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EXECUTIVE SUMMARY

The assigned low-level task was to design a vehicle or device for the personal transportation of a

single user with capabilities for electric, manual, or combined propulsion on asphalt, pavement, ce-

ment, gravel, or flat soil. Briefly, it was desired for a mass lower than 19kg, support for users up

to 100kg, 50km electric range, and speeds of 25km/hr on a level grade and 15km/hr on slopes with

gradients up to 3% with maintained performance in the presence of winds up to 10km/hr. For an

initial idea, preliminary concepts were generated for the Cycle, Skateboard, Scooter, Wheelchair,

and Roller Skates, where the Cycle was found to be the most promising due to its high level of ac-

commodation for each mode of propulsion. The design development was then undertaken for the

electric propulsion, manual propulsion, wheel arrangement, and frame structure through analytical

calculations and finite element analyses. The electric propulsion was found to be satisfactory with a

Heinzmann DirectPower PRA 180-25 brushless DC hub motor producing 250W of continuous rated

power, as limited by legal regulations; and 835.2W.hr battery pack using 80 Panasonic NCR18650PF

cells each rated at 2.90A.hr for a range of 50km depending on the terrain. Comparing chain, belt, and

shaft drives for manual propulsion, it was decided that a chain drive with an ISO 606 081-100 roller

chain would provide versatility, where a gear ratio of 1:2.15 was used between the 43-teeth driving

sprocket and 20-teeth driven sprocket while receiving a pedalling input using 170mm cranks construc-

ted from aluminum 6061-T6. For the wheel arrangement, it was concluded that two wheels would

offer the best compromise between operating skill and performance with decreased drag, weight, and

rolling resistances. Specifically, Challenge Gravel Grinder TLR pneumatic tyres were chosen to be

fitted to the designed wheels consisting of rims with a diameter of 622mm and profile classification of

19C and 36 stainless steel spokes of 2.6mm diameter connecting the rims to the hubs on each wheel,

where the front hub was designed with a 9mm steel AISI 4140 axle and SKF 609-2RSH bearings. To

accommodate male and female users between the 5th and 95th percentiles, the aluminium 6061-T6

frame and front fork were sized according to a conventional medium to large diamond structure for

a seat tube angle of 73o, top tube length of 585mm, and wheelbase of 1095mm. The construction

of the headset, stem, and handlebars was proposed with a width of 640mm for a steering torque up

to 6.4N.m. An ABS enclosure with a volume of 22.0L is also to be fitted within the frame for the

controller and battery pack. Overall, the design can be seen as fairly successful, where the independ-

ent electric propulsion and manual propulsion are able to reach sustained speeds of at least 25km/hr

on a level grade within 4.809s and 15km/hr on a slope with a gradient up to 3% within 1.631s while

experiencing an incoming wind at 10km/hr; and the combined propulsion is able to achieve sustained

speeds of at least 30km/hr on slopes up to 3% gradient and 20km/hr on slopes up to 6% gradient with

wind speeds over 10km/hr. The total mass of the designed components is 17.02kg, which allows for

the controller, braking system, and miscellaneous accessories to have a mass up to 1.98kg. Finally,

for further development, it is recommended that the controller and braking system be designed.
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LIST OF SYMBOLS

The general symbols used, with a description and relevant units, are as follows:

A frontal area, cross-sectional area m2

At tensile stress area m2

a acceleration m/s2

arel reliability modifying factor -

ask f SKF modifying factor -

α angular acceleration rad/s2

C basic dynamic load rating; or centre distance N; or m

C0 basic static load rating N

Cd drag coefficient -

Cr rolling coefficient -

d diameter m

dc crankset diameter, driving sprocket diameter m

dw wheel diameter, driven sprocket diameter m

δ deformation m

E elastic modulus Pa

Eb battery energy J

Ec cell energy J

Ed drag resistance energy J

Ein input energy J

Ek kinetic energy J

Em motor energy J

Er rolling resistance energy J

Eout output energy J

Ew weight resistance energy J

ε normal strain -

η efficiency -

ηc contamination factor -

F force N

F1 arbitrary reaction force N

F2 arbitrary reaction force N

Fa axial force N

Fd drag resistance force N

F f friction driving force, friction braking force N

Fi arbitrary force component N

Fmax maximum force N
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Fmin minimum force N

Fp pre-load axial force N

Fr rolling resistance force N

Ft pre-tension force N

Fut ultimate tensile force N

Fw weight resistance force N

Fx x force component N

f1 application factor -

f2 driven teeth factor -

G gear ratio -

g gravitational acceleration 9.81m/s2

γ steering angle rad, o
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Ic cell current A

K condition factor -

K f fatigue stress concentration factor -

Ks static stress concentration factor -

ka surface condition factor -

kb size factor -

kc load factor -

kd temperature factor -
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κ viscosity ratio -

Lbas basic life cycles 106 cycles

Lbas,hr basic life time hr

Lsk f SKF modified life cycles 106 cycles

Lsk f ,hr SKF modified life time hr

l length, chain length m

lt fork trail length m

M bending moment N.m

Mo arbitrary moment component N.m

m mass kg

me f f effective mass kg

mu user mass kg

md design mass kg

m f front wheel mass kg

mi arbitrary mass component kg
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mr rear wheel mass kg

%m f fraction of mass on front wheels %

%mr fraction of mass on rear wheels %

µ static friction coefficient -

N1 arbitrary reaction force N

N2 arbitrary reaction force N

N f normal force at front wheels N

Nl number of chain links -

Np number of parallel cells -
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Ns number of series cells -

n design factor, safety factor -

ω angular velocity rad/s, rev/min

ωc crankset angular velocity rad/s, rev/min
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P power; or applied dynamic load W; or N

P0 applied static load N

Pb battery power W

Pc cell power, crankset power W

Pd drag resistance power, design power W

Pi arbitrary power component W

Pk kinetic power W

Pm motor power W

Pr rolling resistance power W

Pu fatigue load limit N

Pw weight resistance power, wheel power W

p life exponent factor; or pitch -; or m, tpi

φ caster angle rad, o

r radius m
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rt turning radius m

rw wheel radius m

ρ density kg/m3

S e endurance strength -

S ut ultimate tensile strength Pa

S y yield strength Pa

σa axial normal stress, alternating stress Pa

σeq equivalent combined stress, von Mises stress Pa

σb bending normal stress Pa
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σm midrange stress Pa

σmax maximum stress Pa

T torque N.m

Tc crankset torque N.m

Tp pre-load torque N.m

To arbitrary torque component N.m

Tw wheel torque N.m

t time s, min, hr

τb transverse shear stress Pa

θ gradient angle rad, o
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Vc cell voltage V
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X arbitrary placeholder variable -

x distance -
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Throughout the report, the relevant description and units are displayed with the symbols presented in

equations. If there is a discrepancy or confusion between the displayed information and this listed

information, the displayed information should be assumed to precede over this listed information.
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1 INTRODUCTION

It is first necessary to investigate and assess the state of personal transportation. This is done to infer

if there are issues with current modes of personal transportation and if a beneficial opportunity exists

and can be motivated which could improve and offer an alternative solution to personal transportation.

1.1 BACKGROUND

A personal transportation vehicle or device refers to a design that assists an individual adult user

with various trips during daily travel. These commutes allow the individual to travel for various

activities that primarily include attending educational institutions, going to work, fulfilling errands

and shopping, or participating in social and recreational activities, which clearly shows that personal

transportation is essential for mobility to take part in modern society [1, 2, 3].

For each of these activities, the percentage distribution can be estimated in an attempt to model the

transportation trends. To provide a global comparison, this is shown in Table 1 and Table 2 for South

Africa and the United States based on the respective National Household Transport Surveys (it should

be acknowledged that the data was collected from a sample and there will be an inherent sampling

error when evaluating the population based on this data). Although there is a lack of exact data for

the trip distance in South Africa, it can reasonably be assumed that the results in the United States

provides a general approximation with an unobtrusive deviation due to the fair similarities in activity

distribution, daily trip rate, and trip time. With this assumption, the average trip distance is 14.8km

with 2.80 to 3.19 daily trips to produce a total average daily commuting distance between 41.4km and

47.2km, considering private cars, motorcycles, bicycles, and walking [1, 2, 4, 5].

Table 1: Trends in South Africa for the average trip characteristics for various purposes [1, 2].

Work
Shopping

Errands
School

Social

Recreation

Total /

Average

Relative Distribution 23.7% 24.1% 28.4% 23.7% 100%

Personal Transport Use 63.5% 46.4% 78.4% 67.7% 64.6%

Trip Distance [km] - - - - < 20

Daily Trip Rate [Trips/Day] - - - - 2.80

Average Trip Time [min] 38.0 22.9 29.8 17.9 27.3

The monthly cost of transportation in South Africa is averaged at R371 for trains, R472 for buses,

R515 for minibus-taxis, R1140 for private cars [1]. Because of these high costs and other factors

including overcrowding and overloading, a lack and poor condition of facilities, and a lack of security

and safety, 48% of minibus-taxi passengers, 42% of train passengers, and 33% of bus passengers were

dissatisfied with the overall quality of the services, where only 8.7% of users feel that there are no

transportation problems [1, 2]. In relation, the factors influencing the choice of personal transportation
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Table 2: Trends in the United States for the average trip characteristics for various purposes [4, 5].

Work
Shopping

Errands
School

Social

Recreation

Total /

Average

Total Activity Distribution 18.4% 26.2% 6.60% 27.2% 78.4%

Personal Transport Use 88.2% 88.5% 70.5% 77.1% 83.0%

Relative Distribution 23.5% 33.4% 8.40% 34.7% 100%

Trip Distance [km] 18.5 11.4 10.3 16.7 14.8

Daily Trip Rate [Trips/Day] 0.59 1.30 0.37 0.93 3.19

Average Trip Time [min] - - - - 27.08

mode are weighted at 32.6% for travel time, 26.1% for the cost of travel, 9.2% for flexibility, 8.7%

for safety from accidents, 5.9% for comfort, 4.9% for reliability, and 12.6% for other factors [1].

1.2 MOTIVATION

Because personal transportation is largely accomplished through private cars with internal combustion

engines, there are frequently adverse effects. These effects include unsustainable environment dam-

age due to local and regional air pollution with emission of pollutants with approximately 3.57g/km of

hydrocarbons, 3.15g/km of carbon monoxide, 1.82g/km of carbon dioxide, and 2.29g/km of nitrogen

oxides (approximate contribution of 20% to climate change); expensive costs to initially purchase the

vehicle and a continuous high operating cost to use the vehicle; and misspent time delayed in traffic

[3, 6, 7, 8]. These ideas can also be applied to public services, where there is still environment dam-

age, a steep cost to use the services, and a lack of accessibility [6]. Also, affordable modes of personal

transportation that mitigate these effects are evidently either not widely and economically available

or not dominantly adopted when available and, so, there is an opportunity for more attractable modes

of personal transportation that do not require specialised skills or disregard safety.

Specifically in South Africa, approximately 75.9% of the population travel at least one trip on a

typical day but there is a lack of access to satisfactory public services, where 76% of households do

not have access to train services and 38% of households do not have access to bus services due to

no availability or a need to travel excessive distances for access [1, 2]. There is also a lack of access

to private cars and motorcycles, where only 39.8% of households are able to afford access and only

26.9% of adults have licences, and travel is often performed through manual modes by walking or

cycling which can be time-consuming and extremely fatiguing over extended distances [1, 2].

So, there is an apparent need for a mode of personal transportation that consumes less energy, pro-

duces fewer harmful emissions, and is less expensive to initially purchase and operate, while offer-

ing more flexibility and convenience than public services [9]. This personal transportation can be

achieved through manual propulsion modes, but the user may become fatigued after long periods of

exertion. If the personal transportation were to have electrical enhancements, there would be support
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for the user while still avoiding the typical negative effects of personal transportation - assuming an

electricity supply is available, as is usually the case, and generated through environmentally clean

methods. Thus, there is an opportunity for an alternative to current personal transportation modes

which can be realised through the development of a vehicle or device with manual and electric modes

of propulsion. This would ultimately aid in ensuring sustainable, equitable, and uncongested mobility.

There are also other opportunities for manual personal transportation with electrical enhancements

besides travel on roads over short distances. These include navigation on university or school cam-

puses; aid for the elderly or disabled when it is necessary to walk due to restricted car permission

and admittance; possibilities for improved social well-being, health (physical, mental, and psycholo-

gical), and economic benefits; and recreational activities for enjoyment [7, 9, 10]. It is not explicitly

necessary for the personal transportation to fulfil each of these specialised cases, but it would be an

additional benefit for increased usage and potential to create a sustainable transportation system.

However, it should be recognised that there is partial competition in this domain, with regards to per-

sonal transportation where contemporary innovations and improved technologies are being explored

to promote alternatives to private cars. Considering this, it is still evident that the economic market

is far from saturation or capture by a single product or design, and there is still a prominent demand

for an alternative form of personal transportation meeting the requirements of the user in terms of

performance, cost, safety, comfort, and accessibility [9, 10].

1.3 TASK STATEMENT AS GIVEN

The task is to design a traditionally human-powered transportation vehicle or device for personal

transportation and implement an electrical system to enhance the design and substantially reduce or

eliminate the need for significant and exhausting human physical effort, such that the methods of

manual propulsion and electric propulsion can be used independently or in combination.

1.4 LITERATURE REVIEW

To create the optimal design, it is crucial to source information to develop each aspect of the design.

This will involve describing and defining the conditions in which the design will operate, along with

the ergonomics of the average user. Also, existing concepts, prototypes, components, and designs

should be reviewed and benchmarked to aid in the generation and evaluation of preliminary concepts

based on expected performance achievements, and the identification of and solutions to common

design issues and misconceptions. The compliance standards and regulations need to be investigated

as well, such that the design is created to be safe and legal. Finally, general vehicle dynamics are

presented to supplement the progression of the design development.
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1.4.1 EXPECTED OPERATING CONDITIONS

The expected environmental conditions are a maximum temperature of 40oC and minimum temper-

ature of 10oC, with a relative humidity between 30% and 90%. It is also expected for fair levels

of precipitation periodically during the year which may create wet conditions. These expectations

represent universal conditions where values within the ranges are commonly experienced throughout

South Africa and the rest of the world where it would be viable to use personal transportation without

excessive protection from the environment - excluding regions with snow and extreme heat.

The terrain on which the vehicle or device will operate includes asphalt, pavement, cement, gravel,

or flat soil where there may be minor obstacles. From observations, these obstacles will be repetitive

cracks, debris, bumps, or steps up to about 10mm high or deep and 35mm wide. However, there may

occasionally be larger obstacles, such as noticeable defects and potholes over 40mm high or deep and

400mm wide [11], where the user would need to detect these obstacles and navigate to avoid them.

The experienced vibrational frequencies are between 5.5Hz and 50Hz, with higher displacements at

lower frequencies and lower displacements at higher frequencies [12]. The terrain may also have

unclean and wet conditions where dirt, dust, and splash resistance would be required.

The expected slope conditions can be classified where common slopes include modest slopes up to

gradients of 3% and significant slopes up to gradients of 6% [12, 13]. A severe slope can be seen as a

slope with a gradient of 12%, but this is usually avoided during commuting because it is very difficult

to climb [12]. It is also common for high wind speeds to vary between 10km/hr and 20km/hr, while

exceeding 20km/hr is rare for normal conditions but should be anticipated intermittently.

1.4.2 USER ERGONOMICS

To ensure ease of use and user comfort, it is necessary to consider the dimensions of the average male

and female at various ages, such that they are able to operate the personal transportation optimally.

These dimensions for various positions and body shapes are suitably described in “The Measure of

Man and Woman: Human Factors in Design” by Tilley and Dreyfuss [14], which can be used as an

ideal reference when considering the arrangement of the user in various positions while operating the

vehicle or device. A sample of the standing dimensions of a male and female is seen in Figure 1. The

approximate frontal area of the parts of a user are also shown in Table 3 for reference. Moreover, the

mass of a male ranges between 66kg and 98kg, while the mass of a female ranges between 54kg and

85kg, for the 10th and 90th percentiles respectively [15].

It is also important to know the mass an average male and female can lift, so the maximum mass

of the vehicle or device can be quantified based on an individual lifting the vehicle or device with

no external aid. Firstly, lifting is defined as ”the act of manually grasping and raising an object of

definable size” [17]. With this, it is estimated by Matheson et al. [17] that a male can lift at least 33kg

while a female can lift at least 19kg for the 50th percentile individual between 15 years and 50 years.
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Figure 1: Standing dimensions of a male and female for 97.5th, 50th, and 2.5th percentiles [14, 16].

Table 3: Approximate frontal area of the parts of a user for a bicycle [13].

H
ea

d

To
rs

o

A
rm

s

U
pp

er
L

eg
s

L
ow

er
L

eg
s

Fe
et

H
an

ds

To
ta

l

Area [m2] 0.036 0.127 0.090 0.094 0.053 0.025 0.023 0.448

Percentage 8.0% 28.2% 20.0% 20.8% 11.8% 5.5% 5.8% 100%

1.4.3 BICYCLES

A traditional bicycle basically relies on manual propulsion through pedalling with a steel, aluminium,

titanium, or carbon fibre frame mounted between two wheels and handlebars for steering. It has been

found to be one of the most efficient means of self-propelled transportation at 84W to 172W for

speeds between 9.66km/hr and 30.6km/hr respectively, but the continuously sustainable power can

be up to 260W for males and 210W for females [18, 19, 20]. From experimentation, the sustained

power output from a healthy non-athletic male for a given period of time is empirically related by

Equation 1, which results in an average power of 240W for 45 minutes of sustained effort [13]. The

primary components of a traditional bicycle are labelled in Figure 2.
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P = 85 +
400
t 0.25 (1)

Where P, power, W; and t, time, min (only valid for the experiment range of 0.2min < t < 60).

The components of a wheel include the hub, spokes, rim, and tyre, where the spokes connect the rim

to the hub consisting of a hub shell, axle, and bearings, and the tyre is then be mounted onto the rim.

According to the International Organization of Standardization (ISO) in ISO 5775, the standard and

common wheel sizes include bead seat diameters of 507mm, 559mm, 584mm, and 622mm [21, 22].

Generally compared to smaller wheels, larger wheels will allow for better traction due to a larger

contact surface with the ground, but have a larger mass and are less manoeuvrable due to a greater

mass moment of inertia. Conventionally, a front wheel hub uses 100mm wide fork spacing and a rear

wheel hub uses 130mm or 135mm wide fork spacing for clearance to mount components [23].

A suspension system helps the user control the bicycle on rough terrain, where full suspension refers

to both front and rear suspension, while hardtail suspension refers to only front suspension. Typically,

full suspension is used for harsh off-road trails with many obstacles, while hardtail suspension is used

for slightly smoother off-road trails - if the bicycle will only be riding on smooth roads or paths, it

may not be necessary for front or rear suspension. A full suspension will tend to offer more comfort

but a higher mass with more components, compared to a hardtail suspension.

The purpose of the brakes is to reduce the speed of the bicycle or prevent the bicycle from moving

once it is stationary. The most common types of brakes are rim brakes and disc brakes which are

controlled by a lever on the handlebars and operate by dissipating kinetic energy as thermal energy

through friction. Rim brakes consist of one or two rubber pads which are moved to contact the rim of

the wheel and create increasing friction based on the force applied to the rubber pads. The advantages

of rim brakes are that they are inexpensive, lightweight, and effective, but they may perform poorly

if the rim is not correctly aligned or if the friction coefficient and efficiency is decreased due to wet

conditions. Disc brakes operate in a similar manner to rim brakes, except the rubber pads apply

friction to a steel disc with a diameter of 160mm, 185mm, or 203mm mounted to the hub [12, 24].

The benefits of disc brakes are that they have a higher mechanical advantage and do not operate on

the rim which tends to offer more predictable behaviour. Uncommon types of brakes include plunger

or spoon, hub, drum, coaster, and band brakes [12, 24]. It should be highlighted that these types of

brakes are not exclusively used on bicycles and can be used on other vehicles or devices.

The crankset encompasses two cranks arranged at 180o on either side of the bicycle with pedals at

the ends, and a collection of driving sprockets which are chosen with a front derailleur where the

number of sprockets can vary from one to three gears. The cadence or pedalling speed is preferably

60rev/min to 110rev/min but 50rev/min is tolerable, and the effective pedalling force from the user

can usually be above 200N on a standard crank between 165mm and 180mm with 170mm being the

most common [12, 25]. For the power transmission from the pedals to the rear wheel, a roller chain

is used to connect the driving sprocket to a cogset mounted to the rear wheel hub [25]. The cogset is
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usually a cluster of driven sprockets mounted with threads (freewheel hub with thread-on freewheel

sprockets) or splines (freehub with splines and a cassette of sprockets), where a rear derailleur is used

to shift between the sprockets and the number of sprockets can vary from six to twelve gear ratios or

be substituted for a single gear ratio [25, 26, 27]. The mounting mechanism also has an overrunning

clutch so it is possible to coast with the wheel freely rotating without rotating the pedals.

Handlebars

Front Suspension

Disc Brakes

Wheel

Seat

Chain

Frame

Rear Suspension

Crankset

Disc Brakes

Cogset

Derailleur

Gear And
Brake

Controls

1865mm

950m
m

760mm

Wheel

Stem

Figure 2: Primary components of a traditional bicycle, shown on a Cube Stereo 140 HPC [28]. Some

components are optional depending on the purpose for commuting, racing on road, or going off-road.

With electrical enhancements, pedal-assisted electric bicycles or e-bikes combine propulsion from

manual pedalling with assistance from an electrical system. Typically, the additional components

include a pedal movement or force detector, motor, battery, and controller, where the motor is located

in one of the wheel hubs or in the frame affecting the crankshaft [9]. As with most vehicles or devices

offering electrical assistance to manual propulsion, this decreases the energy expenditure of the user

and allows for the user to travel a further distance, where travel distances tend to be almost twice as

far as traditional bicycle trips; or it allows for the user to travel the same distance in a short amount of

time, where average travel speeds are found to be at least 10% to 15% greater than traditional bicycle

speeds [9, 10]. Essentially, the primary advantage of electric bicycles includes the auxiliary power,

while the disadvantages include the additional mass, charging, and higher purchase cost.

An example of an electric bicycle is the Cube Cross Hybrid Pro 400. This hardtail, commuting

bicycle is seen in Figure 3 and features the common components of a traditional bicycle, along with

a lithium-ion motor, battery, controller, and transmission, which results in a total mass of 22.86kg. It

is able to achieve a range between 32km and 97km depending on the terrain and maximum speed of

32km/hr - limited as per US regulations [29, 30]. The motor is the Bosch Performance Line CX with

a 250W continuous rated output, 600W peak rated output, and maximum torque of 75N.m [29, 30].

The capacity of the battery is 396W.hr with a recharging time of about 3.5hr [29, 30]. The price of

the Cube Cross Hybrid Pro 400 is US$2600 (R37700, as of US$1 = R14.50) [29].
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Figure 3: Cube Cross Hybrid Pro 400 as an example of an electric bicycle [30].

For a typical electric bicycle, it is estimated that the energy consumption rate is 20W.hr/km, compared

to 210W.hr/km/person for public transport and 660W.hr/km/person for private cars; time to charge the

battery is 2hr to 8hr; minimum range is 35km to 50km with a speed up to at least 20km/hr with only

electric propulsion; and operating cost is estimated at US$0.007/km, compared to US$0.62/km for

private cars (R0.10/km and R8.99/km respectively, as of US$1 = R14.50) [8, 9, 31].

Folding bicycles are also available, such as the Tern Vektron D8 in Figure 4, where the advantages

are limited to the bicycle folding to become more compact and easier to take on public services [32].

For personal transportation as a direct trip, these bicycles offer no advantages and may only hinder

performance since they usually have smaller wheels at 428mm and heavy structures at 22.5kg [32].
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Figure 4: Tern Vektron D8 as an example of a folding electric bicycle [32].

1.4.4 SKATEBOARDS

A traditional skateboard, as seen in Figure 5 with the primary components, utilises manual propulsion

through pushing against the ground with one foot while balancing on the deck of the skateboard

with the other foot - braking is performed by dragging the pushing foot along the ground to create
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resistance. The dimensions of the deck can vary but are generally classified based on length with

less than 560mm for penny boards, 710mm to 840mm for standard boards, 840mm to 910mm for

cruisers, and greater than 910mm for longboards (typically, longboards are better suited for long

distance travel) with wheelbases from 330mm and widths from 190mm, while the decks are usually

constructed from maple wood, bamboo, baltic birch plywood, plastic, resin, or carbon fibre with a

concave, convex, or flat profile [33, 34]. The trucks mount to the deck to connect the wheels and are

commonly constructed from steel or aluminium with a polyurethane bushing used to adjust the turning

ability of the skateboard [33, 34]. The diameter of the wheels are constructed from polyurethane and

vary from 48mm to 85mm, where larger wheels roll faster and offer comfort over obstacles while

smaller wheels allow for a lower centre of gravity and better control [33, 34].

Although traditional skateboarding prefers smooth surfaces, adaptations are applied for more extreme

terrain in mountain boarding or all-terrain boarding. These boards have larger trucks with built-in

suspension systems, brakes on the wheels operated by a hand-held lever, and bindings to help secure

the user to the board. The expense of these additions is a much heavier structure.

For longboards, the performance can vary where a trip distance is usually up to 6.44km and the speeds

range from 13.3km/hr to 18.4km/hr with an average of 16.2km/hr [19, 35]. There is also an estimated

energy expenditure of 114W to 140W, which is comparable to walking at 7km/hr with an expenditure

of 93W and more efficient than running at 15km/hr with an expenditure of 256W [18, 19].
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Figure 5: Primary components of a traditional skateboard, shown on a Yocaher Graphic [36].

An example of an electric skateboard is the second generation Boosted Plus, as seen in Figure 6. This

longboard offers a range of 22.5km with a maximum speed of 35.4km/hr with only electric propulsion

and is able to effectively climb gradients up to 25% [37]. The overall mass is 7.71kg and the con-

struction features 190mm machined trucks, 85mm polyurethane wheels, a polymer sidewall around

the edges, and a composite deck consisting of a poplar core, high-density foam, triaxial fibreglass,

and a protective covering [37, 38]. The time to charge the battery is about 1.75hr [37].

9



The Boosted Plus uses a belt-drive transmission system between brushless direct current (DC) mo-

tors and the rear wheels, which allows for increased torque and acceleration [37]. Alternate electric

propulsion could use hub or in-wheel motors, which allows for quiet operation, high durability, and

significantly less resistance if manually pushing, but has a much higher cost for equivalent perform-

ance. Regardless of the motor arrangement, the electric propulsion system can also be used to provide

regenerative braking, where the acceleration and braking are controlled by a wireless Bluetooth re-

mote [37]. The price of the Boosted Plus is US$1400 (R20300, as of US$1 = R14.50) [37].

965mm
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m

(Connections Through Deck)

Controller Battery
Dual Motors, Belt-Drive Transmission

145m
m

Wheels, Trucks

Deck

Motor,
Driving Gear

Belt, Driven Gear

Wheel

Symmetric Construction

Motor Mount

Grip Tape

Figure 6: Second generation Boosted Plus as an example of an electric skateboard [37, 39].

1.4.5 SCOOTERS

Traditional scooters are similar to traditional skateboards in that they have manual propulsion through

pushing against the ground with one foot, but they provide steering by turning the front wheel. The

main components of a traditional scooter include the handlebars, frame bar, clamp, deck, brake,

and wheels, which are labelled in Figure 7. The handlebars are attached to the frame bar which is

connected to the deck via the clamp. It is possible to have a frame bar with a fixed height or adjustable

height, where it may also be possible for the frame bar to fold towards the deck.

With regards to materials, the frame bar and deck may be constructed from steel or aluminium where

the height must be sufficient for the user to comfortably turn the front wheel with a width of 457.2mm

to 558.8mm and the length between 482.6mm and 558.8mm must be long enough for the user to com-

fortably balance and operate the brake [40, 41]. Like skateboards, the wheels are usually constructed

from polyurethane with diameters ranging from at least 100mm to 125mm, where there is conven-

tionally a front and rear wheel but the number of wheels can be increased if the shape of the deck is

modified [40, 41, 42]. Finally, braking can be performed with disc brakes or by standing on a brake

pad to contact the rear wheel so the rotation of the wheel is slowed through friction.

As seen in Figure 8, a recent electric scooter is the Xiaomi Mi Scooter which can be folded and

has 217mm pneumatic rubber tyres at 3bar to 4bar, an aluminium frame, and a mass of 12.2kg to
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Figure 7: Primary components of a traditional scooter, shown on a Vokul Trii S2 Pro Scooter [40].

support users up to 100kg [43]. The scooter has a range of 30km with a maximum speed of 25km/hr

and torque of 16N.m from the brushless DC hub motor in the front wheel [43]. With only electric

propulsion, the scooter can climb gradients up to 14% and there is an average power consumption

of 11W.hr/km with a charging time around 5hr [43]. For braking, the scooter features regenerative

braking and a disc brake on the rear wheel [43]. The price is US$500 (R7250, as of US$1 = R14.50).
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Figure 8: Xiaomi Mi Scooter as an example of an electric scooter [43].

1.4.6 WHEELCHAIRS

A traditional wheelchair is conventionally used to aid disabled or elderly individuals and is basically

a chair with wheels, where the user sits between the wheels and uses their arms to manually rotate

the wheels with an energy expenditure up to 219.8W at only 3km/hr [44] (wheelchairs can also be

propelled by an attendant pushing on handles while walking or running, but this is not suitable for

individual personal transportation and will not be considered). So, a traditional wheelchair consists
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of a seat supported by a frame and two main wheels which may be cambered, while two caster wheels

ensure balance and easy manoeuvrability. The main wheels are similar to bicycle wheels with solid

or pneumatic rubber tyres, diameters ranging from 508mm to 610mm, and handrims attached to the

rims to easily rotate the wheel. To brake while moving, the user will usually hold their palms against

the handrims, but there are also friction brakes located on the main wheels to keep the wheelchair

stationary once it is at rest. These components are shown on a lightweight and foldable wheelchair in

Figure 9, with an x-brace frame and optional footplates to support the feet of the user.

Brake
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8m
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660.4mm

Wheel

Folded Assembly
Without Footplates

Brake

Seat

Figure 9: Primary components of a traditional wheelchair, shown on a Karman LT-980 [45].

Like the mentioned personal transportation vehicles and devices, electric wheelchairs are available

with the addition of a motor, battery, controller, and transmission, but they often do not have manual

propulsion. A typical electric wheelchair without manual propulsion, such as the Forcemech Navig-

ator, can achieve a range of 25.7km, maximum speed of 8.05km/hr, and gradients up to 21.3% with a

brushless DC motor, while the frame is constructed from aluminium with polyurethane wheels [46].

The price of a Forcemech Navigator is US$3000 (R43500, as of US$1 = R14.50) [46].

1.4.7 ROLLER SKATES

Traditional roller skates can be defined as shoes or bindings that fit onto shoes which enable the user

to roll on wheels, and have conventionally been used for recreation or sport and not focussed on

personal transportation. The most common types of roller skates are quad roller skates, with four

wheels in a rectangular arrangement, and inline skates or blades, with two to five wheels arranged in

a line, but there can be variations in the number and position of the wheels. Although inline skates

are generally faster than quad roller skates, average speeds between 12.9km/hr and 17.7km/hr are

commonly achievable by both types with an energy expenditure between 100W and 184W [18].

A comparison between quad roller skates and inline skates is seen in Figure 10, where the primary

components are actually shared. The boot consists of a shell to secure and protect the feet of the

user and there may either be a soft inner liner into which the user inserts their feet or straps to secure
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the shoes of the user [47, 48]. The frame can be constructed from high-grade polyurethane, steel,

aluminium, or carbon fibre; houses the wheels and toe stop or heel brake; and fastens to the boot

with the mounts spaced at 165mm, 167mm (Universal Frame System (UFS)), or 195mm [47, 48, 49].

The wheels then range from diameters of 47mm to 150mm depending on the use and are usually

constructed from polyurethane for high durability and low rolling resistance [47, 48, 50].

Heel Brake Wheels

Boot

Frame

Dimensions
Depend On
Shoe Size

84m
m

Frame

Boot

WheelsToe Stop

62m
m

Figure 10: Primary components of traditional roller skates, shown for comparison on Epic Skates

Super Nitro quad roller skates (left) and K2 F.I.T. 84 Boa inline skates (right) [51, 52].

There are no prevailing or successful electric roller skates which maintain simple manual propulsion.

However, there is potential for the development of electric roller skates, as seen with the Thundrblade

prototype in Figure 11, which are two-wheel inline skates and appear to use a friction drive where

a roller attached to the motor directly rotates against the rear wheel [53]. It is also expected for

the Thundrblade to have a range of 11.3km with swappable batteries, maximum speed of 40km/hr,

mass of 2.27kg, ability to climb gradients up to 20%, regenerative braking, and 2hr charging time

[53]. It should be noted that the Thundrblade was listed on Indiegogo at a decreased price of US$850

(R12325, as of US$1 = R14.50), but did not receive sufficient funding for a successful campaign [53].
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Figure 11: Thundrblade inline skates as an example of an electric roller skates [53].

1.4.8 WHEEL CONSIDERATIONS

With regards to bicycles, scooters, wheelchairs, and possibly skateboards, it is possible to use wheels

with pneumatic rubber tyres which allow for the forces from minor obstacles to be absorbed through
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elastic deformation such that the transmitted force to the suspension system and user is decreased.

These pneumatic tyres may have an inner tube or be tubeless, where an inner tube is a sealed elastic

rubber in the form of a torus which is inserted within the tyre between the clincher rim and inflated

to fill the tyre via a protruding valve; while tubeless tyres utilise the bead of the tyre with the aid of a

sealant to form an airtight seal against the clincher rim when the tyre is inflated. The construction of

a tyre with an inner tube and a tubeless tyre are shown in Figure 12. The specific structure of the tyre

consists of an outside tread manufactured from rubber to contact the ground and provide resistance

to punctures; sidewall manufactured from rubber to provide a thin layer of protection for the sides of

the casing; casing or carcass manufactured from nylon, cotton, or silk to provide a foundation and

deform while rolling; and beads manufactured from steel wire or Kevlar to provide mounting to the

rim [54, 12]. Alternatively, solid rubber tyres can be used which can handle higher loads and require

less maintenance with no risk of punctures but they offer less comfort with decreased absorption of

forces from minor obstacles and an increased mass and rolling resistance.

Tread

Sidewall

Tubeless Rim

Airtight

Sealing Tape

Sealant

Bead

Casing

Inner Tube

Tread

Sidewall

Bead

Clincher Rim

Casing

Protective Strip

Figure 12: Comparison between a tyre with an inner tube (left) and a tubeless tyre (right).

For a wheel with spokes connecting the rim to the hub, the wheel will operate as a pre-tensioned

structure, where the tensile stresses are reduced when the wheel is subjected to compressive loads

[55]. This arrangement is used because it is not possible for the spokes to directly support the applied

compressive load without buckling and, so, it is necessary for a pre-tensile load to already exist such

that the spokes are able to support the applied compressive load by reducing the overall tensile load

up to the point at which they become slack, which sets the load limit for the wheel since the other

components will not fail before this point [55]. An experiment with strain gauges attached to the

spokes of different bicycle wheels was performed by Gavin [56] and the results when a radial load

was applied under normal operating conditions revealed the strain variation experienced in a spoke as

the wheel rolls, which is seen in Figure 13, and showed that the spoke strains are mostly insensitive

to the spoke pattern, although the spoke pattern does affect the stiffness of the wheel.

Considering solid polyurethane wheels which are commonly used on skateboards, scooters, and roller

skates, the wheels can offer a lightweight and durable option with a range of possible properties. The

main influence on the characteristics and performance of the wheel is the hardness, which is measured

with a Shore durometer based on the ASTM D2240 scales - specifically the type A scale. For wheels,
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Figure 13: Average variation in strain within a spoke (left) and cumulative probability distribution for

the allowable peak strain (right) for a bicycle and user with a combined mass of 95kg using wheels

with 36 spokes of 1.83mm diameter with an elastic modulus of 206GPa on a rim with a diameter

of 622mm [56]. The average variation results are presented relative to the pre-tensioned condition,

where a positive value indicates a pre-strain gain and a negative value indicates a pre-strain loss [56].

the Shore durometer hardness typically ranges from 78A to 100A, where a hard wheel performs better

at high speeds while a soft wheel will be smoother over minor obstacles [57].

Rolling resistance is the resistance to the steady motion of a wheel caused by power absorption in

the surfaces of the wheel and ground, which is related to the imperfect elastic deformation of these

surfaces due to the load being carried [12]. Essentially, a stiff wheel will typically have a lower rolling

resistance than a flexible wheel, and hard ground will typically have a lower rolling resistance than soft

ground. The effect of the rolling resistance can be quantified through a rolling coefficient which can

range from 0.002 for high quality racing to 0.008 for inexpensive utility pneumatic tyres depending on

inflation pressure, wheel diameter, and tyre construction or from 0.047 to 0.060 for solid polyurethane

wheels depending on hardness and wheel diameter [12, 13]. The variation of rolling resistance with

inflation pressure for miscellaneous pneumatic bicycle tyres is seen in Figure 14.

Comparing larger wheels to smaller wheels, the following general findings are noteworthy:

• As mentioned, a larger wheel allows for better traction due to a larger contact surface with the

ground and a lower tyre energy loss compared to smaller wheels [12].

• A larger wheel can roll over minor obstacles and provide user comfort better than a smaller

wheel, which may even abruptly stop if the obstacle is large enough [12].

• The bearing wear is reduced in a larger wheel compared to a smaller one, because a larger wheel

allows the bearings to rotate slower - this also enables them to contribute less friction [12].

• A larger wheel reduces the degree of sinking in softer ground compared to smaller wheels [12].
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Figure 14: Variation in rolling resistance with inflation pressure for pneumatic bicycle tyres [12, 58].

• A larger wheel has a greater mass, which makes the wheel more stable but less manoeuvrable

due to a greater mass moment of inertia, and drag contribution than smaller wheels [12].

• The frame is supported at a higher height with larger wheels for increased clearance.

1.4.9 SUSPENSION SYSTEMS

The suspension minimises the force transmitted when minor obstacles are encountered to provide

greater comfort and improved traction by keeping the wheels in contact with the ground, especially

for smaller wheels. The factors contributing towards the total suspension are the user adaptability,

suitable tyres, and optional independent suspension system [12, 24]. Essentially, the user is able to

control their upper-body motion and stiffness to absorb significant impacts as comfortably as possible;

the tyres can partially absorb small irregularities without transferring forces to the frame and user; and

a suspension system utilises sprung and damped elements to react to and reduce the impulses from

shocks [12, 24]. Overall, the user adaptability has the greatest suspension capacity [12].

It is necessary to distinguish whether a suspension system is required and, if so, the type of suspension

system for operation on asphalt, pavement, cement, gravel, or flat soil. Examples pf typical suspen-

sion systems implemented on various vehicles and devices are seen in Figure 15. These suspension

systems consist of a pivot or telescopic arrangement, where a helical compression spring isolates the

parts of the system so the transferred shocks are reduced and a dashpot dissipates energy by critically

or over damping the system to prevent oscillations [24]. This damping basically converts the kinetic

energy of the spring into heat and can be achieved through viscous friction by forcing oil through

small orifices or using inherent material properties with elastic deformation [24].

For vigorous off-road conditions with major obstacles, a suspension system is definitely recommen-

ded to improve comfort but also reduce the forces exerted on the frame. For normal road conditions
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with minor obstacles, a suspension system is unnecessary as the shocks will be inconsequential. How-

ever, particularly for pavement, gravel, and flat soil, there are arguments for whether or not suspension

should be implemented. While being used on rough off-road conditions, hybrid, gravel, touring, and

cyclo-cross bicycles typically do not have suspension systems due to their large wheels over 507mm,

as with the Trek Checkpoint AL 4 or BMC Crossmachine CX01, because omitting the suspension

system greatly reduces mass, maintains reliable braking, and improves performance while lowering

cost. Due to the small wheels around 216mm, skateboards for mountain boarding often require sus-

pension in some form integrated into the trucks which increases cost. Scooters and wheelchairs rarely

feature suspension because they are generally only aimed at use on smooth surfaces.

Suspension

Suspension

Linear
Motion

Suspension

Linear
Motion

Pivot / Rotational Motion

Figure 15: Suspension on a bicycle (left), scooter (middle), and skateboard (right) [28, 59, 60].

So, a fine-tuned suspension system will offer greater comfort and reduce the forces exerted on the

frame, but there will be a significantly greater mass, decreased performance, higher cost, and more

complex design. Thus, for operation on asphalt, pavement, cement, gravel, or flat soil, it is concluded

that a vehicle or device with small wheels less than approximately 428mm in diameter will most likely

require a suspension system for optimal comfort, while a vehicle or device with larger pneumatic

wheels should offer adequate comfort without a suspension system - if the vehicle or device has solid

wheels, then a suspension system is also advisable as the wheel will provide little relief.

1.4.10 ELECTRIC PROPULSION

Considering the methods of electric propulsion, brushed and brushless DC motors are easily capable

of achieving the desired performance, while synchronous, induction, and other types of motors are

uncommon, because they often require additional components to accommodate alternating current

(AC) without explicit advantages [31]. The physical difference between brushed and brushless DC

motors, shown with the basic constructions in Figure 16, is the location of the coils, magnets, and

delivering of current, where a brushed DC motor consists of permanent magnets creating a magnetic

field as the stator to cause the rotation of excited coils as the rotor, while a brushless DC motor

utilises the sequential excitation of coil pairs as the stator to create a rotating magnetic field to rotate

a permanent magnet as the rotor. A brushed DC motor offers simple control, but it may have a low

efficiency around 75% to 80%, large size, and wear of the brushes leading to lower efficiency, arcing,

and dust residue [13, 31]. Conversely, a brushless DC motor usually has a higher efficiency around
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85% to 90%, better heat dissipation, lower rotor inertia, and less wear, but it is more complex to

control with rotary encoders or Hall effect sensors to determine the rotor position [13, 31].

Control,
Direct

Current
Power
Supply

Coils

Coils

Poles

Poles

Commutator

Hall Sensors

Rotate

Rotate

Rotor

Stator

Stator
Rotor

Brush
Connection

Fixed
Connection

Control,
Direct

Current
Power
Supply

N S N S

Figure 16: Comparison between the construction of brushed (left) and brushless (right) DC motors.

These motors are usually implemented as hub motors or mid-drive systems, where the performance

may vary with different advantages and disadvantages. For reference and to compare performance for

a continuous rated power of 250W, an electric bicycle hub motor can typically generate a maximum

torque of 35N.m to 111N.m depending on whether the motor is gearless or geared with a mass from

3.5kg to 5.1kg and nominal angular speeds up to 210rev/min, as based on the Heinzmann Direct-

Power, CargoPower, and Classic series [61]; while electric bicycle mid-drive systems can typically

generate a maximum torque of 40N.m to 63N.m (without the implementation of gear ratios) with a

mass from 2.9kg to 4.0kg and nominal angular speeds between 90rev/min and 120rev/min, as based

on the Bosch Active and Performance series [62]. These values will vary for other vehicles or devices

but the general comparison will remain fairly similar. Notably, regenerative braking can be imple-

mented for a gearless hub motor to increase efficiency and increase braking potential, but it cannot be

used for a mid-drive system since the wheel can only be rotated forward by the crankset.

The power requirement of electric propulsion, which is also applicable to manual propulsion, is given

by the power needed to accelerate while overcoming drag resistance from the air, weight resistance

from the slope, and rolling resistance from the ground [12, 13, 31]. The components of drag, weight,

and rolling resistance are given in Equation 2 to Equation 4 respectively. The nature of these compon-

ents show that, on flat ground at low speeds less than 10km/hr, rolling resistance consumes the most

power (Pw = 0 and Pr > Pd); on flat ground at high speeds greater than 10km/hr, drag resistance con-

sumes the most power (Pw = 0 and Pd > Pr); and on slopes with uphill gradients, weight resistance

consumes the most power (Pw > Pr and Pw > Pd) [12, 31]. There may also be power losses due to

bumps and vibrations, but these losses are minimal compared to the other losses [12].

Fd =
1
2
ρCd(v + vw)2A → Pd = Fdv =

1
2
ρCd(v + vw)2Av (2)

Fw = mg sin(θ) → Pw = Fwv = mg sin(θ)v (3)

Fr = Crmg cos(θ) → Pr = Frv = Crmg cos(θ)v (4)
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Where Fd, drag resistance force, N; ρ, density, kg/m3; Cd, drag coefficient; v, velocity, m/s; vw, wind

velocity, m/s; A, frontal area, m2; Pd, drag resistance power, W; Fw, weight resistance force, N; m,

mass, kg; g, gravitational acceleration, 9.81m/s2; θ, gradient angle, rad; Pw, weight resistance power,

W; Fr, rolling resistance force, N; Cr, rolling coefficient; and Pr, rolling resistance power, W.

As experimentally found by Muetze and Tan [31] from a brushed DC hub motor in an electric bicycle,

the typical power requirements are seen in Figure 17 with variations of user mass, climbing gradient,

and wind speed. The results from operating in a city setting were also gathered, as shown in Table 4.
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Figure 17: Experimental variations in motor power usage at different speeds for various user masses

(left), climbing gradients (middle), and average incoming wind speeds (right) on a 20kg electric

bicycle [31]. For the climbing gradient and wind speed results, the mass of the user was 61kg [31].

Table 4: Experimental results for operation in a typical city setting [31].

User 1 User 2 User 3 User 4

User Mass [kg] 50 75 85 95

Average Power [W] 35.6 133.9 66.3 179.0

Maximum Power [W] 204.0 389.1 368.6 857.0

Average Torque [N.m] 4.7 8.2 5.9 9.9

Maximum Torque [N.m] 27.9 40.8 26.4 50.2

Average Velocity [km/hr] 8.7 20.4 12.2 20.9

Maximum Velocity [km/hr] 14.8 33.6 29.4 39.0

Operational Time [min] 18 16 22 25

Energy Expenditure [W.hr] 11.9 35.7 24.3 77.6

Considering the energy storage, it is only reasonable to consider a battery converting chemical energy

into electrical energy with an anode, cathode, and electrolyte, because other energy storage or on-

board energy generation methods (such as supercapacitors, engine generators, fuel cells, photovoltaic
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panels, or mechanical means with potential energy) will not offer reliable performance with the neces-

sary amount of energy, are not as readily available and flexible, have higher costs to purchase and/or

operate, and may have significant obstructions on other system components due to large dimensions

and/or mass [63]. For the type of the battery, lead-acid and nickel-cadmium batteries have steep per-

formance degradation over time and serious hazardous and environmental issues if mishandled. As a

result, it is preferable for nickel-metal hydride or lithium-ion batteries to be used for better perform-

ance, longer life, less environmental risk, and improved quality, although the purchase cost may be

higher [8, 9]. The capacity of a battery is described by the conversion of electrical energy to rotational

kinetic energy at the motor and can be related to range and speed through the conservation of energy.

1.4.11 MATERIAL PROPERTIES

From the review of existing vehicles and devices, the relevant materials appear to be aluminium, steel,

and polyurethane. Additionally, due to their unique and useful properties, other common materials

are also considered including titanium, stainless steel, and various plastics. The properties for the

general classification of these materials are shown in Table 5 with fatigue characteristics in Figure 18.

Table 5: Expected properties for the relevant materials based on general classification [64].

Density
Elastic

Modulus

Yield

Strength

Ultimate

Strength

Fracture

Toughness

[kg/m3] [GPa] [MPa] [MPa] [MPa.
√

m]

Aluminium Alloys 2500-2900 68-82 30.0-500 58.0-550 22-35

High Carbon Steel 7800-7900 200-215 400-1155 550-1640 27-92

Medium Carbon Steel 7800-7900 200-216 305-900 410-1200 12-92

Low Carbon Steel 7800-7900 200-215 250-395 345-580 41-82

Stainless Steel 7600-8100 189-210 170-1000 480-2240 62-280

Titanium Alloys 4400-4800 90-120 250-1245 300-1625 14-120

Natural Rubber Elastomers 920-930 0.002-0.003 20.0-30.0 22.0-32.0 0.15-0.25

Butyl Rubber Elastomers 900-920 0.001-0.002 2.0-3.0 5.0-10 0.07-0.1

ABS Thermoplastics 1010-1210 1.10-2.90 18.5-51.0 27.6-55.2 1.19-4.30

PVC Thermoplastics 1300-1580 2.14-4.14 35.4-52.1 40.7-65.1 1.46-5.12

Polyurethane Elastomers 1020-1250 0.002-0.003 25.0-51.0 25.0-51.0 0.2-0.4

Polyurethane Thermoplastics 1120-1240 1.31-2.07 40.0-53.8 31.0-62.0 1.84-4.97

Phenolic Thermosets 1240-1320 2.76-4.83 27.6-49.7 34.5-62.1 0.79-1.21
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Figure 18: Fatigue characteristics for the relevant materials [12]. A = Kevlar and epoxy, B = S-glass

and epoxy, C = graphite and epoxy, D = steel AISI 4130, E = titanium IMI 318, F = aluminium

7075-T6, G = medium-carbon steel, H = aluminium 2024-T6, and I = magnesium.

1.4.12 COMPLIANCE STANDARDS AND REGULATIONS

Unfortunately, there appears to be no direct regulations with regards to electric skateboards, scooters,

wheelchairs, and roller skates for personal transportation and operation without the need for an offi-

cial license and registration in South Africa. The only regulations present are applicable to electric

bicycles. However, with new designs entering the market, it can reasonably be assumed that similar

regulations will also be applied to electric skateboards, scooters, wheelchairs, and roller skates.

In South Africa, the South African Bureau of Standards (SABS) defines an electric bicycle in SANS

311:2007, where it is stated that “cycles equipped with an auxiliary electric motor that have a max-

imum continuous rated power of 250W, of which the output is progressively reduced and finally cut

off as the vehicle reaches a speed of 25km/hr or sooner” are not classified in any vehicle category and

can be regarded with the same regulations as traditional bicycles [65].

For comparison, the relevant regulations in other regions are summarised in Table 6. This summary

is based on the overall regulations with maximum power and speed, while there may be other details

requiring further investigation. If the conditions are satisfied, the vehicle is regarded as a traditional

bicycle; but if the conditions are not satisfied, the vehicle will be regarded as a form of motorcycle.

For traditional bicycles in South Africa, the regulations in the National Traffic Act 93 of 1996 state

that the bicycle must have a mass less than 40kg, is not allowed on highways, and must be equipped

with at least one brake located on the rear wheel, while the user must wear an acceptable protective

helmet for safety [70, 71]. The projections from the bicycle are limited to less than 600mm from the

front wheel axle, less than 900mm from the rear wheel axle, and less than 450mm on either side of
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Table 6: Summary of the electric bicycle regulations in various regions [8, 9, 13, 66, 67, 68, 69].

Legislation
Maximum

Power [W]

Maximum

Speed [km/hr]

European Union EU Regulation 168/2013 250 25

United States Consumer Product Safety Commission 750 32

Canada Motor Vehicle Safety Regulations 500 32

Australia Australian Vehicle Standards 200 -

New Zealand NZ Transport Agency Vehicle Classes 300 -

India Automotive Research Association of India 250 30

China
National Standard: GB 17761-2018 Safety

Technical Specification For Electric Bike
400 25

the wheels [70, 71]. It is also recommended but optional for the bicycle to feature a front white light

with an intensity such that a diffused beam angled downwards strikes the ground at a distance greater

than 3m and less than 30m, while a rear red light should also be fitted with a diffused beam parallel

to the ground - alternatively, the bicycle may feature front white and rear red retro-reflectors [70, 71].

1.4.13 VEHICLE DYNAMICS

As mentioned, the main forms of resistance to propulsion include drag, weight, and rolling. The

vehicle and user will experience drag resistance primarily in the form of bluff-body pressure drag

because there is relative motion and accelerating into the incoming air, and skin-friction drag because

of viscous forces from the air layered against the vehicle and user - however, the bluff-body pressure

drag will be significantly greater than the skin-friction drag and the skin-friction drag can be reas-

onably neglected [12]. The effects of weight resistance become apparent on slopes with modest to

significant gradients and occur because the weight of the vehicle and user has a component parallel

to the slope. Reiterating, rolling resistance is present due to energy lost in elastic deformation of

the wheels and possible deformation of the ground if it is relatively soft. The simplified free-body

diagram in Figure 19 illustrates these forces using a bicycle, although this could be easily adapted for

an arbitrary frame carrying the user and supported by wheels in contact with the ground.

With regards to acceleration at lower speeds, it is difficult to predict the acceleration during manual

propulsion due to the highly variable input forces from different users - conversely, the steady-state

input forces are similar at higher speeds and can be accurately calculated. For electric propulsion, it is

usually easier to predict the acceleration characteristics since the motor will have consistent operation.

For a more accurate representation, there has been extensive research into the dynamics and stability

of two-wheeled vehicles and devices with the development of complex equations of motion that de-

scribe the motion, especially during steering. This is often compared to being more difficult to control

than the dynamics of an aircraft since the mass distribution on an aircraft is fairly constant, but the
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Figure 19: Simplified free-body diagram of a bicycle with drag, weight, and rolling resistance.

mass distribution on a two-wheeled vehicle is dominated by the mass of the user who is constantly

shifting their centre of mass [12, 72]. From these formulations, it is presented that the balancing of

a two-wheeled vehicle or device is accomplished through marginally changing the steering angle -

locked steering denying wheel reorientation would be unbalanced almost as if the vehicle or device

were at rest [12, 72]. With regards to design, as acknowledged by Wilson [72] for bicycles, “unfor-

tunately the equations purporting to describe bicycle motion and self-stability are difficult and have

not been validated experimentally, so design guidance remains highly empirical”. Although the final

design may not resemble a two-wheeled vehicle or device, this does reveal that the design methods

may be related to rules of thumb, observations, and gatherings from previous trials and errors.

1.5 TASK STATEMENT AS UNDERSTOOD

It is necessary to design a personal transportation vehicle or device for commuting that is able to

support adult users up to 100kg and operate on asphalt, pavement, cement, gravel, or flat soil. The
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total mass of the design should be less than 19kg, such that it can be lifted by the average user

between 15 years and 50 years. The design must allow for fully independent electric propulsion, fully

independent manual propulsion, or a combination of manual propulsion with electric propulsion, but

the primary mode of operation is expected to be electric propulsion with assistance from manual

propulsion when necessary in high speed winds and on slopes with excessive gradients. Since the

purpose of the design is for commuting, the design should be optimised for frequent stopping and

starting with typical speeds up to 25km/hr, although speeds higher may be possible.

So, with regards to only electric propulsion, the design must be able to achieve a range of at least

50km to exceed the daily commuting distance of a typical user and speed of 25km/hr within 5s on a

level grade and 15km/hr within 5s on slopes with gradients up to 3% while experiencing wind up to

10km/hr. For only manual propulsion, the design should be able to achieve equivalent speeds to the

electric propulsion and must be efficient with minimal effort so as to minimise fatigue. The combined

propulsion should obtain speeds up to 30km/hr on a level grade and be able to climb slopes with

gradients of 6% at speeds of 20km/hr with wind up to 10km/hr. Finally, the design should comply

with the relevant regulations and standards to be considered legal and roadworthy.

2 PRELIMINARY CONCEPTS

Before the sub-system of the design are considered with the respective requirements and constraints,

the overall preliminary concepts for the design are considered to refine and judge the most effective

way in which to pursue the design development. This involves defining the ideas for preliminary con-

cepts and evaluating these ideas through a conceptual evaluation with criteria based on the common

notions and aims of existing designs and the requisite task. Once the most promising preliminary

concept is found, the relevant product requirement specifications are defined in Section 3 for each

sub-system of the design and the design will be further developed in Section 4.

2.1 CRITERIA

The following criteria will be used to evaluate and compare the preliminary concepts:

1. The design must efficiently convert the input work for manual propulsion.

2. The design must be capable of a high maximum speed with each type of propulsion.

3. The design must have a large range without the user experiencing fatigue.

4. The design must be able to brake as fast as possible.

5. The design must have responsive steering when manoeuvring.

6. The design must be as lightweight as possible.

7. The design must be easily maintainable by the user.

8. The skill level to operate the design must be sufficiently low for an average user.

9. The user must be as comfortable as possible while operating the design.

10. The design must be cost effective and affordable.
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2.2 CONCEPT GENERATION

There is a limited number of combinations of common sub-systems for the preliminary concepts,

where the variable sub-systems include the manual propulsion, steering, braking, and user position.

The other sub-system, which can be adapted to fit the design, include the wheel positions to ensure the

user is stable with the respective user position and steering; suspension system, if it is possible with

the layout of the design; frame to link the necessary components; and electric propulsion integrated

as effectively as possible (battery, controller, motor, and transmission).

The combinations of these sub-systems if presented with the Cycle, Skateboard, Scooter, Wheelchair,

and Roller Skates concepts. These concepts are basically based on the ideas of manual propulsion

through directly rotating a wheel or pushing with a foot against the ground; steering through angling

a wheel relative to the other wheels to change the arc of the wheels, shifting the weight of the user to

change the arc of the wheels, or rotating a wheel to change the relative velocity between the wheels;

braking through mechanical brakes, dragging with a foot along the ground to create resistance, or

directly slowing the rotation of a wheel (along with electrical means); and positioning the user as

sitting or standing. In the following concept explanations, the generalised descriptions provide the

overall ideas of the concepts, while the figures present a possible implementation of the concepts.

Also, it should be noted that other possible combinations of the sub-systems are not considered as

they are rationally proven to be unconventional layouts where the average user cannot efficiently and

comfortably provide manual propulsion with accurate steering (a high degree of skill is required). In

other words, these combinations are significantly inferior compared to the mentioned combinations.

For example, steering by shifting the weight of the user with manual propulsion through directly

rotating a wheel (in the form of a unicycle) can be challenging to learn and operate efficiently.

2.2.1 CYCLE CONCEPT

The Cycle concept has a frame between more than one wheel, as illustrated in Figure 20 with two

wheels. Manual propulsion is provided by rotating one or more of the wheels with pedals, while

steering is managed by angling one or more of the wheels relative to the other wheels to change the arc

of the wheels. For optimal comfort, the user is most likely to be seated with their hands on a handlebar

performing the steering and their feet performing pedalling, where it may also be possible for the user

to stand on the pedals. For safety, braking will rationally be performed by mechanical brakes with

controls on the handlebar for convenient access. As decided, suspension will be unnecessary.

2.2.2 SKATEBOARD CONCEPT

The Skateboard concept, as seen in Figure 21, features enlarged wheels offering support and a deck

or platform on which the user stands. Manual propulsion is achieved by balancing on the deck with

one foot and pushing against the ground with the other foot, which also allows for braking when

the user drags the pushing foot along the ground. Steering is possible through the user shifting their
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Figure 20: Schematic of the Cycle concept, with the side view (left) and front view (right).

weight between the sides of the deck such that the wheels on the inside of the turn move together and

the wheels on the outside of the turn move apart, due to a pivot and the bushings in the trucks. By

increasing the height of the deck, a basic suspension system may also be introduced within the trucks.

It is also possible to include binds, which the user can use to secure themselves to the deck and help

steer by easily lifting the board (although, this may make manual propulsion more difficult).

Wheels, Trucks

Hub Motors

Battery, Controller~1
50

m
m

~1000mm ~1000mm

~300m
m

Shoe Binds

Driving Motor
Mounted To Truck

Driven Gear
Mounted To Wheel

Belt

Alternate
Dual Belt

Drive
System

Wheel

Wheel
Belt

Belt

Motor

MotorMount

Mount

Truck

Wheels

Trucks

Deck Battery, Controller

Tilting
Deck

(Electric propulsion control provided from the user via a hand-held remote).

Figure 21: Schematic of the Skateboard concept, with the side view (top left) and bottom view (top

right) and an illustration of an alternate electric propulsion system (bottom).
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2.2.3 SCOOTER CONCEPT

The Scooter concept also has front and rear wheels and utilises a deck or platform on which the user

stands with manual propulsion achieved through pushing against the ground with one foot. However,

steering is applied by angling the front wheels relative to the rear wheel to change the arc of the

wheels. Braking can be implemented with a brake pad on a pivot above the rear wheel that is lowered

to contact the wheel, dragging a foot along the ground, or mechanical brakes integrated into the

wheels. It may also be possible to integrate suspension into the front fork, while using larger wheels

to reduce the effects of obstacles. An conception of the Scooter is seen in Figure 22.
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Controls
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Battery, Controller
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Wheel, Hub Motor
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Figure 22: Schematic of the Scooter concept, with the side view (left) and front view (right).

2.2.4 WHEELCHAIR CONCEPT

For the Wheelchair concept in Figure 23, the user is seated between more than one wheel and executes

manual propulsion by directly rotating one or more of the wheels. The user is then able to steer by

controlling the rate of rotation of the wheels in an attempt to change the relative rate of rotation

between the wheels; and brake by decreasing the rate of rotation of the wheels or using mechanical

brakes attached at the wheels. There will also be enough space for a suspension system linking the

wheels to the frame, if deemed necessary. (It is emphasised that the Wheelchair is not necessarily for

disabled individuals, but it is proposed as a means of personal transportation like the other concepts).

2.2.5 ROLLER SKATES CONCEPT

As seen in Figure 24, the Roller Skates concept offers a unique alternative, where wheels are fastened

to each foot of the user with a frame and straps, so the user does not have to change their shoes when

using the Roller Skates. The user is then able to stand and perform manual propulsion, braking, and

steering by manoeuvring the wheels through conventional roller skating techniques of lifting, pushing,

and angling the wheels. Unfortunately, it is unlikely for it to be possible to incorporate suspension
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Figure 23: Schematic of the Wheelchair concept, with the side view (left) and front view (right).

due to the lack of space and need for the Roller Skates to be light so that they can be manoeuvred, but

this may not be an issue since the Roller Skates can easily evade obstacles.

(Electric propulsion control provided from the user via a hand-held remote).
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Figure 24: Schematic of the Roller Skates concept, with the side view (left), front view (middle), and

bottom view (right). (A single Roller Skate is shown, but it is necessary for a pair of Roller Skates).

2.3 CONCEPT EVALUATION

Because the importance of each criterion is not equal relative to the purpose of the design, it is

necessary to use a weighting matrix to determine the order of importance or weight of the criteria,

where each criterion is individually compared against the other criteria to find the more important

criterion in the comparison. With the weighted criteria, it is possible to evaluate which concept to

pursue into further development by scoring each preliminary concept with the criteria points.

The resulting weighting matrix is shown in Table 7. The upper-tier ratings include the range, braking,

speed, and steering qualities of the concepts. The range, with regards to the manual range before

the user becomes exhausted and the available electric range, is rated as the most important criterion,
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because this is a primary concern of personal transportation and directly associated with aspects of

user fatigue, trip time (assuming the user is able to travel at a higher average speed with a combination

of manual and electric propulsion), safety, alterations to a planned trip, availability for unplanned

trips, possible use cases for longer trips, and overall wider adoption. The criterion rated second is the

available braking potential, because this is directly associated with the safety of the user where it is

critical to be able to brake quickly and carefully to avoid accidents and injury. The next operational

function considered is the maximum speed with each type of propulsion, which is rated third since it

is essential in improving convenience by decreasing trip time. The steering ability when manoeuvring

is rated fourth, because this will allow for flexibility when navigating on ragged terrain to avoid large

obstacles and safety when performing sharp turns at higher speeds.

The middle-tier ratings include the operating skill level, efficiency with manual propulsion, and

weight of the concepts. A sufficiently low operating skill level is rated fifth, since this is crucial for

ease of use and successful adoption, but not directly related to the purpose of personal transportation

and offers no performance advantages. The efficiency in converting the input work to manual propul-

sion is rated sixth, because this will allow for the user to input a minimum amount of effort to achieve

equivalent performance, which will result in less fatigue. Subsequently, the need for the design to be

lightweight is rated seventh, because a lower mass will slightly improve performance (this is a slight

improvement since the user is expect to already be significantly heavier than the design) but it will

definitely have an influence on the ease of lifting and storing the design when it is not in use.

The lower-tier ratings include the maintainability, user comfort, and cost of the concepts. The ease

of maintenance is rated eighth, as this is preferable so that it is simple to repair the design with

readily available parts after wear has occurred from continuous use. The comfort of the user is

Table 7: Assessment of the preliminary criteria importance based on a weighting matrix. For the

individual comparisons, it should be noted that if X > Y and Y > Z, then X > Z automatically.
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B 2. High Maximum Speed B C D B B B B B B 8 14.5%

C 3. Large Range C C C C C C C C 10 18.2%

D 4. Brake As Fast As Possible D D D D D D D 9 16.4%

E 5. Responsive Steering E E E E E E 7 12.7%

F 6. Lightweight F F H F F 4 7.3%

G 7. Easily Maintainable G H G G 3 5.5%

H 8. Low Operating Skill Level H H H 6 10.9%

I 9. User Comfort I I 2 3.6%

J 10. Cost Effective J 1 1.8%

29



rated ninth, but it still carries importance since it is related to the operating smoothness and quality,

which are important for user satisfaction and adoption. Finally, the need to be cost effective and

affordable is rated tenth, because it is preferable to have good performance at a higher cost such that

user satisfaction is maximised, although it may be at the expense of increased adoption.

Subsequently, the final concept scoring is shown in Table 8, with the following scoring levels:

• 0 = Does Not Comply

• 1 = Deficient

• 2 = Below Average

• 3 = Acceptable

• 4 = Good

• 5 = Perfect

Also, since each concept has electrical components allowing for electric propulsion and regenerative

braking, the performance of these components in the evaluation is based on the availability of space

for the components, effect on manual propulsion and other user operations, and expected values from

existing designs. Specifically, the electric propulsion is limited by regulations and the achievable

speed with electric propulsion may be similar for each concept. So, the concern of the criteria for

achieving a high maximum speed is primarily associated with the ability of manual propulsion to

generate a high maximum speed, although obvious deterrents are still considered.

The lowest performing concept is the Roller Skates, which only scored 53% of the total score. This

was primarily because of the expectations for a low electric range, due to a lack of available space; in-

ferior braking ability, which requires a significant stopping distance to safely slow down from higher

speeds; and moderately high skill level to operate, which may be unfamiliar to the majority of users.

Furthermore, although the Roller Skates are expected to be lightweight and cost effective, its advant-

ages are not viewed as important criteria relative to the main purposes of personal transportation.

Although having advantages and disadvantages in different areas, the Wheelchair and Skateboard

achieved similar scores of 62% and 64% respectively. The Wheelchair was found to be unsatisfact-

ory because it had a lack of manual range, since the arms of the user provide propulsion which can

quickly cause fatigue; and poor manual efficiency, due to a high energy exertion to steer and brake.

Essentially, the Wheelchair was seen to be focussed on user comfort when inactive and it did not have

the optimal manual propulsion for able-bodied individuals. The Skateboard presents challenges be-

cause it requires a moderately high skill level to operate safely, and it also proved to be unsatisfactory

in braking, because it is necessary to reduce speed in a slower manner and over a significant stopping

distance such that the rider can remain stable on the deck and does not become uncontrollably unbal-

anced - notably, it did show promising advantages of responsive steering when lifting the board with

the binds to quickly change direction and maintainability owing to the minimal amount of parts and

traditional skateboard parts often being common and accessible.
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Table 8: Evaluation of the preliminary concepts based on scoring with weighted criteria. (For the

concept name contractions: Skate = Skateboard, Wheel = Wheelchair, and Roller = Roller Skates).
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1. Manually Efficient 5 25 5 25 3 15 3 15 1 5 4 20

2. High Maximum Speed 8 40 5 40 3 24 3 24 2 16 3 24

3. Large Range 10 50 5 50 3 30 3 30 4 40 1 10

4. Brake As Fast As Possible 9 45 4 36 2 18 5 45 3 27 2 18

5. Responsive Steering 7 35 4 28 5 35 4 28 3 21 3 21

6. Lightweight 4 20 1 4 4 16 3 12 3 12 5 20

7. Easily Maintainable 3 15 4 12 5 15 3 9 4 12 3 9

8. Low Operating Skill Level 6 30 3 18 2 12 5 30 4 24 2 12

9. User Comfort 2 10 4 8 3 6 4 8 5 10 3 6

10. Cost Effective 1 5 1 1 4 4 4 4 3 3 5 5

Total Score 275 222 175 205 170 145

The second best concept was the Scooter with a score of 75%. The Scooter showed superior braking,

due to the available options while using the handlebars for stability, which include a brake pad on

a pivot above the rear wheel (although, this may wear the rear wheel), dragging with a foot along

the ground, mechanical brakes, and the possibility of easily stepping off in dire situations; and the

observation that the use of a traditional scooter often comes naturally and requires minimal practice

to become sufficiently capable. It also did not suffer any excessively negative disadvantages, but

it did fail to excel with regards to electric range, because of a limit to the available space without

the need for expansion to create space for additional capacity, which may then be cumbersome and

decrease user comfort; manual range, due to the lack of mechanical advantage for manual propulsion

which may cause fatigue on steep uphill gradients; maximum speed, since only one leg of the user is

being used for manual propulsion while pushing; and a fair manual efficiency, assuming that there is

a similar efficiency to that of a skateboard due to the similar method of manual propulsion through

pushing (although, a small amount of energy may be retained since it is easier to balance on the deck

due to support from the handlebars, but this was viewed as negligible).

Finally, the Cycle obtained the highest score at 81%, because of its substantial advantages in accom-

plishing a large range without user fatigue, due to the possibility of implementing a transmission

system with various gear ratios for the manual propulsion; easily achieving a high maximum speed,
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since both legs of the user are expected to provide manual propulsion; and extraordinary efficiency

with a minimal loss of input work, due to the user being seated with a handlebar offering support

while comfortably performing manual propulsion. Unfortunately, the Cycle concept did have minor

disadvantages for expected weight and cost, which should be examined and minimised without im-

pairing the more important criteria. This indicates that the Cycle is the most promising preliminary

concept to pursue into further development and analysis.

3 PRODUCT REQUIREMENT SPECIFICATION

Since the Cycle was found to be the best preliminary concept, it is necessary to define the require-

ments, constraints, and criteria for the relevant sub-systems. The requirements and constraints will be

used to judge whether the final design is successful, and the criteria will be used to guide the choices

for and distinguished between the possible solutions to the sub-systems. The grouped sub-systems

include the electric propulsion, manual propulsion, and structural components relative to the frame

structure, wheel arrangement, steering, and user positioning. Unfortunately, the primary braking sys-

tem will not be thoroughly designed as will be mentioned in Section 4.5.

3.1 ELECTRIC PROPULSION

The electric propulsion must fulfil with the following requirements:

• The design must allow for electric propulsion compounded with manual propulsion, such that it

is possible to perform fully independent manual propulsion, fully independent electric propul-

sion, or a combination of manual propulsion and electric propulsion simultaneously.

• The performance must be measured relative to the average user with a mass of 76kg.

• The electric propulsion must be able to achieve a speed of 25km/hr on a level grade.

• The electric propulsion must be able to achieve 25km/hr in less than 5s when accelerating from

rest on a level grade (average acceleration greater than 1.389m/s2 over 5s).

• The electric propulsion must be able to climb slopes with gradients of 3% at speeds of 15km/hr.

• The electric propulsion must be able to achieve 15km/hr in less than 5s when accelerating from

rest on slopes with gradients up to 3% (average acceleration greater than 0.8333m/s2 over 5s).

• The electric propulsion must fully operate and still achieve the desired performance with a speed

no less than 15km/hr under directly incoming wind resistance with speeds up to 10km/hr.

• The battery pack must use nickel-metal hydride or lithium-ion cells for environmental concerns.

• The battery pack must allow for a range over 50km with independent electric propulsion.

• The battery pack must have a life of at least 80% after 400 cycles.

• The battery pack must have a charging time less than 8hr from fully uncharged to reach full

capacity while accounting for an efficiency loss of at least 20%.
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The electric propulsion must comply with the following constraints:

• The electric propulsion must not affect the manual propulsion technique of the user.

• The electric propulsion must be limited to speeds less than or equal to 25km/hr.

• The electric propulsion must have a continuous rated power less than or equal to 250W.

• The battery pack must satisfy a design factor of 1.2 to ensure the desired capacity.

• The battery pack must be charged with an AC voltage input of 230V at 50Hz.

• The battery pack must be fully tamper-proof, such that the batteries are sealed in an enclosure.

• The battery pack must also have an enclosure that is flame retardant.

• The components must be electrically insulated with no exposed circuitry.

• The components must be able to operate between a temperature range from 10oC to 40oC.

• The components must have projections less than 450mm on either side of the wheels.

• The components must be dirt, dust, and splash resistance.

The following criteria will be used for the optimal development of the electric propulsion:

1. The design must be as efficient as possible.

2. The design must maximise performance.

3. The design must be as lightweight as possible.

4. The design must be flexibility integrated with the other sub-systems.

5. The design must allow for a stable mass distribution.

6. The design must be easy to maintain, repair, or replace.

7. The design must be simple to control.

8. The design must minimise additional drag.

9. The design must be cost effective.

3.2 MANUAL PROPULSION

The manual propulsion must fulfil with the following requirements:

• The performance must be measured relative to the average user with a mass of 76kg.

• The manual propulsion will be operated by a single user for personal transportation purposes.

• The manual propulsion must be able to achieve a speed of 25km/hr on a level grade.

• The manual propulsion must be able to climb slopes with gradients of 3% at speeds of 15km/hr.

• The manual propulsion must be able to still achieve the desired performance with a speed no less

than 15km/hr under directly incoming wind resistance with speeds up to 10km/hr.

• The combined propulsion must be able to achieve a speed of 30km/hr on a level grade.

• The combined propulsion must be able to climb slopes with gradients of 6% at speeds of 20km/hr.
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• The combined propulsion must fully operate and still achieve the desired performance with a

speed no less than 20km/hr under directly incoming wind resistance with speeds up to 10km/hr.

The manual propulsion must comply with the following constraints:

• The manual propulsion must not hinder the performance of the electric propulsion.

• The manual propulsion must demand a continuously sustained power no greater than 240W.

• The manual propulsion must demand a continuously sustained input force no greater than 200N.

• The manual propulsion must have a sustained cadence between 50rev/min to 110rev/min.

• The manual propulsion must have parts satisfying a design factor of 1.2 to ensure safe operation.

• The manual propulsion must have dimensions accommodating the average male and female

users, with considerations for the 5th percentile and 95th percentile male and female.

• The manual propulsion must have a ground clearance of at least 100mm at the lowest point.

• The manual propulsion must follow common standards so that parts are repairable or replaceable.

• The components must have projections less than 450mm on either side of the wheels.

• The components must be dirt, dust, and splash resistance.

The following criteria will be used for the optimal development of the manual propulsion:

1. The design must transmit the input power efficiently.

2. The design must be as lightweight as possible.

3. The design must be durable with a long life.

4. The design must be flexibility integrated with the other sub-systems.

5. The design must be easy to maintain, repair, and replace.

6. The design must withstand shocks while operating.

7. The design must low likeliness of operating issues.

8. The design must be cost effective.

3.3 STRUCTURAL COMPONENTS

The structural components must fulfil with the following requirements:

• The design must seamlessly incorporate the manual and electric propulsion, without the need for

modifications to individually access one of the methods or combine both of the methods.

• The total mass, including the other sub-systems of the design, must be less than 19kg, such that

it can be lifted by an average male or female user between 10 years and 50 years.

• The frame and wheels must support user masses up to at least 100kg.

• The wheels must be able to operate on asphalt, pavement, cement, gravel, or flat soil.

• The steering mechanism must have a steering angle up to 60o on either side of the inline plane.
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• The steering mechanism must have a steering torque of at least 5.3N.m.

• The steering mechanism must be capable of a turning radius of below 2.5m at a steering angle

below 30o so that it is possible to turn around on a road about 5m wide.

The structural components must comply with the following constraints:

• The design must have a safety factor greater than 1.2 when analysed under extreme operating

conditions with known loads, unless otherwise declared by a relevant standard.

• The frame must have deformations less than 1mm when statically analysed based on ideal op-

erating conditions, to guard against uncertainties and large dynamic amplifications from shocks

due to impacts from minor obstacles during actual operating conditions.

• The frame must have a safety factor greater than 10 when statically analysed based on ideal op-

erating conditions, to guard against uncertainties and large dynamic amplifications from shocks

due to impacts from minor obstacles during actual operating conditions.

• The frame must have a ground clearance of at least 100mm at the lowest point.

• The frame must have dimensions accommodating the average male and female users, with con-

siderations for the 10th percentile and 90th percentile male and female.

• The steering mechanism must operate with an input force from 10N from each arm of the user.

• The design must have projections limited to less than 600mm from the front wheel axle, less

than 900mm from the rear wheel axle, and less than 450mm on either side of the wheels.

• The design must follow common standards so that parts are repairable or replaceable.

The following criteria will be used for the optimal development of the structural components:

1. The design must be as lightweight as possible.

2. The design must be stable once mounted by the user.

3. The design must be simple to manufacture.

4. The design must allow for comfortable user ergonomics.

5. The design must minimise additional drag.

6. The design must have strong joints with minimum loss of strength.

7. The design must resist corrosion.

8. The design must be cost effective.

4 DESIGN DEVELOPMENT

To develop the design further, an iterative design process is pursued, where various possible solutions

are considered and selected based on which will obtain the most successful results. Because it will

require integration with the manual propulsion and structural components, the electric propulsion is

considered first, so that the overlapping aspects can be accounted for in the development of the other
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sub-systems - in other words, it is expected for the other sub-systems to be highly dependent on the

electric propulsion, but the electric propulsion is much less dependent on these other sub-systems.

Next, the wheel arrangement will be considered to begin to define the structure of the design with

the number, size, and type of wheels. With this information, the factors of the manual propulsion

can be investigated with regards to the power input and transmission mechanisms. The frame and

steering will be considered to accommodate the user positioning and finalise the construction and

links between the sub-systems. Finally, a remark on the braking system will be mentioned.

4.1 ELECTRIC PROPULSION

The components for electric propulsion include the motor, battery pack, and controller, which need

to be reviewed and specified. Specifically with the motor and battery pack, it is important for the

components not to be over-specified or over-sized, as this may create adverse effects such as increased

mass and produce difficult manual propulsion, while offering improved electric propulsion that is

redundant due to the performance constraints or lack of applicability to personal transportation.

4.1.1 MOTOR

As illustrated in Figure 25, the possibilities for the arrangement of the motor include the Hub Drive,

Mid-Drive, or Friction Drive. The Hub Drive uses a motor integrated as the hub of a front or rear

wheel, which will allow for simple mounting identical to a typical wheel and low maintenance due

to an enclosed direct drive, but it can have an increased mass and shift the centre of gravity [31].

The Mid-Drive uses a motor integrated into the crankset, where it is possible to utilise gear ratios

through a power transmission for finer performance control, but it may require extra maintenance due

to the increased number of parts relying on the power transmission [31]. The Friction Drive uses a

motor attached to the frame with a roller in direct contact with a front or rear wheel, where the roller

uses friction to rotate the wheel and provides a lightweight and compact solution, but it will apply

additional wear to the tyre and can be significantly less efficient due to losses through slipping.

Rotation

Wheel

Hub Motor, Cogset

Frame Rotation

Wheel

Crankset

Mid-Drive MotorCogset

Frame

Rotation

Wheel

Cogset

Motor
Mount

Frame

Figure 25: Schematics of the available arrangements of the motor, with possibilities for the Hub Drive

(left), Mid-Driver (middle), and Friction Drive (right) each shown on a rear wheel.
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With the reference to the expectations presented in Section 1.4.10, it is possible to weight the criteria

and decide on the best motor arrangement by performing a conceptual evaluation in Table 9. In

the criteria weighting, the performance, efficiency, and mass were seen to be the most essential,

because they are central to achieving and maximising the requirements; flexible integration and simple

control are also seen as significant criterion as these will be related to the compliance with other sub-

systems which should be maximised to remove uncertainties and improve reliability; a contrast in

mass distribution and drag effects is expected to be present but minimal, so these criteria are rated

low to remove bias arising from only a minor difference; and the cost and ease of maintenance were

less of a priority, because they do not directly benefit performance and are focussed on convenience.

As a result, the Hub Drive achieved the highest score of 80%, because it stands out with its potential

for a direct drive and regenerative braking to increase efficiency, ability to be integrated without lim-

iting the customisation of the other sub-systems, straightforward control with predictable behaviour,

and capacity to be directly optimised for a consistent performance range. Although the Mid-Drive

offers excellent maximisation of performance, efficiency with a typical operating range, and low-

central mass distribution due to the integration with the power transmission, it scored 73% because

it is unable to compete with regards to flexible integration, since it will fix the characteristics of the

crankset and require the frame to have the necessary mounting points and shape without the possib-

ility for customisation; control difficulty, where the user must still choose the correct gear ratio for

best performance (this can be seen as a converse result of the maximisation of performance); main-

tenance, where there will be additional strain on the power transmission and there will be a limited

Table 9: Weighting matrix and evaluation of the possibilities for the arrangement of the motor.
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D 4. Flexible Integration D D D D D D 6 13.3% 30 5 30 1 6 5 30

E 5. Mass Distribution E E G E E 4 8.9% 20 2 8 5 20 3 12

F 6. Easy Maintenance F G F F 3 6.7% 15 4 12 2 6 3 9

G 7. Simple Control G G G 5 11.1% 25 5 25 3 15 2 10

H 8. Minimise Drag H H 2 4.4% 10 5 10 5 10 3 6

I 9. Cost Effective I 1 2.2% 5 4 4 2 2 3 3

Total Score 225 179 165 140
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collection of compatible replacement parts; and cost, which is expected to be the highest since the

available motors are specialised. Unfortunately, the Friction Drive performed poorly in most aspects,

due to the mediocre performance, low efficiency, and lack of predictable behaviour for control which

is likely to arise from slipping at higher speeds and in wet conditions - it obtained a score of 62%.

To select a specific motor and with considerations for the wheel arrangement, the type of motor as

a brushed or brushless DC motor is explored. As mentioned in Section 1.4.10 when considering

equivalent performance, brushless DC motors are more reliable, durable, and efficient with low noise

and electromagnetic interference due to the lack of a commutator and brushes; while brushed DC

motors only provide the benefits of simpler control and a lower purchase cost, but they will experience

more wear and require maintenance or replacement due to the friction of the brushes. Also, with

recent improvements in hub motors, brushless DC hub motors have become readily available because

of their solid performance and quality. Thus, it is recommended to source a brushless DC hub motor.

The maximum continuous rated power of the motor is considered to justify whether the require-

ments for independent electric propulsion can be fulfilled while adhering to the constraints. To find

the required continuous rated power when the design is no longer accelerating, independent electric

propulsion is considered on a level grade at 25km/hr with no incoming wind, on a level grade at

15km/hr with a 20km/hr incoming wind, and on a slope of 3% gradient at 15km/hr with no incoming

wind. Through the conservation of energy, the resulting relationship for the consumption of power is

summarised in Equation 5. Since the specific design parameters required to perform this estimation

are not yet know, conservative assumptions are made with a constant air density of 1.2kg/m3, frontal

area of 0.55m2, drag coefficient of 1.2, and rolling coefficient of 0.008 with a total mass of 95kg from

the maximum design mass of 19kg and average user mass of 76kg [12, 13]. These parameters will

be checked against more specific values once the values can be more accurately estimated. It is also

assumed that sufficient power is supplied to reach these steady-states of constant speed.

n∑
i=1

Fi = 0 →
n∑

i=1

Pi = 0 → Pm = Pd + Pw + Pr (5)

Where Fi, arbitrary force component, N; Pi, arbitrary power component, W; Pm, motor power, W;

Pd, drag resistance power, W; Pw, weight resistance power, W; and Pr, rolling resistance power, W.

The results are a predicted continuous rated power of 184.4W on a level grade at 25km/hr with no

incoming wind, 187.0W on a level grade at 15km/hr with a 20km/hr incoming wind, and 176.1W on a

slope of 3% gradient at 15km/hr with no incoming wind. Since the allowable continuous rated power

limit of the motor is 250W, there is still potential for improvement with regards to the possible speed,

incoming wind, and slope under the mentioned cases. These additional cases are shown in Table 10

with the required power maximised to 250W, where the continuous torques to maintain 25km/hr

various from 9.126N.m to 11.19N.m for the common wheel sizes between 507mm (261.6rev/min)

and 622mm (213.2rev/min). This indicates that the use of a motor with a continuous rated power of
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250W will offer useful performance improvements, such as climbing steeper slopes up to 9% with

higher incoming wind speeds, and should not be considered to be over-specified.

Table 10: Collection of maximum operating cases for a motor with a continuous rated power of

250W for a sustained period of time. The cases are based on different operating speeds (limited to a

maximum of 25km/hr), wind speeds, slope gradients, and optimised to seek a total power of 250W.

Speed Wind Slope Drag Weight Rolling Total

[km/hr] [m/s] [km/hr] [m/s] Grad. [o] [W] Frac. [W] Frac. [W] Frac. [W]

25 6.94 5.6 2 0% 0 198.2 79% 0 0% 51.78 21% 250

15 4.17 27 7.35 0% 0 218.9 88% 0 0% 31.07 12% 250

10 2.78 42 11.7 0% 0 229.3 92% 0 0% 20.71 8% 250

25 6.94 0.1 0.03 1% 0.57 133.5 53% 64.72 26% 51.77 21% 250

15 4.17 23 6.28 1% 0.57 180.1 72% 38.83 15% 31.06 12% 250

10 2.78 39 10.8 1% 0.57 203.4 81% 25.89 10% 20.71 8% 250

22 6.11 0 0 2% 1.15 90.5 36% 113.9 45% 45.57 18% 250

15 4.17 18 5.09 2% 1.15 141.3 57% 77.65 31% 31.06 12% 250

10 2.78 36 9.93 2% 1.15 177.5 71% 51.76 21% 20.71 8% 250

19 5.35 0 0 3% 1.72 60.6 24% 149.5 60% 39.87 16% 250

15 4.17 13 3.72 3% 1.72 102.5 41% 116.4 47% 31.05 12% 250

10 2.78 32 8.96 3% 1.72 151.7 61% 77.63 31% 20.70 8% 250

13 3.65 0 0 6% 3.43 19.2 7.7% 203.6 81% 27.15 11% 250

10 2.78 20 5.44 6% 3.43 74.3 30% 155.0 62% 20.67 8% 250

10 2.78 0 0 9% 4.89 8.5 3.4% 220.9 88% 20.63 8% 250

Subsequently, the acceleration before reaching steady-state can be considered with Equation 6 and

simplified in Equation 7 which can be solved using numerical integration. This utilises an effective

mass to account for the translational kinetic energy of the design and user as well as the rotational

kinetic energy of each wheel, as described by Equation 8. To generate an approximation, the rotation

of the wheels can contribute up to 30% of the design mass to the effective mass, which results in an

estimate added mass of 5.7kg when considering the maximum design mass of 19kg [12, 13].

With this, the necessary peak rated power when accelerating from rest can be predict, which is seen in

Figure 26 with 250W, 400W, and 600W values for various cases. Evidently, 250W is not acceptable

and results in a time of 17.31s to accelerate up to 25km/hr on a level grade with no incoming wind, but

600W allows for a time of 4.809s to reach 25km/hr. With an increased slope up to 3% and incoming

wind up to 10km/hr, it is also seen that 600W allows for acceleration up to 15km/hr in 1.631s. Thus,

the selected motor should have a peak rated power around 600W to achieve satisfactory performance,

although a greater value will allow for better performance on slopes and with incoming wind.

39



n∑
i=1

Fi = m
dv
dt
→

n∑
i=1

Pi = me f f v
dv
dt
→ Pm − Pd − Pw − Pr = me f f v

dv
dt

(6)

∴
∫ v2

v1

me f f v
Pm −

1
2 ρCd(v + vw)2Av − mg sin(θ)v −Crmg cos(θ)v

dv =

∫ t2

t1
dt (7)

Ek =

n∑
i=1

1
2

mv2 +

n∑
i=1

1
2

Iω2 ≈
1
2

me f f v2 → Pk =

n∑
i=1

mv
dv
dt

+

n∑
i=1

Iω
dω
dt
≈ me f f v

dv
dt

(8)

Where Fi, arbitrary force component, N; m, mass, kg; v, velocity, m/s; t, time, s; Pi, arbitrary power

component, W; me f f , effective mass, kg; Pm, motor power, W; Pd, drag resistance power, W; Pw,

weight resistance power, W; Pr, rolling resistance power, W; ρ, density, kg/m3; Cd, drag coefficient;

vw, wind velocity, m/s; A, frontal area, m2; g, gravitational acceleration, 9.81m/s2; θ, gradient angle,

rad; Cr, rolling coefficient; Ek, kinetic energy, J; I, mass moment of inertia, kg.m2; ω, angular velo-

city, rad/s; and Pk, kinetic power, W.
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Figure 26: Comparison between peak rated power of 250W, 400W, and 600W for various cases with

the time to accelerate from rest up to a maximum speed of 25km/hr. (Since numerical integration was

used to find the time to reach the corresponding speeds, there may be slight absolute errors, although

this is expected to be negligible since it is only required for an approximation).

A suitable brushless DC hub motor is the Heinzmann DirectPower PRA 180-25. Notably, the motor

is gearless, has Hall effect sensors to provide feedback with three-phase control, and operates at a

voltage of 36V with a nominal continuous rated power of 250W and maximum peak rated power

over 950W [61, 73]. The motor also features a mass of 4.7kg, nominal angular speed of 210rev/min,

nominal continuous torque of 11.4N.m, maximum peak torque of 30N.m for 10min or 40N.m for

4min or 60N.m for an impulse, compatibility with rims from 428mm to 622mm, IP54 rating for

dirt, dust, and splash protection, and support for regenerative braking [61, 73]. Compared to similar

motors such as the Heinzmann CargoPower RN 111, which offers higher performance, and the SR

SunTour R250 HP or Heinzmann Classic RN 120, which are geared and offer lower performance, this

motor provides favourable performance with regards to torque and angular speed characteristics with
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a high dynamic response, and greater performance is unnecessary while lower performance may be

inadequate. For further validation, the motor is capable of providing the performance for operating

in a city setting, found by Muetze and Tan [31] and presented in Section 1.4.10. The motor is seen in

Figure 27 and additional technical information can be found on the data sheet in Appendix C.

74mm61mm

51mm

220mm

Compatiblility
With Disc Brakes

Three-Phase
Control Input

Hall Effect
Sensors Output

Freehub
Cassette

Figure 27: Example and dimensions of the rear wheel Heinzmann DirectPower PRA 180-25 [73].

The placement of the hub motor in a front or rear wheel also needs to be decided. The hub motor has

variations for both options, where the rear wheel option is 0.2kg heavier with a Shimano Hyperglide

freehub for mounting up to eleven sprockets on a cassette. However, placing the hub motor in a rear

wheel will allow for significant performance improvements since it offers better traction when climb-

ing steep gradients and is more suited for poor terrain conditions with minor obstacles [31], whereas

placing the hub motor in a front wheel will only allow for a better mass distribution. Fortunately,

when placing the hub motor in a rear wheel, the poor mass distribution towards the rear can be over-

come by placing the controller components and battery pack as far forward as possible. Thus, placing

the hub motor in a rear wheel is clearly the preferable and most beneficial choice.

4.1.2 BATTERY PACK

To compare nickel-metal hydride and lithium-ion battery, the expected characteristics are listed in

Table 11. Based on these characteristics, it would be most practical to use a lithium-ion battery

pack, because they offer a higher energy density, so they have a lower mass; tend to have a longer

life cycle, so they will be more reliable; and are more common, so they tend to be less expensive

[74]. Additionally, lithium-ion polymer batteries are available, which use a polymer instead of a

liquid as the electrolyte and tend to have an energy density between 10% and 15% greater than

normal lithium-ion batteries but also have a higher cost and less customisability [74]. There have been

recent advancements in improving the charging ability of lithium-ion batteries, where it is possible

to use higher currents to significantly reduce the charging times. However, there is a very slight risk

of a lithium-ion battery erupting and possibly igniting due to thermal runaway if exposed to high

temperatures above 70oC, but this is highly unlikely with a proper configuration and enclosure.
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Table 11: Comparison between the typical characteristics of nickel-metal hydride, lithium-ion, or

lithium polymer batteries batteries, with the typical characteristics of nickel-cadmium batteries for

supplement [13, 63]. (For the energy to cost ratio, a conversion of US$1 = R14.50 was used).

Nickel-Cadmium

(NiCd)

Nickel-Metal

Hydride (NiMH)

Lithium-Ion

(Li-Ion)

Power / Mass [W/kg] 150 250-1000 1800

Energy / Mass [W.hr/kg] 40-60 60-120 100-265

Energy / Volume [W.hr/L] 50-150 140-300 250–693

Energy / Cost [W.hr/US$] - 1.37 2.8-5

Energy / Cost [W.hr/R] - 0.0945 0.193-0.345

Charge, Discharge Efficiency 70%-90% 66%-92% 80%-90%

Self-Discharge Rate [/month] 10% 14%-71%* 0.35%-2.5%

Time Durability [months] - - 24-36

Cycle Durability [cycles] 2000 180-2000 400-1200

Nominal Cell Voltage [V] 1.2 1.2 3.6/3.7/3.8/3.85

* The self-discharge rate of nickel-metal hydride batteries is highly temperature dependent.

Under ideal conditions, the conservation of energy states that the electrical energy from the battery

will be converted into rotational kinetic energy of the motor which will then be used to provide

propulsion as translational kinetic energy and overcome drag, weight, and rolling resistance. This is

described in Equation 9. So, to obtain an estimate for the capacity of the battery pack, it is assumed

that the motor will be operating at the maximum continuous rated power of 250W to provide an

average speed of 18km/hr to account for stopping and acceleration over the required range of 50km.

This assumption is fairly valid since the motor may likely operate at a lower continuous rated power

on flat and downhill terrain, and it will occasionally operate at a higher peak rated power to accelerate

from rest and, thus, an average operating power of 250W is plausible and realistic. Furthermore, the

gathered results by Muetze and Tan [31] from operating in a city setting, showed a maximum average

operating power of 179W from the heaviest user who had the highest average speed of 20.9km/hr.

These results also showed that the average average speed of the fastest three users was 18km/hr [31].

n∑
i=1

Ein =

n∑
i=1

Eout → Eb = Em = Ek + Ed + Ew + Er → Eb = n
Pm

v
x (9)

Where Ein, input energy, J; Eout, output energy, J; Eb, battery energy, J; Em, motor energy, J; Ek,

kinetic energy, J; Ed, drag resistance energy, J; Ew, weight resistance energy, J; Er, rolling resistance

energy, J; n, design factor; Pm, motor power, W; v, velocity, m/s; and x, distance, m.

Thus, it is required for the battery to have a capacity of approximately 2500kJ or 694.4W.hr to ensure

the range of 50km at an average speed of 18km/hr. However, since this is an initial approximation, a

design factor of 1.2 is implemented which can be seen to account for inefficiencies in the motor and
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battery up to 20%, such that it is required for the battery to have a capacity of 3000kJ or 833.3W.hr.

Accordingly, this allows for the significant elimination of the need for manual propulsion.

Considering reputable manufacturers, the required capacity is available with two Bosch PowerPack

400 or Heinzmann Downtube Battery, which were specifically designed for electric bicycles and

offers individual capacities of 400W.hr and 515W.hr respectively with masses of 2.6kg and 3.5kg

respectively [62, 75]. However, the battery pack is fairly simple and does not require a complex

design and, so, there is a possibility of developing a custom battery pack to fulfil the requirements.

Since it is essential for the battery pack to be reliable and safe, Panasonic and Samsung lithium-ion

cells are considered with possible configurations shown in Table 12 using Equation 10 to determine

the required number of cells and total capacity. This indicates that the best performance of 835.2W.hr

and 3.84kg with a prominent cycle life would be achievable from Panasonic NCR18650PF cells with

10 sets of cells in series and 8 parallel cells in each set, which utilises the design factor to allow for

discharge safety and compensation for manufacturing variations between the cells (if these cells are

not acceptable for unanticipated reasons, the Samsung INR18650-29E cells can be adapted since the

dimensions are common) [76]. The data sheet of the Panasonic NCR18650PF cells is included in

Appendix C and shows acceptable discharge between temperatures of 20oC and 60oC [76].

Ec = Pct = VcIct → Eb = Pbt = (NpVc)(NsIct) (10)

Where Ec, cell energy, J; Pc, cell power, W; t, time, s; Vc, cell voltage, V; Ic, cell current, A; Eb,

battery energy, J; Pb, battery power, W; Np, number of parallel cells; and Ns, number of series cells.

Table 12: Comparison between various candidate lithium-ion cells, where each cell has a nominal

voltage of 3.6V to produce a total output voltage of 36V. [77, 78, 76, 79, 80, 81, 82].
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Expected Cycle Life

Pan. UR18650RX 2.05 47.5 12 10 120 24.6 886 5.70 >1.70Ah after 400cycles

Pan. UR18650AA 2.25 43.1 11 10 110 24.8 891 4.74 >1.75Ah after 400cycles

Pan. NCR18650PF 2.90 48.0 8 10 80 23.2 835 3.84 >2.30Ah after 500cycles

Sam. ICR18650-22F 2.20 44.5 11 10 110 24.2 871 4.90 >1.51Ah after 300cycles

Sam. ICR18650-25R 2.50 45.0 10 10 100 25.0 900 4.50 >1.50Ah after 250cycles

Sam. ICR18650-26J 2.60 45.0 9 10 90 23.4 842 4.05 >1.79Ah after 300cycles

Sam. INR18650-29E 2.85 48.0 8 10 80 22.8 820 3.84 >1.87Ah after 500cycles

43



It is also necessary to implement a battery management system to monitor the voltage, state of charge,

depth of discharge, state of power, and temperature to ensure safety by keeping the cells at an equilib-

rium voltage and instituting over-charge, over-discharge, and short circuit protection. The mounting

and enclosure of the battery pack will be considered in Section 4.4 with the frame design, but the cell

arrangement and basic dimensions of the battery pack are seen in Figure 28 and occupy a maximum

area of approximately 0.02738m2 with an extruded height 65.3mm.
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Figure 28: Basic layout and dimensions of the battery pack using Panasonic NCR18650PF cells.

Finally, a single cell uses standard charging specifications and needs a minimum current of 1.375A

and voltage of 4.20V [76]. From the ratio of the total capacity to the charging current, the maximum

charging time is approximately 16.9hr to charge the cell to full capacity assuming no efficiency loss,

which is unacceptable. Instead, to have a charging time of 8hr, a charging current of 2.90A is required

when assuming no efficiency loss or 3.48A is required when assuming a 20% efficiency loss. The

Bosch Standard and Fast chargers can be used as benchmarks using the maximum charging currents

of 4A and 6A respectively - each of these chargers is compatible with an AC voltage input of 220V

to 240V and frequency of 50Hz to 60Hz [62]. With these charging currents and a realistic efficiency

loss of 20%, the charging times will be 6.96hr and 4.64hr respectively which are appropriate.

4.1.3 CONTROLLER CONSIDERATIONS

Since the hub motor is brushless and utilises the sequential excitation of pole pairs to create a rotating

magnetic field, the controller will need to output rectangular or trapezoidal voltage strokes to the

desired poles relative to the rotor position, as measured by the Hall effect sensors [13, 74]. The speed

of the motor will then be controlled based on the magnitude of these voltage strokes set through pulse

width modulation by varying the duty cycle. As an example, this is illustrated in the timing diagram

in Figure 29, where the voltage strokes are applied to two out of the three phases at any moment, such

that the stator flux and rotor flux are near perpendicular to generate maximum torque [13, 74].
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Figure 29: Timing diagram for the distribution of voltage strokes (left) and motor driving circuit with

a power stage utilising six transistors to control the phase voltages (right).

The voltage stroke distribution can be performed with a regular power stage utilising six transistors,

as shown in Figure 29 [13, 74]. It is essential for the timing of the voltage strokes to be accurate

otherwise an offset will decrease efficiency [74]. This can be achieved using a generic electronic speed

controller with motor drivers, where an overview of the control system features the user providing an

input for the desired speed supplied as a current signal from the throttle and the battery pack supplying

power which the controller then distributes to the hub motor proportionally based on the input.

The control system will not be developed further, as the primary components have been broadly

outlined and it is only required to establish the specific electronic details. The following recommend-

ations should be implemented with the final development:

• The simplest method of control is using the controller as a basic switch to supply power to the

motor, however this is not desirable as it can offer erratic control. Instead, there should be a

control console mounted with options for different operating modes which limit the maximum

continuous rated power delivered by the motor, such as Economic with a limit of 40W, Tour

with a limit of 100W, Performance with a limit of 170W, and Sport with no limit to the 250W.

Additional limits may also be applied to the maximum peak rated power in each of these modes.

• There should be speed control to limit the maximum speed attained while using electric propul-

sion to 25km/hr (on public roads). However, there could be an additional operating mode as

Turbo that utilises the full power of the motor and does not limit the maximum speed, which the

user may use in private facilities and where legal regulations do not apply.
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• For more fluent assistance with manual propulsion, a torque or cadence sensor mounted on the

bottom bracket or cranks could be investigated which will measure the pedalling input from the

user and provide feedback to the controller for smoother acceleration and steady speed control.

• Regenerative braking should also be integrated to increase the braking performance, range, and

overall efficiency. The recharging efficiency for the conversion of kinetic energy to electrical

energy ranges from 40% to 60% and can extend the range of the design by up to 15% depending

on the terrain and level of regenerative braking employed [13]. This is most useful with downhill

slopes greater than 3% and can be especially utilised to limit the speed if a high speed is not

desired [13]. Further information is presented in Section 4.5.

• A user interface equipped to the handlebar showing the operating time, current speed, distance

travelled, remaining battery pack capacity, and warning when the battery capacity is below 20%.

More advanced features may be included, such as a trip log or navigation, but this might be more

convenient and inexpensive to facilitate by permitting the user to mount a smartphone.

• A security mechanism to deter theft by detecting the absence or presence of the owner and

reacting appropriately by electrically locking or unlocking the motor assembly.

4.2 WHEEL ARRANGEMENT

The wheel arrangement will be decided based on practicality for the best operation. The components

of the wheel will need to be defined with regards to the rim and connections between the rim and hubs

which must be capable of delivering the desired performance. Also, since the rear wheel will use the

hub motor, the front hub will require special attention to ensure it can survive the applied loads.

4.2.1 INITIAL CONSIDERATIONS

The number of wheels is considered first, where it is most practical to have two, three, or four wheels

because the use of more wheels will not offer any benefits. Ordinarily, increasing the number of

wheels improves the stability of the design, where less skill is required to balance. But, it is also

necessary to consider the effects on performance from increasing the number of wheels, where greater

overall dimensions are expected as the number of wheels increases, as compared in Figure 30. This

indicates that an arrangement with two wheels will likely have the most responsive steering with the

ability to lean, least drag due to the significantly smallest frontal area, and least mass due to less

structural members needed for the frame, which is very consequential because a decreased frontal

area and mass will proportionally experience a decreased drag resistance and weight resistance. Thus,

since it is reasonably simple and safe to stably operate with two wheels after traditional practice, it is

decided to continue the design development with two wheels to maximise performance.

Pneumatic tyres will also be considered since they are vastly more common and have better perform-

ance compared to solid tyres (it may still be possible to fit a solid tyre if desired by the user, as long as

the rims follow the corresponding standards). Moreover, because it is a conventional and lightweight
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design, the overall wheel will be formed using a tyre mounted on a rim which is connected to a central

hub through stretched spokes - there are commonly 20 to 48 spokes [55].
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Figure 30: Approximate top view (top) and front view (bottom) of the most practical wheel arrange-

ments with two wheels (left), three wheels (left-middle and right-middle), and four wheels (right).

4.2.2 TYRES

Conventionally, road tyres are usually slick with a smooth outer tread and only suited to travelling on

smooth surfaces, otherwise the tyre may begin to slip due to a lack of traction. At the other extreme,

off-road tyres are knobby with bumps on the outer tread and suited for fully off-road conditions due

to increased traction. However, off-road tyres can be up to 180% heavier than road tyres which

substantially increases rolling resistance and decreases performance. So, it is recommended to use

a hybrid or cross tyre which performs well on smooth surfaces (like asphalt, pavement, and cement)

and is also able to operate decently on rough surfaces (like gravel and flat soil), although it may not

be suited for fully off-road conditions with major obstacles and soft sand or deep mud.

The available tyres generally include ISO sizes of 584mm and 622mm (also known as 650B or 27.5in

and 700C or 28in) with widths ranging from 28mm to 57mm [83]. Since there are significant benefits

to a larger wheel, a 622mm tyre is favoured with a width no greater than about 42mm to decrease

the mass of the wheel for better acceleration and allow for an even compromise with manoeuvrabil-

ity. As previously demonstrated, this diameter also produces an angular speed and torque very near

the nominal angular speed and torque of the hub motor at 25km/hr. To choose a tyre, the various

characteristics of different tyres relative to their performance and cost need to be compared.

The Gran Fondo Cycling Magazine [83] conducted an experiment to find an optimal all-round tyre,

where hybrid tyres with tubes and hybrid tubeless tyres were considered with nine different tyres fit-

ting the desired criteria of 622mm and a minimal width less than or equal to 42mm. In the experiment,

the rolling resistance was compared by mounting the tyres on the same rim with the same pressure

and testing them at 20km/hr on a controlled Schwalbe test bench; the puncture resistance was com-

pared by penetrating the central tread and sidewall with objects of different sizes and measuring the
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required puncture force and depth; and a practical test was performed by using each wheel on asphalt,

gravel, and flat soil to consider traction, handling, and comfort, although the results may be slightly

subjective based on the preferences of the user [83]. The findings are summarised in Table 13.

Table 13: Comparison between various candidate hybrid tyres with relative ratings for mass, rolling

resistance, and puncture resistance [83]. To find the combined rating, an average puncture rating was

used and each rating was weighted equally. (For the cost, a conversion of C1 = R16.80 was used).
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1.5mm 5mm

Challenge Gravel Grinder TLR 38-622 365 100% 89.3% 78.5% 65.9% 87.2% 45.90 771.12

Compass Barlow Pass Extralight TC 38-622 381 95.6% 100% 67.8% 53.0% 85.3% 84.00 1411.20

Donnelly X’Plor MSO TLR 40-622 569 44.1% 83.7% 100% 67.8% 70.6% 64.99 1091.83

MAXXIS Rambler Silk Shield TR 40-622 426 83.3% 87.0% 60.7% 97.4% 83.1% 59.50 999.60

MAXXIS Ravager Silk Shield TR 40-622 523 56.7% 71.5% 61.9% 100% 69.7% 59.50 999.60

Panaracer GravelKing SK TLC 43-622 487 66.6% 90.7% 60.7% 64.0% 73.2% 42.90 720.72

Schwalbe G-One Bite Evo TLE 40-622 472 70.7% 93.2% 71.4% 64.1% 77.2% 59.90 1006.32

Schwalbe G-One All-Round Evo 40-622 440 79.5% 85.9% 89.3% 84.1% 84.0% 59.90 1006.32

WTB Resolute TCS Light 42-622 457 74.8% 95.7% 42.8% 86.9% 78.5% 45.50 764.40

WTB Riddler TCS Light 37-622 431 81.9% 83.5% 71.4% 73.8% 79.3% 45.50 764.40

It was concluded that a tubeless tyre can have an average decreased rolling resistance of 10%; widths

between 37mm and 40mm provide the best compromise between handling, traction, and comfort on

smooth and rough surfaces; and shallow tread patterns are preferable as long as the correct pressure

is used [83]. With these conclusions and the results, it is clear that the Challenge Gravel Grinder

TLR offers the optimal all-round performance, since it is has a very light mass of 365g, low rolling

resistance, adequate puncture resistance, and low cost. The tyre is also tubeless ready (and compatible

with using an inner tube if desired) and features subtle bumps along the central tread for smooth

rolling and aggressive bumps along the side tread to aid with handling, as seen in Figure 31.

Figure 31: Example of the Challenge Gravel Grinder TLR 38-622 for inspection of the tread [84, 85].
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These tyres should be inflated with a pressure of 2.75bar to 5.2bar, which is in accordance with the

ISO 5775-1 recommendations for a pressure above 2bar such that the deflection of the tyre while

rolling does not exceed 30% of the section height [84, 22]. It is recommended for a higher pressure

to reduce the rolling resistance by 4% to 8%, however a lower pressure will offer more comfortable

with an increased ability to absorbs shocks from minor obstacles [12]. Ultimately, the specific choice

of inflation pressure will be unique to each user based on personal preference.

4.2.3 RIMS AND SPOKES

The rims are essentially a bent extrusion of a smooth profile to form a circle. On the inside face of

the rim, there are periodic holes to mount nipples for the spokes and an enlarged hole for the valve.

Considering the ISO 5775 designations [86], the designations of clincher rims include straight-side,

hooked-beam, and crotchet-type profiles, where a straight-side profile is more traditional and relies on

the resistance to stretching of the bead to keep the tyre on the rim, while the hook-beam and crotchet-

type profiles are preferable and interlock with the bead to keep the tyre on the rim [55]. These profiles

are illustrated in Figure 32, where it is evident that the hook-beam and crotchet-type profiles are very

similar and the choice of profile is fairly arbitrary. However, the crotchet-type profile is more common

and there is an availability of more rim widths [86] and, so, the crotchet-type profile is selected and

shown with more detail in Table 14. It is also observed that the crotchet-type profile inherently has

straight outside edges which will better accommodate the possibility of rim brakes.

Straight-Side Hooked-Beam Crochet-Type

Figure 32: Outlines of the upper edges for mounting the tyre on straight-side, hooked-beam, and

crotchet-type rim profiles defined in ISO 5775-2 (dimensional parameters are not shown) [86].

To decide on the rim width of the profile, the recommended crotchet-type designations in ISO 5775-1

for the Challenge Gravel Grinder TLR with a width of 38mm are 17C, 19C, 21C, or 23C [22]. It is

recognised that a smaller rim width will have a lower mass, but it is also necessary to consider the

available compatibility range for other tyre widths so that there is potential for customisation if the

user would like to replace the tyres without changing the rims. Thus, the 19C designation is preferred

as it is expected to have the second lowest mass depending on the thickness for sufficient strength and

will allow for compatibility with the greatest range of tyre widths from 28mm to 62mm, since the

17C designation is only compatible with a range of tyre widths from 25mm to 52mm [22].

Now, the spokes need to be designed before progressing with the rim development to account for

sufficient clearance of the nipples and the size of the mounting holes within the rim. The anatomy of

a spoke is seen in Figure 33. For the rear wheel, the Heinzmann DirectPower PRA 180-25 features

18 mounting points for the spokes on each side of the hub, so it is required for the rear rim to have
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Table 14: Dimensional parameters of the crotchet-type rim profile defined in ISO 5775-2 [86].
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S = Nipple Hole Diameter

V = Valve Hole Diameter

A = Specified Rim Width

B = Hook Width

D = Specified Rim Diameter

N = Nipple Clearance Height

G = Flange Height

H = Bead Flange Height

R1 = Internal Radius

R2 = Crotchet Radius

S

V

BA

D

G
H

R2

N

R0.8
~10o

R1

Symmetric
Plane / Line

Nominal Rim A ± 0.5 B ± 0.3 G ± 0.5 H, min. R2

Width Code [mm] [mm] [mm] [mm] [mm]

13C 13
5.5 0.9 ± 0.1

15C 15

17C 17 2.2

1.1 ± 0.25

19C 19 6.0

21C 21 1.5

23C 23

6.5 3.5
25C 25

27C 27

29C 29

36 holes spaced evenly at 10o for the nipples [73]. For consistency and to allow for the rims to be

identical, 36 holes will also be used for the front rim [55].

Section
Rim

Nipple (            )

Nipple Length

Spoke Thread

Elbow Radius

Elbow
Angle

Thread Length

E
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H
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t

Hub Flange

Head

Figure 33: Schematic of the components of a spoke to connect the hub and rim of a wheel.

The spokes are the most common components of the wheel to fail, where failure usually occurs

through low-cycle fatigue due to a spoke being unloaded from its pre-tension and then reloaded as the

wheel rolls - this is almost exclusively from radial loads arising from the weight of the design and user

[12, 55, 56]. When one spoke fails, there is an unbalance of forces on the rim which results in irregular

deformations of the rim, the sudden failure of more spokes, and the eventual buckling of the wheel [55,
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56]. The point of failure is usually at the elbow or near the thread, because these are the thinnest points

and there are stress concentrations [55, 56]. So, based on the experimental results presented in Section

1.4.8 for normal operating conditions, it is seen that there is a maximum strain of 51.8µ in tension and

minimum strain of 266.5µ in compression relative to the pre-tensioned condition. However, it is also

shown that a peak minimum strain of 600µ is possible with a 0% probability of being exceeded which

should be considered instead for a conservative estimate. The experienced force can then be determine

with Equation 11 by assuming axial and linear elastic behaviour. Thus, the maximum change in force

is 28.07N in tension and minimum change in force is 325.1N in compression (under normal operating

conditions, the minimum change in force is 144.4N which is somewhat similar to the force of 116.3N

found with the experimental load of 930N and common assumption that the load-affected zone spans

evenly across four spokes on each wheel [55]).

σa =
Fa

A
= Eε → ∆σa =

∆Fa

A
= E∆ε → ∆Fa = EA∆ε (11)

Where σa, axial normal stress, Pa; Fa, axial force, N; A, cross-sectional area, m2; E, elastic modulus,

Pa; and ε, normal strain.

It is also assumed that the spokes are tensioned to approximately 1180N, as is common for high

quality wheels [55] and, as a result, there will be a fluctuating tensile load between a maximum

and minimum of 1208N and 855N respectively, as simplified in Figure 34. With the information in

Table 15 and a fatigue stress concentration factor of 2.0 [87, 88], the fatigue safety can be predicted

with the Modified Goodman failure criterion using Equation 12 to Equation 15 [87, 89].

σmax = K f
Fmax

A
= K f

Ft + ∆Fmax

A
and σmin = K f

Fmin

A
= K f

Ft − ∆Fmin

A
(12)

σm =
σmax + σmin

2
and σa =

∣∣∣σmax − σmin

2

∣∣∣ (13)

S ut =
Fut

A
and S e = 0.5kakbkckdkek f S ut for steel (14)

σa

S e
+
σm

S ut
=

1
n f

(15)

Where σmax, maximum stress, Pa; K f , fatigue stress concentration factor; Fmax, maximum force,

N; A, cross-sectional area, m2; Ft, pre-tension force, N; σmin, minimum stress, Pa; Fmin, minimum

force, N; σm, midrange stress, Pa; σa, alternating stress, Pa; S ut, ultimate tensile strength, Pa; Fut,
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Figure 34: Approximation of the fluctuating tensile load experienced within a spoke, where the ten-

sion is decreased when a compressive load is introduced as the spoke rotates to the bottom side.
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ultimate tensile force, N; S e, endurance strength, Pa; ka, surface condition factor; kb, size factor; kc,

load factor; kd, temperature factor; ke, reliability factor; and k f , miscellaneous-effects factor. (The

endurance strength modifying factors ka, kb, kc, kd, ke, k f are found from Budynas and Nisbett [87]).

Table 15: Designation and parameters for common and standard straight spokes [55, 90, 91]. Stainless

steel is considered, while the endurance limit modifying factors resulted in kakbkckdkek f = 0.542.
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6 1.8

9
4.0 12 4.4

2000 949 672 811 139 786 210 0.59

2.0 14 95 2400 769 544 657 112 764 205 0.71

2.3 13 7 1.9 4.3
13

4.7 3000 585 412 497 85.0 722 197 0.89

2.6 12 100 7.5 2.1 10 4.6 5.0 3600 455 322 389 66.5 678 188 1.08

Thus, through iterations to minimise the spoke diameter, it is found that stainless steel spokes with

a diameter of 2.6mm are satisfactory with a fatigue safety factor of 1.08 [55]. Stainless steel is used

because it will prevent corrosion and offer the best performance compared to other materials like

aluminium, which has poor fatigue resistance, and titanium, which has problems with galling in the

threads [55]. The corresponding standard nipple has an overall length of 13mm, diameter of 4.6mm,

10mm threads, and 0.454mm or 56tpi pitch, and should be manufactured from brass for smooth

turning by acting like a bearing, suitable strength to avoid stripping, and reasonable mass of around

1g [55, 90, 91]. For the nipple holes in the rim, the diameter needs to be 5mm and the clearance needs

to be 4mm. Also, since it is seen that the Challenge Gravel Grinder TLR tyre uses a Presta valve, there

must be a valve hole with a diameter of 6.3mm located equally between two nipple holes to minimise

interference (commonly available adapters can be used for conversion to Schrader or Woods valves).

With these dimensions, it is possible to construct the outline of the rim. To complete the profile,

it is necessary to determine the necessary thickness such that the rim is strong enough to withstand

the applied loads and safe for operation without buckling. Since the rim will experience significant

compressive loads while rolling, this can be done using the proposed test in the Japanese Industrial

Standard (JIS) D 9421, which is based on ISO 5775 but includes additional information with regards

to rim strength. The test states that, when a static load of 500N (for 19mm to 25mm rim widths

or 300N for 13mm to 17mm rims widths) is applied to the rim without a hub or spokes while it is

positioned between two rigid supports, the permanent deformation measured must be less than or
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equal to 1mm [92], which implies that yielding will have occurred. This arrangement is shown in

Figure 35 along with the free-body diagram of the wheel during operation for comparison. During

operation, the resulting contact force with the ground can be assumed to be vertical, but the resulting

contact pressure with the ground will generally not be uniformly distributed over the contact area and

the leading part will experience a greater pressure than the trailing part due to the forward rolling of

the wheel which offsets the force and is the cause of rolling resistance [12].
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P = Propulsive Force
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rw = Wheel Radius
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R

P = Resistive Force

Figure 35: Arrangement to test rim strength without support from the hub, spokes, or tyre (left) and

free-body diagram showing the actual loads and exaggerated deformations during operation (right).

Unfortunately, a physical test with a prototype cannot be performed, but it is possible to create a finite

element analysis to provide a prediction of the results. To obtain a conservative result and account for

possible modelling and discretization errors in the simulation, the test will have the same arrangement

but the deciding criterion for safety is modified and based on no yielding occurring, such that the

maximum stress must be equal to or less than the yield strength with no permanent deformation.

So, various thicknesses are compared for aluminium 6061-T6, since it has a good combination of

strength to mass properties and corrosion resistance with a density of 2700kg/m3, elastic modulus

of 68.9GPa, and yield strength of 276MPa [93, 94]; and medium carbon steel AISI 1035, since it is

has a high yield strength of 370MPa with a density of 7850kg/m3 and elastic modulus of 196GPa

[95, 94]. In the simulations, the contacts between the supports and rim were set as no separation

to allow for an accurate and linear analysis; the mesh settings were consistent with an initial mesh

having quadratic order elements, medium relevance, fast transition, and maximum element size of

6mm; and convergence was applied to offer automatic refinement until the difference in maximum

stress between consecutive iterations was less than 2%. The overall results are shown in Table 16

and Table 17 for aluminium and steel respectively, with an instance of the most suitable choices for

aluminium and steel in Figure 36 - it is recognised that these results will be substantially lower with

support from the spokes and hub to form a more rigid structure.

From the results, it is clear that aluminium with a 2.3mm thickness will provide safe performance

and the lowest weight of approximately 0.879kg. A higher grade of steel could be considered, but the
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Table 16: Simulation results from the finite element analyses performed in ANSYS Mechanical 18.2

using aluminium 6061-T6 to determine the required thickness of the rims with a 19C designation.

Thickness: 2.0mm Thickness: 2.2mm Thickness: 2.3mm

Approximate Mass: 0.757kg Approximate Mass: 0.838kg Approximate Mass: 0.879kg

1.3

264.9

309.7

325.0

1

2

3
4321.0

16

3.6

Δ
 [%

]S
tr

es
s 

[M
P

a]

Solution
Number

0.6

238.7

277.7

289.9

1

2

3 4288.1

15

3.7

Δ
 [%

]S
tr

es
s 

[M
P

a]

Solution
Number

0.5

224.4

256.4

268.1

1

2

3
4266.6

12

3.8

Δ
 [%

]S
tr

es
s 

[M
P

a]

Solution
Number

C
on

ve
rg

ed Deformation: 10.35mm

C
on

ve
rg

ed Deformation: 9.031mm

C
on

ve
rg

ed Deformation: 8.359mm

Max. Stress: 325.0MPa Max. Stress: 289.9MPa Max. Stress: 268.1MPa

Min. Safety Factor: 0.751 Min. Safety Factor: 0.952 Min. Safety Factor: 1.029

Table 17: Simulation results from the finite element analyses performed in ANSYS Mechanical 18.2

using steel AISI 1035 to determine the required thickness of the rims with a 19C designation.

Thickness: 1.6mm Thickness: 1.8mm Thickness: 2.0mm

Approximate Mass: 1.741kg Approximate Mass: 1.969kg Approximate Mass: 2.200kg

0.6

356.3

405.6

422.8

1

2

3 4420.3

13

3.6

Δ
 [%

]S
tr

es
s 

[M
P

a]

Solution
Number

1.4

297.7

354.9

368.8

1

2
3

4363.6

18

2.4

Δ
 [%

]S
tr

es
s 

[M
P

a]

Solution
Number

1.3

264.5

309.4

325.4

1

2

3
4321.3

16

3.8

Δ
 [%

]S
tr

es
s 

[M
P

a]

Solution
Number

C
on

ve
rg

ed Deformation: 4.938mm

C
on

ve
rg

ed Deformation: 4.232mm

C
on

ve
rg

ed Deformation: 3.635mm

Max. Stress: 422.8MPa Max. Stress: 368.8MPa Max. Stress: 325.4MPa

Min. Safety Factor: 0.875 Min. Safety Factor: 1.003 Min. Safety Factor: 1.137

extra strength is unlikely to significantly decrease the mass lower than the aluminium results and the

walls will become so thin that the rim will not actually be able to support the forces from the spokes

[55]. An additional advantage of aluminium is that, if rim brakes are to be used, aluminium and steel

have a similar dynamic sliding friction coefficient of 0.28 and 0.32 against the brake pad under dry

conditions, but this coefficient drops by only 14.3% for aluminium under wet conditions to 0.24 while

it noticeably drops by 46.9% for steel under wet conditions to 0.17 - this is because aluminium has a
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Figure 36: Deformation and stress experienced in the 19C designated rim for the 2.3mm aluminium

6061-T6 (left) and 1.8mm steel AISI 1035 (right), as simulated with ANSYS Mechanical 18.2.

greater micro-roughness which is able to better penetrate residual water film, while steel is smoother

and the residual water film is not clearly disrupted but remains more intact [55].

Finally, since it was also possible to use a 17C designation with the chosen tyre, the different in

mass should be compared to see if there is a major reduction. So, with the adjusted profile and same

thickness of 2.3mm, a 17C designation would result in a decreased mass of 0.836kg, but it would

not be suitable to carry the load due to a resulting maximum stress of 291.12MPa when applying

the previous finite element analysis - it would actually be required for a greater thickness. Thus, the

compromise of the 19C designation for a greater compatibility with tyre widths is justified.

4.2.4 FRONT HUB

The desired construction of the front hub, seen in Figure 37, is fairly simple to produce a lightweight

and robust structure where a non-rotating axle provides support, the bearings allow for the hub shell

to freely rotate, and the lock nuts secure the components and prevent loosening under vibrations. To

begin to specify the design for the hub, the axle is first considered which is fixed to the forkends with

axle nuts and must allow for the standard 100mm spacing between the inside surfaces of the forkends.

For the axle, it is expected for the maximum force to be applied during braking, because maximum

braking will cause a moment up to the point just before the rear wheel lifts off the ground, where the

front axle will be supporting the total mass of the design and user. Additionally, the maximum de-

celeration from braking is usually greater in magnitude than maximum acceleration while pedalling.

Thus, assuming maximum braking with a high deceleration of 6.5m/s2 while drag and rolling resist-

ance are neglected, there will be radial forces of 773.5N from braking and 1167N from the maximum

119kg mass of the design and user exerted on the front axle to create a resultant force of 1400N,
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Figure 37: Construction of the front hub (left) with a sectioned view (left).

which is comparable to the maximum experimental value of 1550N found by De Lorenzo and Hull

[96] for vigorous off-road conditions with heavy impacts after periods of being airborne. The free-

body diagram of the axle seen in Figure 38 with general dimensions, where the bearings provide

reaction forces of equal magnitude at 700N due to symmetry.

It is also necessary to account for the axial stresses from the elongation on either side of the axle up to

the lock nuts due to the pre-load tightening of the axle nuts, where this pre-load is the only axial force

acting on the axle. The torque when installing the axle nut should be above 25N.m but not above

45N.m otherwise the front fork may be damaged and, so, the pre-load force can be estimated using

Equation 16 for a reusable connection and with a non-plated bolt condition factor of 0.3 [87, 89, 97].

Fp =
Tp

Kd
(16)

Where Fp, pre-load axial force, N; Tp, pre-load torque, N.m; K, condition factor; and d, diameter, m.
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Bearings
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Figure 38: Free-body diagram of the loads experienced by the axle in the front hub. For the dimen-

sions, it is assumed that the spacing between the forkends and bearings in 20mm.

From these forces, the axial force, shear force, and bending moment diagrams can be created in Fig-

ure 39. This indicates that equal maximum stresses will occur just to the left of 30mm and just to the

right of 90mm. It is now possible to iterate with various axle diameters until safety is achieved using

Equation 17, Equation 18, and Equation 19 for the axial, shear, and bending stresses respectively. In

these iterations, the maximum pre-load torque of 45N.m is adopted, the adjusted tensile stress area is
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used for the axial stress, a conservative static stress concentration factor of 3.0 will be applied for the

shear and bending stresses to account for the threads [87, 88], and a high grade steel AISI 4140 with

a yield strength of 1110MPa and ultimate tensile strength of 1185MPa will be considered [87, 98].

σa =
Fp

At
(17)

τb =
4V
3A

=
16V
3πd2 (18)

σb =
Md
2I

=
32M
πd3 (19)

σeq =
√

(σa + Ksσb)2 + 3(Ksτb)2 (20)

S e = (0.566 × −9.68S ut × 10−11)S ut (21)

Where σa, axial normal stress, Pa; Fp, pre-load axial force, N; At, tensile stress area, m2; d, diameter,

m; τb, transverse shear stress, Pa; V , shear force, N; A, cross-sectional area, m2; σb, bending normal

stress, Pa; M, bending moment, N.m; I, area moment of inertia, m4; σeq, equivalent combined stress,

Pa; Ks, stress concentration factor; S e, endurance strength, Pa; and S ut, ultimate tensile strength, Pa.
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Figure 39: Axial force, shear force, and bending moment diagrams for the front axle.

With a 9mm diameter, it is found at the maximum location that there will be an axial stress of

352.4MPa from a pre-load force of 16670N, shear stress of 14.67MPa without the stress concentra-

tion factor applied, and bending stress of 195.6MPa without the stress concentration factor applied.

The equivalent combined stress from Equation 20 produces a total stress of 922.6MPa, which has a

corresponding safety factor of 1.21. This diameter is actually fairly regular for the front axle in the

front hub of a bicycle which uses a standard thread of M9x1mm [99].

The fatigue performance of the axle can also be examined with Equation 13, where the minimum

stress from only the pre-load stress, the maximum stress is the combined stress with a fatigue stress

concentration factor of 2.0 used instead of the previous static stress concentration factor, and the en-

durance strength can be estimated using Equation 21 (this equation has been slightly manipulated

where the fatigue stress concentration factor present in the original has been removed and used when

finding the equivalent combined stress instead) [89]. This results in a midrange stress of 548.9MPa,

alternating stress of 196.475MPa, and endurance strength of 534.8MPa, which shows using the Mod-

ified Goodman failure criterion in Equation 15 that there is a fatigue safety factor of 1.20. Thus, this

diameter should be suitable, even when shocks from minor obstacles are encountered, because it is
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safe for the extreme case of maximum braking and the presence of the spacers between the forkends

and bearings will actually make the axle more rigid and help to reduce the substantial bending stresses.

Subsequently, the bearings can be chosen, where single row deep groove ball bearings are considered

since there will be primary radial loading but there may be minimal axial loads during turning - the

axial pre-load force from the axle is completely supported through the compression of the lock nuts

and does not affect the bearings. Also, it is useful for the bearings to be sealed with shields or contact

seals to prevent contamination and increase the effectiveness of the bearing without maintenance. The

static safety of the bearings is given by Equation 22, and the dynamic life is given by Equation 23. To

determine a suitable bearing, the combined radial load on each bearing is taken as 700N and, using

the SKF Bearing Catalogue [100], it is expected for slight contamination with a factor of 0.4 and rated

viscosity of approximately 205mm2/s or ISO VF 68 lubrication between the operating temperatures.

Thus, considering the relevant bearings in Table 18 with bore diameters of 9mm, it is found that the

most suitable bearing is the 609-2RSH with contact seals, because it is safe from static failure with

a safety factor of 2.37 and is predicted to have a life of at least 6115hr when operating at an average

of 18km/hr or 2202 days when commuting 50km each day (the average speed has no effect on the

number of days for the same commuting distance per day). After this point, it will be required for

maintenance or replacement of the bearings which is understandable. The data sheet for the SKF 609-

2RSH bearings is included in Appendix C, but the dimensions follow ISO 15:1998 so the bearing may

be replaced by an identical bearing from another manufacturer if necessary [100].

n =
C0

P0
(22)

Lbas =

(
C
P

)p

→ Lbas,hr =
106

60ω
Lbas → Lsk f = arelask f

(
C
P

)p

→ Lsk f ,hr =
106

60ω
Lsk f (23)

Where n, static safety factor; C0, basic static load rating, N; P0, applied static load, N; Lbas, basic

life cycles, 106 cycles; C, basic dynamic load rating, N; P, applied dynamic load, N; p, life exponent

factor, 3 for ball bearings or 3.33 for roller bearings; Lbas,hr, basic life time, hr; ω, angular velocity,

rev/min; Lsk f , SKF modified life cycles, 106 cycles; arel, reliability modifying factor; ask f , SKF

modifying factor; and Lsk f ,hr, SKF modified life time, hr. (arel and ask f are from the SKF Bearing

Catalogue [100] with the fatigue load limit, Pu [N], contamination factor, ηc, and viscosity ratio, κ).

The mounting of the spokes to the hub can also be decided, although this can be changed by rebuilding

the wheel if the user desires. The options for mounting are based on the lacing and number of times

the spokes cross which sets the angle at which the spokes protrude from the hub. The most common

mounting options are lacing as radial or zero-cross (0X, with no crossings), one-cross (1X, with

one crossing), two-cross (2X, with two crossings), three-cross (3X, with three crossings), and four-

cross (4X, with four crossings), where the flange exit or tangential angle increases as the number

of crossings increases [55]. A higher crossing allows for the torque from the wheel to be braced

axial through the spokes to the hub (or vice versa) and a stronger build where the applied torque

when accelerating or braking affects each consecutive spoke equally but in an opposite direction such

58



Table 18: Comparison between various candidate bearings for the axle in the front hub. The constant

values include d = 9mm, P0 = 700N, P = 700N, ηc = 0.4 for slight contamination, κ = 2.17, and

arel = 0.21 for 99% reliability, and an average speed of 18km/hr producing an angular velocity of

137.6rev/min used to estimate the life in terms of time and distance.
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that the average tension and compression experienced in the hub does not change; while a lower

crossing offers a less sturdy structure but a marginally lower mass since the spokes can be shorter

[55]. However, a radial lacing is ineffective when using disc brakes, because disc brakes require the

transfer of torque from the disc to the hub and then through the wheel and, since it offers less benefits

and to allow for the possibility of disc brakes, the radial lacing is discarded. So, with a preference for

strength but a concession for mass, a three-cross lacing will be adopted, as seen in Figure 40.
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Figure 40: Lacing for a flange on the front wheel - only half the mounting holes on the rim are shown,

where the other half for the other flange will be identical but offset by 10o. It should be highlighted

that this does not apply to the rear wheel, where the bracing from the spokes will actually be slightly

offset from the centreline to accommodate for the freehub.
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With a flange diameter of 70mm to produce a moderate stiffness, the mounting holes will be placed

at a pitch circle diameter of 60mm. The spokes will have a total length of about 295.6mm with

approximate flange exit angles of 65.2o and bracing angles of 8o. Since the spokes have an elbow

height of 7.5mm to the centreline of the 2.6mm diameter, the flange should be no more than 6.2mm

thick. It is also estimated for a head clearance of 3mm to avoid interference between and overlapping

of the spoke heads at the hub. For one-cross lacing on the hub motor with an exit angles of 30.8o

and the mounting pitch circle diameter of 208mm, it is required for a spoke length of about 197.1mm

on the left and 195.5mm on the right, and bracing angles of 9.3o on the left and 5.6o on the right (it

is uncertain if a one-cross lacing is used, but this is assumed based on the mounting hole positions).

Overall, a front spoke will have a mass of 13g, while a rear spoke will have a mass of 8g.

Finally, the hub shell needs to be specified and should be constructed from aluminium 6061-T6 for

a low mass and to be softer than the spokes such that it allows the flange to conform and elastically

deform until there is full contact between spoke and flange [55]. The applied forces will be exerted on

the flanges from the tension in the spokes with reaction forces at the bearings. So, the flanges will be

positioned directly above the bearings at 80mm apart to minimise bending developed within the hub

shell. The shape of the hub shell can be based on the placement of the bearings and mounting holes

for the spokes to allow for a finite element analysis to be performed to evaluate the strength of the hub

shell. However, most of the dimensions are set and optimisations cannot be substantially performed

to decrease mass, but minor details are used to remove material beneath the mounting holes.

In the simulation, a radial lacing from the spokes is considered since this creates the weakest hub

shell, where a tensile magnitude of 1208N is applied to each mounting hole in the relevant direction.

The initial mesh settings are quadratic order elements, fine relevance, slow transition, and maximum

element size of 3mm, but convergence was also applied for a difference less than 2% for the maximum
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Figure 41: Arrangement of the boundary conditions with the applied loads and supports, and de-

formation (exaggerated) and stress experienced in the hub shell for aluminium 6061-T6 with a radial

tensile force of 1208N applied from the spokes, as simulated in ANSYS Mechanical 18.2.

60



stress. The arrangement of the boundary conditions are seen in Figure 41 with the final results, which

predict a maximum stress of 155.9MPa and safety factor of 1.77 at the rounded corners of the details.

Overall, with a total front hub mass of approximately 0.286kg for the hub shell, axle, bearings, and

spacers, the front wheel is estimated to have a mass of 2.036kg including the hub, spokes, rim, and

deflated tyre. On the rear wheel, the estimated mass is 6.294kg including the rear hub motor, spokes,

rim, and deflated tyre. If the total mass of the design is around 19kg, the 8.330kg combined mass of

the front and rear wheels will be 43.84% of this mass which is 2.63kg higher than the assumed 30%

or 5.7kg for the electric propulsion, but this is still acceptable given that the difference is only 2.768%

of the total 95kg mass and the motor has a maximum rated output well over the investigated 600W.

Finally, if disc brakes are chosen for the braking system, slight modification will need to be applied

to a side of the front hub shell for the standard mounting and transfer of torque.

4.3 MANUAL PROPULSION

The manual propulsion converts the input energy from the user into rotational kinetic energy of the

rear wheel and translational kinetic energy of the design and user, which is achieved through gearing

and power transmission. The primary aim of the manual propulsion is to supplement and offer as-

sistance to the electric propulsion when additional power is needed and, for this purpose, the manual

propulsion must be designed to offer increased torque for assistance on excessive slopes with gradi-

ents above 3%. Fully independent manual propulsion will be minimally used at lower speeds up to

20km/hr, with low wind speeds around 10km/hr, and on slopes up to moderate gradients of 3%.

4.3.1 GEARING

It is necessary to determine whether it is required for multiple gears or if it would be acceptable to

have a single-gear power transmission. The possibility of using a single-gear power transmission

is considered based on typical steady-state cases when only manual propulsion will be used, with

the results shown in Table 19. Assuming a perfect efficiency, the relationships to derive the results

are described by Equation 24 to Equation 27 and seen in the free-body diagram of the rear wheel in

Figure 19. As with the electric propulsion, it was conservatively assumed that there is a frontal area of

0.55m2, drag coefficient of 1.2, rolling coefficient of 0.008, and maximum design mass of 19kg with

an average user mass of 76kg for a total mass of 95kg - the total mass was assumed to be distributed

with approximately 60% on the rear wheel and 40% on the front wheel [12]. For a realistic model, this

investigation was also based on a limiting maximum continuous power of 240W, effective pedalling

force up to 200N assuming a standard crank length of 170mm to produce a maximum continuous

torque of 34N.m, cadence range of 50rev/min to 110rev/min, and the use of the chosen 622mm rims

and Challenge Gravel Grinder TLR tyre with a height of approximately 36mm when inflated.

P = Tω → Pw = ηPc (24)
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G =
Zw

Zc
=

dw

dc
=

Tw

Tc
=
ωc

ωw
(25)

n∑
i=1

To = 0 → Tw − F f rw + %mrFr = 0 (26)

n∑
i=1

Fi = 0 → F f − Fd − Fw − Fr = 0 (27)

Where P, power, W; T , torque, N.m; ω, angular velocity, rad/s; Pw, wheel power, W; Pc, crankset

power, W; η, efficiency; G, gear ratio; Zw, number of wheel teeth; Zc, number of crankset teeth; dw,

wheel diameter, m; dc, crankset diameter, m; Tw, wheel torque, N.m; Tc, crankset torque, N.m; ωc,

crankset angular velocity, rad/s; ωw, wheel angular velocity, rad/s; To, arbitrary torque component,

N.m; F f , friction driving force, N; rw, wheel radius, m; %mr, fraction of mass on rear wheel, kg; Fr,

rolling resistance force, N; Fi, arbitrary force component, N; Fd, drag resistance force, N; and Fw,

weight resistance force, N.

Through iterating with various gear ratios, the most suitable gear ratios were found to be between

1:1.74 and 1:2.18 to achieve decent performance above 20km/hr with varying wind speeds up to

15km/hr and slopes up to gradients of 3%. Typical values for single-speed power transmissions range

between 2.0 to 3.0, but it should be emphasised that these calculations maximise torque within the

acceptable cadence such that the manual propulsion can act as a supplement to the electric propulsion

while still acceptably achieving the requirements during commuting at lower speeds and on moderate

slopes. Conversely, typical single-speed power transmissions are optimised for only manual propul-

sion where the wheels are smaller at 559mm and it is necessary to achieve high speeds up to 40km/hr

on mostly flat and downhill terrain while maintaining a smaller cadence range around 90rev/min [12].

Before declaring a verdict, the primary combination of electric propulsion and manual propulsion

also needs to be considered. This is shown in Table 20, where a continuous rated power of 250W

is considered from the motor. It is evident that a gear ratio of 1:1.74 is not capable of a speed of

30km/hr due to a very high cadence of 131.8rev/min, where the limit of this high cadence is reached

with a gear ratio of 1:2.09. So, with a slight division between the need for an increased torque versus

an increased cadence, gear ratios between 1:2.09 and 1:2.18 are the most acceptable with speeds of at

least 30km/hr on slopes up to 3% gradient and speeds of at least 20km/hr on slopes up to 7% gradient,

depending on the wind speeds. Furthermore, with a peak performance with increased pedalling force

for short periods, even steeper slopes could be climbed at greater wind speeds. From this, it seems as

though a single-speed power transmission optimised for the operating conditions may be suitable.

However, there are still additional advantages of a single-speed power transmission which include a

narrowly increased efficiency regarding a chain drive with a typical range between 96% and 99% due

to a constant chain tension, straight chainline from the front and rear sprockets, and lack of friction in

the rear derailleur; while multiple gears tend to have an efficiency between 86% and 98% depending

on the derailleur and chosen gear [12]. From the increased simplicity by removing the front and

rear derailleurs, gears, and shifting components, there is also a decreased mass with up to 0.4kg for
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slightly improved performance (this will marginally aid with shifting the centre of gravity forward

to correct the mass distribution), higher cost effectiveness, and greater reliability and resilience with

less maintenance and lower likeliness of operating issues like derailing and skipping [12]. As is

obvious, the main advantage of multiple gears is the versatility offered from different gear ratios

which provide relief so the user can maintain a constant cadence, but this is mostly applicable when

manual propulsion is the primary form of propulsion and needs to be compatible with a wide range

of operating conditions. Thus, it is decided that a single-speed power transmission will be developed,

because it can be optimised for the operating condition and, within these operating conditions, it will

allow for better performance due to an increased efficiency and decreased mass.

4.3.2 POWER TRANMISSION

Firstly, it is established that the manual propulsion will utilise rear wheel drive rather than front wheel

drive, because it has been decided that the hub motor will provide the best performance at the rear

wheel. Also, trying to use front wheel drive will require an extremely complex steering mechanism,

if it is even possible. Subsequently, compared to other atypical forms of manual power input (such as

oscillating motions, linear sliders, hand pedalling, or step pedalling), it will be vastly more efficient

and effective to use circular pedalling with the legs of the user [12], which is the conventional method

involving continuously rotating each foot.

The method of transmitting the power from pedalling to the rear wheel needs to be evaluated. Because

of the need for separation between the driving gear and driven gear, the possible concepts include the

Chain Drive, Belt Drive, and Shaft Drive, which are seen in Figure 42. The Chain Drive uses front

sprocket attached to the cranks and a rear sprocket attached to the rear wheel to form the desired gear

ratio with a roller chain to transmit power between the sprockets. The Belt Drive uses front pulley

attached to the cranks and a rear pulley attached to the rear wheel to form the desired gear ratio with

a timing or toothed belt to transmit power between the pulleys. The Shaft Drive uses a front bevel

gear attached to the cranks and a rear bevel gear attached to the rear wheel to form the desired gear

ratio with a shaft with bevel gears at the end to transmit power between the gears - alternatively, the

desired gear ratio could be divided into stages with the shaft gears.

Table 21 compares and evaluates the best concept. For the scoring, the need for a low likeliness of

operating issues and durable life are rated first and second respectively because they are related to ro-

bustness, but the immediate nature of operating issues under slightly contaminated and wet conditions

are viewed as more important than the long-term nature of durability. The third rated criterion is the

ability to withstand shocks, because it is essential for endurance when minor obstacles are encounter,

otherwise the performance will become inconsistent and unreliable. The fourth rated criterion is the

ease of maintenance, repairability, and replacement, because this will provide convenience but, more

importantly, it will allow the user to customise the gear ratio if the chosen value is not suitable for

their needs. The flexibility to be integrated with the other sub-systems is rated fifth, because this

could affect the reliability and performance of the other sub-systems with far reaching repercussions

64



Foreground Crank

Background Crank

Front Sprocket / Chainring

Wheel

Frame

Bush-Roller Chain

Rear Sprocket / Cog

Pedal Hole

Pedal Hole
Behind Frame

Foreground Crank

Background Crank

Front Pulley

Wheel

Frame

Timing Belt

Rear Pulley

Pedal Hole

Pedal Hole
Behind Frame

Foreground Crank

Background Crank

Front Bevel Gear

Wheel

Frame

Shaft Bevel Gear

Rear Bevel Gear

Pedal Hole

Pedal Hole
Behind Frame

Shaft Bevel Gear

Shaft

Figure 42: Schematics of the possible power transmission methods for manual propulsion, with pos-

sibilities for the Chain Drive (top), Belt Drive (centre), and Shaft Drive (bottom).

along the lines of an increased mass and instability to accommodate the integration. The need to

be lightweight is rated sixth, because the mass of the components is expected to be extremely low

compared to the total mass of the design and user, where a decreased mass will only have a minimal

overall performance improvement. The efficiency, although important to the design, is allocated a low

weighting at seventh, because it is difficult to accurately judge efficiency based on the wide expec-

ted ranges without an actual design, but it is still useful to generally acknowledge the dissimilarities.

Finally, the cost effectiveness is rated eighth, since it is not viewed as decisive to the design purpose.

Although it excelled with low operating issues, high durability, and high efficiency, the Shaft Drive

obtained a score of 66%, because it showed difficult integration with the frame, where it would be

integrated into the members of the rear forkend for best compatibility; allows for inferior shock

absorption since it is rigid and needs very tight tolerances to ensure precise clearance and positioning

of the gears; and failed to convey a low mass with the gears being reasonably heavier than sprockets

or pulleys [12, 94]. In the highest weighted criteria, the Chain Drive has a slight probability of

derailing or twisting, but this is made almost negligible with a correct chainline and tensioning; very
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Table 21: Weighting matrix and evaluation of the possibilities for the transmission of manual power.
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A 1. Efficient A B C D E F G A 2 5.6% 10 4 8 3 6 5 10

B 2. Lightweight B C D E F G B 3 8.3% 15 3 9 5 15 2 6

C 3. Durable Life C C C C G C 7 19.4% 35 3 21 4 28 5 35

D 4. Flexible Integration D E F G D 4 11.1% 20 5 20 2 8 1 4

E 5. Easy Maintenance E F G F 5 13.9% 25 4 20 3 15 2 10

F 6. Withstand Shocks F G F 6 16.7% 30 4 24 5 30 2 12

G 7. Low Operating Issues G G 8 22.2% 40 4 32 3 24 5 40

H 8. Cost Effective H 1 2.8% 5 5 5 4 4 2 2

Total Score 180 139 130 119

good durability, but it may be prone to rust if exposed to wet conditions without protection; decent

ability to withstand shocks since it is flexible [94]; and easily maintained through periodic lubrication

which may be bothersome but fairly simple, or repaired through replacement and customisation with

commonly available chain and sprocket variations, since there is optimal integration without affecting

the other sub-systems where the chain can be disassembled or assembled and the sprockets follow

standard mounting on a freehub. Overall, the Chain Drive obtained a score of 78%. The Belt Drive

obtained a score of 72%, because it excelled with a very low mass and enhanced ability to withstand

shocks [94], but it suffers since there is a risk of cutting or tearing if it contacts sharp or abrasive

surfaces, and there is very limited availability of parts for replacement and customisation. Generally,

the Chain Drive and Belt Drive exhibited similar characteristics, but the major distinction is the poor

ability of the Belt Drive to be flexibly integrated with the frame, because it must be either incorporated

as the frame is being built, but then it cannot be replaced which is very deterring; or it requires for

a split in the frame, usually near the rear forkends, which will result in a weaker frame prone to

distortion or a frame with an increased mass. Therefore, according to the evaluation, the Chain Drive

will offer the most versatile power transmission.

The common chains used for bicycles have a standard construction, seen in Figure 43, and follow

ISO 606 for short-pitch precision roller chains as a simplex chain, where a pitch of 12.7mm is normal

and the minimum internal width between the inner plates generally varies at 2.3mm, 3.3mm, 4.0mm,

or 4.8mm [101]. The length of the chain and actual centre distance are dependent on the pitch of

the chain, diameters of the sprockets, number of links, and contemplated centre distance between the

sprockets, as given by Equation 28 and Equation 29 respectively [94].
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Nl ≈
π(dc + dw)

2p
+

2C
p

+
(dc − dw)2

4Cp
=

Zc + Zw

2
+

2C
p

+
(Zc − Zw)2

4π2C
→ l = Nl p (28)

C =
p
8

(
2Nl − Zc − Zw +

√
(2Nl − Zc − Zw)2 −

( π

3.88
(Zc − Zw)2

))
(29)

Where Nl, number of chain links (round up to the nearest integer - preferably even); dc, driving

sprocket diameter, mm; dw, driven sprocket diameter, mm; C, centre distance, mm; p, pitch, mm; Zc,

number of driving teeth; Zw, number of driven teeth; and l, chain length, mm.

Outer
Plate

Roller

BushPin

Inner
Plate

p = Pitch Length

d1 = Max. Roller Diameter

d = Pitch Circle Diameter

df = Root Circle Diameter

da = Top Circle Diameter

r1 = Tooth Radius

   = Tooth Angle

   = Roller Contact Angle

r2 = Tooth Profile Radius

k = Above Pitch Height

Figure 43: Standard construction and components of a roller chain [102].

A gear ratio between 1:2.09 and 1:2.18 is required, but it would be preferable for a compromise of a

lower cadence and increased torque in a greater gear ratio with a standard crank length of 170mm. As

is required, this will allow for decent performance when frequently stopping and starting and on flat

and uphill terrain with speeds up to 30km/hr, but coasting may need to be used on downhill terrains at

higher speeds which is acceptable since these speeds are already excessive. So, the number of teeth

on and diameter of each sprocket needs to be determined relative to the desired gear ratio.

As a starting point, there will be variations in components of velocity and oscillations in acceleration

of the chain created by the polygonal effect and, so, the number of teeth on the driven sprocket should

be greater than 19 teeth to minimise these variations negligibly below 2% [94, 103, 102]. It is also

preferable for an even number of pitches in the chain, a driving sprocket with an odd number of

teeth, and a driven sprocket with an even number of teeth because this will ensure a uniform wear

distribution over both the chain and sprocket teeth [94, 102]. The shocks experienced will be greater

for a greater angular speed of the driven sprocket and, so, the diameter of the driven sprocket should

be maximised [94]. With regards to efficiency generally, the efficiency of the power transmission

decreases as the size of the rear sprocket decreases, the torque transferred or chain tension decreases,

and the type of lubrication or lack of lubrication has a negligible effect on efficiency [12]. However,

it is still necessary to minimise the size of the sprockets to decrease mass and allow for suitable

usability, clearance above the ground, and avoidance of interference with other sub-systems.

The possible gear ratios with driving sprockets with teeth from 37 to 50 and driven sprockets with

teeth from 17 to 23 are shown in Table 22. This indicates that the most suitable gear ratio matching
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the criteria is 1:2.15 with 43 teeth on the driving sprocket and 20 teeth on the driven sprocket. There

should also be a fair range of customisation for the driven sprocket if the user desires.

Table 22: Comparison of the suitable gear ratios presented as a ratio under unity (1:X).

Driven

Driver
37 38 39 40 41 42 43 44 45 46 47 48 49 50

17 2.18 2.24 2.29 2.35 2.41 2.47 2.53 2.59 2.65 2.71 2.76 2.82 2.88 2.94

18 2.06 2.11 2.17 2.22 2.28 2.33 2.39 2.44 2.50 2.56 2.61 2.67 2.72 2.78

19 1.95 2.00 2.05 2.11 2.16 2.21 2.26 2.32 2.37 2.42 2.47 2.53 2.58 2.63

20 1.85 1.90 1.95 2.00 2.05 2.10 2.15 2.20 2.25 2.30 2.35 2.40 2.45 2.50

21 1.76 1.81 1.86 1.90 1.95 2.00 2.05 2.10 2.14 2.19 2.24 2.29 2.33 2.38

22 1.68 1.73 1.77 1.82 1.86 1.91 1.95 2.00 2.05 2.09 2.14 2.18 2.23 2.27

23 1.61 1.65 1.70 1.74 1.78 1.83 1.87 1.91 1.96 2.00 2.04 2.09 2.13 2.17

To check that a pitch of 12.7mm is acceptable, the design power can be determined based on factors

for the dynamic overloads during application and effects of the number of teeth of the driven sprocket.

The application factor takes into account the characteristics of the operating conditions with regards

to lubrication, contamination, and shocks during operation. This is shown in Equation 30. These

modifying factors are determined with reference to the Renold Chain Designer Guide [103] to ensure

a minimum life expectancy with proper installation and lubrication of 15000hr. For evaluation, it is

reasoned that there will be slight shocks as there will be frequent stopping and starting of pedalling,

but there will be more significant shocks at the driven sprocket due to the wheel encountering minor

obstacles - a factor of 1.4 was chosen. There will be 20 teeth on the driven gear which results in a

factor of 0.95. This results in an overall design factor of 1.33.

Pd = f1 f2P (30)

Where Pd, design power, W; f1, application factor; f2, driven teeth factor; and P, power, W.

Considering continuous operation with the maximum torque of 34N.m and a peak cadence of 110rev/min,

the generated power is 391.7W - although it is unlikely the user will be able to produce this power

level. Also, the maximum torque at a cadence of 50rev/min generates 178.0W of power. Applying

the overall design factor, the design powers are 520.9W and 231.4W respectively. From the ratings

chart in Figure 44, this shows that a 12.7mm chain is the best choice of chain with manual lubrication.

The required sizing of the chain is satisfied with the ISO 606 081-100 roller chain corresponding

to a pitch of 12.7mm and minimum internal width of 3.30mm. This also sets the corresponding

dimensions of the sprockets where the pitch circle diameters is equal to the product between the

pitch and a factor for the number of teeth on the sprocket, where the factors are 13.70 for the driving

43-teeth sprocket and 6.392 for the driven 20-teeth sprocket which produce pitch circle diameters of

174.0mm and 81.18mm respectively [103, 102]. The remaining dimensions of the sprockets were
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Figure 44: Ratings chart used to select the most appropriate roller chain to ensure a successful design

based on the required design power and driving sprocket angular velocity [103].

automatically calculated by Autodesk Inventor Professional 2019 for accuracy. The centre distance

of the sprockets with be finalised with the frame in Section 4.4, but the actual centre distance should

be between 30 and 50 times greater than the pitch - in other words, between 381mm and 635mm [94,

103]. Although it is not necessary since the rating chart guarantees that the chain will be acceptable,

the reliability can easily be further checked with the Roller Chain Design Accelerator in Autodesk

Inventor Professional 2019 which predicts a design power of 571W, tangential velocity of 1.049m/s,
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effective tension of 373.5N, static safety factor of 20.45 (recommended to be greater than 7), and

dynamic safety factor of 13.64 (recommended to be greater than 5).

Finally, due to the nature of the relative motion between the chain elements, the chain will experience

wear, which will result in increasing gaps between the pairs of elements creating a larger pitch and an

increased overall chain length [94]. Consequently, this increase in pitch will cause the chain to wind

around the sprockets at a greater diameter than the design diameter which will lead to accelerated

wear and, so, the life limit of the chain should be considered once the elongation percentages exceeds

2% [94, 103, 102]. The user will be required to perform this maintenance by measuring the elongation

with commonly available tools and replacing the chain when it is no longer acceptable. For slower

elongation and minimised wear and rust, periodic lubrication must also be manually applied by the

user using a mineral oil with a SAE 30 or BS 4231/100 rating [103, 102].

4.3.3 CRANKS

In the crankset, the sprocket will be mounted to a crank on one side of the design while there will

be another crank on the other side of the design. The mounting of the sprocket can use a four bolt

arrangement with a thread of 5mm diameter by 0.8mm pitch and common bolt centre diameter of

64mm, which should allow compatibility with other sprockets [104]. Both of the cranks will be

mounted to a bottom bracket within the frame. A suitable bottom bracket is the Shimano Octalink

V2 BB-ES300, which has a shell width of 68mm within the frame and basically consists of a hollow

spindle and central sealed cartridge unit screwed into the frame using standard threads of 34.8mm

diameter and 1.058mm pitch or 1.370in by 24tpi and two mounting shafts with eight splines of 9mm

length and 2.8mm width on either side for the cranks where a crank bolt screws into the shafts fol-

lowing the cranks to secure them on the splines, as seen in Figure 45 [105, 106, 107]. A universal

pedal hole of 14.28mm in diameter with a thread of 1.27mm pitch or 0.5625in by 20tpi (there must

be normal thread on the sprocket pedal and reverse thread on the other pedal to counteract precession

unscrewing the pedals) is also required at the end of each crank [108]. Based on observations, it is

also reasoned that a clearance of 9mm between the crank and sprocket will be sufficient for the chain.

As previously mentioned, a crank length of 170mm is desired.

Right Crank
(Sprocket)

Crank Bolt

Crank Bolt

Spindle 
22m

m

Shell Width = 68mm

Spindle Width = 126mm

Threads Screwing Into Frame 
Sealed Cartridge Unit

CupLeft Crank

Spindle

9mm9mm

Figure 45: Example of the Shimano Octalink V2 BB-ES300 bottom bracket [105].
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In ISO 4210-8 [109], a safety test is submitted to evaluate the crank strength where a force of 1300N

is applied to each crank at 45o separately in each direction. During actual use, the maximum loads are

expected to be applied when the maximum user of 100kg is in a standing position is distributed across

both cranks being either horizontal or vertical which would only apply a single component of about

490.5N to each crank. So, the proposed test can be seen as conservative since a vertical and horizontal

component are applied at the same time with magnitudes of 920N. The resulting displacements and

stress for this test can be evaluated with a finite element analysis. To produce the lowest mass and

determine if it is suitable, aluminium 6061-T6 is considered for each component. For the contacts on

the right crank, a no separation contact was applied for the interactions between the crank, sprocket,

and bolts. For the mesh, quadratic order elements were used with a fine relevance and slow transition.

The overall maximum element size was set at 2mm, but body sizing was applied near the bottom

bracket connection through a 30mm sphere of influence to allow a finer resolution with element sizes
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Figure 46: Deformation (exaggerated) and stress experienced in the crankset for the test cases using

ANSYS Mechanical 18.2. Convergence within 2% was achieved with a first maximum stress of

173.4MPa and second maximum stress of 174.5MPa for a change of 0.6%.
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up to only 1mm for the spline and members connecting the cranks and sprocket. For the supports, a

combination of cylindrical and displacement boundary conditions were used to accurately model the

spline and crank bolt. The forces are simulated using remote forces at the required offset of 65mm

outwards from the pedal holes to account for the overhang of the pedals.

After several iterations of reinforcing areas of high stress and removing material from areas of low

stress up to the point where the deformation became disproportionate, the final results for the force

applied in each direction are seen in Figure 46. As it is expected since it is assumed that the material

is linearly elastic with identical properties in tension and compression, the displacements and stresses

are the same in each case, but the manner in which deformation occurs has an opposite appearance.

The maximum deformation was found to be 1.534mm, which is rather high; and the maximum stress

was found to be 174.5MPa with a safety factor of 1.6, which is acceptable. To evaluate the displace-

ment during normal operation, a force of 490N was applied at the same offsets but parallel to each

crank and the maximum displacement was 0.6217mm which will not be noticeable (with a maximum

stress of only 64.09MPa). The combined mass of the cranks is estimated at 0.555kg and it is expected

for the rear sprocket, chain, and bottom brake to have a mass of no more than 0.4kg.

4.4 FRAME STRUCTURE

The primary factors to consider for the frame are the mass, strength, and stiffness. The mass should

always be minimised as much as possible to provide the best performance for propulsion. The strength

needs to be satisfactory so that the frame is able to operate on the desired terrain with minor obstacles.

The stiffness partially affects the feel of the frame with the most effect coming from the handlebar,

where a stiffer frame with a responsive feel is preferable but an extremely stiff frame should be

avoided as this will produce greater discomfort over minor obstacles [12]. Furthermore, it is also

realised that the stability of the design will generally decrease as the size of the frame is increased,

centre of mass is moved to the rear, and centre of mass is moved higher [72].

4.4.1 GENERAL FACTORS

To initially decide on the position of the members of the frame, the Shape Generation tool in Autodesk

Inventor Professional 2019 was used to reduce mass while maximising strength for a given load case.

The results were limited and not directly developed further as they are only intended to be a conceptual

guide - shown in Figure 47. As is modernly conventional, a diamond frame will be adapted which

utilises two triangular structures bracing the rear wheel and a front quadrilateral structure (although

a small head tube almost forms a triangular structure) connecting the front fork, where the primary

stresses are experienced directly in tension or compression but there may still be bending stresses in

the front fork or torsional stresses in the entire frame as the user pedals. The outline of the diamond

frame is seen in Figure 48, with the outline of a user representing the range of dimensions from the

5th to 95th percentile individuals. For consolation, the Shape Generation results vaguely resembled a

diamond frame with the quadrilateral structure divided into two triangles for better triangulation.
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Figure 47: Set up and results of the Shape Generation tool used in Autodesk Inventor 2019.
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The diamond frame can be arranged with a step-over top tube, where the top tube is horizontal, or

step-through top tube, where the top tube is lowered at the connection to the seat tube or even absent.

The step-over layout offers greater strength for a lower mass due to better load distribution without

the need for additional reinforcing, but the step-through layout is much easier to mount and dismount

for smaller or older users - there is speculation about step-over frames being aimed at males and

step-through frames being aimed at females, but this is misleading and based on past traditions when

females commonly wore dresses or skirts while riding. For convenience but favouring performance,

the target will be for a combination of these types tending towards a step-over top tube, where the top

tube is slightly inclined so the design is easy to mount but still aligned enough to resist the loads.

Each of the tubes need to be as strong and light as possible, with little concern for the area occupied

as long as it is not excessive. So, thin-walled cross-sections will be the most suited to withstand

tension, compression, bending, torsion, or a combination of stresses. The chain stays and seat stays

need to avoid and leave clearance for the rear wheel, so the best strength while remaining as compact

as possible can be achieved from a solid cross-section. It is desired for the top tube and down tube to

feature flat surfaces to allow for the aesthetic and flush integration of the enclosure for the controller

components and battery pack. The seat tube and head tube must each have circular cross-sections to

accommodate the adjustable seat post and fork headset respectively, which need internal diameters

of 27.2mm (ranges from 22mm to 35mm, but this is the most common) and 30.2mm respectively for

compatibility with standard parts [110, 111]. For the cross-sections seat stays and chain stays, it is

reasoned that, when supporting the vertical weight of the user, the seat stay will experience mostly

axial loads due to its near vertical angle, so a circular cross-section should suffice; while the chain

stay may experience bending and axial loads due to its near horizontal angle, so the cross-section can

be elongated to form an ellipse for additional support. The best performing cross-section will have to

be determined through iterating with different shapes and various thicknesses.

The possible failure modes of the members can occur through plastic yielding from an excessive stress

or buckling from excessive bending and collapse. The materials usually used to construct frames to

avoid failure include steel, aluminium, titanium, and carbon fibre. For the best performing frame,

carbon fibre should be used because it has an exceptionally low strength-to-mass ratio, but titanium

also performs well since it has a strength similar to that of steel but nearly half the density [12, 112].

However, titanium and carbon fibre will realise a material cost that is as much as triple the cost of

an aluminium or steel frame. So, as with the cranks for the manual propulsion, aluminium will be

considered first for a compromise with a low mass at an acceptable cost with inherent corrosion

resistance and, if it is found inadequate, steel will then be considered as the most appropriate option.

A further factor is the chain for the manual propulsion which will require tensioning for optimal per-

formance. This can either be achieved through the addition of a spring-loaded jockey or idler sprocket

mounted to the frame, or using horizontal and backwards facing forkends instead of traditional dro-

pouts such that the wheel can be installed at a corresponding distance to enable the correct tension in
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the chain. The use of these customised forkends is definitely simpler and will increase the reliability

if installed correctly since there are no additional moving parts.

The headset attaches the front fork to the handlebar through the head tube and is seen in detail in

Figure 49 with a threaded arrangement using a standard fork steering tube outer diameter of 25.4mm

and pitch of 1.058mm or 1in by 24tpi and stem outer diameter of 22.2mm [111]. With the use of

angular contact bearings in a cup and cone arrangement, this creates a rotatable interface and allows

the front wheel to be steered with the fork steering tube freely rotating within the head tube. A single-

piece stem with a pinch clamp can then be used to firmly grip and hold the handlebar in place. This

stem will use a wedge to fasten within the steering tube, where the bolt can be tightened to pull the

wedge up the chamfer of the stem to secure the stem and prevent relative motion of the steering tube.

For user familiarity and predictable steering, the handlebar will have a straight horizontal shape with

a standard outer diameter of 25.4mm at the stem clamp and a slight inwards taper towards the ends.
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Figure 49: Arrangement and components of the headset.

Finally, it is likely for the enclosure to be constructed from a lightweight polymer material and be

mounted within the quadrilateral structure of the frame. However, as shown in Table 5, a polymer

generally has a yield strength from 18.5MPa to 53.8MPa, which is significantly less than the 276MPa

of aluminium 6061-T6 or 370MPa of a lower grade steel. Thus, although the enclosure must not carry

any of the applied loads, the deformations of the quadrilateral structure must be limited through an

increased stiffness since the enclosure will deform with the frame and may fracture if the deformations

are unrestrained. When evaluating the thickness of the top tube and down tube, the chosen thickness
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must also be suitable to allow for strong connection points to fasten the enclosure - likely with two

bolts through the bottom of the top tube and two bolts through the top of the down tube.

4.4.2 ERGONOMIC SIZING

Considering the effects of the user positioning on performance, it is necessary to minimise drag

resistance to maximise performance, since drag resistance contributes greatly to overall resistance at

high speeds. The lowest drag resistance can be achieved by using a position where the user is leaning

forward at an extreme angle such that the centre of their back is the highest part of their body with their

knees almost against their chest and their arms brought as close inwards as possible [12]. However,

this is only suitable for track or time trial racing where it is necessary for the best performance without

much concern for comfort [12]. For sustained periods of commuting by the average user, this will

not be tolerable and may even cause injuries due to strain from incorrect technique. Instead, a more

recreational position is suggested for better comfort, where the user adopts a more upright posture.

The conventional frame sizes range from small to extra large primarily based on seat tube lengths

from 430mm to 660mm respectively. The 5th to 95th percentile standing height of a male ranges

from 1640mm to 1905mm, while the 5th to 95th percentile standing height of a female ranges from

1540mm to 1790mm. Using the frame sizing chart included in Appendix C, it is seen that a seat tube

length of 540mm to 550mm will be comfortable for users with heights from 1590mm to 1840mm,

where this seat tube length is typical of medium to large sized frames. This size should not affect

comfort while using electric propulsion, however pedalling may not be perfectly comfortable for

Table 23: Dimensions for the members of medium and large frames for gravel, touring, commuting,

and electric bicycles [113, 114, 115, 116, 117]. A = Trek FX Sport 5, B = Trek Verve+ 2, C = Cube

Editor, D = BMC Alpenchallenge AMP City One, and E = Momsen 700 GP300.

Medium Large

A B C D E A B C D E

Seat Tube Length [mm] 457 500 480 480 520 508 550 520 538 540

Seat Tube Angle [o] 74 70.5 73 73.5 73.2 73.5 70 73 73.5 73

Head Tube Length [mm] 160 160 150 157 150 185 160 170 193 165

Head Tube Angle [o] 71 68.5 71 72 71.25 71.5 68.5 72 72 71.25

Top Tube Length [mm] 570 601 570 583 560 590 607 586 608 575

Bottom Bracket Drop [mm] 65 62 50 70 82.5 65 62 50 70 50

Chain Stays Length [mm] 438 502 430 435 450 438 502 430 435 450

Fork Offset [mm] 50 45 - 45 - 45 45 - 45 -

Fork Trail [mm] 70 95 - 65 - 67 95 - 65 -

Wheelbase [mm] 1067 1148 1048 1083 1049 1072 1148 1055 1085 1069

Reach Distance [mm] 403 383 400 405 380 409 383 409 425 388
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the outlying individuals at the extreme percentiles, but it is the best compromise that should still be

reasonably acceptable by adjusting the seat post and stem to vary the pedalling height and required

reach. For an idea of the expected dimensions and to see how the dimensions vary as the frame size

increases, the dimensions for the members of medium and large frames are listed in Table 23 based

on relatable Trek, Cube, BMC, and Momsen gravel, touring, commuting, and electric bicycles.

For the width of the handlebar, it is necessary for the user to be able to achieve the required lever-

age and control for steering while still remaining compact so as to avoid colliding with protruding

obstructions. The shoulder width of the 5th and 95th percentile individuals ranges from 365mm to

495mm respectively and, so, a handlebar width of around 640mm will offer acceptable leverage of

6.4N.m if the user applies a force of only 10N at each end, as compared to the maximum required

steering torque of 5.3N.m [118, 119]. This width should also have sufficient area to mount and easily

access the electrical propulsion and braking controls. For comparison, racing road bicycles usually

have a width of 340mm to 500mm while off-road bicycles can have widths up to 780mm.

4.4.3 STRENGTH AND STIFFNESS

Unfortunately, most documented test methods to determine if the frame has an acceptable strength

and stiffness involve practical tests with a model frame undergoing certain empirical dynamic require-

ments, as described in ISO 4210-6 [12, 120]. This follows the logic that, if past successful frames

passed tests which were found to be competent, then new frames must be able to pass these test as

well [12]. To be able to investigate and compare frame integrity for various iterations without per-

forming practical tests, three static cases are developed for finite element analysis which consider the

basis of the proposed dynamic tests and expected operating conditions.

In the first and second cases, the maximum mass of the user at 100kg or approximately 1000N will be

considered with inclusion of the frame weight due to gravity at 9.81m/s2, enclosure weight estimated

up to 200N acting on the down tube, possible deceleration up to 6.5m/s2 producing a force of about

700N, and maximum approximate drag of 50N. The first test is for a typical situation where the

user is seated with minimal weight supported by the handlebar or cranks, but an additional force of

200N is applied at the bottom bracket to account for inefficient pedalling technique; and the frame is

constrained with displacement supports restricting motion at the front and rear fork ends. The second

test will have the same constraints as in the first test, but it will consider when the user is completely

standing on the pedals with a pushing force of 100N on the ends of the handlebar. The third test only

examines the front fork to investigate strength and deflection where a horizontal force of 1000N is

applied at the front forkend with a cylindrical support at the steering tube and a compression only

support at the surface that would contact the headset, requiring a non-linear analysis. These tests are

graphically shown in Figure 50. For clarity, the frame can be viewed as being secured to a rig with

the proposed constraints while the suggested forces are applied.
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Essentially, the first and second tests represent normal operating conditions and, so, the safety factor

should remain above 10 due to a high level of uncertainty with regards to dynamic amplifications

occurring during operation and when obstacles are impacted. The third test can be seen as a maximum

situation, possibly occurring during a severe collision, because the horizontal force will produce an

extreme bending stress instead of a lesser combination of axial and bending stresses from a more

aligned force - a typical safety factor around 1.8 will be satisfactory. With these safety factors, the

static analyses may not accurately indicate durability but they do provide a useful target.

Constrained

Constrained
200N

100N750N

mg

1000N

Constrained

Constrained

1000N

100N

750N

mg

100N

100N

Constrained

1000N

Figure 50: Loading of the first test (left), loading of the second test (middle), and loading of the third

test (right). (The model shown was an iteration using semi-circular tubes for the top tube and bottom

tube which were found to lack stiffness, while the front fork was found to fail).

The exploded view of the model used for the first and second tests is seen in Figure 51, where bonded

contacts are used between the handlebar, stem, and front fork, and no separation contacts are used

between each of the bearing spacers and the front fork and frame respectively. The bearing spacers

were also set to have a rigid stiffness behaviour, such that they are only included to provide the correct

positioning of the other components. The third test simply used the front fork. For the meshes, initial

settings were chosen with quadratic order elements, fine relevance, slow transition, and a maximum

FrameHandlebars

Front Fork

Bearing
Spacer

Stem

Bonded

Bonded

No Separation

Figure 51: Exploded view of the model used for the first and second tests.
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element size of 8mm with automatic refinement through convergence for a 2% change in magnitude.

The results for the best performing iteration with different cross-sections and thicknesses for the

members are shown in Figure 52, Figure 53, Figure 54 for each test respectively.
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Figure 52: Deformation (exaggerated) and stress experienced in the final frame iteration with alu-

minium 6061-T6 for the first test, as simulated in ANSYS Mechanical 18.2.
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minium 6061-T6 for the second test, as simulated in ANSYS Mechanical 18.2.
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Figure 54: Deformation (exaggerated) and stress experienced in the final fork iteration with alu-

minium 6061-T6 for the third test, as simulated in ANSYS Mechanical 18.2.

From iterations with different cross-sections, it is generally gathered that the strength is primarily

related to the thicknesses of the members and the stiffness is primarily related to the diameters of the

members, while the mass increases as both the thicknesses and diameters increase as is expected. The

final cross-sectional shapes and thicknesses for the members of the frame are seen in Figure 55 with

the final dimension in Table 24. These members allow mass to be minimised while the frame only

experiences maximum stresses of 27.34MPa in the first test and 24.92MPa in the second test, which

leads to safety factors of 10.1 and 11.0 respectively with the 276MPa yield stress of aluminium 6061-

T6. For the third test, a maximum stress of 138.7MPa was experienced. These results are satisfactory

given the mentioned uncertainty, but it is still advisable for further optimisation of the frame. The

mass of the frame is 2.365kg, mass of the fork is 0.654kg, and combined mass of the headset, stem,

and handlebars is approximately 0.507kg with aluminium 6061-T6 which is acceptable.
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Figure 55: Proposed cross-sections for the members of the frame.

The frame forms a rigid statically indeterminate body which unfortunately cannot be easily solved

analytically without making various assumptions. Because of the rigid connections, the frame cannot

be analysed as a truss with pinned members only experiencing axial stresses in tension and compres-

sion. However, if it was assumed that each member only support an axial load equal to the maximum

applied force of 1000N, then the stress experienced is 3.789MPa for the seat tube, 5.435MPa for the

top tube, 4.464MPa for the down tube, 3.445MPa for the head tube, 3.537MPa for a chain stay, and

5.659MPa for a seat stay. These results are similar with regards to the order of magnitude to the
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Table 24: Dimensions for the final members of the frame.
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stresses found in the central body of the members in the finite element analysis, where larger stresses

would be generated from stress concentrations at the joints and when the geometry rapidly changes.

For the chain power transmission, the adjustable mounting at the rear forkends allows for a lenient

centre distance from 442.8mm to 465.4mm between the front sprocket at the bottom bracket and rear

sprocket at the rear forkends. Using the minimum centre distance, Equation 28 results in a chain

length of 102 links, rounded up to the nearest even integer. Thus, with Equation 29, the actual centre

distance needs to be 445.3mm which is within the acceptable range.

Since the wheelbase is 1.095m, an approximate turning radius of 2.185m is calculated for a steering

angle of only 30o, found using Equation 31 which is approximately valid for an upright turning

without leaning. Through manipulation with the models of the designs, it is also found that a steering

angle greater than 90o can be achieved without the front wheel contacting the frame, although the

extreme angles may not actually be useful or operable. With the 170mm cranks, the ground clearance

is found to be at least 120mm to the bottom surface of the crankset when in the lowest position.

rt =
w

γ cos(φ)
=

w
γ cos(arctan (lt/rw))

(31)

Where rt, turning radius, m; w, wheelbase, m; γ, steering angle, rad; φ, caster angle, rad; lt, fork trail

length, m; and rw, wheel radius, m.

4.4.4 ENCLOSURE

The best location for the enclosure is within the quadrilateral structure of the frame. As desired, this

will allow for the controller components and battery pack to be mounted as far forward as possible

to counteract the effects of the hub motor on the mass distribution. Additionally, this will avoid

interference with the crankset and pedalling. Considering the common polymers in Table 5, ABS

thermoplastic will provide the lightest mass with a density around 1060kg/m3, a decent yield strength

around 34.75MPa, electrical insulation, and flame retardants if treated.
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The dimensions seen in Figure 56 produce a compartment for the controller components and battery

pack with a sufficient area of 0.03147m2 to accommodate the controller components and required area

of at least 0.02738m2 for the battery cells, which can actually be reduced with more efficient stacking.

The corresponding mass is minimised to 0.368kg, using an internal width of 70mm to account for the

cabling and 65.3mm battery cells and a thickness of 3mm for the surrounding walls enclosing the

compartment. An adhesive and waterproof sealant or gasket can be used to seal the enclosure once

installed to establish dirt, dust, and splash resistance and a basic level of tamper-proofing.

The mass of the design including the electrical propulsion, manual propulsion, wheels, and frame

components is estimated to be 16.65kg. With the enclosure mass, this allows for a mass of 1.98kg

for the controller components, braking system, and other accessories mentioned in Section 4.6, which

may be constraining but can be achieved with optimisations to minimise mass. For a lower enclosure

mass of 0.314kg, a 2mm wall could be used but the trade-off of a weaker structure is not acceptable.

To differentiate the design from currently existing designs, it is suggested to possibly use a larger

enclosure and incorporate a storage compartment for the user, because the design will primarily be

used for commuting and the user may need to store belongings - this could even include a 5V output

USB port for charging auxiliary devices. An example of this is seen in Figure 56 with the same

area for the controller components and battery pack, but an extra storage compartment with an area

of 0.00932m2. However, this addition increases the mass significantly to 0.505kg with a 3mm wall

which will only be acceptable if the mass can be drastically decreased for another component.

200mm 60mm

155m
m

100m
m

65
m

m

300mm

Battery Pack,
Controller

Compartment
Storage

Compartment

232mm

65
m

m

250mm

235m
m

Battery Pack,
Controller

Compartment

Figure 56: Compartments and dimensions of the enclosure within the frame quadrilateral.

With the enclosure slightly protruding from the sides of the frame, the design frontal area can be ac-

curately found as 0.096m2 and, so, the total frontal area is approximately 0.544m2 with 0.448m2 from

the user. This is basically equal to the assumed area of 0.55m2 in the analyses of the electric propul-

sion and manual propulsion and verifies the accuracy of the drag resistance calculations, although a

high drag coefficient was still used which justifies the claim that the results are conservative.
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4.5 BRAKING SYSTEM

Unfortunately, due to a lack of time, the braking system cannot adequately be developed. The current

state of the design features auxiliary braking through regenerative braking from the hub motor, but

this is not sufficient for emergency situations when it is required to immediate brake. However,

the maximum braking performance can be analysed where slipping does not occur and both wheels

remain in contact with the ground. It is also possible to discuss the various braking mechanisms.

4.5.1 MAXIMUM PERFORMANCE

For a conservative estimate and to simplify the analytical model, the effects of drag and rolling resist-

ance are neglected such that only the braking system reduces speed. The expected mass distribution

during braking is seen in Figure 57, where the rear normal force will be zero during maximum braking

due to a moment about point O. In this arrangement, it is also assumed that the centre of mass of the

user is located at a height of 1.192m and with a distribution such that there is 60% of their mass on

the rear wheel and 40% of their mass on the front wheel. This allows for the coordinates of the centre

of mass to be calculated with Equation 32 and Equation 33. Thus, the maximum braking deceleration

is given by Equation 34 and found to be 5.684m/s2 with a frictional braking force of 55.76N.

xg =

∑
mixi∑
mi

=
mr xr + md xd + %mrmuxr + %m f mux f + m f x f

mr + md + mu + m f
(32)

yg =

∑
miyi∑
mi

=
mryr + mdyd + muyu + m f y f

mr + md + mu + m f
(33)

∑
Fx = F f = µmg = ma and

∑
Mo = mgx′g − F f y′g = 0 → a =

x′g
y′g

g (34)

Where xg, centre of mass x distance, m; mi, arbitrary mass component, kg; xi, arbitrary x distance, m;

mr, rear wheel mass, kg; xr, rear wheel mass x distance, m; md, design mass, kg; xd, design mass x
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Figure 57: Mass distribution and forces during braking.
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distance, m; %mr, fraction of mass on rear wheel; mu, user mass, kg; %m f , fraction of mass on front

wheel; m f , front wheel mass, kg; x f , front wheel mass x distance, m; yg, centre of mass y distance,

m; yi, arbitrary y distance, m; yr, rear wheel mass y distance, m; yd, design mass y distance, m; yu,

user mass y distance, m; y f , front wheel mass y distance, m; Fx, x force component, N; F f , friction

braking force, N; µ, static friction coefficient; m, mass, kg; g, gravitational acceleration, 9.81m/s2; a,

acceleration, m/s2; Mo, arbitrary moment component, N.m; x′g, relative centre of mass x distance, m;

and y′g, relative centre of mass y distance, m.

For pneumatic rubber tyres, the static friction coefficient between the tyre and ground can range from

0.9 for asphalt to 0.6 for gravel [12]. Using the minimum static friction coefficient, this shows that

the maximum driving or braking force before slipping occurs is 559.2N and, so, the wheel will be

able to freely roll without slipping during braking. Because the braking deceleration is greater than

the propulsion acceleration, it is also confirmed that the wheels will not slip during propulsion.

4.5.2 MECHANISM TYPES

Firstly, regenerative braking from the motor is an energy recovery mechanism which acts by reducing

the speed of the design through the conversion of some kinetic energy into electrical energy, instead

of dissipating the kinetic energy as heat through friction like mechanical brakes. This is performed by

running the motor in reverse as a generator, such that the produced electrical energy can be supplied

to charge the battery pack. The process of implementing regenerative braking is controlled by the

battery management system and controller. The advantage of regenerative braking is an increased

braking performance while also increasing range and decreasing wear on the primary braking system.

However, the performance relies upon the correct motor, battery pack, and controller operation, and

it can be temporarily inactivated when the battery pack is fully charged or the controller temperature

becomes elevated so it should not be solely relied upon [74].

As mentioned in Section 1.4.3, the most common types of mechanical braking systems are rim brakes

and disc brakes. The operation of rim brakes involves rubber pads being pressed against the side

surfaces of the rim, where the advantages include an intrinsically light and simple construction, low

input force for a high braking force due to operation at a large radius on the wheel, lack of forces

applied to the hub and spokes to transfer the braking torque, and ability to easily change a wheel

without affecting the braking system [12]. The operation of disc brakes involves rubber pads being

pressed against the side surfaces of a steel disc mounted to the hub of the wheel, where the advantages

include unchanged performance under wet conditions due to isolation from the environment, less

frequent adjustment since the positioning is fixed (although, under unlikely conditions, this may be a

disadvantage if a heavy shock or impact causes a misalignment), and accommodation for a slightly

skew rim while maintaining even braking as the wheel rotates [12]. With the correct design and

installation, similar braking performance is achievable by either rim or disc brakes.
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Both these types of brakes use an activation method employing a flexible Bowden cable in which an

inner wire in tension is located within an outer tube in compression. The inner wire can then be pulled

by the user with a lever on the handlebar, which will cause the inner wire to move relative to the fixed

outer tube. This is the most inexpensive activation, but it is also possible for hydraulic activation using

disc brakes which involves a more complicated installation. A brake switch should also be fitted to

the activation mechanism to provide feedback to the controller to stop electric propulsion accordingly.

The other mentioned types of brakes include plunger or spoon, hub, drum, coaster, and band brakes. It

may also be possible to implement a drag brake, where a flap could be deployed to increase the frontal

area and drag resistance; or pedal brake, where the ability to coast is removed such that the wheel

rotation is fixed to the manual propulsion and the user is able to directly control the wheel rotation

with the pedals. However, these methods should not be considered as they have many disadvantages

in the form of additional wear, inconsistent performance varying with speed, slow response times,

large mass additions, significantly degraded performance under wet conditions, and high operating

skill levels, without offering any compelling advantages over rim or disc brakes. Thus, only rim

brakes and disc brakes should be directly compared and, to distinguish the best mechanism relevant

to the design for personal transportation, a formal conceptual evaluation should be performed.

If the braking system is to be designed, the following criteria are recommended for the optimal de-

velopment of the braking system once the requirements and constraints have been defined:

1. The design must have a large immediate effect.

2. The design must have a large sustained effect.

3. The design must operate consistently under wet and dry conditions.

4. The design must be as lightweight as possible.

5. The design must be durable with a long life.

6. The design must be easy to maintain, repair, and replace.

7. The design must have a short deployment or activation time.

8. The design must minimise additional drag when not braking.

4.6 OTHER ACCESSORIES

Some other accessories will need to be added to complete the final design. This includes the seating

arrangement, pedals on the cranks, input method to the control system, handle grips, and other minor

features. These accessories will not be developed, but they were be briefly mentioned.

The seat post will simply be a tube with the standard outer diameter of 27.2mm, but a thickness needs

to be chosen for sufficient strength and the mounting mechanism to the seat needs to be added. A

suitable seat needs to be either purchased or developed with standard mounting for compatibility with

standard seat posts and consideration for the comfort of the user. If comfort is to be maximised, it
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may also be possible to investigate using a suspension seat post, which can be very effective without

increasing the mass unreasonably but will require a more complex design with a higher cost [24].

It is recommended that the chosen pedals are plain pedals so they can be used with almost any shoe.

It is possible to use toe-clippable or clipless pedals with a fixed connection to allow for more efficient

pedalling where the foot of the user is attached to the pedal so it is possible to push down and pull up,

but these require special cleated shoes and increased skill level to avoid falling [108].

For the input method to the control system of the hub motor, it is necessary to either use a push button,

thumb, twist, or trigger throttle mounted on the handlebar. The push button may be inferior due to the

lack of sensitive input, but each of the remaining methods will be fairly similar and the final choice

should be primarily based on cost. With the throttle, rubber handle grips should be placed at the ends

of the handlebar for comport and grip with a standard internal diameter of 22.2mm, outer diameter

around 30mm, and width of about 130mm [111]. There is also a possibility of using vertical grips at

the ends of the handlebar to provide an additional hand position.

Finally, as recommended for all cycles in South Africa through the National Road Traffic Act 93 of

1996, the design should feature a front white light with an intensity such that a diffused beam angled

downwards strikes the ground at a distance between 3m and 30m; and the design should feature a rear

red light with an intensity such that a diffused beam is visible for 30m rearwards. Alternatively, front

white and rear red retro-reflectors could be used as a more inexpensive but less effective option.

5 DESIGN SPECIFICATION

A final description of the sub-systems is presented where the final design and layout is summarised.

An evaluation of the calculated performance specification is also necessary to verify the satisfaction

of the requirements and constraints for each sub-system. The manufacturing processes for the parts

are then characterised and, finally, the engineering drawings are submitted.

5.1 FINAL DESCRIPTION

In short, the final design features electrical propulsion through a Heinzmann DirectPower PRA 180-

25 brushless DC hub motor with a continuous rated power of 250W, and manual propulsion through a

pedal crankset with 170mm cranks and chain driven power transmission utilising a single-speed gear

ratio of 1:2.15. The hub motor is used in the rear wheel with an axle diameter of 10mm, while the front

hub features a 9mm steel AISI 4140 axle, single row deep groove ball bearings bearings to support

the loads with accommodation for slight misalignment, and an aluminium 6061-T6 hub shell. Each

of the wheels has an ISO 622mm classification with a 19C crotchet-type rim made from aluminium

6061-T6, 36 stainless steel spokes with diameters of 2.6mm, and Challenge Gravel Grinder TLR tyres

for outstanding performance on asphalt, pavement, cement, gravel, and flat soil. The frame is also

made from aluminium 6061-T6 to provide a solid structure and light mass.
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The length of the frame or wheelbase is 1095mm, where the wheels of 347mm radius including the

tyre protrude from the front and rear axles. The width of the design is set by the handlebar which is

640mm wide and centred at the frame for protrusion of 320mm on either side. The overall height of

the design will be dependent on the height of the seat chosen by the user, but can be estimated to be

within the range from 890mm for a shorter user to 960mm for a taller user. To provide a clearer layout

of the final design, renderings showing the components are seen in Figure 58 with a final showcase.

Rear Wheel
Driven

Sprocket Front Wheel
Frame Components

And Enclosure

Crankset

Figure 58: Renderings of the primary components (top) and final showcase of the design in the

expected operating environment with some other accessories for completeness (bottom).

A summary of the power flow is also included in Figure 59, which shows the interactions of the sub-

systems, where the manual propulsion and electric propulsion act in parallel to allow for the option of

either fully independent manual propulsion, fully independent electric propulsion, or a combination

of manual propulsion and electric propulsion simultaneously.
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Rider
Input

Throttle

Legs
Pedals

Control

Gearing

Motor

Driven
Wheel

Charger
BatteryElectricity

Supply

Figure 59: Flow diagram of the parallel manual and electric power.

5.2 PERFORMANCE EVALUATION

Beginning with the electrical propulsion, it was required to achieve a speed of 25km/hr on a level

grade within 5s when accelerating from rest and 15km/hr on a slope with a gradient up to 3% within

5s when accelerating from rest. With a continuous rated power output of 184.4W and 176.1W, the

design can sustain these required speeds and, with a peak rated power output of 600W, the acceleration

estimations show that the design is capable of achieving these speeds with times of approximately

4.809s and 1.631s respectively - although the hub motor can actually output up to 950W for even

better performance. With wind speeds of 10km/hr, the design can maintain a speed of at least 15km/hr

with a continuous rated power of less than 250W for slopes with gradients up to 3%.

The hub motor also offers redundancy, where the electric propulsion can still operate if the manual

propulsion is damaged or the manual propulsion can operate if the electric propulsion malfunctions.

Furthermore, it may be possible to remove the electric propulsion by changing the rear wheel and

disconnecting the battery pack, but this has not been investigated.

The battery pack comprises of Panasonic NCR18650PF lithium-ion cells with 10 sets of cells in series

and 8 parallel cells in each set. These cells allow for the battery pack to have a capacity of 835.2W.hr,

maintain a life of at least 80% after 500 cycles, and achieve an independent electrical propulsion range

of 50km assuming a design factor of 1.2, but this may be highly dependent on the terrain and should

be checked with experimentation. With a charging current greater than 3.48A, it will be possible to

charge the battery pack is less than 8hr, assuming an efficiency loss of 20% - it is recommended for a

charging current of at least 4A for a charging time of 6.96hr.

The battery pack will be electrically insulated with the controller components in an enclosure located

between the structural members of the frame. The enclosure has an area of 0.03147m2, is constructed

from an ABS thermoplastic, and will be completely sealed to prevent tampering and for dirt, dust, and

splash resistance. The controller was not fully developed, but it is proposed for various performance

modes and the maximum speed to be limited to 25km/hr using the controller.

88



The manual propulsion features a roller chain with a pitch of 12.7mm and length of 102 links which

was analysed based on a design factor of 1.33. Using the limits of the user inputs with a maximum

continuous power of 240W, maximum input force of 200N, and cadence between 50rev/min and

110rev/min, the manual propulsion can achieve 25km/hr on a level grade and 20km/hr on slopes up

to gradients of 3% with varying wind speeds up to 15km/hr, which satisfies the requirements for a

speed of 25km/hr on a level grade and 15km/hr on a slope with a gradient up to 3%. With combined

propulsion, the design is able to easily reach speeds of at least 30km/hr on slopes up to 3% gradient

and speeds of at least 20km/hr on slopes up to 6% gradient with wind speeds over 10km/hr.

For the wheels, the rims with a crotchet-type profile classified as 19C were subjected to a standard

test comparing aluminium 6061-T6 and steel AISI 1030 for various thicknesses. It was found that

aluminium 6061-T6 with a thickness of 2.3mm was the most satisfactory to fulfil the criteria of the test

and because it is compatible with the greatest range of tyre widths from 28mm to 62mm. Furthermore,

if rim brakes are to be used, aluminium will provide more consistent performance under dry and wet

conditions. There are also 36 holes on each rim for mounting the brass nipples of 4.6mm diameter to

tension the spokes and a 6.3mm hole for the Presta valve of the tyres.

Hybrid tyres were specifically chosen for consistent performance on asphalt, pavement, cement,

gravel, or flat soil. The spokes on each wheel were seen to be safe from fatigue failure with safety

factor of 1.08 which is acceptable given that it indicates infinite life. The axle, bearings, and shell

of the front hub were also analysed, where the axle was safe from failure with a diameter of 9mm

to produce a static safety factor of 1.21 and fatigue safety factor of 1.20, 609-2RSH bearings with a

contact seal were found to be the most suitable with a life of 6115hr or 2202 days when operating at

an average of 18km/hr for 50km each day, and the hub shell had a static safety factor of 1.77 under

extreme loading as simulated using a finite element analysis.

The frame was also satisfactory with support for the maximum user up to 100kg and sizing aimed

towards users with heights between 1590mm to 1840mm but accommodating the extreme 5th per-

centile and 95th percentile users with heights of 1540mm and 1905mm respectively. It was tested

through finite element analyses and found to have safety factors of 10.1 and 11.0 with a maximum

deformation of 0.759mm for the two static tests mimicking normal operation, while the fork had a

safety factor of 1.98 and deformation of 2.566mm under a test mimicking extreme operation.

The steering mechanism is able to successfully operated with an input force of 10N to achieve a

steering torque of 6.4N.m. The steering mechanism is also able to achieve a steering angle of over

90o on either side of the inline plane before the front wheel contacts the frame, which satisfies the

requirements of a turning radius of at least 3m and steering angle of at least 60o.

Overall, the components are compatible with the relevant standards such that the parts are repairable

or replaceable with little modification. The masses of the designed components are listed in Table 25

for a total mass of 17.02kg. The design is planned to have a mass less than 19kg, which is possible as
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long as the combined mass of the controller components, braking system, and other accessories is less

than the allowance of 1.98kg. Thus, in their current states, the sub-systems fully satisfy the respective

requirements and constraints of the product requirement specification. However, it is acknowledged

that, if further development is carried out for the remaining sub-systems, these specifications may

change slightly but not enough to invalidate the designs. This indicates that the design is fairly

successful and can be seen as a transitional form of personal transport between traditional bicycles

and private cars, with more mobility and flexibility than public services.

Table 25: Masses of the components for the designed sub-systems.
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Mass [kg] 3.840 2.036 6.295 0.955 2.365 1.161 0.368 17.02

5.3 MANUFACTURING

For the manufacturing, it is recommended to partner with a local production facility with machinery

for welding, casting, forming, shaping, and machining. The simplest process will be for the enclosure

which can be injection moulded with a base and lid, while more complicated and involved processes

are necessary for the wheel, crankset, and frame components which will be explained in more detail

- only the main considerations will be presented otherwise the detail would be needlessly exhaustive.

The required materials include aluminium 6061-T6, steel AISI 4140, stainless steel, and ABS plastic

which are common and can be sourced from local suppliers. The parts list is shown in Table 26 and

the primary engineering drawings are included on the pages following this section while less pertinent

engineering drawings are included in Appendix B.

The rim can be manufactured by creating the profile through drawing a tube through a die with a

shaped mandrel to form a straight extrusion. This rod can then be bent through rolling into a helix

with a diameter of 622mm and cut perpendicularly with a table saw to form multiple hoops starting

and ending with each turn. Because the offset at helix ends is negligible since the radius of the wheels

is large, the ends of the hoop can be welded together and the residual material of the weld can be

removed through machining for a smooth surface finish to avoid punctures from sharp abrasions and

allow compatibility with rim brakes. It should be noted that, if the offset is found to be a problem,

any distortion can easily be removed when tensioning the spokes and truing the wheel. Finally, the

holes for the nipples and 6.3mm hole for the Presta valve can be drilled perpendicularly into the rims.

The spokes are made from an initially continuous coil of wire with a diameter of 2.6mm. Firstly, this

wire is straightened and then cut to rough lengths. The head can be formed on one end by holding the

wire and stamping the end to create a bulge. The wire can then be cut on the other end to the precise

spoke length of 295.6mm for the front wheel spokes or 197.1mm and 195.5mm for the rear wheel
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spokes. The thread is subsequently created on each spoke through rolling the spoke between two flat

threaded dies with the desired pitch of 0.454mm or 56tpi - this will produce a stronger thread than a

cut thread. Lastly, the head end is bent to form the elbow to form a radius of 2.1mm and angle of 100o

for compatibility with being mounted on the inside or outside of the hub flanges - although it will

actually be required to over bend the spoke to account for springback which occurs due to the elastic

recovery of the material after plastic deformation and tends to increase the bend radius and decrease

the bend angle which leads to distortion. Since the entire spoke is cold formed, it actually becomes

tougher through work hardening but this can also cause residue stresses that can accelerate fatigue.

However, the cold forming effects will mostly affect the straight sections of the spoke but failure due

to fatigue is expected to occur at either the elbow or thread and, so, this should not be an issue [55].

For the front hub, the threaded axle can be manufactured by cutting a 9mm steel AISI 4140 rod to the

required length of 132.8mm and then cutting the threads on the outer surface with a 1mm pitch and

length of at least 40mm on either end. The aluminium 6061-T6 hub shell can be easily machined on

a lathe with turning to shape the outer surface, boring to form the inner hole of 24mm at the bearings

and 15mm between the bearings, and drilling to create the 3mm holes to mount the spokes.

Since the nipples are standard components, it will most likely be more inexpensive to purchase man-

ufactured nipples. This will also decrease the manufacturing complexity and risk of issues or delays.

The nipples must be brass but they may be coated with cadmium or nickel for an improved appear-

ance and to prevent tarnishing. The wheel can finally be built with the desired three-cross lacing for

the front wheel and one-cross lacing for the rear wheel, where the spokes are tensioned and aligned

by tightening the nipples such that the rim is true, which can be tested on standard apparatus.

The aluminium cranks may be cast, hot forged, or cold forged, where cold forging will have the

highest strength and casting will be the most convenient. So, in favour of a simpler process, it is

recommended for casting to be used since the cranks were found to be sufficiently safe. This will

involve a solidification process where a molten aluminium 6061-T6 is poured through a passage into

a mould of the hollowed shape of the cranks and allowed to solidify. For a high accuracy and without

using an expendable mould, die casting will be the most appropriate where a permanent die is used as

the hollowed shape. After the cranks have been cast, the threads for the pedals at 1.27mm or 0.5625tpi

pitch and threads for the sprocket bolts at 0.8mm can be cut through taping.

The frame is constructed from aluminium 6061-T6 members with various cross-sections, where the

top tube and down tube can be purchased in the standard sizes of 20mm by 30mm and 30mm by 30mm

respectively with thicknesses of 2mm. The head tube and seat tube have unique outer diameters of

35.8mm and 32.8mm respectively with thicknesses of 2.8mm and, so, a tube of 34mm for the head

tube and 32mm for the seat tube can be purchased and drawn over a shaped mandrel to slightly

increase the sizes. If the user desires to fit a larger sized seat post, the seat tube can be slightly

reamed out and this should not affect the strength significantly as long as less than 1mm of material

is removed. The seat stay uses a standard circular cross-section of 15mm in diameter, while the chain
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stay has an elliptical cross-section which can be created by cold forging a circular cross-section of

20mm in diameter. The seat stay and chain stay will also need to be bent to avoid the rear wheel.

Once each of the frame members has been cut to the required length, TIG welding can be used to

strongly join them. However, the heat-affected zones must be heat treated to relieve the created resid-

ual thermal stresses and restore most of the original properties of aluminium 6061-T6. Alternatively,

as found on parts of aircraft wings and fuselages, a high-strength adhesive could be used with no

degradation of properties, no residual thermal stresses, and considerable savings in time, cost, and

energy, but this will require further investigation and is not recommended presently [12].

Since components of the wheels, crankset, and frame are constructed from aluminium, the possible

protection coatings should be considered. Aluminium naturally and rapidly forms a self-sealing ox-

ide that protects the outer surface, but this characteristic does not protect against more aggressive

chemicals such as the salts and acids which may be found on wet roads [55]. To protect against these

harsher conditions, a coating can be applied or an artificial oxide layer can be applied to the outer

surface through anodising, which uses an electrolytic process to oxidise the aluminium in an acid

bath after which a dye can be applied to colour the surface [55]. However, anodised aluminium rims

are actually weaker because the oxide layer is brittle and it is more prone to forming surface cracks;

and, furthermore, a coating can decrease braking performance due to the finish being smoother. Thus,

it is decided for the rims not to be anodised or coated. The frame, fork, stem, and handlebar could

be anodised but this is expected to have a high cost and a more inexpensive and available option is to

powder coat the frame - aesthetic colours can also be used for unique styles. The cranks can benefit

from anodising as they are relatively compact to warrant an inexpensive process and, so, a layer of

approximately 0.03mm thick can be applied to protect them.

Table 26: Parts list including the item number, part name, and required quantity.

Item Part Name Qty. Item Part Name Qty. Item Part Name Qty.

1 Front Hub Shell 1 13 Enclosure Lid 1 25 Stem Bolt 1

2 Front Axle 1 14 Front Fork 1 26 Pinch Bolt 1

3 Front Spacer 2 15 Frame 1 27 Headset Lock Nut 1

4 Rim 2 16 Deep Groove Bearing 2 28 Top Cup-Cone 1

5 Stem Quill 1 17 Front Lock Nut 1 29 Bottom Cup-Cone 1

6 Stem Wedge 1 18 Front Axle Nut 1 30 Roller Chain Link 102

7 Handlebar 1 19 Front Spoke 36 31 Shimano Octalink 1

8 Right Crank 1 20 Rear Spoke - Long 18 32 Crank Bolt 2

9 Left Crank 1 21 Rear Spoke - Short 18 33 Sprocket Bolt 4

10 Driving Sprocket 1 22 Nipple 72 34 Cassette Rear Spacer 1

11 Driven Sprocket 1 23 Heinzmann Motor 1 35 Cassette Front Spacer 1

12 Enclosure Body 1 24 Challenge Tyre 2 36 Cassette Lock Nut 1
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5.4 COST ANALYSIS

For the capital costs analysis, it is expected for the bulk of the costs to come from purchasing the

materials in the most convenient form and from the third-party components including the Heinzmann

DirectPower PRA 180-25 brushless DC hub motor, Panasonic NCR18650PF lithium-ion battery cells,

SKF 609 single row deep groove ball bearings, and various standard components for the front axle,

manual propulsion, and headset. The predictions for this analysis are shown in Table 27 for a total

capital cost of R27820, where the budget should be viewed as an order of magnitude or ratio estimate

based on similar existing data, where the accuracy is expected to broadly vary and be within 30%.

Based on the estimated cost of R0.10/km from Section 1.4.3, it is expected for the operating costs to

be around only R5.00 per day while commuting 50km with only electric propulsion, which results in

a monthly cost of approximately R150.00, which is cheaper than the modes discussed in Section 1.1.

Table 27: Costs analysis as an order of magnitude or ratio estimate with an accuracy within 30%.

Cost [R]

Heinzmann DirectPower PRA 180-25 8580

Panasonic NCR18650PF Battery Pack 8540

Manual Propulsion Components 2200

Wheel Material And Components 3000

Frame Material And Components 4500

Labour And Production 5000

Total 27820

6 CONCLUSIONS

The following conclusions can be made relative to the task statements, requirements, constraints, and

sub-systems for the manual propulsion, electric propulsion, wheel arrangement, and frame structure:

• The electric propulsion uses a Heinzmann DirectPower PRA 180-25 brushless DC hub motor

producing 250W of continuous rated power, as limited by legal regulations, and 835.2W.hr bat-

tery pack using 80 Panasonic NCR18650PF cells each rated at 2.90A.hr for a range of 50km.

• A chain drive with an ISO 606 081-100 roller chain offers versatile manual propulsion, where a

gear ratio of 1:2.15 is used between the 43-teeth driving sprocket and 20-teeth driven sprocket

while receiving a pedalling input using 170mm cranks constructed from aluminum 6061-T6.

• For the wheel arrangement, a two-wheel layout provides a compromise between operating skill

and performance with decreased drag, weight, and rolling resistances. Challenge Gravel Grinder

TLR pneumatic tyres are chosen for the rims with a diameter of 622mm and profile classification

of 19C, while 36 stainless steel spokes of 2.6mm diameter connect the rims to the hubs, where

the front hub was designed with a 9mm steel AISI 4140 axle and SKF 609-2RSH bearings.
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• To accommodate male and female users between the 5th and 95th percentiles and up to 100kg,

the aluminium 6061-T6 frame and front fork are sized with a diamond structure for a seat tube

angle of 73o, top tube length of 585mm, and wheelbase of 1095mm. The headset, stem, and

handlebars are proposed with a width of 640mm for a steering torque up to 6.4N.m. An ABS

enclosure with a volume of 22.0L is fitted within the frame for the controller and battery pack.

• The electric propulsion can sustain speeds of at least 25km/hr on a level grade within 4.809s

when accelerating from rest and 15km/hr on a slope with a gradient up to 3% within 1.631s

when accelerating from rest, while experiencing an incoming wind at 10km/hr.

• The manual propulsion is also able to obtain sustained speeds of at least 25km/hr on a level grade

and 15km/hr on a slope with a gradient up to 3%, while experiencing incoming wind at 10km/hr.

• The combined propulsion is able to achieve sustained speeds of at least 30km/hr on slopes up to

3% gradient and 20km/hr on slopes up to 6% gradient with wind speeds over 10km/hr.

• The total mass of the designed components is 17.02kg, which allows for the controller, braking

system, and other accessories to have a mass up to 1.98kg - this is slightly constraining but can

be managed through optimisations to minimise mass.

• Overall, the design can be seen as fairly successful.

7 RECOMMENDATIONS

The following points are recommended for further research and design development:

• Perform a cost analysis based on a definite or project control estimate for accuracy within 10%.

• Verification of the electronic characteristics of the Heinzmann DirectPower PRA 180-25 brush-

less DC hub motor and Panasonic NCR18650PF lithium-ion battery cells, such as reliability,

no-load current, and efficiency of the motor and actual current and voltages of each battery cells.

• Dynamic testing with models of the rims and frame to evaluate safety in the presence of dynamic

amplifications and fatigue using resistance strain gauges and testing until failure.

• Assemble a prototype for experimentation to verify the analytical and simulation predictions

with practical tests on asphalt, pavement, cement, gravel, or flat soil. Additionally, it would

be possible to investigate aspects that could not be accurately predicted, such as regenerative

braking, operating noise levels, and handling resulting from the mass distribution.

• If experimenting with multiple prototypes, perform a statistical analysis with the experimental

data to predict the reliability and life expectancy of the critical components.

• Development of a multiple gear power transmission which can be installed if the user desires

better versatility with more options for manual propulsion. This is possible since the hub motor

supports cassette mounting, but it would be necessary for minimal modifications to the frame to

support a rear derailleur. Alternatively, the hub motor could be moved to the front wheel and an

internal gear hub gear could be used at the rear wheel with the single-speed power transmission.
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• Development of a suspension front fork which can be installed if the user desires use on harsh

off-road conditions. This should be compatible without any modifications required.

• If improved performance is desired, investigate using more expensive materials with lower dens-

ities and high strengths to relieve mass, such as carbon fibre or titanium for the frame.

• Because it presents a large obstacle to adoption, safety when operating on a road should be

emphasised and improved, where an approved helmet should always be worn by the user as a

minimum form of protection. Further forms of protection that are advisable to employ include

protective clothing with high visibility stripes, such as gloves, eye protection, and padded jackets.

• Consider the possibility of a vehicle sharing framework for distributed costs, increased availab-

ility, and autonomy. For example, this has been relatively successful in European countries and

the United States, where electric bicycles or scooters can easily be rented at sharing stations.
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B ADDITIONAL ENGINEERING DRAWINGS

Following the ethics reviews, additional engineering drawing are included for the motor [121] while

the drawings for the minor components (such as the spokes, nipples, bolts, and nuts) were not included

as they are either standard parts or their dimensions are highly dependent on the manufacturing.

C COMPONENT DATA SHEETS

Following the engineering drawings, excerpts of the data sheets are included for the Heinzmann

DirectPower PRA 180-25 brushless DC hub motor, Panasonic NCR18650PF lithium-ion battery cells,

SKF 609 single row deep groove ball bearings, and typical bicycle frame size chart [73, 76, 100].

D MISCELLANEOUS COMMENTS

In order to achieve the fixed upload limit of 10mb for the maximum file size, some images through-

out the report have been compressed to lower resolutions - particularly for the finite element ana-

lyses which makes the meshes difficult to distinguish. The full quality version of the report can be

found at http://drive.google.com/file/d/1aWDQhhtyfnXfPCXMPpU6iKTHfRjRHKfI/view?

usp=sharing with a size of 36.498mb (access limited to accounts linked to the University of the

Witwatersrand unless permission is requested).
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1

6

5 4

3

2

Ansicht
Signalstecker

c

Ansicht
Powerstecker

b

a

Z

135 ±1

73 ±0,562 ±0,5

 150 +20
  

 200 +20
  

 31 

 51  19,7 

 4,6 + 0,5
0  

C

Anzugs-
moment
45±5Nm

Anzugs-
moment
45±5Nm

 M5 10 

 44 ±0,1 

 208 ±0,1 

 223 ±0,5 

5°
10° ±2°

Z  (2 : 1)

C  (2 : 1)

Die Drehmomentabstützung muss mit
ihrer vollen Länge im Rahmen oder in
der Gabel abgestützt sein.

Alle Kabellängen sind in gestreckter 
Länge angegeben. Die maximal zu- 
lässige Zugbelastung an den Motor- 
leitungen beträgt 80N.

Diese Zeichnung ist für folgende Artikelnummern gültig:

Bitte unbedingt die Montageanleitung beachten!

a

b

c

c

a

Powerstecker
Pin Farbe Belegung
a schwarz U
b blau V
c rot W

Signalstecker
Pin Farbe Belegung
1 weiß Versorgungsspg. VDD (5V)
2 schwarz Masse (GND)/Temp.-sensor (KTY-)
3 rot Temperatursensor (KTY+)
4 grün Signal Hallsensor 2 (S2)
5 gelb Signal Hallsensor 1 (S1)
6 blau Signal Hallsensor 3 (S3)

Art.-Nr. Art.-Bezeichnung RAL-Nr. RAL-Farbe
880-00-144-00 PRA180-25 Pedelec 9005 Schwarz matt
880-00-144-10 PRA180-25 Pedelec 9006 Weißaluminium
880-00-144-11 PRA180-25 Pedelec 20" 9005 Schwarz matt
880-00-144-12 PRA180-25 Pedelec 20" 9006 Weißaluminium
880-00-144-50 PRA180-25 Speed Pedelec 9005 Schwarz matt
880-00-144-51 PRA180-25 Speed Pedelec 9006 Weißaluminium
880-00-149-00 PRA180-25 High Torque 9005 Schwarz matt
880-00-151-00 PRA180-25 High Torque 9006 Weißaluminium
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Neue Drehmomentstütze verbaut, 2x Scheibe (2mm Dicke) eingefügt
 Ø223 war Ø220,5; RAL9005 war RAL9017
Lochkreistoleranz 0,1 war 0,02
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E-Bike Direct Drive

DirectPower  
PRA 180-25

DATA SHEET

Description

DirectPower E-Bike Drives by HEINZMANN impress with their innovative technology 
and extreme flexibility. 

Thanks to their independent control which is integrated in the battery box they can 
be used for a variety of systems. The power electronics is not build into the motor. 
The motor power rating is not affected by the heating of the electronics. Backwards 
travel is possible for special applications. 

Optimised geometry of flanges allows to spoke rims from 20“ up to 28“ without 
crossing.

As front wheel or rear wheel drive – HEINZMANN e-bike drives adapt to your 
requirements. Customised design or colour of choice on request.

Features

Maintenance-free,  
noiseless

Brushless and gearless

Front or rear wheel option 

Regeneration in front and 
rear wheel

Brake disc support

Built in cassette

Separate power electronics 
not affected by motor 
temperature ensuring 
maximum performance

Optimised geometry 
of flanges, no crossed 
spoking, rim range 20”  
up to 28”

Technical data

Motor

Type Pedelec Pedelec 20” Speed Pedelec*)

DC supply voltage 36 VDC

Rated power 250 W 250 W 500 W

Nominal speed 210 1/min 275 1/min 380 1/min

Typical speed limit according 
to rim size

 
*) Comply with the relevant legal 
requirements when using

20” 25 km/h 38 km/h 38 km/h

24” 32 km/h 42 km/h 42 km/h

26” 34 km/h 46 km/h 46 km/h

28” 37 km/h 50 km/h 50 km/h

Weight 4.5 kg front wheel; 4.7 kg rear wheel

Cooling Ext. ventilation > 5 m/s

Operating points

Operational mode S1 S2 
10 min

S2 
4 min

S1 S2 
10 min

S2 
4 min

S1 S2 
10 min

S2 
4 min

Rated torque 11.4 Nm 30 Nm 40 Nm 8.7 Nm 30 Nm 40 Nm 12.6 
Nm

30 Nm 40 Nm

Related AC current 9.3 A 25 A 33 A 11.6 A 40 A 55 A 17.5 A 40 A 55 A

Impulse torque 60 Nm



Dimensions
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Heinzmann GmbH & Co. KG
Am Haselbach 1
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Subject to alterations. ©HEINZMANN GmbH & Co. KG, 2019

Phone: +49 7673 8208 - 0
Fax: +49 7673 8208 - 799 
Email: info@heinzmann.de

Rear wheelFront wheel

With this drawing the regulations for 
copy right protection are effective.

Electrical data

Type Pedelec Pedelec 20” Speed Pedelec

DC supply voltage 36 VDC

Motor voltage 22.8 VAC 17.44 VAC 24.25 VAC

EMF constant 84.5 V/1000 min¯¹ 51.7 V/1000 min¯¹ 51.7 V/1000 min¯¹

Torque constant 1.22 Nm/A 0.75 Nm/A 0.75 Nm/A 

Resistance phase-phase 244 mΩ 88 mΩ 88 mΩ

Winding inductance  
phase-phase

1.4 mH 0.36 mH 0.36 mH

Moment of inertia 102 kg·cm²

Degree of protection IP54

Sensor system

Motor feedback Hall sensors

Temperature sensor KTY84-130

135

51

7461

Ø220

TK Ø208

10°

5°

Ø2,9

A

A

100

51
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Lithium Ion

| Copyright© 2018 All Rights Reserved.

The data in this document is for descriptive purposes only and is not intended to make or imply any guarantee or warranty.

Charge Characteristics Cycle Life Characteristics

Discharge Characteristics (by temperature) Discharge Characteristics (by rate of discharge)

Features & Benefits DimensionsSpecifications

Apr. 2018

NCR18650PF
• High energy and power 

density 
• Long, stable, high power
• High safety performance 
• Ideal for power assisted 

bicycles, 2-way radios, 
medical devices and 
robotics.

* At temperatures below 10℃,
charge at a 0.25C rate.

Charge: CC-CV 0.5 (max) 4.20V, 100mA cut-off at 25°C
Discharge: CC 1C, 2.5V cut-off at 25°CCharge: CC-CV 0.5C (max) 4.20V, 100mA cut-off at 25°C

Charge: CC-CV 0.5C (max) 4.20V, 100mA cut-off at 25°C
Discharge: CC 1C, 2.5V cut-off at each temperature

Charge: CC-CV 0.5C (max) 4.20V, 100mA cut-off at 25°C
Discharge: CC, 2.5V cut-off at 25°C

Rated capacity(1) Min. 2700mAh
Capacity(2) Min. 2750mAh

Typ.  2900mAh
Nominal voltage 3.6V
Charging CC-CV, Std. 1375mA, 4.20V, 4.0 hrs
Weight (max.) 48.0 g
Temperature Charge*: 0 to +45°C

Discharge: -20 to +60°C
Storage: -20 to +50°C

Energy density(3) Volumetric: 577 Wh/l
Gravimetric: 207 Wh/kg

*With tube

For Reference Only

Max. 18.5 mm

6.
5

m
m

M
ax

. 6
5.

3m
m

(+)

(–)
(1) At 20°C  (2) At 25°C  (3) Energy density based on bare cell dimensions

Please contact us for more details of the specification.



1.1 Single row deep groove ball bearings

d 7 – 9 mm

SKF Explorer bearing
▶ Popular item
1)  For bearings with only one shield or one non-contact seal (Z, RZ) the limiting speeds of the open bearings are valid.

2RSLD2
2Zd2

2Z

2RZ

2RS1 2RSH

r1

r2

r2

r1

D1D

B

d d1

2RS1

Principal dimensions Basic load ratings Fatigue  
load limit

Speed ratings Mass  Designations
 dynamic static Reference 

speed
Limiting 
speed1)

Bearing
open or capped 
on both sides

capped on one 
side1)d D B C C0 Pu

mm   kN  kN r/min  kg  –   

7 14 3,5 0,78 0,26 0,011 100 000 63 000 0,0022  618/7  –
 14 5 0,956 0,4 0,017 100 000 50 000 0,0031  628/7-2Z  –
 17 5 1,06 0,375 0,016 90 000 45 000 0,0049  619/7-2Z  –
             
 17 5 1,06 0,375 0,016 90 000 56 000 0,0049  619/7  –
 19 6 2,34 0,95 0,04 85 000 53 000 0,0076 ▶ 607  –
 19 6 2,34 0,95 0,04 – 24 000 0,0078 ▶ 607-2RSH  607-RSH
             
 19 6 2,34 0,95 0,04 85 000 43 000 0,0078 ▶ 607-2RSL  607-RSL
 19 6 2,34 0,95 0,04 85 000 43 000 0,0084 ▶ 607-2Z  607-Z
 22 7 3,45 1,37 0,057 70 000 45 000 0,012 ▶ 627  –
             
 22 7 3,45 1,37 0,057 – 22 000 0,013 ▶ 627-2RSH  627-RSH
 22 7 3,45 1,37 0,057 70 000 36 000 0,013 ▶ 627-2RSL  627-RSL
 22 7 3,45 1,37 0,057 70 000 36 000 0,013 ▶ 627-2Z  627-Z
             
8 16 4 0,819 0,3 0,012 90 000 56 000 0,003  618/8  –
 16 5 1,33 0,57 0,024 – 26 000 0,0036 ▶ 628/8-2RS1  –
 16 5 1,33 0,57 0,024 90 000 45 000 0,0036 ▶ 628/8-2Z  –
             
 16 6 1,33 0,57 0,024 90 000 45 000 0,0043  638/8-2Z  –
 19 6 1,46 0,465 0,02 – 24 000 0,0071  619/8-2RS1  –
 19 6 1,46 0,465 0,02 85 000 43 000 0,0071  619/8-2Z  –
             
 19 6 1,46 0,465 0,02 85 000 53 000 0,0071  619/8  –
 19 6 2,34 0,95 0,04 85 000 43 000 0,0072  607/8-2Z  607/8-Z
 22 7 3,45 1,37 0,057 75 000 48 000 0,012 ▶ 608  –
             
 22 7 3,45 1,37 0,057 – 22 000 0,012 ▶ 608-2RSH ▶ 608-RSH
 22 7 3,45 1,37 0,057 75 000 38 000 0,012 ▶ 608-2RSL  608-RSL
 22 7 3,45 1,37 0,057 75 000 38 000 0,013 ▶ 608-2Z  608-Z
             
 22 11 3,45 1,37 0,057 – 22 000 0,016 ▶ 630/8-2RS1  –
 24 8 3,9 1,66 0,071 63 000 40 000 0,018  628  –
 24 8 3,9 1,66 0,071 – 19 000 0,017  628-2RS1  628-RS1
             
 24 8 3,9 1,66 0,071 63 000 32 000 0,017  628-2RZ  628-RZ
 24 8 3,9 1,66 0,071 63 000 32 000 0,018 ▶ 628-2Z  628-Z
 28 9 1,33 0,57 0,024 60 000 30 000 0,03  638-2RZ  638-RZ
             
9 17 4 0,871 0,34 0,014 85 000 53 000 0,0034  618/9  –
 17 5 1,43 0,64 0,027 – 24 000 0,0043  628/9-2RS1  –
 17 5 1,43 0,64 0,027 85 000 43 000 0,0043  628/9-2Z  628/9-Z
             
 20 6 2,34 0,98 0,043 80 000 40 000 0,0076  619/9-2Z  –
 20 6 2,34 0,98 0,043 80 000 50 000 0,0076  619/9  –
 24 7 3,9 1,66 0,071 70 000 43 000 0,014 ▶ 609  –
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Product data online † skf.com/go/17000-1-1

ra

ra

Da da

Dimensions Abutment and illet dimensions Calculation factors
 

d d1 d2 D1 D2 r1,2 da da Da ra kr f0
≈ ≈ ≈ ≈ min. min. max. max. max.

mm      mm    –  

7 9 – 12 – 0,15 7,8 – 13,2 0,1 0,015 7,2
 – 8,5 – 12,7 0,15 7,8 8 13,2 0,1 0,015 11
 10,4 – – 14,3 0,3 9 9,7 15 0,3 0,02 7,3
            
 10,4 – – 14,3 0,3 9 – 15 0,3 0,02 7,3
 11,1 – – 16,5 0,3 9 – 17 0,3 0,025 13
 – 9,5 – 16,5 0,3 9 9,4 17 0,3 0,025 13
            
 – 9,5 – 16,5 0,3 9 9,4 17 0,3 0,025 13
 11,1 – – 16,5 0,3 9 11 17 0,3 0,025 13
 12,1 – – 19,2 0,3 9,4 – 19,6 0,3 0,025 12
            
 – 10,5 – 19,2 0,3 9,4 10,5 19,6 0,3 0,025 12
 – 10,5 – 19,2 0,3 9,4 10,5 19,6 0,3 0,025 12
 12,1 – – 19,2 0,3 9,4 12,1 19,6 0,3 0,025 12
            
8 10,5 – 13,5 – 0,2 9,4 – 14,6 0,2 0,015 7,5
 10,1 – – 14,2 0,2 9,4 9,4 14,6 0,2 0,015 11
 10,1 – – 14,2 0,2 9,4 10 14,6 0,2 0,015 11
            
 – 9,6 – 14,2 0,2 9,4 9,5 14,6 0,2 0,015 11
 – 9,8 – 16,7 0,3 9,5 9,8 17 0,3 0,02 6,6
 – 9,8 – 16,7 0,3 9,5 9,8 17 0,3 0,02 6,6
            
 10,5 – – 16,7 0,3 10 – 17 0,3 0,02 6,6
 11,1 – – 16,5 0,3 10 11 17 0,3 0,025 13
 12,1 – – 19,2 0,3 10 – 20 0,3 0,025 12
            
 – 10,5 – 19,2 0,3 10 10,5 20 0,3 0,025 12
 – 10,5 – 19,2 0,3 10 10,5 20 0,3 0,025 12
 12,1 – – 19,2 0,3 10 12 20 0,3 0,025 12
            
 11,8 – – 19 0,3 10 11,7 20 0,3 0,025 12
 14,4 – – 21,2 0,3 10,4 – 21,6 0,3 0,025 13
 14,4 – – 21,2 0,3 10,4 14,4 21,6 0,3 0,025 13
            
 14,4 – – 21,2 0,3 10,4 14,4 21,6 0,3 0,025 13
 14,4 – – 21,2 0,3 10,4 14,4 21,6 0,3 0,025 13
 14,8 – – 22,6 0,3 10,4 14,7 25,6 0,3 0,03 12
            
9 11,5 – 14,5 – 0,2 10,4 – 15,6 0,2 0,015 7,7
 – 10,7 – 15,2 0,2 10,4 10,5 15,6 0,2 0,015 11
 – 10,7 – 15,2 0,2 10,4 10,5 15,6 0,2 0,015 11
            
 11,6 – – 17,5 0,3 11 11,5 18 0,3 0,02 12
 11,6 – – 17,5 0,3 11 – 18 0,3 0,02 12
 14,4 – – 21,2 0,3 11 – 22 0,3 0,025 13
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1.1 Single row deep groove ball bearings

d 9 – 10 mm

SKF Explorer bearing
▶ Popular item
1)  For bearings with only one shield or one non-contact seal (Z, RZ) the limiting speeds of the open bearings are valid.

cont.

2RSLD2
2Z 2RS1

2RS1 2RSH

r1

r2

r2

r1

D1D

B

d d1

Principal dimensions Basic load ratings Fatigue  
load limit

Speed ratings Mass  Designations
 dynamic static Reference 

speed
Limiting 
speed1)

Bearing
open or capped 
on both sides

capped on one 
side1)d D B C C0 Pu

mm   kN  kN r/min  kg  –   

9 24 7 3,9 1,66 0,071 – 19 000 0,015 ▶ 609-2RSH  609-RSH
 24 7 3,9 1,66 0,071 70 000 34 000 0,014 ▶ 609-2RSL  609-RSL
 24 7 3,9 1,66 0,071 70 000 34 000 0,015 ▶ 609-2Z  609-Z
             
 26 8 4,75 1,96 0,083 60 000 38 000 0,02 ▶ 629  –
 26 8 4,75 1,96 0,083 – 19 000 0,02 ▶ 629-2RSH  629-RSH
 26 8 4,75 1,96 0,083 60 000 30 000 0,02 ▶ 629-2RSL  629-RSL
             
 26 8 4,75 1,96 0,083 60 000 30 000 0,021 ▶ 629-2Z  629-Z
             
10 19 5 1,72 0,83 0,036 – 22 000 0,0055  61800-2RS1  –
 19 5 1,72 0,83 0,036 80 000 38 000 0,0055  61800-2Z  –
 19 5 1,72 0,83 0,036 80 000 48 000 0,0053  61800  –
             
 22 6 2,7 1,27 0,054 – 20 000 0,01  61900-2RS1  –
 22 6 2,7 1,27 0,054 70 000 36 000 0,01  61900-2Z  –
 22 6 2,7 1,27 0,054 70 000 45 000 0,01  61900  –
             
 26 8 4,75 1,96 0,083 67 000 40 000 0,019 ▶ 6000  –
 26 8 4,75 1,96 0,083 – 19 000 0,019 ▶ 6000-2RSH  6000-RSH
 26 8 4,75 1,96 0,083 67 000 34 000 0,019 ▶ 6000-2RSL  6000-RSL
             
 26 8 4,75 1,96 0,083 67 000 34 000 0,02 ▶ 6000-2Z ▶ 6000-Z
 26 12 4,62 1,96 0,083 – 19 000 0,025  63000-2RS1  –
 28 8 5,07 2,36 0,1 60 000 30 000 0,026  16100-2Z  –
             
 28 8 5,07 2,36 0,1 60 000 38 000 0,024  16100  –
 30 9 5,4 2,36 0,1 56 000 36 000 0,031 ▶ 6200  –
 30 9 5,4 2,36 0,1 – 17 000 0,032 ▶ 6200-2RSH  6200-RSH
             
 30 9 5,4 2,36 0,1 56 000 28 000 0,032 ▶ 6200-2RSL  6200-RSL
 30 9 5,4 2,36 0,1 56 000 28 000 0,034 ▶ 6200-2Z  6200-Z
 30 14 5,07 2,36 0,1 – 17 000 0,04  62200-2RS1  –
             
 35 11 8,52 3,4 0,143 50 000 32 000 0,053 ▶ 6300  –
 35 11 8,52 3,4 0,143 – 15 000 0,054 ▶ 6300-2RSH  6300-RSH
 35 11 8,52 3,4 0,143 50 000 26 000 0,053  6300-2RSL  6300-RSL
             
 35 11 8,52 3,4 0,143 50 000 26 000 0,055 ▶ 6300-2Z  6300-Z
 35 17 8,06 3,4 0,143 – 15 000 0,06  62300-2RS1  –
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cont.

Product data online † skf.com/go/17000-1-1

ra

ra

Da da

Dimensions Abutment and illet dimensions Calculation factors
 

d d1 d2 D1 D2 r1,2 da da Da ra kr f0
≈ ≈ ≈ ≈ min. min. max. max. max.

mm      mm    –  

9 – 12,8 – 21,2 0,3 11 12,5 22 0,3 0,025 13
 – 12,8 – 21,2 0,3 11 12,5 22 0,3 0,025 13
 14,4 – – 21,2 0,3 11 14,3 22 0,3 0,025 13
            
 14,8 – – 22,6 0,3 11,4 – 23,6 0,3 0,025 12
 – 12,5 – 22,6 0,3 11,4 12,5 23,6 0,3 0,025 12
 – 12,5 – 22,6 0,3 11,4 12,5 23,6 0,3 0,025 12
            
 14,8 – – 22,6 0,3 11,4 14,7 23,6 0,3 0,025 12
            
10 – 11,8 – 17,2 0,3 11,8 11,8 17 0,3 0,015 15
 12,7 – – 17,2 0,3 12 12,5 17 0,3 0,015 15
 12,7 – 16,3 – 0,3 12 – 17 0,3 0,015 15
            
 – 13,2 – 19,4 0,3 12 12 20 0,3 0,02 14
 13,9 – – 19,4 0,3 12 12,9 20 0,3 0,02 14
 13,9 – 18,2 – 0,3 12 – 20 0,3 0,02 14
            
 14,8 – – 22,6 0,3 12 – 24 0,3 0,025 12
 – 12,5 – 22,6 0,3 12 12,5 24 0,3 0,025 12
 – 12,5 – 22,6 0,3 12 12,5 24 0,3 0,025 12
            
 14,8 – – 22,6 0,3 12 14,7 24 0,3 0,025 12
 14,8 – – 22,6 0,3 12 14,7 24 0,3 0,025 12
 17 – – 24,8 0,3 14,2 16,6 23,8 0,3 0,025 13
            
 17 – – 24,8 0,3 14,2 – 23,8 0,3 0,025 13
 17 – – 24,8 0,6 14,2 – 25,8 0,6 0,025 13
 – 15 – 24,8 0,6 14,2 15 25,8 0,6 0,025 13
            
 – 15 – 24,8 0,6 14,2 15 25,8 0,6 0,025 13
 17 – – 24,8 0,6 14,2 16,9 25,8 0,6 0,025 13
 17 – – 24,8 0,6 14,2 16,9 25,8 0,6 0,025 13
            
 17,5 – – 28,7 0,6 14,2 – 30,8 0,6 0,03 11
 – 15,5 – 28,7 0,6 14,2 15,5 30,8 0,6 0,03 11
 – 15,5 – 28,7 0,6 14,2 15,5 30,8 0,6 0,03 11
            
 17,5 – – 28,7 0,6 14,2 17,4 30,8 0,6 0,03 11
 17,5 – – 28,7 0,6 14,2 17,4 30,8 0,6 0,03 11
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NOTES:

Inseam (inches or cm)

Height 25.0 25.5 26.0 26.5 27.0 27.5 28.0 28.5 29.0 29.5 30.0 30.5 31.0 31.5 32.0 32.5 33.0 33.5 34.0 34.5 35.0 35.5 36.0 36.5 37.0 37.5 38.0 in

overall in cm 64 65 66 67 69 70 71 72 74 75 76 77 79 80 81 83 84 85 86 88 89 90 91 93 94 95 97 cm

4'8" 56.0 142 43 44 45 46 47 47 48 49 50 51 52 53 54 54 55 56 57 58 59 60 60 61 62 63 64 65 66

4'8.5" 56.5 144 43 44 45 46 47 47 48 49 50 51 52 53 54 54 55 56 57 58 59 60 60 61 62 63 64 65 66

4'9" 57.0 145 43 44 45 46 47 47 48 49 50 51 52 53 54 54 55 56 57 58 59 60 60 61 62 63 64 65 66

4'9.5" 57.5 146 43 44 45 46 47 47 48 49 50 51 52 53 54 54 55 56 57 58 59 60 60 61 62 63 64 65 66

4'10" 58.0 147 43 44 45 46 47 47 48 49 50 51 52 53 54 54 55 56 57 58 59 60 60 61 62 63 64 65 66

4'10.5" 58.5 149 43 44 45 46 47 47 48 49 50 51 52 53 54 54 55 56 57 58 59 60 60 61 62 63 64 65 66

4'11" 59.0 150 43 44 45 46 47 47 48 49 50 51 52 53 54 54 55 56 57 58 59 60 60 61 62 63 64 65 66

4'11.5" 59.5 151 43 44 45 46 47 47 48 49 50 51 52 53 54 54 55 56 57 58 59 60 60 61 62 63 64 65 66

5' 60.0 152 43 44 45 46 47 47 48 49 50 51 52 53 54 54 55 56 57 58 59 60 60 61 62 63 64 65 66

5'.5" 60.5 154 43 44 45 46 47 47 48 49 50 51 52 53 54 54 55 56 57 58 59 60 60 61 62 63 64 65 66

5'1" 61.0 155 43 44 45 46 47 47 48 49 50 51 52 53 54 54 55 56 57 58 59 60 60 61 62 63 64 65 66

5'1.5" 61.5 156 43 44 45 46 47 47 48 49 50 51 52 53 54 54 55 56 57 58 59 60 60 61 62 63 64 65 66

5'2" 62.0 157 43 44 45 46 47 47 48 49 50 51 52 53 54 54 55 56 57 58 59 60 60 61 62 63 64 65 66

5'2.5" 62.5 159 43 44 45 46 47 47 48 49 50 51 52 53 54 54 55 56 57 58 59 60 60 61 62 63 64 65 66

5'3" 63.0 160 43 44 45 46 47 47 48 49 50 51 52 53 54 54 55 56 57 58 59 60 60 61 62 63 64 65 66

5'3.5" 63.5 161 43 44 45 46 47 47 48 49 50 51 52 53 54 54 55 56 57 58 59 60 60 61 62 63 64 65 66

5'4" 64.0 163 43 44 45 46 47 47 48 49 50 51 52 53 54 54 55 56 57 58 59 60 60 61 62 63 64 65 66

5'4.5" 64.5 164 43 44 45 46 47 47 48 49 50 51 52 53 54 54 55 56 57 58 59 60 60 61 62 63 64 65 66

5'5" 65.0 165 43 44 45 46 47 47 48 49 50 51 52 53 54 54 55 56 57 58 59 60 60 61 62 63 64 65 66

5'5.5" 65.5 166 43 44 45 46 47 47 48 49 50 51 52 53 54 54 55 56 57 58 59 60 60 61 62 63 64 65 66

5'6" 66.0 168 43 44 45 46 47 47 48 49 50 51 52 53 54 54 55 56 57 58 59 60 60 61 62 63 64 65 66

5'6.5" 66.5 169 43 44 45 46 47 47 48 49 50 51 52 53 54 54 55 56 57 58 59 60 60 61 62 63 64 65 66

5'7" 67.0 170 43 44 45 46 47 47 48 49 50 51 52 53 54 54 55 56 57 58 59 60 60 61 62 63 64 65 66

5'7.5" 67.5 171 43 44 45 46 47 47 48 49 50 51 52 53 54 54 55 56 57 58 59 60 60 61 62 63 64 65 66

5'8" 68.0 173 43 44 45 46 47 47 48 49 50 51 52 53 54 54 55 56 57 58 59 60 60 61 62 63 64 65 66

5'8.5" 68.5 174 43 44 45 46 47 47 48 49 50 51 52 53 54 54 55 56 57 58 59 60 60 61 62 63 64 65 66

5'9" 69.0 175 43 44 45 46 47 47 48 49 50 51 52 53 54 54 55 56 57 58 59 60 60 61 62 63 64 65 66

5'9.5" 69.5 177 43 44 45 46 47 47 48 49 50 51 52 53 54 54 55 56 57 58 59 60 60 61 62 63 64 65 66

5'10" 70.0 178 43 44 45 46 47 47 48 49 50 51 52 53 54 54 55 56 57 58 59 60 60 61 62 63 64 65 66

5'10.5" 70.5 179 43 44 45 46 47 47 48 49 50 51 52 53 54 54 55 56 57 58 59 60 60 61 62 63 64 65 66

5'11" 71.0 180 43 44 45 46 47 47 48 49 50 51 52 53 54 54 55 56 57 58 59 60 60 61 62 63 64 65 66

5'11.5" 71.5 182 43 44 45 46 47 47 48 49 50 51 52 53 54 54 55 56 57 58 59 60 60 61 62 63 64 65 66

6' 72.0 183 43 44 45 46 47 47 48 49 50 51 52 53 54 54 55 56 57 58 59 60 60 61 62 63 64 65 66

6'.5" 72.5 184 43 44 45 46 47 47 48 49 50 51 52 53 54 54 55 56 57 58 59 60 60 61 62 63 64 65 66

6'1" 73.0 185 43 44 45 46 47 47 48 49 50 51 52 53 54 54 55 56 57 58 59 60 60 61 62 63 64 65 66

6'1.5" 73.5 187 43 44 45 46 47 47 48 49 50 51 52 53 54 54 55 56 57 58 59 60 60 61 62 63 64 65 66

6'2" 74.0 188 43 44 45 46 47 47 48 49 50 51 52 53 54 54 55 56 57 58 59 60 60 61 62 63 64 65 66

6'2.5" 74.5 189 43 44 45 46 47 47 48 49 50 51 52 53 54 54 55 56 57 58 59 60 60 61 62 63 64 65 66

6'3" 75.0 191 43 44 45 46 47 47 48 49 50 51 52 53 54 54 55 56 57 58 59 60 60 61 62 63 64 65 66

6'3.5" 75.5 192 43 44 45 46 47 47 48 49 50 51 52 53 54 54 55 56 57 58 59 60 60 61 62 63 64 65 66

6'4" 76.0 193 43 44 45 46 47 47 48 49 50 51 52 53 54 54 55 56 57 58 59 60 60 61 62 63 64 65 66

6'4.5" 76.5 194 43 44 45 46 47 47 48 49 50 51 52 53 54 54 55 56 57 58 59 60 60 61 62 63 64 65 66

6'5" 77.0 196 43 44 45 46 47 47 48 49 50 51 52 53 54 54 55 56 57 58 59 60 60 61 62 63 64 65 66

6'5.5" 77.5 197 43 44 45 46 47 47 48 49 50 51 52 53 54 54 55 56 57 58 59 60 60 61 62 63 64 65 66

6'6" 78.0 198 43 44 45 46 47 47 48 49 50 51 52 53 54 54 55 56 57 58 59 60 60 61 62 63 64 65 66

6'6.5" 78.5 199 43 44 45 46 47 47 48 49 50 51 52 53 54 54 55 56 57 58 59 60 60 61 62 63 64 65 66

6'7" 79.0 201 43 44 45 46 47 47 48 49 50 51 52 53 54 54 55 56 57 58 59 60 60 61 62 63 64 65 66

C
ra

nk
si

ze
s 165mm

170mm

172.5mm

175mm

Bicycle Frame Size Chart:
700c Road Bikes, Adult

Frame sizes are in cm, center-to-top (C-T)
Subtract 1.5cm - 2 cm from frame size for center-to-center (C-C) measurement
Frame sizes and crank lengths are starting points only. No guarantees here.
CONSULT YOUR LOCAL BICYCLE SHOP FOR A PROFESSIONAL FITTING.

Common frame size for your height/inseam

Possible frame size for your height/inseam


