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Existing methods of systematic design are considered and used as models for developing a
more simplified method of systematic design for feasibility analysis. The modified method
for systematic design is used to assess the concept of a human-powered elevator capable of
lifting multiple passengers. The design task was subdivided into subfunctions, and various
solutions were developed for each. The developed solutions were analyzed and ranked, and
the higher scoring options were used to develop concept variants. An ideal concept variant
was selected and designed in Solidworks software. The 3D model developed was physically
functional within Solidworks and sufficiently detailed such that the identified subfunction
solutions were visible and all critical dimensions were identified. The model was analyzed
in Solidworks for functionality and approximate ascension time, then the design was
numerically characterized in terms of required holding torque, user input torque, and
approximate ascension time based on the developed design parameters and requirements.
The results of the functionality study in Solidworks and the results of the numerical
assessment both indicated that the average user should be able to power the elevator with
minimal difficulty, and thus, the design was concluded to be feasible.
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SYMBOLS AND ABBREVIATIONS

Roman characters

d diameter [m]
F force [N]
h vertical height [m]
m mass [ko]
r radius [m]

t time [s]

T tension [N]
\% linear velocity [m/s]
w weight [N]
X linear distance [m]

Greek characters

T torque [Nm]

0 rotation [rev.]

") angular velocity [rpm], [rad/s]
Constants

g gravitational acceleration 9.81 m/s?

Dimensionless Quantities
GR gear ratio

n number of gear teeth



Subscripts

1

asc

cap
car
CwW
diff
hold
in
main
max
pedals
tot

user

relating to the drive gear
relating to the driven gear
ascension

relating to the pedal crank
capacity

relating to the elevator car
relating to the counterweight
difference

relating to holding torque
input

relating to the main drive pulley
maximum

relating to the pedals

total

relating to the average user

from worm to pedals
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1 Introduction

The main subject of the study, human power for use in elevators, is discussed as a subject
overview, followed by the definition of the objectives of the study and measurements for

success thereof.

1.1 Subject Overview

With the focus on sustainability and environmental impact increasing globally, product
design can be seen returning to the antiquated method of human-powered machinery.
Although it may seem archaic, human power offers the benefits of low carbon emissions and
no need for an electric power source, and thus has large potential for low-power applications.
Some examples of this include the use of human movement to charge cell phones (Dai et al.,
2014), power small electronics (Yeang, 2008), and even power vehicles (Fegade et al.,
2018). However, although human-powered devices, machinery, and vehicles are greatly
explored, there exists few studies on human-powered vehicles for ascension, such as

elevators. One such human-powered design is seen in Figure 1 (Morris, 2017).

Figure 1. “Vycle” Human-powered Elevator, Side-View



1.2 Research Obijectives

The objectives of this work were to determine the feasibility of a human-powered elevator
capable of lifting multiple people to be used for ascending a significant distance, such as for
an observation tower. The approach to determining the feasibility of such a device was to
design the elevator using systematic design methods and mathematically characterize the
developed design. This mathematical characterization was specifically regarding input and
output forces and torques to determine the average user’s lifting capacity, as well as an
approximated average ascension time to determine the practicality of the design and its
parameters. Success in determining the feasibility of the project required that the 3D model
generated was physically functional, that it behaves appropriately, and that the results of the
mathematical characterization of the design indicated that the average human would be
sufficiently capable of safely lifting and lowering the elevator with the intended maximum

load and within a reasonable amount of time.



2 Background and Literature Review

This section provides background on several of the most relevant subjects to a human-
powered elevator design, including typical elevator design in terms of types and safety
mechanisms, and human power as input for various kinds of devices or mechanisms. This
section also highlights examples of existing models or studies regarding human-powered
elevators and identifies the areas in which each of these studies are lacking information to

be studied and supplied here.

2.1 Elevator Design

Modern elevators often use either a hydraulically or electrically driven roped traction design.
The primary difference between these designs is the driving method. Hydraulically driven
designs often use a large hydraulic piston that typically extends vertically from the bottom
of the elevator shaft to lift and lower the elevator car, while electrically driven traction
designs use a motor at the top of the elevator shaft that rotates pulleys with cables. A basic
depiction of a traditional electrically driven traction elevator design is seen in Figure 2, in

which the motor moves the car using cables and a counterweight. (Mei, 2009.)

Machine room

Driving machine Controller

Motor-generator

Suspension ropes

Car moller guides J ;
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Figure 2. Basic Design of an Electric Roped Traction Elevator
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Of the many types of hydraulic elevators, described in an article by John Inglis (1995), the
two main subtypes are direct and indirect acting. This refers to the implementation of the
hydraulic actuator. As seen in Figure 3 from the Mitsubishi Electric Corporation’s website,
direct acting designs involve the hydraulic actuator pushing directly upward on the elevator
car, while indirect acting designs have an offset hydraulic actuator with a wheel, or ‘deflector

sheave’ on its acting end to lift the car using cables. (Inglis, 1995.)

Direct Acting Indirect Acting

(Side Plunger)
i JACK GUIDE RAIL
g DEFLECTOR SHEAVE |
CAR GUIDE RAIL =
PLUNGER
PLUNGER
PIPING
tor / m ) DEFLECTOR SHEAVE
[t 822 g
—__— ROPE __—
|
_ CAR GUIDE RAIL
CYLINDER _—
JACK CASING . CYLINDER
— ’(

Figure 3. Direct versus Indirect Acting Hydraulic Elevator Designs

In both cases of hydraulic elevators, a counterweight is typically not used. This can also be
seen in Figure 3 (Inglis, 1995). While other designs exist, such as a more modern magnetic
levitation design proposed by Thyssenkrupp (Alessi, 2016), they are not as commonly used.

A critical element of roped elevator design is safety, especially in the case of broken ropes
or cables which could cause the car to plummet downward. One solution to this was
generated by Elisha Otis in 1854 in the form of his safety elevator (Bernard, 2014). The
diagram of the Otis Safety elevator can be seen in Figure 4 (Roberts, 2016). The elevator car
can be seen on the right of the schematic labelled “D,” the locking pawls labelled as “E,”

and the guiderail with a sawtooth shape for the pawls to engage with labelled as “C.”
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Figure 4. Otis Safety Elevator Design

This design used the tension of the hoisting cable to prevent the engagement of locking
pawls on the car’s guiderails. Thus, if the rope or cable breaks and tension is released, the

locking pawls engage and prevent the car from falling.

2.2 Human-Powered Devices

Human-powered machinery alone is not a novel concept, as many devices were originally
designed to be human-powered, with basic examples being bicycles, spinning wheels, and
sewing machines. More modern literature focuses on the implementation of human power
in more modern ways. One example of this is a human-powered pedal washing machine.
The developed machine was quite simple and used a modified bicycle frame with the rear
wheel attached to a belt to drive a washing drum and was able to successfully wash a

laboratory coat after two cycles while remaining energy efficient. (Fajobi et al., 2020.)
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A study by Zhonggiang Wang et al. (2015) used a human-powered water lift and bank-based
wetlands to purify stagnant water. The design involved the transport of water into a wetland
along the bank of the stagnant body of water, as seen in Figure 5. The study showed that the
human-powered water lift was an energy efficient means of supplying the plants of the

wetland with water for purification.

Human-powered

water lift

Bank-based
constructed

wetland

Figure 5. Human-Powered Water Lift

Aside from these larger human-powered machine designs, there exist many studies on the
implementation of human power with smaller, low-power devices. One example of this is
seen in a study by Dan Dai and Liu Jing (2014) in which a human-powered wireless charger
was developed. The device used a hand-crank connected to internal gearing and a permanent
magnet with a receiver to generate an electric field for use in wireless charging of devices.
The study determined that the human-powered wireless charger was well suited for mobile

electronic devices and that its ability to do so was feasible and flexible.

Other human-powered devices focus more on the collection of energy from human input
rather than the use of the collected energy, such as an article by Ken Yeang (2008) in which
a device is developed and affixed to the human knee joint to passively generate electrical
energy from walking. The device contains a small generator and can be seen in Figure 6.
Yeang states that the device has a mutualistic mode, in which no additional effort is required
from the human, as well as a parasitic mode, in which additional effort is required. In
mutualistic mode, the device was capable of producing six watts and in parasitic mode the

device was capable of producing 27 watts and could be improved. (Yeang, 2008.)
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Figure 6. Human-Powered Energy Harvesting Device

Additionally, human power is not limited to small devices as seen in Figure 6, nor stationary
larger devices. Human power is often used for vehicles, with a basic example being the
bicycle. More recent studies have further developed the notion of human power for travel,
creating more developed and complicated vehicles than the standard bicycle. One such study
by Fegade et al. (2018) assesses the design of a human-powered tricycle, shown in Figure 7.

Figure 7. Tilted Human-powered Vehicle

The human powered tricycle from Figure 7 has the ability to tilt for increased turning ability
and stability. The study involved a frame strength and computational fluid dynamics analysis

of the fairing in Ansys software. (Fegade et al., 2018.)
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2.3 Previous Studies

In terms of human-powered passenger elevators in particular, very few studies exist. One
such study, designed by Royal College of Art graduate Elena Larriba, is known as “Vycle”
and can be seen in Figure 8 from an article by Ali Morris (2017). The device uses a bicycle-
like frame with counterweights on either side of the bike. The “Vycle” follows guiderails
much like a traditional elevator but uses bicycle chains instead of cables which may be at a
higher risk for breakage. The rider pedals forward to ascend and pedals in reverse to descend.
Larriba demonstrates the usage of her device in videos on the internet but does not provide

numerical data to characterize the vehicle.

Figure 8. Larriba Demonstrating “Vycle” Human-powered Elevator

While the device can be seen to be functional, it lacks a significant amount of safety features
such as a more enclosed car in the case that the rider falls from the bike, a mechanism to stop
the bike from falling in the case of chain breakage, and a means of holding the bike stationary
while the rider is not pedaling. As such, while there exists a design for a human-powered
elevator, there is insufficient documentation of the torque requirements for such a device, as

well as significant room for improvement in the existing design’s functionality and safety.
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Another similar study involving human-powered ascension is seen in the “Vertiwalk” system
designed by Rombout Frieling which supports the user as they alternate between standing
and sitting on a moving footrest and seat, respectively. The moving footrest and seat follow
the user’s movements differently depending on whether the system is in the ascending or
descending position, which is controlled by the pulling of a rope. Because the user is assisted
during climbing, the Vertiwalk system is recognized as a feasible alternative to stairs for
those with limited mobility or strength, as can be seen in Figure 9 from an article by Natashah
Hitti (2018). This figure shows a patient diagnosed with Multiple Sclerosis who is able to
remain active and travel to the second floor of her home easily with the assistance of the
Vertiwalk system. Additionally, the Vertiwalk system has a very small footprint, needing
only 80cm x 80cm for installation. (Hitti, 2018.)

Figure 9. Vertiwalk System in Use by Multiple Sclerosis Patient

While the Vertiwalk does offer a human-powered means of ascension with ease of use for
those with limited mobility, the system is not suited for those in a wheelchair or with little
to no use of their legs. This is because the user is required to alternate between standing and
sitting to operate the system. The same is also true for those who have extremely limited use
of both arms as the user is required to brace themselves when standing and sitting. Finally,
as seen with the “Vycle” discussed above, little documentation exists of the numerical
characteristics of the device’s force requirements and safety features in the case of

component failure.
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Another example of a human-powered elevator concept is seen in an article titled “Design
and Development of Lift without Electricity.” The design, seen in Figure 10 from the article,
involves the use of a leadscrew, pulleys, and a bevel gear pair as the means of motion
transformation. The article explains that the user cranks a handle from inside the car to move
the car up and down, while users outside the car and on a different floor than the care can
move the pulley directly to bring the car to their floor. The article includes multiple
calculations for the tensions in the pulleys, lifting forces, material strengths, and other design

parameters as well. (Kulkarni et al., 2020.)

Figure 10. Lead Screw Elevator Model

While the article states that the user cranks a handle inside the car, this handle is not modeled,
and its connection to either the leadscrew or the pulleys is not described. The article does
explain that motion is transferred from crank to pulley, then pulley to leadscrew, but this
method would likely be complex to design given that the car and passenger are moving while
the pulley wheels remain stationary (Kulkarni et al., 2020). The use of a leadscrew as the
means of motion transformation for a human-powered elevator is certainly a novel idea and
has potential, but the design presented in the article is not detailed enough, neither in the

computer-generated model seen in Figure 10, nor in the description of the design’s function.
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Therefore, while the literature on a novel leadscrew method exists, the documentation and
details of the proposed design, its function, and any safety features, are quite insufficient and
unclear. This was also the case with the other similar literature on human-powered elevators
presented here. Thus, the existing literature on human-powered elevators, and even more
broadly, human-powered ascension devices, is present but poorly documented and not
presented in a scientific and concise manner. This paper attempts to remedy this by
generating a fully functional and characterized human-powered elevator design using

systematic design methods with force and torque analysis.
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3 Methods

The methods used for this study are related to the modification of existing methods for

systematic design, as well as force and torque analysis of the final design.

3.1 Existing Systematic Machine Design Methods

Systematic machine design, originally proposed by Pahl and Beitz (2007), is a concept for
an effective and systematic approach when designing complex products. An article
condenses the work of Pahl and Beitz and presents their process as a simplified list of phases,
which begins with product planning and clarification of the task. During this stage of the
process, all design requirements and constraints are detailed, and the purpose or purposes of
the design are described. For example, requirements for the human-powered elevator include
a specified maximum lifting capacity and lifting distance. An example of a constraint could
include the maximum weight or cost of the project. The purpose is to safely lift an elevator

car to the required height using human power. (Theories about Engineering, 2012.)

The second phase identified by Pahl and Beitz is referred to as “conceptual design,” which
contains multiple substages. The first of these is the abstraction of the task, which involves
describing the general task of the product in broad terms to avoid the tunnel vision that often
occurs when designers have too narrow of a focus. Following this abstraction, the following
stage within the conceptual design phase requires the establishment of “functional
structures.” In other words, the main task of the product must be divided into sub-functions

until each of said sub-functions is clear and simple. (Theories about Engineering, 2012.)

The next stage in the conceptual design phase is to search for “solution principles” to the
previously generated sub-functions, which is made easier through the simplification of these
sub-functions during the prior step. The remaining stages of the conceptual design include
the combination of solution principles into “concept variants,” or different design
combinations and the evaluation of each of these concept variants to find the optimal solution

and perhaps a few back-up solutions. (Pahl, 2007.)
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The third phase of the systematic design process is referred to as “embodiment design.” This
includes the development of a definitive layout for each of the concept variants to ensure

that “function, strength, and spatial compatibility requirements are met.” (Pahl, 2007.)

The fourth and final phase of Pahl and Beitz’s process is to carry out the detailed design of
each of the concept variants, as well as to document the designs for potential manufacture.
In this way, “the exploration of options does not finish with a conceptual solution but extends
to the physical realization of the products,” which results in long design times but provides
the benefit of all factors and possibilities being thoroughly evaluated (Theories about
Engineering, 2012). A very similar design approach is discussed in a book titled “Engineering
Design Process” by Haik et al. (2018). The process they identified can be seen in the diagram

shown in Figure 11.

Design Stages Design Activities Design Methods

I Parametric Analysis
2 Matrix Analysis

Need Analysis 3 SWOT Analysis
- Market Analysis 4 Customer Survey (interview,
rements
Iﬂg Requirements Establishment Survey, Focus Group)
Target Specifications 5 Target Specifications
6 —

7

1 Aftinity Diagram
2 Function Diagrum

3 Function Structure

Establishing the Funclions -
Product concept . : - 4 What How Matrix
|: Drawing Specifications 5 Con Prototyping

6 -
T -

1 Brain Storming
2 Morphological Analysis
3 Ideation

I:'V gﬁﬁ g:zﬂ:zzn 4 Solution Space Partitioning
Solution concept Co Fro 5 Analogy
E e 6 Decision Matrix or Weighted
valuation and selection A
Scoring
7 Pugh’s Methed
8 —
1 Parrs Tree
¥ 2 Make/Buy Decision
Embodi m 3 Function Means Tree
Embodiment Desi 1;;&;;:; 4 Design for Manufacture
SIEn Anuiacire 5 Blocking & Packaging
6 —
T R
1 Design for X

2 Stability Analysis
3 Interference Checking

Y Detail Design .
— Detailed Design Analysis & Simulation 4 Proof of Product Prototyping
Detail design . . 5 Model Study
Prm-mg_lhc design _ 6 Validation
Proof of Product Prototyping 7 FEA
£ CFD
g —

Figure 11. Engineering Design Process from Haik et al.
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The process proposed by Haik et al. (2018) uses many of the same practices as identified by
Pahl and Beitz (2007). It begins with specification of the product requirements, then moves
to evaluating the functions to develop product concepts and solutions. Finally, it combines
the conceived solutions through embodiment design and detail design of the selected
designs. The primary difference between the two design processes is how the embodiment
and detail design phases are executed. The method from Haik et al. performs detail design
only on those designs that are selected through the use of decision matrices and the Pugh
selection method, while Pahl and Beitz stress the benefit of thoroughness by suggesting the

performance of detailed design on all solutions despite the resulting increase in design time.

3.2 Modified Systematic Design Method

The systematic design methods used in this study were very similar to those of Pahl and
Beitz, however, the methods used here share the most similarity with those of both Pahl and
Beitz and Haik et al. due to the exclusion of a detailed model for every design. The method
proposed here differs from these methods in that only the best concept variant was modeled.
The remaining solution principles and concept variants were then evaluated holistically and

without modeling.

3.2.1 Problem Definition and Requirements

The first step in the modified systematic design methods used here was to define the problem
and the requirements for the end product in detail. This first involved identifying the primary
functions and potential subfunctions of the product, and the criticality or importance of these
functions and subfunctions. Those subfunctions that were deemed less important were then
considered with appropriate weighting during the later stages of the systematic design
process. This problem definition and requirements step also included the determination of
quantifiable requirements, such as loading limits, maximum product weight, etc. Based on
the design’s functions and subfunctions, as well as the specified requirements, multiple

solution principles were generated for each of the identified functions and subfunctions.
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3.2.2 Solution Principles and Conceptual Design

The second step in the modified systematic design methods used here was to identify various
solution principles for the previously determined functions, subfunctions, and requirements
and generate reasonable concept variants from these solution principles. Solutions for each
of the functions and subfunctions of the elevator design were generated through various
means, and during this step, the goal was to generate as many ideas as possible with quantity
being about as important as quality. This method required creativity and consideration of
many novel ideas, which were then compiled and analyzed for each solution principle. The
methods of analysis and subsequent selection used a combination of design tools and
designer discretion.

The compiled solution principles for each function or subfunction of the elevator were
compared using Pugh selection matrices with the factors and weights being decided by the
designer based on the project description and requirements, as well as the criticality of the
related function or subfunction to the design’s overall function. After analysis, the top two
or three solution principles for each function or subfunction were selected, provided that the

second- and third-best options scored reasonably close to the top option.

These top-scoring solution principles were then used to generate concept variants: several
ideal combinations of the top scoring solution principles to form complete designs. In the
generation of the concept variants, attention was paid to certain combinations that might not
be necessary to be considered at the discretion of the designer, such as if certain solution
principles cannot be combined. Additionally, even if there were multiple top-scoring
solution principles, the discretion of the designer was used in cases where use of the highest
scoring option was simply more sensible and the others could be excluded from the concept
variant stage. Again, because these decisions were made at the discretion of the designer,

they were thereby supported with justifiable reasoning.
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3.2.3 Concept Selection and Design Modeling

The final step in the modified systematic design methods used here was to select one concept
variant as the final, optimal design and build a functional, digital 3D model of the design.
The selection of the optimal concept variant could be performed in the same way as the
selection of the ideal solution principles by using tools such as Pugh selection matrices with
an updated set of evaluation criterion. Conversely, in cases were the designer justifiably
determines that the solution principles developed can generate only a few sensible concept
variants, or if the resulting concept variants display a clearly optimal choice, such a detailed
analysis was not necessary and instead the designer again provided reasonable justification
of the selection of the concept variant that was deemed optimal. In the latter case, the
designer provided at least a comparison of the concept variants generated and an explanation

of the selection of the optimal choice.

After the optimal concept variant was selected, a detailed 3D model was generated using
Solidworks 3D modeling software. Generally speaking, this step in the modified systematic
design methods would ideally result in a production-ready model with all numerical
parameters selected or calculated for maximal loads, weights, sizes, and so on. This model
would also ideally include standardized components, such as screws, gears, actuators, etc.,
with sources of the components identified. In cases where production quality is not the end
goal, such as this feasibility study, this detailed model should at least clearly depict the
integration of each of the solution principles identified during the earlier stages of the design
process, and clearly portray the functionality of the design. In this case, values for numerical
parameters should be reasonable but are not as critical as in a production-ready model.

Because this study was not intended for immediate commercial production, the latter
approach was utilized here. Solidworks modeling software was used to develop a sufficiently
detailed model showing the combination of all solution principles into a functional example
of a finished product. This model generated focuses primarily on the integration of the
selected solution principles into an easily analyzed design, but also details the dimensions of

critical components such as gears and pulleys for numerical analysis of the design.
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3.2.4 Design Functionality and Numerical Analysis

The functionality analysis of the design was completed by using a Solidworks motion study
in the completed assembly file and applying a simulated motor to produce the pedaling
motion. The assembly file was developed using appropriate gearing mates between the gears
in the gearbox, as well as between the pulleys, to simulate the real-world behavior of the
model. This behavior was first manually evaluated by rotating the pedals in the functional

Solidworks assembly file and observing the behavior of the model and its components.

Then, the motor for pedaling motion was applied at the pedals to observe the behavior under
constant input motion. The simulated motor’s speed was defined as 30 rpm to represent a
reasonable average pedaling speed, otherwise referred to as cadence. This value was selected
based on data from a 2022 study, which found that average pedaling cadence for experienced
cyclists pedaling at 65% of peak power for 3 minutes was between 50 rpm and 120 rpm
(Brickson et al., 2022).

The assumption was made that the average user may not be an experienced cyclist, and thus
the expected average cadence was decided to be less than that identified in the article, which
would also allow for a more leisurely ascent. The duration of the Solidworks motion study
simulation was modified until the elevator car could descend the full tower height. These
values were specified for initial analysis of the elevator ascension time in the simulation, but
the actual value for ascension time was calculated during the numerical analysis of the design

using the gear ratios.

The numerical analysis of the model was completed using basic equations relating to gear
ratios, torque, and velocity. In general, gear ratios can be represented as a ratio between the
number of rotations of the drive gear and the driven gear. For example, a gear ratio of “10:1”
experiences ten rotations of the drive gear for one rotation of the driven gear. This ratio can
also be represented by the diameters of the drive and driven gears, their respective angular

velocities, or number of teeth.
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For use in calculations such as the required input torque and total ascension time, the gear
ratios can be rewritten fractionally as seen below. This causes the ratio to be a numerical
value that can be used to determine rotations, torques, or angular velocities of driven or later

gears in a system relative to the same values of the drive or starting gear.

d; o 0 n

where GR is the gear ratio, d, and d, are the respective diameters of the drive and driven
gears [m], w,; and w, are the respective angular velocities of the drive and driven gears
[rpm], O, and 6, are the respective rotations of the drive and driven gears [rev.], and n; and

n, are the respective numbers of teeth of the drive and driven gears.

For this study, basic cylinders were used to represent pulleys, and as such, the diameters of
the gears were used for gear-ratio calculations. The total gear ratio for a given system can

thus be found as follows.
GRtOt = GRlGRzGR3GRn (2)

where GR,; is the total gear ratio and GR,, is the n'" gear ratio between gear “n” and

gear “n + 1” in the system of multiple gears.

Calculations hereafter involving torque are completed using the relationship between the
force applied and the radius at which the force is applied, as seen below. This force can also
be substituted by tension values such as in the case of pulleys with tension in the cables.

t=Fr (3)

where t is torque [Nm], F is applied force [N], and r is the radius [m].

Another basic relationship used in the calculations for numerical analysis includes the

relationship between mass and weight values. These are related through the acceleration due

to gravity, which is a known constant equal to 9.81 sﬂz . This conversion of mass in kilograms

to weight in Newtons can be seen below. This weight value can also be used in Equation 3

as an applied force for torque calculations.



W =mg (4)

where W is weight [N], m is mass [kg], and g is the gravitational constant [m/s?].

25

Finally, numerical analysis calculations included the determination of linear ascension

velocity based on angular velocity of the main drive pulley. The relationship between

angular velocity and linear velocity with a given radius of rotation is as follows.
V=or (5)

where v is linear velocity [m/s] and w is angular velocity [rad/s].

This linear velocity was also used to determine elapsed time for traveling a given linear
distance. A rearrangement of the equation that defines velocity as a measure of linear

distance travelled divided by elapsed time was used, as seen below.
V= % - t= % (6)

where t is time [s] and x is linear distance [m]. The time is calculated in seconds, and as
such, requirement values were simplified by making ascension time requirements also in

units of seconds.
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4 Results

This chapter details the results of the feasibility study as divided into sections for the results
of each step of the previously outlined, modified systematic design methods. These include
the specification of requirements, generation of solution principles and concept variants,

modeling of the ideal concept variant, and functional and numerical analysis of the resulting
design.

4.1 Specification of Functional Requirements

In the case of the human-powered elevator, the task for the design was abstracted to be that
the elevator car, at full loading, can be safely lifted and lowered using primarily human input.
Next, the general requirements were ranked based on criticality, as seen in Table 1.

Table 1. General Requirements and Criticality

Description C(rlitici(l)i)t y
Elevator car with passengers moves up and down 10
Elevator includes safety features 10
Elevator only moves when the user intends for it to move 10
Design is strong and stable 8
Elevator is operated solely using human power as input 8
Elevator can be operated easily 7
Design is cost effective 6
Design is lightweight 4

The quantifiable requirements that were identified include maximum load including the car,
vertical distance travelled, maximum input torque, and approximate ascension time.
Ascension time was dependent upon average pedaling cadence and full system gear ratio.
The maximum input torque depended upon average user weight, bicycle crank length, and
the full system gear ratio. These values are also included in Table 2, along with approximate
requirements for full system weight and cost. Maximum input torque and full system gear

ratio are excluded as they were determined after the system was designed.
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Description Value
Maximum mass including elevator car [kg] 500
Maximum carrying capacity [kg] 200
Average passenger mass [kg] 70.8
Average bicycle crank length [m] 0.17
Ascension time [s] <300
Vertical ascension height [m] 10
Average Pedaling Speed/Cadence [rpm] 30
Ideal full system weight [kg] <1,000
Ideal full system cost [€] <10,000

In an article assessing adult human biomass, the average mass for European adults was found

to be 70.8 kg (Walpole et al., 2012). Thus, this value was used as the average passenger mass

seen in Table 2. Additionally, a standard bicycle crank length of 170 mm was used for the

design, corroborated in a study by Park et al. (2022). A maximum capacity value was

selected to be a round number greater than twice the average passenger weight to carry

multiple passengers and simplify calculations. The empty car mass was found by simply

subtracting the carrying capacity from the maximum mass.

4.2 Generated Solution Principles and Concept Variants

During the second step of the design process, the solution principles were generated for the

relevant functions and subfunction developed in step 1 above. These functions were

compared to the elements in Table 1 to form solution principle groups as seen in Table 3.

Table 3. Requirements and Related Solution Principle Groups

Requirement

Solution Principle Group

Elevator car with passengers moves up and down

Motion Transformation Interfaces

Elevator is operated solely using human power as input

Human Input Mechanisms

Elevator includes safety features

Safety Locking Methods

Elevator only moves when the user intends for it to move

Position Locking Methods

Elevator can be operated easily

Torque Reduction Interfaces

The individual solution principles for each of these solution principle groups can be seen

summarized in Tables 4 — 8 below with simple diagrams where appropriate. Some diagrams

have been excluded as sufficient images have been presented elsewhere in the text.
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Solution Principle

Diagram

Corkscrew /
Lead Screw

I Car motion
Screw
rotation

Angled Tracks

Vertical Steel Cable

L4
-

Hydraulic Pressure

Refer to Figure 3 in Background section

Direct Action

Buoyancy Force

q

cooree [
Source




Table 5. Human Input Mechanism Solution Principles with Diagrams

Solution Principle

Diagram

Foot-Pedaled Bike

Hand-Pedaled Bike

—

Combined Foot- and Hand-
Pedaled Bike

Single Hand Crank

Treadmill Walking F
=
Q ®
F
Leg Press
“Vertical Walking” Refer to Figure 9 in Background section

Rope Pulling




Table 6. Safety Locking Method Solutions Principles with Diagrams
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Solution Principle

Diagram

Guiderail Latching

Hook

Tooth

Guiderail Gripping

Cable Gripping

Flyweight Governor

Under-speed

Over-speed




Table 7. Position Locking Method Solution Principles with Diagrams

Solution Principle Diagram

Hook

Tooth

Guiderail Latching

Guiderail Gripping

Cable Gripping

Worm Gear

Cantilever Locking




Table 8. Torque Reduction Solution Principles with Diagrams

Solution Principle

Diagram

Pulleys

O

Spur Gears

Bevel Gears

Internal Gears

Worm Gears

Gearing Combination
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The analysis of the solution principles generated was performed using Pugh selection
matrices with criteria and weighting within the selection matrices being determined based
upon the criticality weightings seen in Table 1. The Pugh selection matrix for the motion

transformation interfaces is provided as an example and can be seen in Figure 12.

Motion Transformation Interfaces
Weight Baseline Concept Corkscrew/Lead Screw Hydraulic Pressure
Requirement Direct Action Rating Rating
Score Score
(1,2, or 4) Rating | Score (-1, 0, or +1) (-1,0, or +1)
Cost 1 0 0 -1 -1 -1 -1
Power Losses (i.e. Friction) 2 0 0 0 0 -1 -2
Weight 4 0 0 -1 -4 -1 -4
Manufacturability 4 0 0 -1 -4 0 0
Safety 4 0 0 1 4 1 4
Energy Requirements 1 0 0 1 1 -1 -1
Repeatability (resists wear) 2 0 0 0 0 1 2
Adaptability 2 0 0 1 2 -1 -2
Size (i.e. Footprint) 1 0 0 0 0 0 0
[...] 0 0 0 0
Total 0 -2 -4
Motion Transformation Interfaces Continued
Weight Angled Tracks Vertical Steel Cable Buoyancy Force
Requirement Rating Rating Rating
Score Score Score
(1,2, or 4) (-1, 0, or +1) (-1, 0, or +1) (-1,0, or +1)
Cost 1 0 0 1 1 -1 -1
Power Losses (i.e. Friction) 2 0 0 1 2 0 0
Weight 4 1 4 1 4 -1 -4
Manufacturability 4 1 4 1 4 0 0
Safety 4 1 4 0 0 0 0
Energy Requirements 1 0 0 0 0 0 0
Repeatability (resists wear) 2 0 0 0 0 1 2
Adaptability 2 0 0 1 2 0 0
Size (i.e. Footprint) 1 -1 -1 0 0 0 0
[...] 0 0 0
Total 11 13 -3

Figure 12. Motion Transformation Interfaces Pugh Selection Matrix Example

As seen in Figure 12, the highest and second highest scoring options are highlighted in green
and yellow, respectively. This method was used for all solution principle groups identified
in Table 3, and the resulting highest and second highest scoring options from each solution

principle group can be seen summarized in Table 9.
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Table 9. Summary of Solution Principle Selection Process Results

Solution Principle Group Sco:}'righgsgtion gigc;?:gkggg?;
Motion Transformation Interfaces Vertical Steel Cables Angled Tracks
Human Input Mechanisms Foot- & Hand- Pedaled Bike Foot-Pedaled Bike
Safety Locking Methods Guiderail Latching Flyweight Governor
Position Locking Methods Worm Gear Guiderail Latching
Torque Reduction Interfaces Gearing Combination Worm Gear

The solution principles identified in Table 9 were then analyzed comparatively to determine
which would be used to generate concept variants. Of those seen in the table, only the
secondary options for motion transformation interface and position locking methods were
considered for concept variant generation. The remaining options within the second highest
scoring column were excluded based on the discretion of the designer through comparison

to the highest scoring option and analysis of implementation.

In the case of the human input mechanism, it was decided to exclude the option of solely a
foot-pedaled bike because the higher scoring alternative is an improvement upon usability
with very little additional material and minimal design changes. The result would be that
even those with no arms or no legs could power the elevator, and those with limited strength

or mobility would have the benefit of using both their arms and their legs.

In the case of the safety locking mechanism, the flyweight governor was excluded due to the
requirement for additional, non-load bearing cables to rotate the governor in the event that
the loadbearing cables break. This increase in materials would result in an increase in weight
and cost that makes the guiderail latching option more favorable. This is evident in the score
on the selection matrix with the guiderail latching receiving the most at 9 points and the
flyweight governor receiving the second most at only 5 points.



35

Finally, given that the highest scoring motion transformation interface was vertical steel
cables, pulleys would likely need to be integrated into the related concept variant designs.
Therefore, in the case of the torque reduction interface, it was deemed impractical to include
concept variants that have only a worm gear for torque reduction when a gearing
combination could include both a worm gear and pulleys for this purpose. This also provides

the added benefit of the worm gear’s self-locking capabilities.

After analyzing the solution principles and excluding the unnecessary secondary options, the
remaining two solution principle groups with two options generated four concept variants.
These concept variants are presented in Table 10 based on their differing attributes. For all
of the remaining solution principle groups excluded from the table below, the highest scoring

option from Table 9 is used.

Table 10. Comparison of Concept Variants

Concept Variant Motion Transformation Interface Position Locking Method
Variant 1 Vertical Steel Cables Worm Gear
Variant 2 Vertical Steel Cables Guiderail Latching
Variant 3 Angled Tracks Worm Gear
Variant 4 Angled Tracks Guiderail Latching

The selection of the final concept variant was dependent upon the comparison of the differing
solution principles based on how they would perform alongside the selected options for the
solution principle groups not included in Table 10. In the case of the motion transformation
interface, the angled tracks could reduce required torque and allow for a smaller gear ratio,
making the ascension time approximately equal to that of the vertical steel cables. However,
using continuous angled tracks would be difficult to manufacture and would result in a large
footprint. Therefore, the tracks would have to be sectioned, similar to a staircase, which
would increase ascension time. This would also complicate the design significantly as there
would either need to be multiple cars with pedaled bikes for each section of angled track, or

a transfer system for a single car.
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Based on these considerations, the ideal variant was determined to be Variant 1. Compared
to the remaining concept variants, this option has a smaller footprint, shorter ascension time,
and more simplistic function and usage. To summarize, the selected solution principles that

culminate to form the selected concept variant can be seen in Table 11.

Table 11. Summary of Solution Principles Comprising the Chosen Concept Variant

. . Concept Variant 1
Function/ Subfunction Selected S(?Iution Principle
Motion Transformation Interfaces Vertical Steel Cables
Human Input Mechanisms Foot- & Hand- Pedaled Bike
Safety Locking Methods Guiderail Latching
Position Locking Methods Worm Gear
Torque Reduction Interfaces Gearing Combination

As seen in Table 11, a worm gear was chosen for position locking. This is due to the self-
locking nature of such gearing pairs. These types of gears are called self-locking because
they only allow motion of the gear pair when input is supplied to one side and not the other.
According to an article by A. A. Oledzki (1995), there are several combinations of self-
locking gear pairs based on whether the input and output drive motion is rotational or
translational. In the case of the worm gear pair discussed here, both the input and output
gears observe rotational motion as the input gear is the worm drive and the output gear is a
helical gear. Oledzki explains that the self-locking nature of such gear pairs is due to
parameters such as coefficient of friction, pressure angle, lead angle, and shaft angle, and

describes the gear behavior using various kinematic and dynamic formulas. (Oledzki, 1995.)

In short, for the worm-helical drive presented here, the self-locking ability is dictated such
that only torque applied at the worm will cause motion. Torque applied to the helical gear,
up to a certain limit dictated by the properties of the gear pair, will be prevented. This method
of position locking was chosen because, given that the user would be using a foot- and hand-
pedaled bike in any of the concept variants, alongside a combination of gearing methods,
using the worm gear as a position locking method is more practical. This is because the
worm gear can act as both a method of position locking, due to its self-locking nature, and
as torque reduction interface. It can be easily engaged and disengaged without conscious

action from the user nor additional circuitry, as would be needed with guiderail latching.
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4.3 Functional Design Modeling Results

The selected concept variant, as described in Table 11, was designed using Solidworks 3D
modeling software. The finished design, although not production ready, incorporates all of
the solution principles selected within the systematic design process, which match those in
the “highest scoring option” column of Table 9. The model and its subsections can be seen
in Figures 13 — 21 below with various views included for clarity. Figure 13 shows the overall
design with a basic wooden tower frame in the case that the elevator may be used to ascend

an observation tower.

Figure 13. Full Human-powered Elevator Assembly

In Figure 13, it can also be seen that the counterweight is at the base of the tower while the
car is at the top. This is due to the functionality of the simulated model, caused by the

inclusion of all gears and pulleys on the car and at the top of the tower.
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Figure 14 shows the car in the wooden tower in both the up and down positions with the
tower cut in a cross-sectional view to better see the car and counterweight. When the elevator
car is at its lowest point, the counterweight is near the top of the elevator shaft with extra
room added as a buffer. This is mainly a result of the difference in height between the car

and counterweight, but is not consequential in terms of the design’s functionality.

/4 Y
=/
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1
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Figure 14. Section Views with Car in Up and Down Positions

The difference in positions was achieved by simply clicking and dragging either the
counterweight or the car within the Solidworks assembly file. Again, this is because the
components of the assembly model, specifically its gears and pulleys, were defined such that

the model behaves as intended for a constructed prototype version.
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Figure 15 shows a right-hand view of the car in the sectioned tower to better see the intended
mounting points and path of the cable and the pulleys around which it is wound. This cable
is seen in blue in the form of a simple sketch. The portion of the cable not seen in Figure 15

travels down to the pulley mounted on the top of the counterweight.

Figure 15. Section View of Car with Cable Paths

To drive the car from inside, it was determined that a pulley was required at the top of the
car, referred to as the main drive pulley. This can be seen in Figure 15 as the lower-left
checkered pulley. As a result, the counterweight had to also have a pulley of equal diameter
to eliminate the mechanical advantage of the car. This ensured that the distance travelled by

the car and counterweight were equal.
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Figure 16 shows a close-up of the car subassembly with the safety locking mechanism made
visible by making the car transparent. The grey sketch in this figure again depicts the
intended cable paths. One cable connects the overhead pulley components, another connects

the gearbox to the overhead pulleys, and a chain connects the bike pedals to the gearbox.

Figure 16. Subassembly of Car with Safety Locking Mechanism Visible

The rear set of pulleys seen in Figure 16 was included to keep the cables within the car away
from the user or passengers. In a production-ready or constructed prototype version, this
cable, as well as the gearbox, would also be covered by paneling connected to the back wall
to ensure safety. This is the case for the enclosure of the safety locking mechanism above
the car. The bike chains would also be covered for safety purposes. Each of these coverings
were excluded from the model for clarity, but would need to be included in a final physical

version of the elevator.
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Figure 17 shows the stationary bike with both hand and foot pedals as well as the gearbox,
which handles both torque reduction and position locking using the worm gear. The grey
sketches here represent the chains for the gears of the bike, as well as the cable from the

gearbox to the car’s overhead pulleys.

Figure 17. Close-up of Bike and Gearbox

The chain gears for the hand pedals and foot pedals were designed to be the same diameter
to ensure comfortability and synchronicity of pedaling when using both arms and legs to
power the elevator. The user also has the option to hold on to stationary handles if they
choose not to pedal with their arms. As discussed above, the chains connecting the hand-
pedals gear and the foot-pedals gear would be enclosed for safety in a final, production-ready
or prototype version of the elevator. This is especially important due to the close proximity
of the user’s hands to the moving chain should they be using the stationary handles rather
than the hand pedals. These hand pedals would still be moving due to their connection to the
foot pedals, introducing risk of pinching the user’s hands. A guard would prevent this in a
physical model but was excluded from the feasibility design presented here for clarity.
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Figure 18 shows the intended structure of the gearbox. It includes a worm gear for position
locking and bevel gears for adjusting the orientation of the axes of rotation for proper force
transmission to the overhead pulleys while also ensuring that the rider can face forward
during the use of the elevator. This decision was made based on the possibility that the
elevator is used for an observation tower so that the user can see the front-facing view as
they climb the tower. Several Solidworks Toolbox components were used, such as the

bearings, bevel gears, helical gear, and chain gear.

Figure 18. Close-up of Gearbox

Both the worm and the gearbox pulley seen in Figure 18 were modeled using Solidworks
rather than taken from the Toolbox. This is because no pre-made components were available
for these parts. Additionally, a checkered pattern was applied to the face of the gearbox
pulley, as well as the other pulleys in the model, to better visualize the rotation during the
analysis of the design’s functionality. The outer box and shafts of the gearbox were also

modeled very simply for visualization purposes.
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Figures 19 and 20 show the safety locking mechanism as viewed from the front with the car
made transparent for viewing. These figures show the safety locking mechanism in its up
and down positions, which are also the unlocked and locked positions, respectively. These

figures also show the main drive pulley and sub-drive pulley, which share an axle.

Figure 19. Safety Locking Mechanism in the Up/Unlocked Position

Figure 20. Safety Locking Mechanism in the Down/Locked Position

As with the Otis safety elevator discussed above, this safety locking mechanism is normally
disengaged and only engages when the tension in the cable is eliminated, as in the case of
cable breakage. The weight of the car and resulting tension in the cable pulls up on the main
drive pulley, compressing the springs and pulling the catch pieces away from the central
toothed guiderail, which was excluded for clarity. When tension is lost, the springs
decompress and force the catch pieces into the toothed guiderail, causing the car to stop.
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Finally, Figure 21 shows a simple demonstration of what the counterweight might look like
with the pulley mounted at the top as mentioned above. Again, this pulley is equal in
diameter to the main drive pulley, and is necessary for eliminating the mechanical advantage

of the car and making the distance traveled by both car and counterweight equal.

Figure 21. Counterweight with Counterweight Pulley

The face of this pulley, as seen with others in the model, was again checkered for
visualization of the pulley’s rotation during the functionality analysis. The geometry of the
counterweight was limited to a basic rectangular box with cross-sections to imitate typical
counterweight design. These cross-sections are also for visualization purposes.

To summarize and clarify the naming of gears and pulleys, Figure 16 and Figure 18 were
modified to include labels for the gears and pulleys of the full system. Excluded from this
was the pulleys attached to the ceiling of the tower and to the counterweight, as seen in
Figure 15 and Figure 21, respectively. The diagrams annotated with gear and pulley names

can be seen in Figures 22 and 23.



Overhead
Pulleys
land2

Figure 22. Annotated Version of Figure 16 showing Gear and Pulley Names

Gearbox
Pulley

Gearbox
Input

Figure 23. Annotated Version of Figure 18 showing Gearbox Gear and Pulley Names
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The gear between the hand pedals and foot pedals, seen in Figure 16 and Figure 22, was also

excluded from the naming of gears and pulleys as it was identical in diameter to both the

hand and foot pedals gears and was used only to guide the chains along the frame of the

stationary bike for safety and practicality purposes.
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4.4 Functionality and Numerical Analysis Results

The gears and pulleys, as they appear in the above figures, are summarized in Table 12. The
table is structured in order of gear pairs. Same-shaft pairs are indicated as they have gear
ratios of 1:1 despite differences in diameter. Table 12 also includes the diameters and gear
ratios for each gear and gear pair, respectively. These gear ratios were found using the

diameters of the gears and pulleys and the format discussed in the Methods section above.

Table 12. Summary of Gears and Pulleys

Pair First Diameter Second Gear/Pulley Diameter Same Gea}r
# Gear/Pulley [m] [m] Shaft? Ratio
1 Hand Pedals 0.1 Foot Pedals 0.1 No 1:1
2 Foot Pedals 0.1 Gearbox Input Gear 0.05 No 1:2
3 Gearbox Input Gear 0.05 Worm Gear 0.01 Yes 1:1
4 Worm Gear 0.01 Helical Gear 0.2 No 20:1
5 Helical Gear 0.2 Bevel 1 0.02 Yes 1:1
6 Bevel 1 0.02 Bevel 2 0.02 No 11
7 Bevel 2 0.02 Gearbox Pulley 0.1 Yes 1:1
8 Gearbox Pulley 0.1 Overhead Pulley 1 0.1 No 1:1
9 Overhead Pulley 1 0.1 Overhead Pulley 2 0.1 Yes 1:1
10 Overhead Pulley 2 0.1 Sub-drive Pulley 0.1 No 1:1
11 Sub-drive Pulley 0.1 Main Drive Pulley 0.2 Yes 1:1

After determining the individual gear ratios seen in Table 12, the total gear ratio for the entire
system was found using the previously defined Equation 2. Gear ratios of 1:1 were excluded
from the calculation for clarity as their fractional form is 1, which does not affect the overall

ratio, which is calculated as follows.

GRtOt = GRzGR4_ (7)

1,20
GRyor = E(T) =10 - 10:1

where GR,,; IS the total gear ratio, GR, is the gear ratio of the second gear pair in Table 12,

and GR, is the gear ratio of the fourth gear pair from Table 12.
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The counterweight was optimized such that the maximum observed weight to be lifted by
the user was minimized. By adding half of the maximum loading capacity to the mass of the
empty car, the average mass of the car with load was found. This can be seen below, with
the values for maximum loading capacity and empty car mass approximated from the
maximum fully loaded car weight found in Table 2.

m
Meyw = Mear + % (8)

My = 300 + 22 = 400 kg

where m,,, is the mass of the counterweight [Kg], m.,. IS the mass of the empty car [kg],

and m,, is the mass of the car’s maximum loading capacity [kg].

With this average loading value used as the mass of the counterweight, the maximum
possible difference between counterweight and the fully loaded or unloaded car was equal
and minimized. This maximum mass difference was calculated as seen below. The equations
below are related to the masses of the car, loading capacity, and counterweight, thus, the

effect of gravity was later taken into account for torque calculations.

Mairf = Mipax — Mew (9)

where my;¢ IS the mass difference between the fully loaded car and the counterweight [kg],

and my, .y 1S the mass of the car with maximum load [kg].

In a generic moveable pulley system, the tension in the cable on one side of the pulley that
results from mass applied at the pulley is equal to half of the weight at the pulley. In other
words, the force caused by the weight applied at the pulley is counteracted by tension in the
cables that is distributed evenly between the sections of cable on either side of the pulley. A
simplified diagram is shown in Figure 24 below to demonstrate this in the form of individual

free-body diagrams of the car and counterweight pulleys.
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qull car L/

Figure 24. Free-Body Diagrams of Pulley System Elements

For this study, the positive direction of rotation is indicated to be counterclockwise when
viewing the system from the right-hand plane of the Solidworks model. This right-hand view
Is seen in Figure 15, and the same orientation with positive rotation direction is also indicated
in Figures 24 and 25. In both Figures 24 and 25, Wg,; car IS the weight of the fully loaded

car, and Wcyy is the weight of the counterweight.

The proposed human-powered elevator design includes two movable pulleys: one on the car
and one on the counterweight. The design also includes two overhead pulleys that are
connected to the ceiling of the tower. Figure 25 shows a simplified diagram of the pulley

system for the elevator in which the two overhead pulleys are replaced by a single pulley.

Q)

'D

mr_' counterweight
motion motion

qull car

Figure 25. Simplified Double Moveable Pulley System for Elevator
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Given that the counterweight has a lesser weight than the fully loaded car, there would be a
theoretical difference in tension between the section of cable to the right of the car’s pulley
and the section of cable to the left of the counterweight, as seen in their individual free-body
diagrams. This tension difference must be overcome to avoid motion and reach equilibrium

by balancing the system.

In this case, the ‘added weight’ is distributed equally to both cables of the individual free-
body diagram, such as the car. Thus, the theoretical tension difference that occurs on one
side of the cable, which must be counteracted, is equal to half of difference in weight. As
seen in Equation 4, this weight is the mass difference multiplied by the acceleration due to

gravity. The theoretical tension difference is calculated as follows.
Tifr = o (10)

100(9.81) = 4905 N

Taitr =

where T;sr IS the theoretical tension difference [N].

To overcome the difference in tension and maintain equilibrium, opposing force must be
added. This can be done by adding the difference in weight to the lighter side, or more
practically, by applying a holding torque at the car’s main drive pulley that is equal and
opposite to the tension difference, to thus obtain equilibrium. This required holding torque
can be calculated using Equation 3 in conjunction with the theoretical tension difference and

the radius of the car’s main drive pulley from Table 12.

The calculation of the holding torque is defined as follows, and its direction is dependent
upon whether the car or counterweight is heavier. For cases where the car is heavier, positive

torque must be applied to the main drive pulley.

dmain
Tholdmain = Ldiff—, (11)
Tholdmain = 4905 () = 49.05 Nm

where T4, IS the holding torque required at the main drive pulley [Nm] and d iy is the

diameter of the main drive pulley [m].



50

This holding torque at the main drive pulley was then translated to the helical gear using the
total gear ratio between these two components. The gear ratio from the main drive pulley to
the helical gear was found by using Equation 2 and the inverse of the gear ratios in Table 12
due to the opposite direction of transmission. Because all of the gear ratios between the main
drive pulley and the helical gear are 1:1, the total ratio is naturally 1:1 from main drive pulley
to helical driven gear. Thus, the torque that must be applied to the helical gear to resist

motion is equal to the torque that must be applied to the main drive pulley, t,014

main”

Thus, the worm gear and helical gear pair used must be rated to have a holding torque, or
self-locking ability, of about 50 Nm at the driven helical gear. Using the gear ratio between
the pedals and the helical gear, the holding torque of the helical gear can be converted to
required user input torque to overcome the helical gear holding torque, referred to as

Thold , Which is calculated as follows. Again, the gear ratio is calculated as the inverse
pedals

of the gear ratios from Table 12 due to the direction of torque conversion.

1 1
Tholdpedars = Tholdmain GRw—p = Tholdmaim (G—h) (G—Rz) (12)

2

Tholdyeaus = 4905 (5-) (3) = 4.905 Nm

where Tholdpedals is the required holding torque at the foot pedals [Nm] and GR,,_, is the

gear ratio between the worm and the foot pedals.

Maximum user input torque was analyzed to determine whether the average user could
successfully power the elevator car. This was done using the average values for human
weight and bicycle pedal crank length in Table 2 and Equations 3 and 4. Assuming only foot
pedal power such that the maximum input torque was equal to the full weight of the rider

multiplied by the crank length, the maximum input torque was calculated as follows.
Tinmax — Muser8Tc (13)
Tin,,,, = 70.8(9.81)(0.17) = 118.07 Nm

where T;, _ is the maximum user input torque [Nm], m., is the mass of the average user

[kg], and 7. is the length of the average pedal crank [m].
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Assuming that the rider needs only to overcome the holding torque of the worm gear that

results in self-locking, the maximum required holding torque (tyq1q ) must be less than

pedals

the maximum user input torque (t;,_ . ) at the pedals as calculated in Equations 12 and 13,
respectively. The assessment of pedaling ability was done by comparing these values as a
percentage of the maximum input torque, seen below, to assess the average rider’s ability to
power the elevator and the ease or difficulty with which they could do so.

Powering Ability = thtld#‘“ (100%) (14)

4.905
118.07

Powering Ability = (100%) ~ 4.15%

Based solely on the result of the above calculations of powering ability, the average user
should be capable of powering the elevator using only 4.15% of their maximum input power
when using the foot pedals alone. However, this approach neglects friction in the pulleys

and gearbox, as well as any other power losses.

The rise time of the elevator car was calculated using Equations 5 and 6, as well as the values
found in Table 2 and Table 12 for average pedaling speed or cadence, tower height, and main
drive pulley diameter. The angular velocity of the main drive pulley was found first, as seen

below, by rearranging Equation 1 and using the angular velocities of the drive and driven gears.

Wmaijn = “)pedalsGRtot (15)

rad

1
Omain = 30 (=) = 3rpm ~ 0314™%

where wn,in is the angular velocity of the main drive pulley [rpm] and wpeqas IS the angular

velocity of the pedals [rpm].

Due to the design of the elevator, the tangential velocity of the main drive pulley is equal to

the vertical ascension velocity, which was found as follows.

d .
Vasc = Wmain mzam (16)
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Vase = 0314 () = 003147

where v, is linear ascension velocity [m/s] and w,,,i, IS the angular velocity of the main

drive pulley [rad/s]. The angular velocity units were converted to match that of Equation 5.

Next, the linear ascension velocity was then used to find ascension time, as calculated below

using the previously calculated values for main drive rotation speed and vertical ascension speed.

h

t =—
asc
Vasc

(17)

10

tasc = 00312 = 318.3s

where t,. is the ascension time [s] and h is the vertical ascension distance [m].

The above calculated parameters and the relevant requirement values from Table 2 can be
seen summarized in Table 13. Values from Table 2 such as cost and full system weight were

not assessed and were excluded from Table 13.

Table 13. Summary of Calculated Values and Requirements

Parameter Required Value Calculated Value
Ascension time [s] <300 318.3
Torque at the pedals [Nm] 4.905 118.07
Worm gear holding torque [Nm] 49.05 -

Because a physical prototype was not constructed during this study, actual worm gear
holding torque was not measured. However, because the required value for worm gear

holding torque was calculated and it is a critical value, it was also included in Table 13.
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5 Discussion and Conclusion

The calculations used to indicate powering ability of the average user were completed with
friction within the gearbox and pulleys, as well as any other power losses, neglected. The
friction force of the worm gear is accounted for in terms of general requirements, assuming
that the selected worm gear and helical gear pair match that of the minimal value for rated
holding torque. However, due to the wide variation of gearbox and pulley friction based on
gear properties and lubrication thereof, these power losses were neglected.

The construction and testing of such an elevator would require selection of gears and pulleys,
as well as lubrication type and amount, such that the resulting friction and other power losses
sum with the holding torque of the worm gear to be less than the calculated value for
maximum user input torque. Additionally, future prototypes or redesigns of the model
generated here might include a normally-on brake that the user must disengage as a means
of position locking in addition to the worm gear’s self-locking ability to increase the safety

of the position locking in cases of worm gear slippage.

Additionally, the calculated ascension time is slightly above the desired value. This time can
be shortened by slightly increasing pedaling cadence or decreasing overall tower height as
these values were set as rough estimates for feasibility purposes and may not be as critical
in application. The rise time, as well as both required and maximum input torque, can be
altered by changing the gear ratios within the gearbox and throughout the pulley system.
However, adjusting gear ratio for the sake of reducing required input torque results in an

increase in rise time and vice versa.

Future research should pursue the construction of such a human-powered elevator. This
elevator should be constructed to the scale of the designed elevator including the intended
car weight and capacity; however, the height of the elevator would not need to match that of

the design. This is because the construction of an elevator that ascends merely one or two
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meters would be sufficient to test the powering ability as well as the vertical ascension rate,

making it possible to calculate the expected ascension rate for towers of differing heights.

Should the added torque requirements from addition of friction and other power losses cause
the average user to not be able to power the elevator, the overall gear ratio of the design can
be altered to reduce input torque requirement at the expense of rise time. Alternatively, given
that the source of the input torque requirement is heavily influenced by the difference in
weight between the counterweight and elevator car, this weight difference could be
minimized to reduce required input torque. This can be done by reducing the maximum
capacity of the elevator, or by implementing some form of dynamic counterweight that can
be adjusted to better match the weight of the car at any given point.

In this case, assuming the dynamic counterweight can exactly match the weight of the car,
the user would only need to supply enough input torque to overcome the friction in the
gearbox and pulleys, as well as any other power losses such as cable deformation.
Additionally, the cost and weight requirement values seen in Table 2 have been excluded
from the feasibility assessment as these are irrelevant without a prototype or finished
product. These values for full system weight and cost can be adjusted as needed during

prototyping and final production.

In this study, a modified version of the systematic design approaches of Pahl and Beitz, and
that of Haik et al., was developed for simplification of the prototyping process. Using the
modified approach, the task of designing a human-powered elevator was divided into sub-
functions and several solution principles were generated for each. These solution principles
were analyzed and concept variants were developed by combining the highest scoring
solution principles. An ideal concept variant was selected and modeled using Solidworks.

The model was completed with sufficient detail to show the integration of all selected
solution principles, as well as to demonstrate the functionality of the model. The model was

also tested for basic functionality within Solidworks using a motion study and appropriate
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component matings. This general functionality testing in Solidworks showed that the model
behaved as expected, resulting in the elevator car rising and falling with realistic rate and

behavior of all gears and pulleys involved.

Numerical analysis of the design to ensure adherence to the previously specified design
requirements followed the general functionality testing. After calculating the required input
torque, maximum input torque of the average human, and rise time of the elevator using the
designed parameters, it was determined that the average rider should be capable of ascending
10 m within 300 seconds, or 5 minutes, at a slightly higher pedaling cadence. Thus, it was

concluded that the generated human-powered elevator design can be considered feasible.
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