hand truck
industry that is low in weight and cost. This project aimed to create an original design of an
automatic hand truck, suitable for in-home use, particularly assisting the elderly or injured
individuals with heavy lifting. The steps taken to achieve this goal included, calculating values
necessary for proper operation of the product, creating a CAD model of the design,
manufacturing a % scaled prototype of the design, testing the prototype, and proposing
recommendations for full scale manufacturing. At the conclusion of the project, qualitative
testing demonstrated that the ball screw assembly used within the hand truck operated

successfully, providing a proof of concept for the lifting mechanism.
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1. Introduction

The current market for lift-assistive technology is filled with many products to assist the
elderly or those with back and knee injuries in their daily lives. Many of these products are also
used amongst the general population to ease the transportation of heavy objects. One such device
that is commonly used as a lift-assistive or transportation device is a hand truck. A hand truck (or
hand dolly) transfers the majority of the weight of an object onto its wheels by holding the object
on a platform. The user can then easily transfer this object to its destination, by using the wheels
of the machine. Often, however, the final destination requires an individual to lift the object off
the truck and onto a desired level off the floor. This is where many people run into a dilemma if
they are physically incapable of lifting said object. After reviewing the current mechanical lifting
mechanisms in the market, it was found that there are current hand trucks that assist in
transporting and lifting large objects. However, these devices are large, bulky, heavy, costly, and
not effective for in-home use, which poses the problem that this project aims to solve.

The goal of this major qualifying project (MQP) is to develop a hand truck design that
can be used for household applications. The intended market for this product is the elderly, who
most likely do not have enough strength to carry out tasks such as bending and lifting, and also
those that have injuries that affect their ability to lift objects. While these are the intended
audiences for the marketing of this product, the hand truck is expected to be affordable for any
individual to buy and use as they see fit. The automatic hand truck will be ideal for lifting objects
up to 50 pounds to a height of approximately three feet or below.

This report will first review the current market for lift technology as well as the different
mechanisms that could be utilized to create a lift hand truck appropriate for in-home use.
Following this, the methodology and objectives taken to complete the project will be described.
Additionally, the results of the research, designing, and manufacturing will be explained. Lastly,
recommendations for improving the final proposed design and the team’s conclusion of the

project will be discussed.



2. Background

This chapter provides a literature review of the following elements addressed by this project:
1. The mechanics of heavy lifting and its impact on customers,
2. The current competitors in the market for heavy lifting,
3. The various mechanical lifting mechanisms that are incorporated in machines,
4. Properties of electric motors and their functions as a machine element,
5

The various types of materials that could be suitable for use in designing a hand truck.

2.1 Mechanics of Lifting

On a daily basis, individuals are faced with the burden of lifting heavy objects from one
location to another. Whether it is lifting heavy objects for their job or simply raising items
around their household, people are constantly exerting energy and adding strain to their bodies.
The repetitive manual handling of loads can lead to the deterioration of the musculoskeletal
system in the human body. The most common injuries that result from heavy lifting are
associated with the lower back, but other areas including the neck, upper limbs, and lower limbs
can also be negatively impacted [1].

There are four factors that contribute to the high risk of injury from lifting objects, which
include the load, the task, the environment, and the individual. These include the heavy weight,
large size, difficult grip, and awkward movements of the structure of these items [1]. Risk factors
for carrying a certain load are impacted by the size of the object, as the larger it is, the greater the
moment arm. As a result, a larger moment arm corresponds to increased forces experienced by
the individual performing the task. Although people have differing abilities to lift heavy objects,
40 to 50 pounds is considered too heavy for most people. The elderly and individuals who have a
weaker musculature face even more challenges when trying to move objects from one location to
another.

In order to avoid the many different injuries that are correlated with heavy lifting, it is
important to understand the principles of body mechanics. When lifting, one should be as close

as possible to the item being raised. This is important to reduce the amount of torque that is



acting on an individual’s lower spine. If an object is lifted from a farther distance, the back
muscles of that individual must compensate for the larger torque created by the object. Torque is
equivalent to the product of the force of an object and the perpendicular distance to the point of
pivot [2]. Additionally, when heavy lifting, it is important for a person to increase their base of
support by widening the distance between their legs. However, although these mechanics may
decrease many of the risks associated with lifting heavy items, it is impossible to prevent injuries
from overuse. As a result, it is important to push, slide, or roll an object when possible [3].
2.1.1 Customer Focus

As humans age, their bones become less dense and their muscles decrease in both size
and strength. As people age, they become more susceptible to having softer and more brittle
bones. Additionally, many exhibit inflammation of their joints and experience a breakdown of
cartilage within them, resulting in stiffness and pain as they move their limbs. Aging contributes
to the loss of calcium and minerals in the bones. Furthermore, an individual’s muscles are
impacted, as their muscle fibers decrease in size and number. As a result, lifting for individuals
over the age of 60 can become a task that many are unable to perform [4]. Similarly, individuals
who are injured also experience a decreased ability to carry out tasks that involve bending and
lifting. The automatic hand truck will be designed to assist these people with lifting objects

weighing 50 Ibs or less around their household to a height of three feet or lower.

2.2 Market Research

The hand truck has been around for a long time, dating as far back as when the wheel was
invented. Since then, hand trucks have evolved and taken different forms as needed in the
marketplace. The typical hand cart produced has two wheels in the back and can handle loads
with different heights, weights, and widths. With time, better materials, specifically aluminum
and stainless steel, have been used to optimize the durability of the product [5].

Different types of hand trucks exist in the market currently. There are basic hand trucks
that were the original models, which simply allow for different loads to be transported from one
location to another. Convertible hand trucks followed with an ability to function as an upright or

flat hand truck to transport equipment on its platform-style bed around a factory/facility. There
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was then a need for appliance hand trucks that could handle very large loads, making these the
largest hand trucks in the market [6]. In 2015, a company called TriFold LLC created a hand
truck that could go up and down stairs. Their design used three wheels on either side of the dolly
to transport items through different levels in a building. Their design also allowed for the wheels
to fold in, making the bottom of the cart completely flat [6].

Many different hand trucks circulate the marketplace, from hand trucks that are not
electronic to those that are. From marketplace research, we found that although there are hand
trucks that are electronic, allowing for lift support, these hand trucks are made for businesses
with warehouses, stores, etc [7]. Figure 1 shows two examples of existing hand trucks having
different features, neither of which are applicable for in-home use. The hand trucks that are
electronic are expensive to purchase and heavy to move around. These products do the job of a
hand truck but are bulky, not foldable, and not proper for in-home use. There are simple hand
trucks that exist that are foldable, however, they do not have the capability to lift loads as they
are not electronic [7]. After examining the types of hand trucks available for purchase, it is
apparent that no product exists that can both transport and lift loads electronically, can be easily
stored and used inside the home, is low in cost and weight, and can be accommodated for people

of all ages.

Figure 1. Example of existing hand trucks. a) “Cylinder Hand Truck”, non-electronic for
transporting objects of up to 500 lbs from one point to another. b) “Cylinder Lift Truck”,

electronic for lifting heavy objects, made for factory/warehouse use.
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2.3 Lifting Mechanisms

The main component of the hand truck is the lifting mechanism or main frame by which
the machine functions. The focus of this project is a hand truck having a moving platform that
can lift and transport weights of up to 50 Ibs or higher, and is sized appropriately for in-home
use. The correct lifting mechanism must be used to successfully reach all the goals of the
proposed hand truck. There are different types of lifting mechanisms to be taken into
consideration. They include hydraulic lifts, pulleys, scissor lifts, and a ball screw and linear

guide mechanism.
2.3.1 Hydraulic Lifts

Hydraulic lift mechanisms are effectively used in existing hand trucks today. The basic
principle behind hydraulics is that any pressure exerted on one end of a fluid is equally
distributed throughout the other end of the fluid. This is also known as Pascal’s Principle [8].
Hydraulics utilizes incompressible liquids on two surfaces so that when a pressure is applied to
one surface of liquid, the other surface moves with an equal amount of pressure [8]. Two pistons
acting on a small and large surface of liquid can create a hydraulic lift if a force is applied to the
smaller piston, causing the larger piston to move in the opposite direction. However, a large
amount of force must be applied to the small piston to move the larger piston because the large
piston covers a greater surface area of liquid than the smaller piston.

Utilizing hydraulic lifts within hand trucks would allow for a large load to be transported
and lifted up and down. Figure 2 shows an example of a hand truck that consists of a hydraulic
lift mechanism. In order for the platform to move up, a pedal must be pumped, applying a force
downward, which then pulls the platform upward. Due to the physics behind hydraulics, a large
amount of force must be applied to the pedal to move the platform. This means the pedal must be

pumped many times for the platform to move up a significant distance.
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Figure 2. Wesco 2 Wheeled Hydraulic Lift [9].

This physics concept introduces issues when applying a hydraulic lifting mechanism to
an in-home hand truck. The act of pumping a pedal several times for the platform to move a
short distance is inefficient for individuals wishing to simply lift 50 1b objects from the ground to
a normal table height. Having to manually pump a pedal would greatly increase the time it takes
for the object to be lifted and would also add stress to the human body. Older users of a hand
truck with a hydraulic lift would especially have difficulty using the product as they would have
to put in a great amount of effort to pump the pedal. This analysis demonstrates that the
inefficiencies caused by hydraulic lifts would not allow the project goals to be met successfully.
2.3.2 Pulley Systems

Pulleys are a form of lifting mechanisms that are utilized broadly within the hand truck
market. They consist of a rope wrapped around a wheel with one end attached to an object that
must be lifted and the other end attached to a motor or a person that does the lifting. Pulleys are a
simple machine that redirect force, so that when one side of the pulley is pulled down with a
certain amount of force, the other end lifts the desired object with the same amount of force [10].
Multiple pulleys can be put together to create a pulley system with a large mechanical advantage.
However, a fixed pulley, which is a pulley system with only one pulley, does not have a
mechanical advantage. Instead, it has a limitation in that it requires the same amount of force to
lift an object as it would if the object was being lifted normally, without a pulley [10].

A pulley system allows hand trucks to lift large loads. However, a pulley system in an

in-home hand truck would need to be small in scale. Due to the size limitation, a fixed pulley
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would have to be utilized, which brings with it all of its inefficiencies. It would also have to be
manual, with a crankshaft, because adding a motor would increase the size and weight of the
hand truck. Figure 3 gives an example of a hand truck that utilizes a pulley for the lifting

mechanism.

Figure 3. Platform Lift, able to lift 750 1b through a fixed pulley system with crankshaft [11].
A manual crankshaft presents similar issues as those stated for the hydraulic lift

mechanism. The crank would have to be turned multiple times for the platform to move a small
distance, increasing the time it would take for an object to be lifted. Manually turning the
crankshaft is inefficient because a large amount of force would have to be exerted to turn the
crank. This would add a large amount of stress to the body, negatively impacting all users,
especially those who are older in age. Putting the mechanism together and using a strong and
durable material for the pulley would also lead to a bulky hand truck design and increased costs.
Due to these issues, utilizing a pulley system in an in-home hand truck model is not efficient and

would not lead to a successful final product.
2.3.3 Scissor Lifts

The scissor lift is another lifting mechanism currently used in larger hand trucks and
other warehouse equipment. This lifting mechanism is made up of criss-crossed metal supports
that fold and unfold to collapse and elongate, respectively. The supports are structured as
parallelograms stacked on top of each other and are hinged at the intersections. These
parallelograms maintain their geometric figure while changing in angle as the mechanism is

powered to elongate and collapse [12]. Scissor lifts require a linear force, which can be
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“provided by a pneumatic or hydraulic actuator, or a mechanical input such as a lead screw or
rack and pinion drive” [12].

Due to the complexity of its structure, scissor lifts are typically used in larger forms for
uses in warehouses or large outdoor or indoor facilities. Hand trucks utilizing this mechanism
have the ability to lift large loads in an efficient manner. Figure 4 shows a form of a hand cart

that uses a scissor lift mechanism. In order to incorporate scissor lifts into an in-home hand truck,

Figure 4. Manual Lift Table - Double Scissor [13].
however, the entire mechanism would have to be scaled down to be sized appropriately for
in-home use. The metal linkages needed for the scissor lift to function adds a large amount of
weight to the hand truck and hinders users from being able to move the product around easily.
Since weight concerns preexist in this mechanism, a motor cannot be added as it would add more
weight to the design. For this reason, the hand truck would have to be manually powered like the
example shown in Figure 4. Adding either a rack and pinion drive, that is hand operated, or a
pedal, that is foot operated, would lead to similar issues previously discussed with the other
mechanisms. Manually operating a hand truck would require an increased amount of effort by
users and strain the body. Further, the design of the scissor lift would not allow for the base of
the hand truck to lay flat on the ground for objects to be pushed onto the cart. Instead the item
would have to be manually lifted and placed on the hand truck. Putting this mechanism together
with the correct material for lift capability and durability would also add to the costs of
manufacturing the product. With these issues and roadblocks taken into account, it is apparent
that incorporating a scissor lift into an in-home hand truck is neither favorable nor efficient for a

successful final design.
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2.3.4 Ball Screw Assembly Mechanism

A ball screw assembly is a lifting mechanism that is not commonly found within electric
hand trucks in the current market. A ball screw is made up of a screw and a nut, both of which
have identical helical grooves where small metal balls roll, providing the only contact between
the screw and the nut. The balls circulate in a closed circuit inside the ball nut to allow the screw
and nut assembly to function. Either the screw or the nut rotates, allowing the balls to deflect into
the ball return system in the ball nut. The balls then travel to the opposite side of the ball nut
through the ball return system, allowing the ball nut or screw to move up and down, thereby
lifting and lowering anything attached to this system [14].

There are two types of ball return systems, one is an external ball return system while the

other is an internal one. Figure 5 illustrates the two systems in a ball nut that can be paired with a

Balls recirculate above
Ball Nut outside diameter

Ball Return Tube

Wiper

...........

LKA

UL W

FEPEET

Ball Screw
Ball Screw

Ball Nut

Integral Lead Shift

Integral Lead Shift
Internal Ball Return System
External Ball Return System
a) External Ball Return System b)

Figure 5. The two types of ball return systems in a ball nut [14].
screw for proper functionality. A ball nut further determines the load the ball screw assembly can
handle along with the assembly’s life expectancy. The higher the ratio between the number of
threads in the ball nut circuit and the number of threads on the ball screw, the quicker the ball nut
will wear out or reach fatigue failure compared to the ball screw [14].

Ball screw assemblies are durable and can handle a large amount of load in a cost
efficient manner as opposed to hydraulic mechanisms. Ball screws are commonly applied to
products requiring linear motion, which is applicable for a hand truck with a linearly moving
platform. They are primarily used to convert motor torque into linear thrust, which directly
relates to the electric portion of the hand truck design goal. With the use of a motor and ball

screw(s), a hand truck would be able to carry a substantial amount of load with the torque
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provided by the motor and the linear thrust converted by the ball screw assembly, while also
being accessible for in-home use. Further, ball screws are commercially available, easy to
manufacture, and have high efficiency and load-life characteristics [15].

This assessment shows that applying a ball screw assembly to an in-home hand truck
would be efficient in terms of size, weight, cost, and accessibility as opposed to the other lifting
mechanisms discussed in the above sections. Using ball screws as the lifting mechanism would
allow the team to assess different hand truck designs because ball screws can be used in different
ways and in different numbers. For example, one ball screw can be incorporated as the spine of
the hand truck with two linear guides on either side of the frame added for stability; two ball
screws can be used on the two sides of the main frame; or two ball screws can be used on the two
sides of the main frame with one linear guide added to the middle of the frame for extra stability.

There are minor difficulties associated with incorporating ball screws in the hand truck
design. Overall costs would be slightly increased because one or more motors would have to be
added to the design for the ball screw(s) to function. An electrical component would also need to
be added to control the motor and the movement of the ball screw assembly. A ball screw would
also add weight to the final hand truck design, however, will not negatively affect end user
interaction with the product because there would be no manual labor required. The lifting
platform would do all of its work through the help of the automated ball screw. The end user
would simply need to flip a switch on the hand truck to power the product on and then off. With
these considerations taken into account, it is evident that using a ball screw assembly within the
final design would allow the lifting mechanism to be unique, efficient, and accessible for an

in-home hand truck suitable for customers of all ages.

2.4 Electric Motors

Electric motors are essential for the design of the hand truck. Motors serve as a medium
to convert electrical energy to mechanical energy, which is an important component of an
accessible and easy to use machine/product, such as a hand truck [16]. A motor(s) is specifically
needed to power the ball screw assemblies used in the main frame of the design. A motor allows

for the size and weight of the hand truck to be as small as possible, while also enabling the hand
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truck to be automated. There are two types of electric motors, AC and DC. The main difference
between the two types of motors is that AC motors are powered from alternating current,
whereas, DC motors are powered from direct current, such as batteries. Another difference is that
speed is controlled in varying manners for the two types of motors [16]. For the purpose of this
design, a DC motor(s) will be used, as DC motors are less expensive and more practical to
incorporate within the hand truck, due to their direct current characteristic, compared to AC
motors.

DC motors can either be brushed or brushless. Brushed DC motors limit the motor’s
speed, add to the needed maintenance and upkeep of the motor, and usually reduce the life
expectancy of the motor [16]. The brushes and mechanical commutator that can often cause
issues in the brushed DC motor are not present in a brushless DC motor. A brushless DC motor
(BLDC), instead, uses a permanent magnet as a rotor while the coils, which are located on the
stators, deliver current. This design creates a more efficient, controllable, and durable motor than
most other brushed DC motors. The performance boost of the BLDC makes it a viable candidate
for our application. The main restriction is that BLDCs are not often used in high power
applications [17]. Therefore, a brushed DC motor may be incorporated in the final design to

reduce the final manufacturing costs.

*High torque, low RPM geared DC motor

Figure 6. Example of a geared DC motor with high torque and low RPM.
Motor specifications that must be taken into account are the motor’s power, torque, RPM,
axle length, and size. A compact, geared motor with enough torque and power is necessary for an
in-home hand truck design. An example of a motor that may be appropriate for our application is

shown in Figure 6. In terms of torque and RPM, the motor incorporated in the design must
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exhibit high torque with low RPM to be practical for this application. The design requires a high
torque motor because the main focus is that the motor allows the ball screw assembly to hold and
lift weights of up to 50 Ibs. A high RPM is not necessary because the hand truck only has to lift
objects up to 36 inches (3 ft) off the ground, for which the lift time can be low, allowing the
motor to have a higher torque. The following chapters of this report will discuss applicable motor
calculations, such as torque and power, in detail. With the types of motors and its specifications
taken into account, a proper motor can be selected and incorporated into the final hand truck

design.

2.5 Material Research

In order to propose the best possible design for the hand truck, different materials need to
be considered for use within the product. The different materials that the team researched include
stainless steel, aluminum, and rubber. Factors such as cost, weight, durability, and reliability

were taken into consideration when deciding how to incorporate these materials into the design.
2.5.1 Stainless Steel

Stainless steel is a material that is commonly used in machine elements. It is a metal that
is known for its ability to resist corrosion. Due to its high chromium content (minimum of 10.5%
by mass), oxygen from the air is blocked from diffusing into the core of the metal [18]. As a
result, stainless steel is long-lasting and experiences little to no rusting. Additionally, this metal
has high strength properties. Both its yield strength and maximum tensile strength are high
compared to other metals and materials. As a result, stainless steel can endure large forces before
deforming or failing. Furthermore, stainless steel is relatively cheap in price when compared to
other metals. A standard 304 2B sheet of stainless steel is currently sold at approximately $1.46
per pound, while 3003-H14 sheet of aluminum and TI-6-4 Bar titanium are sold at $1.66 and
$25.61 per pound, respectively [19]. Stainless steel can be purchased in a vast selection of shapes
and sizes, making it a good option for prototyping and working within a short time range. Shapes
can be purchased ranging from sphere and hexagonal prisms to tees and beams [20]. Properties
of this material include its poor conductivity of electricity and good magnetism. The weight of

stainless steel is heavy compared to many other metals. For example, its weight is approximately
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three times that of aluminum. Furthermore, this material can withstand high temperatures and
can be welded easily.

Stainless steel is a material candidate that can be incorporated into the final hand truck
design and is also useful for prototyping purposes. The targeted customer for the hand truck is
the elderly and those who are injured, therefore, the design must be light in weight to be easily
maneuvered from one location to another. Therefore, although this material is useful for the
prototype, it can not be the primary material used in the final design as it would cause the hand

truck to be too heavy.
2.5.2 Aluminum

Aluminum is another metal, similar to stainless steel. It is highly corrosion resistant, as it
has a coated barrier that protects oxygen from entering and rusting the metal. This property of
the material is important for the hand truck design, as the machine is expected to last several
years without deforming or corroding. Furthermore, aluminum is highly conductive with both
electricity and temperature. Aluminum is also a light in weight, as it has a specific weight of 2.7
g/cm? [21]. This is about three times lighter than stainless steel, which has a specific weight of
approximately 7.74 g/cm’® [22].

Aluminum is a metal candidate that can, similar to steel, be incorporated within the final
design and be used for prototyping purposes. Its lightweight characteristic makes it a more
practical material to use within the hand truck design, so that the product can be easily
maneuvered from one location to another. Furthermore, aluminum is a strong metal that can bear
heavy loads. This metal can also be easily manufactured and welded into the desired shapes
when prototyping. Although this metal tends to be more expensive than stainless steel, its

properties make it the better option for the final design of the hand truck [19].
2.5.3 Rubber

One of the main components of a hand truck are the wheels that allow for easy
maneuvering of the product. The forces that are added to the hand truck in the form of loads are
further transmitted to the wheels when the hand truck is being moved. The simplest and most
feasible design is to include two wheels on the bottom of the product. Wheels are commonly

encircled by a rubber material, in order to protect the surface in which they roll over. The hand
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truck will be designed for household use, so the rubber material will protect the carpets,
hardwood, and other flooring surfaces from being damaged during its use.

There are several different types of rubbers that exist, each with varying properties,
ranging from ethylene-propylene to silicon. However, rubbers in general have great strength, are
tear and abrasion resistant, and have inherent hardness [24]. When choosing what kind of wheel
to incorporate into the design, it is important to consider a rubber that is strong and can withstand
a heavy load. Furthermore, it is also important to consider the prices of the rubbers as the team is
working with a limited budget, hence a cheaper type of rubber with similar properties to a more
expensive type would be more applicable to include in the final design. When comparing the
different types of rubbers together, the cheapest of this material are Buna-N (Nitrile), Butadiene,
and Ethylene-Propylene [23]. Overall, rubbers in general have great tensile strength, but Buna-N,
Butadiene, Chloroprene, Ethylene-Propylene, Fluorocarbon, Hydrogenated Nitrile, and Natural
rubber are the best for this property [23]. For the prototype and final design of the hand truck, it
is important to consider these different types of rubbers and the properties associated with them,
as the hand truck must be easily moved and also be able to carry a heavy load from both the

machine elements and the items being lifted.
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3. Methodology

The goal of this project was to design and create an adaptation of the current hand truck
device that was more compact for household storage and was also equipped with a motor(s) that
allowed the user to safely raise an object of up to 50 pounds to a height up to three feet. In
addition to the general public, the team hoped that this device would assist the elderly and those
with injuries in transporting and lifting heavy objects in their household. To achieve this goal,
the team created five steps for a successful completion of the project. The objectives are as
follow:

Objective 1: Investigate the calculations required for the proper performance of the hand

truck

Objective 2: Create a model of the proposed hand truck using computer aided design

(CAD) technology

Objective 3: Prototype and manufacture a model of the designed model

Objective 4: Test and analyze the performance of the prototyped hand truck

Objective 5: Propose recommendations for manufacturing of the full scale hand truck

model

3.1 Objective 1: Investigated the Calculations Required for the Proper
Performance of the Hand Truck

In order to properly design and prototype the hand truck, the first objective was to
calculate the following: the center of gravity (CoG) of the hand truck and how it changes as
loads are added to the lifting platform, and the torque and power necessary for the motor to
effectively rotate the ball screw assembly thereby lifting the platform along with any added load.
3.1.1 Center of Gravity Calculations

The equation used to calculate the different CoG locations of the hand truck as loads are

added to the platform and moved along the ball screw is as follows:

CoG = (ED x W)/ IW
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This equation states that the location of the center of gravity of the body is equal to the sum of all
the distances multiplied by the weights divided by the sum of the weights. Since this is a
3-dimensional object, the CoG calculations must be done for the x, y, and z directions to find the
exact location of the CoG [25]. In this equation, D stands for the distance at which the point in
question is acting and W stands for the weight of the load that is affecting the body.

After understanding this equation, the team went forward with using the CoG calculation
feature in SolidWorks to find CoG locations of interest as loads were added at different hand
truck heights. This analysis was taken into consideration as we designed the final hand truck,
allowing us to ensure that the loads on the hand truck itself were distributed evenly so that the
hand truck would not tip either way when loads are added to the moving platform.

3.1.2 Torque Calculations
The equation used to calculate the minimum torque required for the motor to effectively
rotate the ball screw while carrying loads of up to 50 lbs is as follows:
T=( xDy)/2n
Torque, as given by this equation, is the load (F in Newtons) multiplied by the pitch of the ball
screw (D, in meters) all divided by 2 pi, giving a torque with units of N*m.
3.1.3 Power Calculations

The equation used to calculate the minimum power required for the motor to effectively

rotate the ball screw while carrying loads of up to 50 Ibs is as follows:

P=Fxg
In this equation, power is equal to the force of the load (F in Newtons) multiplied by the speed at
which the ball screw is projected to move (s in meters per second), giving a power with units of

Watts.

3.2 Objective 2: Created a CAD Model of the Proposed Hand Truck

The second objective was to create a computer-aided design (CAD) model of the hand
truck. This objective was accomplished through the use of a software called SolidWorks, which

allowed for the 3-dimensional modeling of the designed product. Two CAD models of the hand
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truck were created, one was a full scale model of the product and the other was a % scale model
that was similar but built for prototyping/manufacturing purposes.

Standard hand truck dimensions and styles were used, from current manufacturers, to
determine the model shape and design. Complex features were simplified for the prototyping
design in order to speed up manufacturing. The team determined individual components that
were assembled to create a hand truck and created these parts in SolidWorks. Certain parts, such

as the wheels, axle, and handles, were designed to act similar to market product hand trucks.

3.3 Objective 3: Prototyped and Manufactured the Designed Model

The third objective was to manufacture a prototype of the designed model using the
prototype CAD model. Choosing the material of each part was the initial step. Steel was
originally taken into consideration due to its strength and durability, however, since the material
was too heavy the team decided to make most of the parts out of aluminum while choosing to
make a few parts out of steel for weight distribution and CoG alignment purposes. In total, the
team had to manufacture ten parts using various machines such as the Mini Mill, VM2, Lathe,
Horizontal Band Saw, Vertical Band Saw, the Manual Drill Press, and the Super Mini Mill.
These parts include two motor housings, two pipe connectors, two pipes, a crossbeam, the
noseplate, and the lifting plate.

The motor housings, as the name suggests, encloses the motors and the pipe connectors
keep the motor and pipe in place. Both of these parts were cut from a piece of aluminum stock on
the horizontal band saw (four total parts; two for motor housings, two for pipe connectors). They
were then machined in the VM2. For the motor housings, an off center through hole was made
first. An endmill then machined multiple grooves in the hole so that the hole fit the profile of the
motor. Next, the team drilled and tapped a hole at each corner of the block roughly two inches
down from the top. The part was rotated to the back side and a hole was drilled and tapped into
the block so that the wheel axle could be mounted on. Finally, the piece was flipped to the
bottom face, four holes were drilled and tapped at each corner as mounting sites for the
noseplate, and a slot was machined from one end of the block to the other end for wires to run

through.
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The machining for the pipe connector began similarly with an off center through hole on
the top of the block. The end mill machined a pocket that matched the diameter of the pipe at
about 1.75 inches deep. Six holes were then drilled within the pocket. These holes were used as
mounting holes for the motor so that the body of the motor could stay in place without rotating
inside the motor housing. Four through holes were drilled and tapped at each corner of the top
surface of the pipe connector. The part was rotated to its back side so that a mounting hole for
the wheel axle could be drilled and tapped. The part was again rotated so that holes could be
drilled and tapped for set screws to fit in, allowing the pipe to be held in place. Both of these
operations were conducted twice as the design calls for two motor housings and two pipe
connectors.

The ball screw and ball nut also needed to be slightly modified. In the case of the ball
screw, the team machined either end of the rod. One end was machined to the diameter of the
shaft coupling inner diameter and the other end was machined to the inner diameter of the ball
bearing. Further, a flat was added to the end of the ball screw that was placed into the shaft
coupling so that the set screw holding the ball screw and coupling together could stay in place.
All the operations needed to modify the ball screw were completed in the lathe. The rear two
corners of the ball nuts were simply ground down so that they could properly fit inside the pipe.
The two pipes that house the ball screw assembly were machined next. The VM2 was again used
for this part of the manufacturing process. After securing the part to the machine bed, the team
used an end-mill drill bit to machine a slot 28 inches down the length of the pipe.

In order to manufacture the noseplate, lift plate, and crossbeam, the team had to first cut
the metal sheets (stainless steel and aluminum sheets) using the vertical band saw. The noseplate
and crossbeam were made out of stainless steel and the lift plate was made out of aluminum.
After cutting the sheet into the correct sizes, the crossbeam piece was placed in the VM2 so that
the correct holes and contour shape could be machined. Two large holes at each end of the
crossbeam and the outer shape were cut out using an endmill. Three holes were manually drilled
using a manual drill press on the top surface as mounting positions for the lifting plate. The
edges of the pre-cut noseplate were then ground down to a smooth finish and eight holes were

drilled and counter bored into either side of the plate. These holes were used to connect the
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noseplate to the motor housings. Next, the lift plate, which was pre-cut into three aluminum
pieces, was welded together and ground to a smooth finish. Three holes were drilled into the top
face of the plate as connecting points to the crossbeam. The handle, which was the last prototype
part, was made from a PVC pipe and two 90° elbows. The pipe was cut to the correct length and
a dremel was used to cut out a section in the middle of the pipe for the three position rocker
switch to fit inside. The two elbows linked the PVC pipe piece to the metal pipes on either side.

The initial step in assembling the prototype was connecting the motor to the pipe
connector using six screws through the pocket in the pipe connector. Next, the coupling was
placed on the motor shaft and tightened. The coupling spider was added onto the coupling and
the second coupling attached to the ball screw was placed above. This entire sub-assembly was
then fastened to the motor housing using four screws, connecting the pipe connector to the motor
housing. The noseplate was then connected to the bottom face of the motor housings using eight
screws for either side. The ball nuts were then placed on the ball screws followed by the
crossbeam. Two ball bearings were then press fitted into the pipes (one bearing per pipe) and
both pipes were placed into the pocket on the pipe connector. Set screws held the pipe in place
and the handle connected the two pipes at the top. The lifting plate was then connected to the
crossbeam using three screws and nuts.

Wiring the electrical components occurred at different points throughout the assembly. In
general, the motors were placed in a parallel circuit with the battery. The wires were all soldered
to their respective positions on the motor. The wires ran from the motors, along the pipe and
through the handle to the rocker switch that controlled which direction the ball screws would

rotate in, thereby lifting and lowering the lift plate and directing the operation of the hand truck.

3.4 Objective 4: Tested and Analyzed the Performance of the Prototyped
Hand Truck

Once the prototype was built and wired, it was tested through observation and multiple
trials of lifting and lowering the lift plate. Since the purpose of the prototype was to provide a
proof of concept for the ball screw and ball nut mechanism, the testing focused on understanding

whether the ball screw assembly could successfully move the lifting platform up and down. The
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wiring was tested by turning the three point switch on in both directions and then off multiple
times, which in turn allowed us to observe how the ball screw mechanism worked. More
specifically, with this three point switch test, the ability of the ball screw mechanism to rotate in
opposite directions to lift and then lower the lift plate evenly was examined. After conducting
multiple trials of this test, we assessed which mechanical components in the prototype must be
fixed/changed/improved in order for the hand truck to work more effectively with no risk of the
motor and ball screw mechanism failing.

Although the prototype was created without a requirement to lift any objects, different
shaped and sized objects were placed on the lift plate so that the mechanical integrity of the plate
could be further assessed. This was important to the hand truck design because we had to ensure
that the loads added to the plate would not create a moment that would cause the plate to rotate
inward. The prototype was then maneuvered through a predetermined course to ensure that 1) the
wheels were placed correctly and 2) the hand truck was able to travel with ease. These
qualitative tests were all taken into consideration when adjusting the prototype to work
effectively and when proposing recommendations for improving and manufacturing the final

hand truck design.

3.5 Objective 5: Proposed Recommendations for the Manufacturing of
the Full Scale Model

The final objective was to make adjustments for our final hand truck prototype and to
propose recommendations for large-scale manufacturing of the full-scale model. The main
methods that the team used in order to accomplish this, was to analyze the results of the
qualitative tests and conduct research on how to improve the product. Furthermore, the team
reviewed methods of mass-scale production and researched how to lower the cost of

manufacturing in order to increase the profit margin of the product.
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4. Results

This section includes an in-depth discussion of the results of each of the objectives
described in Chapter 3. A bill of materials and photographs of the manufactured prototype
discussed in this chapter can be found in Appendix A & B, respectively. Images and labels of the

hand truck parts referenced in this chapter can be found in Appendix C.

4.1 Objective 1: Investigated the Calculations Required for the Proper
Performance of the Hand Truck

The methods of calculating the hand truck CoG locations, motor torque, and motor power
described in section 3.1 of this report were utilized to carry out required calculations. The
following subsections discuss the results of these calculations in detail.

4.1.1 Center of Gravity Calculations

The CoG calculations and analysis was completed through SolidWorks, since the
program was available to the team as a resource and included a feature that accurately calculates
CoG locations for different instances. In order to assess the weight distribution of the final hand
truck design, CoG locations were found for six instances; the hand truck with the lift plate at the
lowest, middle, and highest positions with no load, and the hand truck with the lift plate at the

same three positions with the maximum 50 pound load.
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Figure 7. SolidWorks output for final CAD model with CoG locations shown for a) lift plate at
lowest position with no load added and b) lift plate at lowest position with 50 Ib load added.
Figure 7a shows that the CoG of the hand truck at its neutral position with no load
added is located at a point (X = 77.60, Y =495.37, Z =214.00), allowing the hand truck to stand

up straight with no risk of tilting on any side. The wheel weight and placement along with the
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weight of the steel nose plate contribute to the stability of the hand truck design during this

neutral position. The CoG location, however, moves forward in the Z direction and slightly

lower in the Y direction (X = 77.67, Y =405.13, Z = 312.64) when a 50 1b load is added to the

plate (Figure 7b). The wheels’ weight along with the ball screw assembly position, in this case,

allows the hand truck to stay upright without tilting.
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Figure 8. SolidWorks output for final CAD model with CoG locations shown for a) lift plate at

middle position with no load added and b) lift plate at middle position with 50 Ib load added.
Figure 8 above shows the hand truck CoG locations when the lift plate is at the middle

position with and without a load added. Without any load, the CoG is located at X = 77.60, Y =
562.43, Z =214.00, close to the bottom of the pipe frame. Similarly to the case prior, the hand
truck remains upright without tilting or falling due to the weight distribution of the wheels and
the nose plate. However, with the 50 1b load added, the CoG location moves higher up and
forward to X =77.67, Y = 666.97, Z = 312.64. This shows that the hand truck is more likely to
tilt forward when a load is added to the lift plate at the middle position compared to the lowest
position. In order to overcome this risk, the bottom portion of the hand truck was designed to be

heavy enough in weight so as to bear the maximum amount of load applied to the lift plate.
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Figure 9. SolidWorks output for final CAD model with CoG locations shown for a) lift plate at

highest position with no load added and b) lift plate at highest position with 50 1b load added.
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At the highest lift plate position, the CoG location of the hand truck with and without a
load is generally higher up on the Y axis, which causes the hand truck to be tilted forward
slightly more than the other instances discussed (Figure 9). Without any load, the CoG is located
at X =77.60,Y =618.54, Z =214.00. With the 50 Ib load, the CoG location is found at X =
77.67,Y =856.85, Z =312.64. The added load causes the CoG to be the highest and most tilted
out of all the instances, which was expected. The risk of the hand truck tilting forward or the lift
plate rotating inward is highest at this location as well. These CoG location changes and risks
were all taken into account when considering which material to use for the nose plate and how to
place the motor housings and wheels so that the weight is distributed evenly to accommodate for
the most extreme case of the plate being at the highest position with a max load added.

4.1.2 Torque Calculations

The torque needed for the motor to operate properly was calculated for both the prototype
(t,) and the final design (t ) When calculating t,,, a small load of approximately 1 Ibm
(pound mass) was used even though the prototype was not required to carry any weight so that
the weight of the lift plate could be accounted for. In this case, 1 Ibm converts to 42.7 Ibf (pound
force), which converts to 190 N. A pitch of 5 mm or 0.005 m was used in both calculations as
this is the pitch of the ball screw employed in the prototype and final design. When calculating
T, the required maximum load of 50 Ibm (= 1610 Ibf = 7164.5 N) was used. The detailed
calculations are as follows:

T=(F xDy)/2n

T, = (190N % 0.005m) / 2n
T, =0.I5N *m
T, =(7164.5N x 0.005m) / 2n

T, = 570N x=m
In order to ensure that the motor has enough torque to rotate the ball screw effectively for our
application, the calculated torque values were doubled. Therefore, the torque required for the
prototype and the final design were 0.30 N * m and 11.40 N * m, respectively. This also allowed
the design to account for any frictional losses and assisted in decreasing any risk of motor

failure, as the lift plate must be able to handle cyclic loading of maximum loads of up to 50 Ibs.
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4.1.3 Power Calculations

The power needed for the motor to operate properly was further calculated for both the

prototype (P,) and the final design (P f) . A speed of 0.015 m/s (1ft/20s) was used when

completing these calculations because this enabled the lift plate to travel up or down the three
foot long ball screw in one minute. One minute was chosen as the travel time for the lift plate
because it is a practical and reasonable amount of time for an individual to wait for an object to
be lifted and lowered three feet. The detailed power calculations are as follows:
P=Fxs
P, =190N % 0.015m/s
P,=285W
P, =7T164.5N x0.015m/s
P, =10747TW

Similar to the torque calculations, the calculated power values were doubled for the motor to
effectively rotate the ball screw with the required weight applied to it for many cycles.
Therefore, the power required for the prototype and the final design were 5.70 W and 215 W,
respectively.

In order to satisfy the load capacity requirements for the hand truck, the calculated torque
and power requirements must also be satisfied. To accommodate for these calculations, the
design of our prototype and final hand truck consisted of two motors, which were placed in two
custom motor housings. This way, the torque and power values can be split amongst the two
smaller motors so as to not overwork one large motor. Further considerations regarding the
motor (used within the prototype and considered for the final design) and the overall hand truck

design are discussed in the following sections of this report.

4.2 Objective 2: Created a CAD Model of the Proposed Hand Truck

Two CAD models were created using the SolidWorks software; a % simplified model
used for prototyping and a full-scale final model intended to showcase our final hand truck

design. Every part used in the prototype model was found in the final design, while some of them
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were made more complex for the final CAD model. Some parts were also added to the final
design. The parts that were added to increase the safety and the efficiency of the final design
compared to the prototype were a battery holder, thrust bearings, and a support bar. The support
bar was added to one version of the final design model and acts as a linear guide reaching
through the center of the lift plate and the cross beam. However, without physical testing of a
manufactured final design it is unknown whether the linear guide would be necessary for
structural reasons. Therefore, two models were created for the final design.

For the parts that the models had in common, the wheel, axle, and handle were all
modeled and dimensioned based off of standard hand trucks. For the full model, ten inch wheels
were employed and for the scaled down model seven inch wheels were used. Certain other parts
had to be modified to adapt to the function of the lift hand truck. The noseplate, or baseplate, of
the common hand track had to be modified for our design so that the lift plate could fit inside of
the noseplate in the lift position. The following image illustrates how the noseplate and the lift

plate were placed in the final assembly.

Figure 10. Noseplate and lift plate placement.

Another part of the frame that had to be modified to accommodate the lift design was the

piping which holds the assembly together. Slots had to be added to the piping to allow the lift
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plate to be fixtured properly to both ball screw and ball nut assemblies. For the final assembly
the slot was long enough to allow for the mechanism to lift three feet and for the % model the
slot was long enough for the mechanism to lift two feet. The piping was held in place at the
bottom of the assembly by a housing design which housed both the pipe and the motors and
couplings.

Once common hand truck parts were modified, it was time to add the functional parts to
the assembly. The functional parts of the mechanism began with the two 12 volt DC gearbox
motors which were housed at the bottom of the assembly. These motors were then coupled
together to the ball screws using two iron shaft couplings. In the final design, a thrust bearing
was added between the motors and the first shaft coupling to add radial and axial support. The
ball screw, which was three feet long in the final design and two feet long in the prototyped
model, was supported at the top by a ball bearing. This ball bearing was force fitted into the
piping so that its outside surface is unmovable. The ball screws both had ball nuts attached onto
them. These two ball nuts were connected together using a cross beam. This cross beam
supported, and was fixtured to, the lift plate.

The complete images of both the prototype CAD model and the final CAD model are

shown in Figures 11 and 12 below.

Figure 11. CAD model of the manufactured prototype.
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Figure 12. Final design CAD model a) with support bar and b) without support bar to act as a
linear guide for the lift plate.

The final model was analyzed in SolidWorks to determine the mass of the assembly. It
was also used to determine the center of mass when the plate is at different heights and when the
plate is loaded versus unloaded. The mass of the assembly was calculated to be 50.45 pounds.
All of the parts in the assembly were assigned the correct material such that the mass density of
every part was approximately what it would be after most of this weight is transferred to the
wheels when the assembly is in use. Therefore, a weight of approximately 50 pounds was
deemed light enough for household use.

An exploded view of the final model is illustrated below. Balloon numbers correspond to

the part numbers detailed in Appendix C.
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Figure 13. Exploded view of final CAD design.

4.3 Objective 3: Prototyped and Manufactured the Designed Model

Throughout the manufacturing process of the prototype, the team had the opportunity to
identify problem parts and establish lessons learned that could then be used to propose
recommendations for future large scale manufacturing. This section discusses the difficulties the
team faced during this process and relays the insights gathered so that the results of the
prototyping process can be fully depicted.

The first step in creating the prototype was assigning each part a material. The motor
housing, pipe connector, pipe, and lift plate were all made from aluminum. The noseplate and
crossbeam were made from steel. Manufacturing the motor housing was found to be particularly
difficult. Due to the depth of the pocket that the motor had to sit in, a special drill bit had to be
used. During the first attempt at machining the part, the drill bit broke due to the magnitude of
force it experienced when making the pockets. After ordering a new drill bit and adjusting the

program to reduce the force, the part was manufactured. Next, the pipe connector was
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manufactured. Unlike the motor housing, the pipe connector had more intricate details. After
drilling the pocket, the team had to drill six M3 sized holes in a thirty-one millimeter diameter
around the motor shaft. The process of machining the pipe connector was found to be
challenging, however, was completed successfully in the first attempt as the team applied lessons
learned from the motor housing machining process.

The ball screw used in the prototype was made of hardened alloy steel, which was found
to be more difficult to machine compared to aluminum as steel is a stronger material. Because of
this, the operation written for this part had to be completed with careful attention to precision.
Furthermore, the ball nut, which was made from black-oxide alloy steel, had to have its rear
corners ground off in order to fit into the slotted pipe. One of the problems encountered during
the manufacturing process of this part was that one of the ball nuts was ground more than
desired. This caused the ball nut to sit farther inside the pipe than the design required, leading to
further complications during the testing phase, discussed in the following section of this report.

The program used for machining the pipes was simple but executing the program was
found to be rather tedious. Since the length of the pipe slot was designed to be so long, the
program had to be paused after machining every couple inches of the pipe so that the supports
could be moved out of the tool path. In addition, the length of the slot also caused a large amount
of vibrations on the open end of the pipe. These vibrations caused the supports to slip, leading
the tool to cut one of the slots in an incorrect manner. Cutting out the U-shape of the noseplate,
on the other hand, went smoothly. However, drilling the counter-bore holes to match the holes on
the bottom of the motor housing with the manual drill press was rather difficult. Since the holes
on the noseplate did not completely match the holes on the motor housings, the team was only
able to use a few of the holes to connect the noseplate to the rest of the hand truck. Similar to the
noseplate, cutting the three pieces of the lift plate went well. The difficult step in manufacturing
this part was welding the pieces together. When welding aluminum, the metal tends to bend due
to the heat utilized during the process. The part was made to the best of the team’s ability, which
resulted in minimal bending.

Further, to contour the outer edge of the crossbeam, the team superglued the steel to a

block of metal in order to secure the part inside the VM?2. The crossbeam detached from the
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metal block during the operation in the first attempt, however, was re-glued onto the metal block
in the second and final attempt. The following portion of the machining consisted of cutting out a
small rectangular hole in the PVC pipe so that the wires and rocker switch fit inside the handle.
This process was found to be simpler compared to the rest and was completed without any
issues.

After overcoming the challenges presented during machining, the team assembled the
hand truck prototype as described in section 3.3 of the Methodology chapter. The first issue
encountered was that the thrust bearings came in three pieces and, therefore, did not stay in place
on the motor’s shaft. This posed a concern as the design aimed to minimize the forces placed on
the motor by distributing the load onto the thrust bearings instead. Nevertheless, the team moved
forward without including the thrust bearings on the motor. The chosen motor and some of its
specifications are shown in Figure 14 below. This motor was chosen as it satisfied the torque and
power requirements calculated in section 4.1 of this report. Due to cost and resource limitations,
the team was unable to purchase customized materials, such as a motor, that met the exact

calculated requirements.

T=020N*m
P=72W

Reduction Ratio: 1: 31.6 /

Figure 14. Motor used to power the prototype with torque and power values listed. Note:
The design consists of two motors, one for each ball screw, therefore, the overall
prototype experiences twice the torque and power labeled in this diagram.
Further, the sides of the crossbeam had to be ground down because there was too much
friction between the crossbeam and the pipe slot. The friction caused the crossbeam to jam when
the prototype was powered on. Once these complications were resolved, the wiring allowed the
prototype to operate properly. The electrical diagram used to wire the prototype is shown in

Figure 15. The motors were wired at the beginning of the assembly since they are encased
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within the motor housing. These wires went through the motor housing and onto the outside
surface of the pipe. The wiring setup involved putting the motors and battery in a parallel circuit
and extending six wires from the bottom of the motor housing to the handle. The wiring setup
along with the assembly of the parts described in this report made up the hand truck prototype.
The fully assembled prototype can be found in Figure 16.

Dual Position Switch

...........................................................

+* 12V Power Motor 2

Source
j [

Motor 1

a)

Figure 16. Fully assembled hand truck prototype a) front view, b) back view, and ¢) side view.
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The obstacles presented by the machining and assembling of the prototype provided the
team with extended knowledge that can be applied for future manufacturing of the hand truck.
Operational testing of the hand truck after the completion of the assembly was conducted next.
The results of the observations made during the operational testing of the prototype are discussed

in the following section.

4.4 Objective 4: Tested and Analyzed the Performance of the Prototyped
Hand Truck

After the prototype parts were fully manufactured and put together, the prototype was
tested using the qualitative methods described in section 3.4 of this report. Multiple trials of the
three point switch test were conducted first. Overall, this test showed that the ball screw and ball
nut mechanism functions properly for our application. This test provided a proof of concept for
the ball screw mechanism, more specifically, that this mechanism can, in fact, be incorporated
into a hand truck designed for in-home use. Specific observations made during this test can be

found in Table 1 below.
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Table 1. Three Point Switch Test Results

Observation Analysis of Result - Why?

One of the ball screws would
occasionally jam and stop rotating.

The team found that this happened because the
corresponding ball nut turned inward as the ball screw
rotated. The corners of this specific ball nut were
grinded down more than the other ball nut so it fit too
deeply inside the pipe, causing it to turn inward. In
order to solve this issue, new ball nuts were ordered
and re-grinded correctly.

The ball nuts would get jammed
towards the bottom of the pipe.

The team found that this was caused by the
manufacturing of the pipe. Both pipe slots on the two
pipes were machined, however, the bottom of the slots
are not smooth or wide enough for the ball nuts to
smoothly move up. The team also found that the ball
nut moves up and down smoothly about 2 inches off
the top of the pipe connector. This issue was due to
human inefficiencies and can be mitigated with proper
machining for the future.

The crossbeam, which holds the lift
plate, became uneven from time to
time as the ball nuts traveled up and
down multiple times.

The team found that the jamming of the ball nuts
discussed prior caused the two ball nuts to become
uneven instead of being perfectly aligned. Since the
crossbeam is placed on these ball nuts, misalignment
of the ball nuts caused the crossbeam to also become
uneven. Further, the crossbeam was not fixed to the
ball nuts because the correct sized lock nuts were not
readily available for purchase. The team found that the
lock nuts we needed had to be custom made, for which
the team did not have enough time or resources.

The electrical wiring proved to work
as expected, however, was bulky.

The wiring allowed the motor to switch polarities,
which in turn allowed the ball screws to rotate in both
directions so that the lift plate could travel upwards
and downwards. The team found that the bulkiness of
the wires was due the wire gauge being too low. In
order to improve the wiring setup, thinner wires were
used to replace the thick wires.

Thrust bearings will be an important
component in the final design.

To decrease direct load on the motors, it is imperative
that thrust bearings be added to the lifting mechanism.
This way, a majority of the weight is felt by the
bearings, allowing the motors to solely rotate the ball
screws and avoiding motor failure.
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Two different objects were then added to the prototype to test the integrity of the lift
plate. The first object was a notebook, weighing 2.00 Ibs, and the second object was a water
bottle with water in it, weighing approximately 1.27 lbs. Both objects were lifted and lowered
successfully, showing that the design of the lift plate is sufficient for objects of different shapes
and sizes to be loaded onto the hand truck without risk of slipping off. Details of this test can be
found in Table 2. Additionally, the moment about the lift plate did not cause the plate to rotate
even though the prototype was not designed to handle any load, further solidifying that the lift

plate design is appropriate for our application.

Table 2. Results of Prototype Testing with Loads Added

Weight (Ibs) Travel Time to Lift (s) Travel Time to Lower (s)

Water bottle 1.27 221 220

Notebook 2.00 225 224

Finally, the prototype was moved along a predetermined course with turns included. We
found that the hand truck maneuvered around the course with ease, successfully completing turns
without any difficulty. This showed that the wheels were placed correctly and that the hand truck
has the ability to travel from place to place inside the home. The insight gained through these
tests allowed the team to make further adjustments to the prototype as described in this section.
These results further led us to recognize improvements that must be made to the final design.
These improvements could not be incorporated and tested by our team due to the time constraints
of this project, however, from our experience designing and prototyping this product, we believe

the suggested improvements would increase the efficiency and effectiveness of the hand truck.
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4.5 Objective 5: Proposed Recommendations for the Manufacturing of
the Full Scale Model

Based on the testing and analysis of our prototype, the team proposed various

recommendations that should be incorporated in order to improve the overall design. The

following recommendations are indicated below.

1.

The first recommendation is to utilize thinner wires with a higher gauge (approximately
16-20 gauge wires). This will allow for the wires to be secured within the piping and
through the motor housing, hiding and protecting it from the outside.

The slot within the pipe should be covered with a rubber guard, hiding and protecting the
ball screw mechanism within it.

Customized lock nuts (thread size of 7&”-5) should be found that fit over the cross beam,
holding it down and securing it onto the ball nuts.

Customized motors should be obtained to match the final design calculations, as
described in section 4.1 of this report. This will enable the hand truck to fulfill its
operating requirements. The final design motors will, more likely than not, have to be
custom ordered through an outside vendor and ordered in bulk to reduce costs.

In order to decrease overall product weight for ease of use, excess material throughout
the design should be removed, keeping the weight distribution and CoG in mind. This
includes decreasing the pipe thickness and casting the motor housing and pipe connector.
In the future, the mechanism that holds and stabilizes the lift plate should be improved
upon. This mechanism can be improved by adding sliders to the back of the lift plate,
enabling the plate to glide smoothly up and down without rubbing against the pipes,
while also decreasing the risk of the plate rotating inward when a load is added.

The final design should also have a safety factor of at least 5 (for the motor), as it
promotes increased safety for household use.

Additionally, the battery should be replaced with one that is rechargeable. This would
increase the practicality of the hand truck as having to replace batteries is a tedious task
that may turn customers away. The team recommends that a lithium ion battery be used

to disperse more voltage, supplying a constant current throughout the hand truck.
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9. Ball screws with a smaller diameter should be considered for the final design. Although
the diameter of the ball screw used in the prototype may be the best option, the team did
not have enough time or resources to consider/test smaller diameters. A thinner ball
screw would reduce the weight of the product. Additionally, it would create enough room
inside the piping for the wires to be secured and hidden within the pipes.

10. A layer made up of a material with a high static friction coefficient should be bonded to
the surface of the lift plate (i.e. rubber). This would ensure that objects loaded onto the
plate do not slip.

11. Lastly, an encoder should be added to the motors so that they are synchronized at all
times. This can be accomplished by switching the brushed motors to servo motors with
encoders and adding a corresponding controller. This would allow users to precisely
determine if both motors have travelled the same distance. With this information, the
controller can adjust the motors accordingly to ensure that the crossbeam is perfectly
level, minimizing stress on the system caused by a misaligned crossbeam.

These recommendations were made based off of the lessons learned from manufacturing
the prototype and the observations made during the testing phase. The team could not implement
these recommendations due to the time constraints of this project, however, we believe that
incorporating these suggestions would increase ease of large-scale manufacturability while

making the product more marketable with an overall lifetime goal of 10 years.
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5. Conclusion

The gap that this project aimed to address was the lack of an in-home automatic lifting
mechanism in the hand truck industry. There is a need for an in-home hand truck for the elderly,
who have reduced abilities to bend and lift objects, and for those who are injured, who cannot
strain their bodies further by lifting objects. An automatic lifting mechanism for use inside a
home would also be able to assist the general public in completing daily tasks that involve
lifting. Market research showed that there are many variations of hand trucks available today,
however, they are bulky, heavy, costly, and made for industrial/warehouse use. Furthermore, the
hand trucks in the market use lifting mechanisms such as pulley systems and hydraulic lifts. The
goal of this project was to design an affordable automatic hand truck suitable for in-home use
that utilizes a lifting mechanism appropriate for its application. The hand truck must be able to
lift and lower objects of up to 50 lbs to a height of three feet, while being low in weight and cost.

The steps taken to achieve this goal included, calculating values necessary for proper
operation of the product, creating a CAD model of the design, manufacturing a % scaled
prototype of the design, testing the prototype, and proposing recommendations for full scale
manufacturing. The CoG calculation results illustrated that the higher the lift plate and load
travel up the ball screw assembly, the more likely it is for the entire hand truck to tilt forward.
These calculations also influenced the materials chosen for each component of the design.
Stainless steel was the chosen material for the noseplate, while the tires were standard rubber,
both adding weight to the bottom of the hand truck and mitigating the risk of the hand truck
tilting forwards or backwards. Aluminum was chosen as the material for all other parts. Further
calculations showed that the motors used in the final design must each have a torque and power
of 11.40 N*m and 215 W, respectively. Taking these calculations into consideration, two CAD
models were created, one for a % scaled prototype that could be manufactured and another one
for the final proposed design.

As the prototype was manufactured and constructed, the final design CAD model was
modified to incorporate lessons learned. A ball screw and ball nut assembly was chosen as the
desired lifting mechanism and was incorporated into the design. Since a ball screw and ball nut

assembly has not been utilized within the hand truck industry, the main goal of this prototype
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was to provide a proof of concept for this lifting mechanism. Qualitative testing conducted on the
fully assembled prototype showed that the ball screw mechanism successfully lifted and lowered
the lift plate by rotating in both directions and stopping and starting as directed by the switch.
This provided a proof of concept that the ball screw and ball nut assembly does, in fact, properly
operate within the given application, while also allowing the hand truck to be suitable for
in-home use.

The ability of our original design to utilize a unique ball screw mechanism and minimize
weight and cost, while being practical for in-home use, makes this a widely marketable product.
Current hand trucks range anywhere from $50 to thousands of dollars. The cheaper end of the
spectrum includes smaller but non-automated hand trucks, while expensive products include
large, industrial forklifts/machines with high load capacities. This original design would fit into
the cheaper end of the spectrum, with a target price of $99, so that it is affordable for families to
purchase. Although the total price to manufacture the prototype was $474.15, large scale
manufacturing is expected to significantly lower the final price of the product. Factors that
further affect the price are the materials used, the customized motors, and the load factor.
Aluminum, which is used to manufacture most of the hand truck parts, plays a critical role in
decreasing the price of the product as the material is low in cost and weight. The motors, on the
other hand, may increase costs due to the calculated specifications needed, however, ordering the
motors in bulk will drive down costs to a reasonable point as that is the purpose of ordering items
in large quantities. Lastly, the price is directly related to the desired load the hand truck can
operate under; increasing the maximum load would require more powerful motors that are more
costly, and decreasing the load would require less powerful motors that are less costly.

Overall, the team was able to design, prototype, and test an original automated hand
truck. The ball screw assembly utilized within the design was found to operate successfully,
providing a proof of concept for the lifting mechanism within the given application of the
product. The team is hopeful that a combination of the unique design and bulk production of the

product will promote economic feasibility in terms of production and marketability to customers.
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Appendices

Appendix A: Prototype Bill of Materials

Bill of Materials for Hand Truck Prototype

Item #

Item Qty.

Description

Price Per Unit

Price Total

0.188” Thick
Aluminum Plate
Stock, 12”7 x 24”

WxL

$49.02

$49.02

0.187” Thick
Carbon Steel Plate
Stock, 12”x12”

WxL

$20.96

$20.96

6061 Aluminum

Rectangular Bar

Stock, 12”7 x 2 x
3”

$40.26

$40.26

12V, 30 RPM
Gear Motor High
Torque Electric
DC Motor

$15.98

$31.96

Flexible Shaft
Coupling Iron Hub

$4.03

$16.12

Rubber Spider for
Shaft Coupling

$2.64

$5.28

¥s”-5 Ball Screw,
2 ft. Long

$46.04

$92.08

External Thread
%”-5 Ball Nut

$36.90

$73.80

6063-T6
Aluminum Pipe,
1.66” OD 1.38”
ID

$23.43

$23.43

10

Ball Bearing,
Sealed 17mm

$10.13

$20.26




Shaft Diameter

11 2 7” Rubber Tires $10.38 $20.76
Zinc Smooth Rod,
12 1 > 0Dx36”L $13.38 $13.38
15> Zinc Axle Nut
13 2 $4.69 $9.38
90 Deg. PVC
14 2 Elbow $7.54 $15.14
15 1 PVC Pipe $7.08 $7.08
14 Gauge White
16 12 % ft Stranded Wire $0.28 $3.50
14 Gauge Black
17 12 % ft Wire $0.28 $3.50
12 V. Battery
18 1 Pack, Pack of 2 $8.00 $8.00
Pack of 24 AA
19 1 Batteries $8.25 $8.25
3 Position
Universal Heavy
Duty 20A 125V 6
20 1 Terminal $11.99 $11.99
ON/Oft/ON
Rocker Toggle
Switch
Total: $474.15
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Appendix B: Prototype Photographs

Lift Plate
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Ball Screw Assembly

55



Frame with Ball Bearing

Handle
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Tire Assembly

Cross Beam
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Appendix C: Final Design CAD Parts

(1) Nose Plate

(2) Lift Plate
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(3) Motor Housing

(4) Pipe Housing

59



(5) Thrust Bearing (Property of McMaster Carr Supply Company)

(6) Shaft Coupling (Property of McMaster Carr Supply Company)

(7) Shaft Rubber Spider (Property of McMaster Carr Supply Company)
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(8) Ball Screw

(9) Ball Nut (Property of McMaster Carr Supply Company)

(10) Frame
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(11) Ball Bearing (Property of McMaster Carr Supply Company)

(12) Handle
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(13) 3 Way ON/OFF/ON Switch (Property of McMaster Carr Supply Company)

(14) Body of Motor
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(15) Axle Attachment

(16) Axle
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(17) Tire

(18) Cross Beam

i’

(19) Battery Holder
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