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Summary
The assignment is commissioned by Dronten based
company Flevobike, a European market leader in eassisted velomobiles and recumbents. The assignment
revolves around their concept of a four-wheeled
velomobile that will replace the current three wheeled
models. Having four wheels will increase luggage space,
road handling, stability and visibility. The velomobile
will be a small, eco-friendly, practical and economical
alternative to the second car; going out for groceries,
bringing kids to school, and various other short trips with
limited luggage. This thesis in particular focuses on the
mechanical design of the velomobile: the suspension,
steering and driveline.

subassemblies. A substitute steel frame is created to
connect these separate systems. The prototype is then
finished by placing the seat, handlebars and wiring
everything up. Finally, the prototype is tested in depth for
a couple of months, ranging from daily commuting to
extreme and abusive runs through the woods.
The difference in road handling and stability is huge
compared to the current velomobile; it feels solid and
reliable but is still easy and light to drive. It handles
almost any road surface and maneuvers easily through
different situations.

Firstly, the benefits of the extra wheel are researched,
including the theoretical increased cornering speed and
possibly rider height. A list of basic dimensions and
specifications is composed based on the results as a
foundation for the design process. Other requirements are
extracted from another student’s thesis and experiences
with the current velomobile.
The first part of the thesis focuses on designing the
different systems. It should be producible by Flevobike
but scalable in the near future. Complex parts will be
based on off the shelf alternatives in order to keep the
costs down. The final design consists of a simplified
McPherson suspension system in the front and swing
arms with enclosed chain line in the rear, both suspended
with standard shock absorbers. The velomobile is eassisted and has a fully automatic continuous variable
transmission system. The pedal distance is adjustable
with a quick release, fitting nearly anybody within
seconds.
The second part is the creation of a fully functional
prototype to be able to test the design. All components are
gathered or manufactured to complete the different
Image 1. The final prototype
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Introduction
Assignment
The Company
Flevobike is a Dutch company, specialized in bicycle
development and high end recumbents. It has produced a
broad range of (special) recumbents, ranging from frontwheel driven ones and back-to-back tandems to
maintenance-free recumbents and velomobiles. Flevobike
has also participated in many projects for other
companies like Giant, Gazelle and Batavus. Other
developments include for example magnesium
thixomoulding for GoCycle, a quick-release ice skate
blade and the PSS: a revolutionary shifting system.
Current products
Their current portfolio exists of only two bikes: the Orca
velomobile and the GreenMachine recumbent. Both are
(contrary to the competition) designed for comfort, ease
of use and low maintenance. Both bikes are equipped
with a 14-speed Rohloff hub, closed chain line, moulded
wheels and a tensioned mesh seat. Furthermore, the orca
is completely suspended, has a big acces hatch, double
brake system, all around lighting and an impact resistant
twin-tex body. Both can be equipped with an e-assist,
helping the cyclist up to 25km/h.

The project
Flevobike would like to have the idea of a four-wheeled
velomobile further explored and tested. This project was
separated into different fields of which two were handed
out to students. One of these is the luggage compartment
and the possibility of seat(s) for small children. The other
part was the technical design of the four wheeled bike.
This report will focus solely on this part.
The assignment
The main object of this assignment is to research, design
and build a proof of concept for the four-wheeled
velomobile: investigate the difference in stability and
added practicality in comparison to the current model,
determine the key-measurements for the new model based
on the research (wheelbase, width, rider position) and
design a complete mechanical system based on these. The
designed system(s) should be translated into a prototype
that suffices to be tested on the difference in road
handling, practicality and safety opposed to the current
velomobile.

Future concept
For the next generation of velomobiles, Flevobike would
like to focus more and more on practicality and comfort.
One of the key changes that they would like to have
explored to accomplish this is a four wheeled vehicle
instead of the conventional three wheel design. This
should result in a bigger luggage space between the
wheels and greater stability. The latter can either be used
for a faster and safer cornering or placing the driver
higher without added risk of tipping over. But a four
wheel design could also have drawbacks like reduced
aerodynamics and a higher weight/complexity.
Image 2. The company’s owners: brothers Erwin, Arjan and André Vrielink
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Flevobike
Bike, Trike, Racer
Flevobike is a company in Dronten that develops and
produces recumbents and other special bicycles. The
company was founded by Johan Vrielink who started
building different recumbents for personal use. He gave
birth to the first real Flevobike in 1986, simply called the
Bike (img 3). This was an iconic front wheel driven
recumbent of which the front half of the frame steered
instead of only the front wheel. This meant that the cranks
moved along sideways, which enabled the driver to steer
with his legs only. This is very hard to master; it can take
up to weeks of persistence, but it really pays off.
It took another three years to get into production, but
when it did, it became the first iconic recumbent for
Flevobike and the company is still associated with this
model. The Bike was further developed into a higher
version with 26” wheels (the Racer) and a three wheeled
version (the Trike). Part of the bicycles was sold as a
DIY-kit, making the buyer more involved with their
bicycle. This also ensured that the owner was more likely
to be able to repair the bicycle without needing a
professional.

Image 3. The first Flevobike: the ‘Bike’

Different recumbents
In the years after, Flevobike developed a lot of different
style recumbents, but all with more or less standard
drivetrain and steering. A notable example is the Oké-ja;
it was the first recumbent available for under ƒ1000
(€450). Other models are the fifty-fifty, a recumbent
designed for speed, and the “rug-aan-rug” (back to back)
tandem, a two wheel driven recumbent tandem with de
riders sitting back to back (img 4).

Image 4. The more extravagant “rug-aan-rug”tandem

Alleweder
The Alleweder (img 5) was not the first commercially
available velomobile, but it was innovative nonetheless.
Where other velomobiles were built around a trike-like
chassis, the Alleweder had a fully self supporting body.
Furthermore, it had full suspension, disc brakes and was
also available as a DIY-kit.

Image 5. The Alleweder and a complete kit

Versatile
The company took a drastic turn in the year 2000. They
sold the rights of all their bikes to other manufacturers in
order to buy a CNC milling machine. This enabled
Flevobike to manufacture more advanced parts and
bicycles, first resulting in the Versatile. The Versatile
could be seen as a further development of the Alleweder,
with the key objectives being comfort and practicality.
The velomobile had a big entry-hatch, ergonomic steering
handles, enclosed drive train with a Rohloff hub and a big
adjustment range for the seat and pedals. The bottom half
of the body was made of Twin-Tex (a fibre-glass/PP
composite) to be impact resistant and the top half was
vacuum formed. These materials could be better shaped
than aluminium and were more durable than glass fibre or
carbon fibre.
GreenMachine
The GreenMachine (img 6) is their current two wheeled
recumbent. It is, just as the Versatile, primarily designed
for comfort and practicality instead of weight and speed.
The GreenMachine also has a fully enclosed drive train
with a 14-speed Rohloff hub. It has the same seat as the
Orca with a mesh back for ventilation and comfort. And
still it is almost as rigid as a standard carbon seat since
the mesh is tensioned between the sides.

Image 6. The greenmachine
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Orca
Small changes were made constantly during the six years
of producing the Versatile. At this point Flevobike
decided it was time to go back to the drawing board and
give the Versatile a complete make-over. The design
stayed mostly the same, but internally a lot was updated.
This included the drive train, suspension system, steering
system, wheels, roof and body materials. The new model
was named the Orca and can be seen in image 6.

Image 6. The updated Orca

Commissioned work
Both bicycles are currently in production but at the
moment the majority of the work is commissioned design
and prototyping for other companies. A good example is
the Armadillo (img 7), a four wheeled cargo bike with a
cubic metre cargo box and a recumbent cycling position.
This bike was commissioned by the Swedish company
Velove and developed completely by Flevobike.
Future
Flevobike wants to simplify, outsource and scale down its
production of the GreenMachine and Orca to be able to
focus on future projects. These will consist of
development and prototyping for extern companies as
well as development of their own projects and concepts.
One of these concepts is designing the future velomobile;
a more affordable, practical and safe version opposed to
the available ones today. The key factors to accomplish
this will be the use of four wheels and e-assist up to 45
km/h. This concept has to fit in-between the car and
bicycle and it is the subject of this thesis.

Electric assist
Electric assist systems were developed for both models,
resulting in the E-GreenMachine and the E-Orca. The
Orca is already pretty fast due to its aerodynamics; its
non-assisted top speed is well above the assist limit of
25km/h. But the weight of the Orca can be hard to get
going at traffic lights or when going uphill. Therefore the
assist only kicks in when needed but will not consume
any power when driving longer distances at the usual 30+
km/h. The motor is very tiny in both models and placed
parallel to the drive chain. When not in use, it will not
have any resistance. The E-GreenMachine won a
Eurobike Award in 2012, after the standard
GreenMachine already won the gold award in 2007.
Image 7. The Armadillo; commissioned by Velove and developed by Flevobike (gizmag.com)
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The Concept
But why a four wheeled velomobile? Usually all
velomobiles have three wheels since this allows an
aerodynamic fairing (body) while not tipping over at
traffic lights like a closed two wheeler would. This is a
concept that is mainly designed for speed instead of
practicality and almost all velomobile manufacturers use
this concept. The speed and aerodynamic criteria also
limit other features like the ease of entrance, the turning
radius (due to enclosed front wheels) and the overall level
of comfort (weight reduction).
Flevobike has already changed this concept with the Orca
with better comfort, ergonomics and ease of use. The
front wheels are outside of the body allowing a smaller
turning radius and a bigger track width. There is a big
entry hatch instead of just a hole allowing a better entry
of the vehicle and the shape is more stylised than other
conventional velomobiles (img 8).

(driver) more between the front wheels. But when
breaking in a corner, the rear wheel may lose traction,
slipping sideways and tipping the vehicle over anyway
(img 9).

Image 9. Crashed Versatile (versatile072.wordpress.com)

This is because common velomobiles are sold in low
quantities at higher prices to a limited audience. The fourwheeler will be a more practical alternative, addressing a
broader market and allowing for higher production
numbers at a lower price. The velomobile has to be
affordable and useable for starting couples (possibly both
working and having small kids) eliminating the need for a
second car. Although the price will still be relatively high
(the aim is around €5000) it will save heavily on taxes,
maintenance, fuels, parking space and insurance in the
long run. It will also return in a better fitness and health
and possibly reduce the amount of cars used on a daily
basis.
Especially since more and more city centres are becoming
low traffic zones, which increases the need for an
alternative that is much more practical and comfortable
than a bicycle but much less invasive than a car.

This is why Flevobike is looking for a new design with
four wheels which should make tipping over less likely.
The weight can also be distributed better in order to
prevent sliding when braking. The improved stability can
be used for faster cornering and/or to lift the driver and
provide a better view. Another big advantage is the ability
to place luggage or even a child between the rear wheels,
making it a lot more practical in everyday use.

Image 8. Typical plain velomobile design (Hayco - ligfiets.net)

There are still some drawbacks concerning the Orca
which are hard to overcome with a three wheeled design.
There is a lot of room for luggage, but not in one
consecutive space. A crate or a box can therefore not be
transported. Due to the instability of a three-wheeler, the
vehicle can also tip over when a corner is taken too fast.
This is partially solved by placing the centre of gravity

The ideology
Flevobike wants to put the new velomobile in the market
as a mobility solution in between the bicycle and car. It
will not be a replacement for cars in general but rather a
replacement for the second car. These are mainly used for
shopping, short trips, bringing the kids to school, driving
to work and other trips when the main car is in use. A
four wheeled velomobile will be able to accomplish
almost all of these tasks but at a much higher
accessibility.
7
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Research
The Orca
The aim is to design a velomobile that is more
comfortable, practical and appealing than most currently
available models. Since the Orca is already a good step in
the right direction, it will be useable as a starting- or
reference point for the four-wheeler’s design process.
This is why the current model is analysed on its features.
A general description of the orca as given by Flevobike
is: “Other manufacturers are aiming at aerodynamics,
high speed and low weight to create the ultimate
Velomobile. For us these are only placed 4th, 5th and 6th ,
our most important requirements are comfort, practicality
and appearance. This was the foundation upon first
designing the Versatile and later the Orca and e-Orca”
Target group
Although the Orca is quite practical and comfortable in its
kind, the high price still results in a relatively small
market. Most buyers are looking for a healthier
alternative for their car for daily commutes up to 30km.
Other users are more interested in larger weekend trips or
even holidays. Most Orcas are used throughout the year,
regardless of the weather conditions.

Design features
Entry hatch
One of the most important features upon designing the
Versatile was the improvement of the entry of the
velomobile. Up to then all Dutch velomobiles used a
simple hole which was hard to manoeuvre into, especially
for people with divergent posture or mobility. The Orca
uses a large entry hatch that folds up and towards the
front, ensuring an easy entry (img 9). This also enables a
smaller opening for the head, keeping the velomobile
dryer during the rain. Other velomobiles use an added lid
that is fiddly to place after entering the vehicle.
Ventilating seat
Standard velomobiles use a composite seat shell, allowing
no ventilation or comfort. Ventilating cushions can be
bought to overcome this partly, but they decrease the
firmness of the seat and therefore the cycling efficiency.
They are also trapped between the seat and the user,
limiting the overall ventilation. Flevobike has improved
this by designing their own seat with a meshed fabric that
is tightly tensioned in between two ergonomically shaped
aluminium tubes. This results in a well ventilating and
shaped seat with just enough spring to fit the rider. The
seat is available in four sizes and is sold to many other
recumbent manufacturers as upgrade accessory (img 10).

Arm positioning
Another uncomfortable feature of many velomobiles is
that the handlebars are very narrow and placed on a
universal joint between the legs of the user. The result is a
freely moveable steer that lies on top of the user with the
arms bent and placed near the body creating a very closed
posture. This reduces the needed ventilation under the
arms and on top of the chest. The orca therefore uses
joysticks rather than conventional handlebars. These are
placed on the side of the velomobile and out of the way of
the entry of the user (img 11). The posture is open with the
arms positioned freely alongside the body.

Image 11. Joystick handlebars with all controls within reach

Rohloff Hub
A big advancement for the durability and ease of use is
the Rohloff hub. It has 14 consecutive gearings without
overlap, spread over a range that is comparable to
upmarket derailleur systems.
Full suspension
This is not a differentiating feature opposed to the
competitors, but it is very important nonetheless. Since
the rider lies on his back, every bump is directly
transferred to the body, resulting in a very uncomfortable
ride. All velomobiles are therefore fully suspended.
Image 9. Large entry hatch on an e-Orca
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Roof/rain protector
A feature that was added roughly when the Versatile
became the Orca is the roof. This protects against the
elements such as the sun or rain. It does not interfere with
getting in because of the entry hatch, although people use
the same roof on other velomobiles, placing it after entry.
The roof is open on the sides and in the front, assuring
clear vision of the road when the screen is foggy or wet.
In heavy rain and wind, the water can still pass
underneath it, wetting the driver. A rain protector can
then be added that slims down the opening for the head
significantly. It even has a small window closer to the
driver to limit entering rain. But the driver is still able to
look over this small window and under the larger screen
in the roof (img 12).
Body material
The bottom part of the body is made of Twin-Tex (img 13),
a glass fibre and PP woven fabric that can be shaped in a
mould. When heated under a vacuum in an oven, the PP
fibres melt through the glass fibres. Once cooled down it
sets into a strong but flexible composite material that has
a high impact resistance. This creates a lot more durable
body compared to the conventional glass fibre and epoxy
bodies.

Image 13. Twin-Tex body and e-assist motor (Jan Goddema)

e-Orca
The last major addition to the Orca is the e-assist option.
The motor implementation is developed by Flevobike and
is kept very small (img 13). It is placed parallel to the
driveline with a chain going to a secondary sprocket on
the Rohloff hub. Most countries limit the maximum
assisted speed to 25km/h, which is below the standard
cruising speed of a velomobile. Still it helps a lot with
acceleration and steep hills, while not using any
electricity when cruising above the limit. This results in a
well assisted ride in combination with a large range of up
to hundreds of kilometres.

Image 12. The roof and rain-protector installed on a rainy day
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Current four wheeled recumbents
There are many different three wheeled velomobiles on
the market but four wheeled versions are scarce.
However, Flevobike is not the only company that is
developing a four wheeled (enclosed) recumbent. For the
past couple of years there have been annual international
velomobile seminars. On one of them (2009) Ingo
Kollibay1 presented his view on the advantages of a four
wheeled velomobile in Denmark. From that moment on a
few people and companies (including Flevobike) started
experimenting with the idea. A few years later, at the
2012 seminar in Dronten, Miles Kingsbury presented his
four wheeled velomobile2. A one off, but it showed very
promising results. From this moment on a lot more
interest was shown in this concept resulting in multiple
models that are in development at the moment.
Four-wheelers (almost) in production
Velomobiel.nl QuattroVelo
The QuattroVelo (img 14) is a model in development by
velomobiel.nl, the creator of the successful Quest. It is a
four wheeled rear driven velomobile created for the
demand for more practical alternative. It has increased
stability and more luggage room while maintaining an
aerodynamic shape. The ergonomics are still very basic
and the main focus is still its speed. The bike has a
conventional derailleur shifting system and a smaller
track in the rear for a slightly more aerodynamic fairing.
The moulds are currently being finalised after which the
bike will be for sale.

Image 14. The first drivable QuattroVelo(Velomobiel.nl)
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1. Four-wheeled Velomobiles - Ingo Kollibay, Germany - 2009
2. http://www.kingcycle.co.uk/page8.htm - Miles Kingsbury - 2012

Alligt Sunrider Veloquad
The Sunrider is an existing velomobile with three wheels,
but in an attempt to make it a safer vehicle the
manufacturer created a prototype with four wheels. The
Sunrider had the same design goals as the Orca: good
ergonomics and improved appearance. These should be
maintained for the design of the four-wheeled variant, but
for the moment it is just the original Sunrider with an
extra wheel (img 15). The four-wheeler is designed to be a
speed-pedelec, meaning it is assisted up to 45km/h. It
uses a Rohloff hub and has a smaller track in the rear. The
plan is to take it in production after an investor is found.

One offs

Image 16. The ligfiets 4.0 with four wheel steering (ligfiets4punt0.nl)

Image 15. Sunrider Veloquad prototype (Alligt.nl)

Velove Armadillo
The Velove Armadillo is not a velomobile, but it is a
recumbent four-wheeler. It is developed by Flevobike
over the past years and was commissioned by the
Swedish company Velove. It is a heavy duty cargo bike
that has a removable box with a capacity of 1m3 and a
floor area that can fit a Euro-pallet. As can be expected,
the bike is designed for ease of use and durability instead
of speed. The Armadillo is assisted up to 25km/h and uses
a Rohloff hub as a transmission system. It has been
thoroughly tested by DHL in different Dutch cities and is
expected to be seen a lot more in the coming years. The
last development is a two-seater with fabric fairing for the
city of Gothenburg (img 19).

Ligfiets 4.0
The ‘Ligfiets 4.0’ (recumbent 4.0) is a bike by Gert Jan
Pieterse, a dutch mechanical engineer. He has completed
his bachelor assignment at Flevobike on another subject,
but the idea of a fast, kart-like recumbent kept following
him. It is a very unconventional design since it has front
wheel drive and four wheel steering (img 16). Because of
the front wheel drive there is no chain under his seat
which allows his seat to be centimetres from the ground.
The steel frame thus has to go around it. The designer
hints on production but it has not yet been confirmed and
the facebook page hasn’t been updated.
Kingcycle Quattro
This is the velomobile that spiked the interest in the
advantages of a four-wheeler and was built by Miles
Kingsbury. He created it as a competitive vehicle that
could win races against three wheeled velomobiles with
better aerodynamics and higher top speeds. He wanted to
achieve this mainly by using the high cornering speed of
a four wheeled velomobile to increase the average speed
around a track. This velomobile is very low in order to
still be as aerodynamic as possible (img 17). It is front
wheel driven and has parallel track.

Robbert Bakker - 2016

Image 17. The Kingcycle Quattro (kingcycle.co.uk)

DuoQuest
The DuoQuest is from the same manufacturers as the
quest (velomobiel.nl) and is a prototype to analyse the
possibilities of a velomobile for two drivers seated aside
from each other. It is roughly two Quests merged into one
body with four wheels, this means that the drivers both
power one wheel and have their own drive train. It can
also be adapted for a child seat in the rear centre of the
velomobile, making it suitable for a small family. There
are several DuoQuests built on request but a production
model has never been the object. Its size simply makes it
not suitable for everyday use and storage.

Image 18. The DuoQuest next to a regular Quest (Velomobiel.nl)

Image 19. An Armadillo Cargobike towing a semi-trailer carrying an Armadillo Two-Seater
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Calculations
As a reference for the future velomobile, the current
model is analysed on measurements, weight distribution
and cornering performance. The data can then be used to
determine the inner and outer measurements of the four
wheeled velomobile: wheelbase, track width and seating
position. It will also help as a reference to calculate its
driving performance beforehand.
General measurements Orca
Wheelbase: 1240mm
Track: 745mm
Wheel radius: 240mm
Driver eye height: 90cm
Maximum inner wheel angle: 31°
Minimum turning radius: 3,09m (calculated up to the
center of the outer wheel)
Weight distribution
The position of the centre of mass says a lot about the
road handling and particularly the safety. The current
velomobiles have a risk of tipping over due to the lack of
track width in the rear. Whether a velomobile is likely to
tip over can be calculated based on the location of the
wheels, the height and position of the centre of mass, the
turning radius and the turning speed. The wheel locations
are known and the cornering speed and radius can be
measured. The exact location of the centre of mass is not
yet known and has to be calculated. The used methods
and interim results can be found in appendix I. The final
results are split into three parts, the centre of mass of the
Orca (O), the rider (R, graduate student) and the battery
(B). In this way it can be calculated what a change in
placement of one of these will result in.

m (kg)
x (mm)
y (mm)

B

O (OB-B)

5,5
-115
470

47,6
-349
503

R (OBROB)
86,1
-467
447

OB
53,1
-325
500

OR(OBRB)
133,7
-425
467

OBA

139,2
-413
467

158,1
-419
465

Table 1. OBA is the same as OBR, but with the weight of Robbert Replaced by that of Arjan (105kg)

Image 20. Measurement of the centre of mass from the front wheel

The measured results are shown in table 1, with the
locations of the centre of mass measured from the centre
of the road contact points of the front wheels as shown in
image 20. The mass of each component and different
combinations is also shown. As an example, Robbert (R)
is exchanged by Arjan (A) in the last column to show the
effect a different weighing driver has on the centre of
mass’s location.

If a velomobile flips over it will tilt over the tilt line, the
connecting line between the rear and outer front wheel
which is shown in image 21. The distance from the
projected centre of gravity onto the ground (blue dot) to
the tilt line (tilt distance, blue arrow) partially defines the
stability of the vehicle. The angle of the blue arrow is
various, depending on the radius of the corner. This
vector has to be in line with the centre point of the radius
of the turn, since that is the direction centrifugal forces
originate from (dotted blue line).
When simply measuring the shortest tilt distance possible
(perpendicular on the tilt line), the distance from the
projected centre of gravity of an Orca with battery and
rider to the tilt line is 238mm. This combined with the
height of the centre of gravity (467mm) creates a
maximum cornering force of 0,510G. During normal use
the tilt distance will be bigger and thus allow for greater
G forces.

Image 21. The tilt line represented with the upper red dashed line with the tilt distance shown as a blue arrow
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calculations, a new centre of gravity has to be calculated.
When applied to the previous measurements the new
centre of gravity shifts to x = -419mm and y = 467mm.
The diameter of the driven path is 18m which results in a
tilt distance of 255mm and therefore a maximum G-force
of 0,548G. His theoretical speed would have been only
slightly higher than the driven 22km/h, namely 25,0
km/h. This indicates that the theoretical calculated
maximum speed can be used as a reliable source to
determine the stability.

Image 22. Autotjesrotonde with both paths in red (Google maps)

Roundabout calculations
For a practical example for these G-forces the maximum
speed at a roundabout is calculated. In this case the
‘autotjesrotonde’ near the University of Twente is used;
this was a well-known and relatively average roundabout.
The cycling path has a diameter of 40 meter and the road
has a diameter of 23 meter (img 22).
The radius at the cycling path is 20m which creates a tilt
distance of 252mm and allows a centrifugal force of
0,540G. This can be translated to a theoretical maximum
speed of 37,0 km/h. When applied to driving on the road
around the same roundabout, a tilt distance of 255mm and
a maximum centrifugal force of 0,546G can be
calculated. In this case the maximum speed decreases to
28,3 km/h.
By means of validation, André Vrielink has tried to take
the orca to its limits at a local roundabout in Dronten (img
23). When driving close to the centre of the roundabout he
felt safe up to a speed of 22km/h and from experience he
knew he would risk flipping over if he drove faster. Since
André is a bit heavier than the drivers used in the

However, nobody would take a 3/4th turn at a roundabout
with 45km/h which makes a roundabout unsuitable to
extract a stability requirement from.
As an alternative another real life corner is chosen. This is
a bridge in Dronten with a tight bent at the bottom (img 24).
It is easy to reach high speeds here but cornering is quite
tricky. The road has a radius of 34m which results in a tilt
distance of 249mm and a maximum G-force of 0,535G
For André Vrielink. He should be able to take this corner
with the Orca with 48,1 km/h. André has tested this
theory and he said he could take the Orca up to 45 km/h
but he felt very unsafe since he had no margin to deviate.
The next generation velomobiles should be able to take
this corner with 45 km/h, but being well within its
margins to have some room for error.

Image 23. Roundabout in Dronten (Google maps)

When Robbert would have driven the same roundabout,
his tilt distance would have been slightly longer with
257mm, allowing a maximum force of 0,550G. He could
have reached a theoretical maximum speed of 25,1 km/h
which indicates that the weight of the rider has very low
influence on the maximum speed.

Image 24. Bent cyclepath in Dronten (Bing maps)

The roundabout calculations are very useful because the
stability theories can be confirmed in real life. It is
possible to follow the same path for a couple of rounds
while increasing the speed up to the limits of the Orca.
13
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Difference with a four-wheeler
With a four wheel velomobile, two things stand out. The
first is that the tilt distance is longer; it is at least half the
track width. In the case of an orca with four wheels it is
373mm at minimum (img 25). The second thing is that the
wheelbase and the position of the axles do not affect the
tilt line, which can be useful when designing a new four
wheeled model.
If the position of the centre of gravity does not change,
the new maximum cornering force over the shortest tilt
line possible is 0,799G. When applied to the same
roundabout in Enschede, the tilt distance on the bicycle
path still measures 373mm resulting in the same
maximum centrifugal force of 0,799G. This translates to a
maximum speed of 45,0 km/h. On the road the tilt
distance is barely longer with 374mm which allows
0,801G. But due to the smaller radius the maximum speed
decreases to 34,2 km/h.
Looking at the more practical use of the theory, the corner
at the bottom of the bridge, the tilt distance increases to
373mm with a maximum force of 0,799G. The corner can
be taken with a maximum speed of 58,7 km/h and the
requirement of safely driving 45km/h is well within this
limit.

When analysing the three and four wheel model, an
increase in the maximum allowed G-forces of around
47% can be seen. Since there is a quadratic relation
between G-forces and cornering speed, the maximum
cornering speed only increases about 22%.
Another application of the improved stability can be to
place the rider higher in the velomobile. This improves
the view for the rider, the visibility of the bike for other
traffic and the ease of getting in it. The maximum
possible difference in height without reducing stability
varies with turning radii; therefore there is no exact
solution. It is however possible to determine the
difference in height at which the stability throughout
normal day use is not compromised. The smallest
difference in stability between three- and four-wheelers is
around smaller corners. In everyday use the smallest
corner has a radius of 11,5m (right turn at an
intersection). In this case the orca has a tilt distance of
255mm and a four-wheeler would have a tilt distance of
374mm. This means that the centre of gravity can be
lifted from 467mm to 685mm. When lifting the
velomobile as a whole it can be lifted 218mm. When only
lifting the driver, a difference in rider height of 352mm is
possible. Ultimately a compromise is needed between
stability and rider height.

Image 25. A representation of a four wheeler with the same characteristics as an Orca showing a longer tilt distance
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Design
Introduction
Aim and Frame
The original assignment was formulated relatively broad
and open. At first the aim was to further develop the idea
of a four wheeler into a complete concept. The final
product was not yet defined in the assignment, but a
presentable concept, possibly accompanied by a scale
model, was suggested as a possibility. During the
beginning of the project and in deliberation with
Flevobike the focus shifted and became more apparent.
Only the mechanical part of the bike will be developed in
this assignment. The aim will be to design and build a
working prototype, including the drive train, suspension
system and steering mechanism. Good road handling and
inside space for driver and luggage will be most
important. Various systems and parameters will be
considered while designing, building and testing the
prototype.

- General measurements
- Front wheel suspension
- Steering geometry
- Rear wheel suspension (including inner mechanics)
- Drivetrain overview
- Central drivetrain
- Adjustable bottom bracket
Reporting
For each subsystem the current situation in the Orca,
different possible systems, various concepts and the final
design will be described. Because each subsystem is quite
complex in itself and to keep the report legible, the
research and design process will only be discussed
briefly.

As for the framing of the assignment, it was not clear
what an achievable outcome would be for the given
timeframe of nine months. The velomobile was therefore
divided into different modules and the design process was
just started from the bottom up. After a couple of months
it became clear what an achievable framing would be;
designing the front wheel suspension including the
steering mechanism, designing the rear wheel suspension,
a complete and closed off drivetrain with e-assist and gear
system and a means of easy length adjustment.
Components that will be left out of the design process are
for instance the frame/self supporting body, adjustability
of the seat and the position of the handlebars.
Subdivision
In order to keep the project manageable, the mechanical
system was split into mostly independent subsystems.
These are in more or less chronological sequence:
15

Mechanical design and prototyping of a four-wheeled velomobile concept

General measurements
A lot of the general measurements can be pre-determined
to some extent. The outer width for instance should be as
small as possible but at least 75cm; Dutch regulation
states that any bike wider than 75cm may choose freely to
either use the cycle path or the road. Also a driver and pre
determined luggage should be able to fit inside. Most of
the dimensions and ratios will be based on the Orca to
have a starting point for calculations and estimations.
This will also allow for a better comparison between the
Orca and the prototype afterwards.
Rider position
In the Orca, the rider is positioned fairly low and towards
the front wheels. This has everything to do with the
stability of the velomobile, but ergonomically this has a
couple drawbacks. The first is that the thighs of the rider
are in between the wheel arches, some users with a larger
posture tend to rub against them during cycling. To
accommodate an even broader target group, the front
wheels should be positioned more in the area of the
calves, placing the rider more in the rear of the
velomobile.
The other drawback is the lower position of the driver. At
this moment, the perspective of the cyclist is lower than
that of other road users, resulting in the prejudice of less
vision and visibility. With the added stability of a four
wheeler, it is possible to place the user a little bit higher.
The eyes should be at the level of common car window
sills, which is about 1m, in order to create eye contact
with other road users.
Wheelbase
In terms of the turning radius the wheelbase should be as
short as possible. However, the front wheels have to
move a little more to the front in comparison with the
Orca; according to car mechanics it is best to have the
16
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weight evenly spread over the wheels. The ideal
wheelbase is therefore around the same length as that of
the Orca, but with the rider placed more to the rear. To
make comparison afterwards easier, the exact wheelbase
of the orca will be used: 1,25m.
Luggage space
According to the requirements of Flevobike, the luggage
space should be sufficient for at least one shopping crate
and/or one (small) child. A student from the University of
Applied Sciences Windesheim has done her thesis on the
luggage compartment, it will therefore be left out of this
assignment3. The width of the space will be according to
the shopping crate, ideally placed sideways in between
the rear wheels. This means that there should be at least
59 cm between the rear wheel suspensions, taking into
account the added width of the future wheel arches.
Width
The width of the velomobile should be at least 75cm
according to the Dutch law. Any bike wider than this is
free to ride on the road instead of the bicycle lane, an
important feature since the speed of the velomobile will
lie closer to that of city traffic than other bicycles. Other
than that it should be as narrow as possible in order to fit
through most gates and traffic posts. The final width
should be determined from inside out; first the width of
the rider and luggage, then the suspension system and
finally the width of the wheels, keeping it all as tight as
possible if needed.
Suspension range
As for now, the suspension range and stiffness will be
based on that of the Orca. The Orca uses a standard die
spring which is mechanically limited to 5cm. This is more
than enough for a comfortable ride and any added travel
will result in the need of higher wheel arches. The type of

suspension is still undetermined, but the characteristics
should stay largely the same.
Turning radius
The turning radius of the Orca is one of its key
differentiators opposed to the competition. Where the
majority of the velomobiles have a limited turning radius
due to enclosed wheels or a narrow body, the Orca has
one of about 3m. Since most roads are wider than 6m it is
possible to make a U-turn without reversing. This should
also be possible with the four-wheeler since reversing a
conventional velomobile is very inconvenient, if not
impossible if there are no foot holes.
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Front wheel suspension
Research
Current situation
The Orca uses a McPherson suspension system (img 26),
which is the most common system used in the automotive
industry. A standard McPherson system consists of a
sprung and dampened vertical strut, pivoting around the
top and suspended by a wishbone at the bottom (img 30).
The wheel is mounted to the strut and can therefore move
up and down and rotate. In the Orca, the system is slightly
different, with separate links instead of a wishbone to
connect it to the velomobile. This will be explained more
in the chapter about the steering mechanism.

Damper system
Three alternatives to overcome the problem with the
dampening were looked into. One is to search for a
compatible damper that can be incorporated into a
McPherson design. However, in a standard McPherson
setting, the rod of the damper is used as part of the strut.
Standard oil-dampers are not suited for this use; they can
only be loaded in their working direction.

Suspension characteristics
Constant track width
The track width should stay as constant as possible;
otherwise the tires have to slide sideways on the road
while travelling. This could result in excessive tire wear
and road resistance, but also in a less smooth ride at lower
speeds because this could limit the freedom of wheel
travel.

The second option is to use the spring and damper of a
suspension fork, these have the right amount of travel and
stiffness and are readily available. Upon disassembling
one (img 27), it was discovered that the spring and damper
are separated in the left and right leg of the fork. In a
velomobile this should be combined into one strut, which
was not possible with the salvaged parts.

Roll centre
The roll centre is a theoretical point on which a vehicle
experiences body roll in corners (img 28). The centripetal
force that causes the body roll acts in the centre of mass
and the distance from the centre of mass to the roll centre
determines the leverage arm and therefore the amount of
roll. The location of the roll centre can be constructed by
analysing the geometry of a suspension system. A
suspension system can therefore also be designed to have
a roll centre at the preferred location. A high roll centre or
low centre of mass seems the appropriate solution,
shortening the distance. However, a high roll centre is
often accompanied by unwanted track width deviations.
An optimal compromise should be achieved between a
constant track width and low amount of body roll.

Image 26. The McPherson system on the Orca

Inside the Orca’s strut is a standard ISO die spring with a
large enough range and the right stiffness. The damping is
achieved with a friction damper. The system works well,
but the friction damping is not adjustable and suffers from
stick slip. This results in a lot of vibration on rough roads,
for which an oil damper would be ideal. However, it is
not profitable to develop an oil damper for the current
production quantities and therefore the friction damper is
still used.

Image 27. Salvaged parts from a disassembles suspension fork

The last option is to use a standard bicycle shock
absorber. The advantage is that the spring-damper ratio is
perfect for bikes and they come in different price classes
within standardised sizes. The problem is that they work
in a 1:3 ratio opposed to the wheel movement. Some kind
of linkage or lever system is needed to obtain the right
amount of travel and stiffness.
Image 28. Roll centre (blue) and centre of mass (green) while cornering
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Nose dive or lift
Most vehicles suffer from nose dive upon breaking. This
is due to the resultant of the breaking forces and gravity
acting more towards the front wheel than the rear wheel.
However, some suspension systems tend to limit or even
exaggerate this behaviour as an effect of the torque
created on the wheel assembly.
Steering axis inclination
The steering axis is the line on which the wheel rotates
during steering. Mostly, this is in line with the suspension
strut or kingpin. But when the wheel assembly has
alternative pivoting points, the steering axis is the line
intersecting the two points (img 29). The steering axis
inclination is the angle the steering axis is off of being
perpendicular to the road. A bigger angle is widely used
in modern automotive engineering for directional
stability, as an alternative for the more classic trail and
fork offset. The latter two are still used in two wheeled
vehicles but they are speed sensitive and therefore not
preferred in the velomobile.

Steering axis inclination
Steering axis

Scrub radius
The scrub radius is the sideways distance between the
projection of the steering axis onto the road and the centre
contact point of the wheel (img 29). The scrub radius is
important for good steering characteristics and is largely
determined by the suspension geometry. Foremost, the
scrub radius should not be 0, for this would result in
speed wobble (the oscillation of front wheels). When the
wheel is slightly offset to the projection point, the rolling
resistance will constantly force the wheels outward or
inward, preventing speed wobble. Ideally, the wheel is
placed inside of the projection point (negative scrub
radius). When you accidently get off the road, the friction
of the softer roadside will automatically turn the
velomobile back to where it’s supposed to be: on the
road.
Suspension systems
There are two different style suspension systems widely
used on four wheeled vehicles. In the automotive
industry, the most common is the previously discussed
McPherson system. In the off-road industry however, a so
called double wishbone is preferred. A third system that
will be looked into is the swing arm principle, found on
classic cars like the Citroën 2CV and the Renault 4L.

McPherson
As explained before, a McPherson system is the system
that is currently used in the Orca. It consists of a lower
wishbone and a pivoting strut to which the wheel
assembly is connected (img 30). The spring and damper are
integrated in the strut, making it a very compact and
simple system. Another advantage is that the components
are placed relatively low and towards the side, leaving
enough room for the rider. As mentioned before, the
disadvantage is that it needs a lot of custom made parts.
Double wishbone
This system uses two wishbones above each other with
the steering knuckle connecting them, creating a
parallelogram (img 30). This system is mostly associated
with Quads, where it is clearly visible. The shock
absorber (spring-damper assembly) is placed between the
two wishbones at an angle. A bigger angle results in a
stiffer suspension. For a velomobile this means that a
standard shock absorber can be used and that the stiffness
can be made adjustable. The disadvantage is that the
upper wishbone can take up space where the legs of the
rider should be, above the axles and in-between the
wheels.

Scrub radius
Image 29. Steering axis inclination and scrub radius (rqriley.com)
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Image 30. McPherson and Double Wishbone (Solarteam Eindhoven)

Image 31. 2cv suspension arm with kingpin and suspension mount
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Swing arms
The third option is inspired by several small classic cars,
among them the Citroën 2CV (img 31) and Renault 4. Also
the rear wheel suspension of the Orca and GreenMachine
use a similar setup. A swing arm is a single arm on which
the wheel is mounted, pivoting in front or behind the axis
of the wheel. Where wishbones rotate around the
longitudinal axis, a swing arm rotates (roughly) around
the lateral axis. Advantages of this system are ability to
use a standard shock absorber on a secondary arm at the
pivot point, the vertical movement of the wheel and the
fact that it barely takes up vertical space. The
disadvantage is that the arm tends to rotate downwards
upon breaking, causing nose lift. Another disadvantage is
that the roll centre of this system is always at road level,
resulting in a lot of body roll during cornering, a
characteristic Citroën 2CV’s are known for.

Concepts
McPherson Concepts
As stated before, a standard McPherson system is not an
achievable option within this project. There are no
standard components available to create a well working
McPherson strut and a custom spring/damper system is
too complex for prototyping and medium series. An
alternative option is to use the same geometry but without
the integrated shock absorber. A standard shock absorber
can then be connected to the wishbone or connected to
the strut with a linkage system.
Concept 1: Shock absorber underneath wishbone
The first concept is aimed at a high roll centre. To
achieve this, the bottom link should be at a downward
angle, leaving little space above it for any suspension
system. The solution was to place the shock absorber
underneath it (img 32). The wishbone is shaped like a
rocker, with a shorter arm going down to the shock
absorber. In order to keep enough ground clearance, the
ratio is 1:4, slightly lower than the aimed for 1:3. Luckily
there are stiffer shock absorbers on the market so this
should be resolvable.
Concept 2: Shock absorber on top of wishbone
Another option is to place the shock absorber
perpendicular on top of the wishbone, ideally 2/3rd of the
way down to the hinge. Since the wishbone has to be as
long as possible to approach a linear wheel motion, the
ideal perpendicular position of the shock absorber is not
possible. A work around is to place the shock absorber
further out and at an angle, which increases the travel and
decreases the stiffness (img 32). However, this means that
the spring will become regressive. The opposite is
desired; a progressive suspension or at least linear.

Image 32. Shock absorber underneath and on top of wishbone
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Concept 3: Shock absorber connected to the strut
Another possibility is to create a linkage system between
the suspension system and the shock absorber. This is
widely used in formula racing but also in a different
variant in the rear suspension of mountain bikes. The big
advantage is that it is possible to place the shock absorber
nearly anywhere and to tune the suspension
characteristics and ratio. On the other hand, it adds to the
level of moving parts and complexity.
Double wishbone
The upper arm of a double wishbone should be shortened
in order to fit it inside the wheel arch and keep enough
room for the legs of the user. The problem with this is
that the damper cannot be placed in between them
anymore. Another downside is that a short wishbone
creates a much less linear motion than a longer one
would. All placement options from the McPherson
system can be implemented in a double wishbone design,
without added advantages, only added complexity.
Concept 4:
The only way to justify the choice for a double wishbone
system is if the suspension uses the upper short wishbone.
A placement option could be on top of it at the preferred
1:3 ratio (img 33). The steering knuckle should be kept
short in order to fit the damper on top of the wishbone.
Advantages of this system are the available room for the
rider and the use of a standard shock absorber.
Disadvantages are the high loads of the shock absorber
inside the wheel arch and the slightly strange wheel
movements as a result of the short upper wishbone.
Concept 5: Swing arms
The last explored configuration is front swing arms. The
major advantage is that the system is flat and can be
placed underneath the body (img 33). Another advantage is
that there is no rigid structure needed inside the wheel
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arches since the only part connecting the wheels to the
body is the swing arm itself. This is also one of the major
disadvantages; all acting forces should be supported by
the swing arm and its hinge. Other disadvantages are the
challenging implementation of a steering system due to
the wheel movement and the previously discussed nose
lift upon breaking.

Image 33. Possible double wishbone and swing arm systems

Design
Primarily, two concepts are further explored for the final
design; concepts 1 and 2. These were chosen for their
simplicity and distribution of the forces. For these
concepts a 2D model (moving SolidWorks sketch) and
various 3D models are made to further examine the
behaviour. The process of concept creation and
elimination can be found in appendix II.
Chosen concept
As can be read in the appendix, both concepts 1 and 2
were not suitable for the application since both were
compromising too much to be able to justify their
simplicity. Therefore the more complex concept 3 is
chosen: a McPherson system with a linkage system
connected to the top of the strut, transmitting the strut’s
motion to a shock absorber that is positioned flat above
the wishbone.
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Final design
To find the optimal dimensions for this suspension
system, a 2D sketch is made in SolidWorks (img 34). By
not fully defining the sketch, it is still movable, and the
characteristics can be researched. The design is greatly
simplified by only representing the pivot points and
connecting them with line segments. Only a few parts are
represented in more detail for clarification purposes.
Although it is a highly simplified representation, a lot of
information can be implemented and extracted. A large
portion is listed below:

By altering the dimensions, the sketch was optimised.
Priorities were a steady roll centre, constant track width,
no intersecting parts (rocker - wishbone), a small scrub
radius, pull rod connection as close to the steering axis as
possible and a wheel travel of about 5cm. The found
optimised dimensions can be seen in the final sketch.

The initial restrictions implemented in the sketch
- The to approach track width (A)
- Ground clearance (B)
- Inside space/room for the suspension system (C)
Variables that can be altered
- All connecting points to the body (D)
- Length of the wishbone (E)
- Camber of the wheel (F)
- Strut-to-wheel angle & distance (G)
- Strut-to-wishbone connecting/pivot point (H)
- Placing of the shock-absorber (I)
- Connection of the pull rod to the strut (J)
- Size, initial position and ratio of the rocker (K)
Characteristics than can be gathered from the static sketch
- Steering axis of the strut (L)
- Steering axis inclination (L)
- Scrub radius (M)
- Height of the roll centre (N)
Characteristics that can be gathered by moving the sketch
- Range of travel for a bottomed out shock absorber (O)
- Alteration of the scrub radius (M)
- Movement of the roll centre (N)
- Difference in track width (P)
Image 34. Final 2D sketch used optimize the geometry
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The final dimensions are used to design the final concept,
which is shown in image 35. This design has been
evolving and fine-tuned constantly from the beginning, in
this report only the final concept will be elaborated on.
Every part will be discussed separately in the rest of this
chapter.
Gusset plates
The main gusset plates make up the back bone of the
front wheel assembly. These two plates sandwich both
left and right suspension components. By connecting the
two systems, some forces can be cancelled out between
the two shock absorbers, reducing the remaining stress on
the body. The gusset plates house the front joint of the
wishbone, the suspension rocker and the shock absorber
itself. The centre is now modelled around 40x40mm steel
tubes as this is the material of which the prototype will be
made. The gusset plate design can be easily adjusted for
other body or chassis designs.
Sliding joint
One of the other two connecting points to the body is
upper mount for the strut. A standard strut is telescopic in
order to house the spring and damper. In this design, the
telescopic mechanism is replaced by a simple sliding joint
which can be mounted inside the wheel arch. A standard
ball joint is used, which is mounted on a bigger metal
plate to reduce stresses on the wheel arch. Because there
is no shock absorber inside the strut, only minimal
sideways forces will act on the joint, allowing for a
lighter body construction.
Wishbone
The wishbone is suspended in two silent blocks (rubber
hinges) to reduce vibration. The rest of the design is fairly
straight forward: an A-frame with two opposing rods for
cornering forces and two diagonal rods for the braking
forces. These can be in front (pull rod) or behind (push
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rod) the gusset plates. In the orca they are short, in the
front and mounted on both sides with rod ends. These are
made this way to keep them out of the way of the feet and
to create a virtual pivot point for the strut. In the new
design, the wishbone is a single component with the
breaking rod in the rear, also out of the way of the feet of
the user. The silent blocks sit in line with each other on
the frame. A rod end is used for a freely rotatable
connection with the strut.

Samagaga
wheel and hub

Sliding joint

Gusset plates

Pull rod
assembly
Strut

Wishbone

Image 35. Complete front wheel suspension with one wheel removed and one gusset plate transparent for clarity

Strut (img 36)
The strut is the most complex front suspension part, as
well in design as in construction. It connects the wheel,
brakes, sliding joint, wishbone and steering rod with each
other. All with specific dimensions and angles. After
various iterations, the final strut is composed from eight
laser cut and machined parts which are welded together to
form one solid knuckle. The centre is a turned bus which
houses a double angular contact bearing in which the
main axle is suspended.

On top of this bus is an 8mm laser cut plate with the
mounting points for a double brake calliper to have an
option for a double brake system, creating a backup in
case one fails. This is already standard on the Orca since
a rear brake as a backup can cause a three-wheeler to
break out and flip over while cornering. For the upcoming
prototype, rear wheel breaking will be tested again. When
having the same dangerous effect, a second independent
braking system can be added to the front.
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A milled piece sits behind the laser cut plate and on top of
the bearing bus, strengthening the two. It also accepts the
sliding tube for the McPherson strut and the rod end for
the pull rod. As mentioned in the concepts appendix, the
rod end will make a swivelling motion when turning,
lifting the bike. By placing the mounting hole a little bit
to the rear, the outer wheel gets lifted more than the inner
wheel when cornering, countering the body roll. This also
adds to the directional stability since the centrifugal force
pushes down on the suspension system, realigning the
wheels.
The sliding tube that is placed in the previous part is hard
anodised to prevent wear due to the sliding mechanism.
Because of this it is glued in place rather than welded. A
rubber ring was intended to be placed over the tube to act
as an end stop for the suspension and is still visible in the
3D model. However, the end stop of the shock absorber
was sufficient and the rubber ring was therefore not
needed. This also eliminates the risk of breaking off the
ball bearing when bottoming out.
The bottom consists of three interlocking laser cut plates
that are welded together. The base is a flat piece that acts
as a wishbone connection arm that reaches under the
brake disc and a steering lever. Welded on top of the base
are two perpendicular plates to add strength. The bottom
assembly and the rest of the strut are welded together
with a short piece of square tubing in between.
Laser cut brake plate

Central bus
Steering lever

Wheel and hub
The Orca uses wheels that are injection moulded in nylon
and reinforced with glass or carbon fibres. These are light
and maintenance free opposed to the more conventional
spoke wheels. This wheel was originally designed for the
GreenMachine and its solely radial forces. It was later
also introduced in the Orca, but the lateral forces result in
some flex. Since the cornering speed in a three-wheeler
has its limits due to the risk of tipping over, the lateral
forces and flex are limited too.
As seen in the research, a four wheeled design can result
in higher cornering speeds and thus higher lateral forces.
The solution is to use an off the shelf 20” wheel made by
Samagaga. This Chinese fabricate is a little heavier but it
is extremely stiff. This is accomplished by five hollow
aluminium spokes opposed to U-profiled nylon spokes.
Although it is a very well built and thought out wheel, the
hub is quite the opposite. The hub consists of two parts:
two plastic spider-pieces that sandwich the spokes. And a
secondary aluminium hub sits inside the plastic spider. It
houses two small bearings that are placed outside the
width of the wheel. The aluminium hub also has a flange
to bolt a brake disc on. This is an adequate solution for a
non-driven wheel with a fixed axle. A driven wheel on
the other hand, needs an axle that is fixed to the wheel in
order to transfer the driving motion. Samagaga has solved
this by supplying an axle that fits through the bearings
and locks over the brake disc bolts. This axle can then
again be suspended in bearings on the bike and driven
with a driveshaft on the other end.

inside. Based on this spline pattern, a machinable
aluminium hub for a fixed axle is designed (img 37). The
added advantage is that the hub and wheel are separable,
leaving the hub and brake disc in place when the wheel is
taken off.

Image 37. The designed hub inside the modeled Samagaga wheel

Pull rod assembly
The shock absorber is placed horizontally in between the
gusset plates and above the main wishbone rod. At the tip
of the gusset plates, two triangular rockers rotate around
plastic bushings. The short arms are connected to the tip
of the shock absorber and the longer horizontal arm is
connected to the pull rod. The pull rod sits between the
strut and the rockers with rod ends. The lower M6 rod
end is part of the pull rod and can be adjusted in length to
adjust the ride height. The upper M8 rod end is bolted
into the strut and sits horizontally. The pull rod is bolted
through the ball head and can therefore rotate and swivel
along with the steering and wheel travel motions.

Sliding tube
Milled piece

Because this system adds a lot of weight, width and
complexity to the wheel, an alternative is designed. The
inner aluminium hub is removed by carefully flexing off
one of the caps. The glued in hub is then hammered out
towards the other end, exposing the ten teeth spline

Image 36. The sliding strut and all its components
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Steering Geometry
Research
For this assignment, the steering geometry is split into
two parts. The first and most important part is the
geometry of the Ackermann design, controlling the
alignment of the wheels. The second part is the
connection between the Ackermann system and the
steering interface. The focus will lie on the first part,
since this will dictate the steering characteristics. The
second part will be different for the prototype and final
concept. During this assignment, only a functional
version will be designed in order to create a driveable
prototype.
Ackermann system
Essentially, the Ackermann system dictates a simplified
version of the preferred geometry for the connection
between the front wheels. The theory is based on a single
rod connecting the steering levers in an isosceles
trapezium shape. The intersection point of the two legs of
the trapezium should lie in the centre of the rear axle to
ensure that all the wheels are perpendicular to the centre
of turning circle when taking a corner (img 38). However,
this principle is hard to realise in real life, since there is
no obvious connection point for the steering mechanism
and a single rod can cause problems in combination with
the suspension system.
Current situation
The Orca has a virtual pivot point for the McPherson strut
(img 38), complexifying the implementation of the
Ackermann Principle. Furthermore, the suspension
system moves the mounting point for the Ackermann rod
up and down in a circular motion. The distance between
the left and right strut is therefore variable, linking them
with a single rod was therefore no option. The way this is
resolved in the Orca is by using two Ackermann rods the
length of the suspension arms and connecting them with a
rocker in the centre.

the same angle as the wishbone. This creates a
parallelogram between the steering rod and suspension
arm, ensuring a parallel movement of the steering lever
when travelling.

Image 37.Schematic Ackermann system (Wikipedia)

Image 38.Steering mechanism with virtual pivot point and central rocker

Final steering geometry
For the four-wheeler, the Ackermann rod is also split in
two with a rocker in between. In order to maintain the
principle, the width of the rocker should be subtracted
from the required width for the complete rod. In other
words, the combined width of the two steering rods
should be the same length as the calculated ideal length of
the Ackermann rod.

Taking these two requirements into account, the position,
angle and length of the steering rods are directly dictated
by the design of the front wheel suspension and the
wheelbase. The length of the steering levers is determined
by their angle towards the centre of the rear axle. Next,
the distance between the pivot points has to be the same
as twice the width of a wishbone. Therefore the steering
rods have to be placed 90mm behind the pivoting point of
the strut. Next, the steering rods have to be placed
outwards half the width of the steering rocker (12,5mm)
in order to maintain the Ackermann principle. Lastly the
height of the steering rocker is directly related to the
height of the connection point on the steering lever, since
the rods have to be parallel to the wishbone (img 39). The
height of these can be adjusted later in order to find a
suitable placement for the rocker in the prototype.
The steering rods themselves are threaded on both sides
and supplied with a rod end. These rod ends can be
rotated inward or outward in order to create the desirable
toe in or out and a locking nut makes sure the rod ends
keep their position.

A steering system like this can easily be influenced by the
wheel travel. When the wheels move upward and slightly
‘away’ from the steering rocker, unwanted toe-out is
created. This way, the toe angle changes constantly,
resulting in excessive friction and tire wear. To prevent
this, the steering rods need to be the same length and at
Image 39.Calculated placement of the steering arms and central rocker
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Rear wheel suspension
Research
As with the front suspension, both a high and steady roll
centre and a constant track width are important. Front
wheel principles that apply to steering handling don’t
have to be taken into account for obvious reasons. Where
braking forces can cause nose dive and lift, it can have
the same effect on the rear of the velomobile when
implementing rear brakes. More important however, are
not the braking forces, but the driving forces. A pulling
chain could affect the rear wheels’ suspension, causing an
up and down motion with every pedal stroke. This
depends on the chosen suspension system and should be
avoided when possible. For the suspension, a couple of
systems can be used. Some options are the same as for the
front wheels, some can only be used for rear wheel
suspension.
Double wishbone
As with the front wheel suspension, the double wishbone
is a widely used system in off road vehicles. It is also
used in the Velove Armadillo cargo bike designed by
Flevobike (img 40). It is a very simple system with good
and easy adjustable suspension characteristics. The
downside is that the axle should be connected to a central
differential with universal joints to cope with the wheel
movement. It also takes up a lot of space in between the
rear wheels that could otherwise be used for luggage or
even passengers.

Image 40. Armadillo frames with double wishbone suspension (velove.se)

McPherson
The McPherson system can also be used to give a little
extra luggage space, since the upper wishbone can be
removed. But the rear axis is still inconveniently in
between the wheels. Another downside is that a shock
absorber in the strut is equally hard to realise as with the
front wheel suspension, also needing a linkage system.
Live axle
A third option is a live axle; a solid axle connecting the
wheels which is ‘floating’ in the rear, widely used in rear
driven cars. To keep the axle in place in the longitudinal
direction, two trailing arms are attached to the sides
creating a rectangle/parallelogram that can move the axle
sideways, up and down. To restrict the sideways motion,
a Panhard rod is the easiest solution. This rod connects
diagonally from one side of the body to the other side of
the axle. The axle therefore moves up and down in a
slight curve, but the track width remains the same.
This principle is also used in the four wheeled velomobile
by Velomobiel.nl (img 41). The big advantage is the
constant track width combined with a high roll centre
(typically in the centre of the rear axle). Another
advantage is the use of a simple straight axle with
constant width opposed to an axle with universal joints.
However, this is one of the designs in which the position
of the chain should be placed carefully in order to prevent
wheel travel while pedalling. But the major downside of
this design is, again, the room it takes up between the
wheels as can be seen in the image.

Swing arms
Another option is using two trailing swing arms with each
their own driveline. This way, the space between the
swing arms/wheels can be fully used for luggage or
passengers. A downside is that this system has a roll
centre at road level. This is why a Citroën 2cv (swing
arms in the front and the back) is widely known for its
extreme body roll. If needed this could be restricted by
adding an anti sway bar, a torsion bar connecting the two
swing arms. This adds stiffness to the suspension if only
one wheel is travelling, as is the case during cornering.
But this is also the case with potholes and other smaller
defects in the road surface, resulting in a less comfortable
ride. Another downside is that this system needs two
extra chains compared to the other systems.

Image 42. The Orca’s rear swing arm with internal gear hub and chain

Current system
Although the Orca and GreenMachine have only one rear
wheel, they both have a trailing swing arm (img 42). It even
has an enclosed internal chain and gear hub. The axle in
the Orca and GreenMachine is currently placed inside the
pivot point of the swing arm, creating the need for a large
and strong bearing system. They use a very large and
expensive slewing ring which can fit the complete
Rohloff gear hub. This also automatically places the
pulling chain above the pivot point causing the unwanted
oscillation with every pedal stroke. Although this is the
case in theory, the effect is very minimal in real life due
to the dampers in the shock absorbers.

Image 41. QuattroVelo with live axle in between the wheels
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Concepts
Swing arm system
Because the ability to move luggage is one of the most
important requirements, the swing arm system is the
preferred option. Although it places the roll centre on
road level and ads to the complexity, the system leaves a
lot of room for luggage or eventually passengers. A
standard shock absorber can be placed in numerous ways
and the system can be designed for an enclosed driveline
as with the Orca.
Driveshaft under pivot
A possibility to counter the effect of the pulling chain on
the suspension is to move the axle out of the pivot point.
Based on this idea, the models in image 43 were
designed. The swing arm can be suspended in smaller and
thus cheaper bearings. The downside is that the swing
arm moves in a circular motion relative to the axle. A
large opening is needed to facilitate this movement,
opening up the preferably closed driveline. A solution
could be to use a driveshaft boot that could move along.
Another problem is the constantly varying chain length
requiring a tensioner with a large range that is constantly
adjusting.

Driveshaft through pivot
Both problems are easily solved by going back to the
driveshaft going through the pivot. The problem with the
wheel travel seems to be minimal on the orca and can be
further reduced by creating a lower torque on the axle.
The problem with the large and expensive bearing is also
less present since an axle is smaller than a complete
Rohloff hub. The first design can be seen in image 44, the
pivot consisted of a steel sleeve with the axle bearing
inside. The swing arm was placed around the sleeve with
a thin section bearing on one side and was hinged on the
other side with a standard bearing.

Image 44. Axle going through the pivot

The system with the driveshaft through the pivot is at the
moment the preferred design and will be used for the
prototype. This system will be reconsidered after testing
the prototype on possible unwanted oscillation.

Image 43. Swing arms with driveshaft under pivot, note large needed holes

26

Robbert Bakker - 2016

Final Concept
Pivot design
The Orca uses a large Keronite and Teflon coated
aluminium plain bearing to fit the Rohloff hub inside.
Since this project only needs an axle to go through the
pivot, the bearing can be a lot smaller. There is also a lot
more available width for the system, creating the
opportunity to place lighter bearings further apart.
The first concept is based on a single driveshaft that
doubles as the pivot axle for the swing arm. It has one
central and two end sprockets. It is fixed to the frame
with two bearing blocks and the swing arm sits over the
axle with two bearings with the sprocket in between (img
45). The inner bearing has to fit around the axle and the
outer bearing could be smaller. This concept relies on a
very stiff axle that has to support the swing arm as well,
thus making it bigger and heavier opposed to an axle that
is only used to transfer torque. Another drawback is that
the bearings in which the axle rotate are constantly loaded
with the weight of the velomobile. They are therefore
subjected to increased friction and wear.

Image 45. Swing arm rotating on rotating drive shaft

The second and preferred concept uses three layers that
rotate inside each other. The outer layer is a bus that is
mounted to the velomobile and houses two larger
bearings. A tube fixed to the swing arm is suspended in
these bearings, it can therefore freely rotate. Inside this

tube is a bearing in which the axle rotates (img 46). This
concept has added complexity, but there is no lateral
force on the axle and the swing arm is directly connected
to the frame.

Two short axles are used instead of a single axle going
from left to right to simplify the alignment between the
two swing arms. The axle can be fixed on both sides with
a standard bearing but this causes the problem that the
bearings need to be aligned perfectly to work with
minimal friction. Furthermore, the bearing inside the
swing arm has then to be floating. This leaves little
margin for the length of the axle due to expansion and
build accuracy. A better solution is to use self aligning
bearings, in this case only the length of the axle needs to
be exact.

Image 46. Green: swing arm, red: bearings, blue: driveshaft

The system is built around two thin section angle contact
bearings for a downhill mountain bike in order to keep
the cost and weight down. Also, standard bearing cups
can be used that fit inside any tube with the right inside
diameter. The advantage of this is that they can even be
pressed inside tubes that are slightly deformed due to
welding, without compromising the bearing fit. The inner
tube is glued into the swing arm and has a tapered section
on one side and has thread at the other side. A tapered
lockable ring can be threaded on in order to enclose the
bearings. On the inside of this tube a bearing is locked in
place to accept the sprocket adapters.
Driveshaft axle
Since the driveshaft in this concept only transfers torque,
a light hollow tube can be used for optimum weight to
strength ratio. Flevobike has a couple of carbon fibre
tubes which they already wanted to test as driveshafts and
these are therefore used in the prototype. A solid metal or
hollow aluminium axis will likely be more suitable for a
production version and can easily be integrated in the
designed system afterwards.

Image 47. Driveshaft with the sprocket adapter and spline inserts

Another and preferred option is to use a spline in the
centre instead of a self aligning bearing. The spline has
some slack and can therefore be seen as a self aligning
joint, but it can also cope with small length inaccuracies.
This makes prototyping easy but it is also a good option
when the final concept uses a light body or chassis that is
not completely rigid, leaving some margin for flex.
The carbon fibre axle has two glued in couplings. On one
side the female spline insert which is a standard part
milled down to fit the tube. The insert on the other side is
a turned piece with three threaded holes in the centre that
fits almost halfway into the self aligning bearing. The
sprocket adapter slides in from the other side and is
bolted to the axle insert, locking the bearing in place (img
47). The adapter is modelled after a coaster brake hub to
fit a standard three-spline sprocket of any size. In this
case a T22 is chosen as described in appendix III, but it
can be swapped out to slightly alter the overall
transmission.
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Wheel axle
The wheel axle is suspended in two bearings inside the
swing arm and sticks out on one side to accept the wheel.
The rear sprocket is placed on the axle with a clutch
bearing in between (img 48). This bearing acts as a
freewheel and is installed on both sides to accomplish a
so called double freewheel system. This system will be
discussed in more depth in the drive train chapter. The
clutch bearing is fitted to the axle with an interference fit,
as is the sprocket adapter to the outside of the clutch
bearing. The sprocket adapter has a standard BCD (bolt
circle diameter) of 104 mm and has a T32 sprocket.
Spacer rings are used to place the bearings apart and a
key in the axle is used to accept and drive the hub.

Image 48. Green: swing arm, red: bearings, blue: axle, purple: chain ring

Image 49. Integrated base plate with translucent rake drum and hub

With the standard Sturmney Archer hub comes a base
plate in which the brake pads and lever system is
integrated. In the Orca and GreenMachine this plate is
slightly modified and fit to the swing arm. To keep the
complete system as flat as possible for the four-wheeler,
the base plate is discarded and redesigned into the side of
the swing arm itself (img 49), including the labyrinth seal
and mounting holes for the brake pads and cam axle. The
original cam axle is suspended single sided in a plain
bearing. Because the wall of the swing arm is too thin for
this, a new and shorter cam axle for two sided mounting
is designed. An additional bracket is placed in between
the brake pads and wheel axle and reaches over the cam
axle, keeping it in place.

Hub and brake design
As with the front wheels, a special hub is designed for the
Samagaga wheel. The difference is that it is shaped to
accept a brake drum instead of a disc. Flevobike already
uses milled down Sturmney Archer drum brake hubs
since only the drum is used in their products. For the
Samagaga wheel the drum was machined a little further
with a five-splined hole to fit over the Samagaga hub. The
hub has a flange that sits on the inside of the drum,
pressing the wheel and drum against each other when
mounted. The hub has a key slot that fits over the key in
the axle to transfer the driving forces.

Image 51. The drum brake system inside the swing arm

Chain tensioner
Another small but crucial element is the chain tensioner.
Since the distance between the sprockets can’t be altered
as with normal bicycles, a tensioner is needed to prevent
the chain from rattling or even falling off. Conventional
tensioners have one or two pulley wheels and are hard to
fit inside the swing arm due to their size. Therefore a
Flevobike tensioner is used, a plastic curved piece with a
ridge in the middle on which the chain seems to glide.
This is however not the case since chain links are linked
with small metal plain bearings. These are used in this
tensioner as small rollers to guide the chain with minimal
Image 50. Original sturmney archer hub with wide lever (Flickr-epicyclo)
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The cam axle goes through the swing arm wall and has a
square end to fit the brake lever. The original lever is
designed for a standard adjustable cable end rod but is
therefore wider and more complex than needed (img 50). A
new laser cut lever is designed to be thinner to
accomplish that the braking system just barely misses the
rear sprocket. The new lever also accepts the cable
directly, reducing the amount of parts needed inside the
arm. The outer cable is placed inside different slots of the
swing arm’s shell and is pushed onto an end stop,
completing the rear braking system (img 51).
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friction without the use of larger pulley wheels. The
tensioner has multiple connecting pins for the spring,
making it fully adjustable for different amounts of slack
in the chain (img 52).

Image 53. All components are sandwiched together in an as narrow as possible housing

Image 52. The tensioner with different mounting pins for the torsion spring

Overall design
The complete design has been evolving constant. A lot of
aspects have already been discussed previously, this part
will focus more on the overall design. Aside from
previous mentioned requirements, one of the most
important features is the (lack of) width of the swing arm.
Every millimetre less is space that can be directly used
for luggage. A couple solutions to accommodate this were
the drum flat on the wheel, the integrated brake plate and
small internal components. The next step is to place them
as tightly together as possible.
The place with the most components placed next to each
other is the rear axle with two normal bearings and one
larger clutch bearing. These bearings are placed just
millimetres apart with some clearances of 0,8mm (img 53).
The two walls of the swing arms are 2mm thick and
placed in the centre of the outer bearings. This makes the
total width of the swing arm just 30,5mm. The housing
for the inner rear bearing and the chain tensioner spring
are slightly protruding in order to fit.

The overall shape of the swing arm is based on the chosen
sprocket diameters, which are explained in appendix III.
It has a tight fit around the inner components and consists
of a wide inner shell and a narrow outer shell/lid (img
53&54). These have a little interlocking ridge and are
bolted together using M4 bolts all around. Bolted on top
of the swing arm are two laser cut triangular aluminium
pieces to mount a standard shock absorber with a 1:3
ratio. The inner shell also has internal stiffening ribs to
help cope with the cornering forces. Testing the prototype
should tell whether these are enough.

Image 54. The final design of the swing arms with one lid translucent

29

Mechanical design and prototyping of a four-wheeled velomobile concept

Drivetrain
The drivetrain can be split into three parts. The first part
is the user interface, consisting of the bottom bracket
mount and a way to adjust the position of it to suit the
user. The second part is the most important part, the
central drivetrain. It can be seen as some kind of engine
bay and is situated under the seat and in front of the
swing arm drive shafts. It houses the e-assist motor,
transmission mechanism and the central hub to distribute
the forces to both wheels. And lastly the rear mechanics
inside the swing arms, discussed in depth in the previous
chapter. This part will therefore be left out of this chapter.
Adjustable bottom bracket
Research
The adjustability of most common velomobiles is very
limited. Most, like the Quest, have a fixed seat and
adjustable bottom bracket. This seems like a good
solution, but in order to adjust the bottom bracket on a
Quest, the velomobile has to be rolled over to access the
mounts for the bottom bracket through the feet holes.
Furthermore, for every inch the bottom bracket is moved,
the chain has to be lengthened or shortened. In other
words, common velomobiles are built and set to suit only
one rider and the adjustability’s are limited. Most
manufacturers therefore have different size models (e.g.
the Quest xs or Strada DF XL), further limiting the
amount of drivers one model can suit.
Current system
The Orca has a somewhat different approach. The bottom
bracket is fixed in place in between two gusset plates.
These gusset plates can be mounted in two orientations
and the bottom bracket can be placed on two locations in
these gusset plates, creating four positions (S, M, L, XL).
This is hard to adjust later on, but one model can fit
almost all riders. The main difference in the Orca is the
seat adjustment. After setting the bottom bracket in the
most preferable position for the customer, the seat can
30

slide forward or backward 246mm for finer adjustment. It
can therefore still easily fit a broad range of other users.
Furthermore, the angle of the seat is adjustable for people
with shorter or longer backs ensuring a good eye-height.

should have the same road visibility distance as with the
orca (about 4m). This results in the possible seating
positions for different sized riders and thus the final path
over which the bottom bracket should ideally move.

Concepts
Since the four-wheeler has to be designed for the same
use as a second car, anybody should be able to get in and
drive away. As with the Orca, constant height of the eyes
is very important. This enables the right placement for
mirrors and the dent in the nose for road visibility. Going
one step further is to keep the head in the same place as
well, enabling the option for a head rest and possibly a
smaller opening.

Since the ideal movement of the bottom bracket is linear,
a sliding mechanism is appropriate. The problem this
creates is the difference in chain length, just as with the
Quest. A standard tensioner is not sufficient to
compensate for the large difference needed. A solution
could be to place chain rollers in such a way that they
form the focus point of an elliptical curve that approaches
the linear movement of the bottom bracket. The ideal
position of these rollers would be in line with the chains
that connect to the central part of the drive line. These
have to be low and almost horizontal in order to clear the
seat. As an input in a SolidWorks model, the focus points
of an ellipse are laid on the preferable chain lines and the
ellipse itself is linked to the bottom bracket adjustment on
two points. The right placement for the rollers and chain
is based on the resulting ellipse and focal points (img 56).

Image 55. Different sized recumbent drivers scaled from the eyes

To determine the placement of different sized riders and
therefore the adjustability needs for the bottom bracket, a
photo of a cyclist in recumbent position has been traced
and scaled up and down multiple times leaving the eyes
in the same position. This creates a visual linear path over
which the bottom bracket and the seat should be
adjustable (img 55). This image is then imported into
SolidWorks to visualise the final position for the rider
with three requirements in mind: the eye position should
be at least at common car window sill height (1m), the
feet should move within the fairing (15cm from the
ground) and the angle at which the rider is positioned

Image 56. The construction of the ideal ellipse and accompanying rollers
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Instead of approaching a constant chain length, another
possibility is to approach the linear motion of the bottom
bracket with a curve. In this case, the bottom bracket is
not sliding linear but rather pivoting around an external
point. The rollers can be placed next to the pivot point in
order to approximate a constant chain length. This means
that the pivot point should be in line with chains going
backwards as well as perpendicular to the centre of the toapproach linear motion. This results in a pivot point
placed just in front of the front wheel suspension with
two rollers placed near the pivot (img 57).

These plain bearings can then be mounted to the
velomobile, completing the bottom bracket arm.
The adjustment system consists of two tubes that fit snug
into each other. The outer tube is hinged at the top of the
bottom bracket arm, the other is hinged on the bottom of
the velomobile between the legs of the user. The outer
tube has a quick release handle mounted onto it, making it
easy to release the grip, place the bottom bracket at the
right distance and lock it in place. This system can be
adjusted in seconds to fit at least anyone between 1m60
and 2m10.

Image 57. Circular movement of the bottom bracket

Final Design
The final concept however, doesn’t use two rollers but an
extra axle inside the pivot. On both sides of this axle a
sprocket is placed, the primary connected to the bottom
bracket and the secondary connecting to the central
drivetrain. By splitting the chain into two segments, both
connecting to the pivot, the bottom bracket chain keeps a
constant length (img 58). The pivoting arm itself consists of
two bottom bracket shells connected with an aluminium
tube. The top has two laser cut gusset plates welded on, to
which the adjustment system can be mounted. The bottom
shell has a machined in ridge that accepts two large
plastic plain bearings to facilitate the pivoting motion.

Image 58. Quick-release bottom bracket adjustment with intermediate axle
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Central drivetrain
The central drivetrain combines the e-assist, transmission
system and swing arm axles in a compact space. This is
mainly because this adds to a low centre of mass that is
situated between the four wheels. It is also placed in a
‘lost space’, beneath the seat and in front of the rear axles.
It therefore doesn’t interfere with the luggage and user
space.
Motor
As e-assist, an Impulse 2.0 mid motor is used. This was
already available at Flevobike and was scavenged from
an old Gazelle E-bike. By using a standard mid motor,
any brand motor could be fitted by only changing the
mounting adapter. Because this motor is designed for the
typical cyclist’s cadence, it is placed primary to the
transmission system.
Transmission system
Currently all Flevobikes are equipped with a high quality
Rohloff hub, a 14-speed transmission hub that can
withstand the forces applied to it by the driver. Other
velomobile brand use a derailleur system, these need
more maintenance and caution but are equally tough.
Other gear systems like the Shimano Alfine (9- or 11speed) and NuVinci (CVT, continuously variable
transmission) are currently not used by any velomobile
manufacturer since they are not durable enough for the
higher peak forces of recumbents.
Since the four-wheeler needs to be low maintenance, a
gear hub is the logical choice over a derailleur system.
Although the Rohloff hub is much more durable, it comes
at a price of over €1000 euro4. For the prototype, a test
will be conducted with a standard gear hub implemented
at a higher speed. By for instance doubling the speed of
the hub, the internal torque is halved. This is possible in
this design since the transmission system is not integrated
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in the rear wheel but situated within the driveline. A
downside could be the increased internal friction when
the hub has to rotate faster, but this is less significant with
e-assist.
As a transmission system, the NuVinci Harmony 380 is
chosen (img 59), a fully automatic model with 380% range.
Instead of using the sifter to choose a gear ratio, the
cadence is set. The hub has an electronic shifting and
measuring system to keep the cadence constant up to the
limit of the hub. This system is chosen because it fits best
with the ideology of a worry free and easy to ride bike.

Image 59. NuVinci Harmony gear system (dillengerelectricbikes.com)

Differential/double freewheel/single wheel
As with cars, the rear wheels do not rotate at the same
speed while cornering. This is why cars usually have a
differential installed to distribute the speed over both
wheels regardless of their individual speed. A differential
can thus be used to keep the cadence of the driver
constant while cornering.
Apart from a differential there are two other options to
drive the four-wheeler. The simplest solution is to power
one wheel only, a system widely used on pedal go-karts.
But this does mean that turning to the left and turning to

the right both need different input speeds to result in the
same speed of the vehicle. When the driven wheel is on
the inside curve it travels a lot less than when it is on the
outside curve. Another option is to use a so-called double
freewheel system, where both axles have their own
freewheel and only the slowest turning one is engaged
while the faster axle freewheels. In this case, the wheel on
the inside curve is always driven resulting in a temporary
lower cadence. An advantage of the slowest wheel being
driven is that it is impossible to get stuck when losing
traction with just one wheel.
The choice for one of these three systems is based on the
experience with the Armadillo cargo bike. At first it was
equipped with a Samagaga differential, which is the most
logical choice due to the cornering characteristics. But
upon testing it became apparent that the inside wheel
tended to slip in tight corners due to the reduced pressure
on the road. This happened so often that Velove decided
to go for an alternative instead. Since a single driven
wheel would result in the same problems when it is in the
inside curve, the only remaining option is the double
freewheel. When driving the Armadillo in tight corners,
the cadence drops noticeable but the traction with the
road remains.
This is why the prototype will be equipped with a double
freewheel instead. These are placed in between the wheel
axle and sprocket in the swing arm. The connection
between the central drivetrain and the two axles can
therefore be a solid hub with a sprocket. The prediction is
that the automatic gear hub will counteract the dropping
cadence issue, leaving no noticeable inconveniences for
the user.
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Packing it in
The motor, gear hub and axles all have to be packed in
the small triangular space underneath the seat. In order to
keep all the chains straight while still having the last
chain end up in the centre of the rear axle, all components
have to be carefully placed sideways as well. In image 60
is shown how all sprockets are offset to reach this goal.
Furthermore, all chains have to be tensionable in order to
compensate for wear in the chain.

spider in the centre with on both sides a splined axle (img
61). A bearing sits on the inside of the axle and the spline
fits into the two swing arm drive shafts. A machined
bearing block that mounts on to the prototype houses the
complete hub.

Image 60. All sprockets with their respective size and distances

The motor is placed low and towards the front in two
laser cut gusset plates. These are specifically designed for
the Impulse 2.0, but by just replacing these plates, another
motor can be used. It is placed slightly off centre to the
right to have the sprocket adapter in line with the
incoming chain. This sprocket adapter fits on the ingoing
shaft where normally the crank would be bolted on. The
original outgoing sprocket is used as an adapter for a
larger one by drilling five holes in it.

Image 61. Central splined sprocket hub

The NuVinci hub is placed higher and is fitted in a
rotatable frame. The hub itself can move up and down in
this frame as well, which means that the position can be
altered in two directions (img 62). The placement of the
hub therefore acts as a tensioner on both chains. The
primary sprocket is a stock one from NiVinci and the
secondary sprocket is bolted on to the disc brake mount
with an adapter. The adapter sits over the disc brake
mount with the sprocket on the inside to get it in the exact
centre of the velomobile.
The central axle sprocket is mounted on a hub that is
machined from solid aluminium. It has the sprocket

Image 62. The ‘engine bay’ with motor, adjustable gear hub and central sprocket hub
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Prototyping
The third part of this project is the realisation of a
prototype to test the designed components on usability,
strength and handling. Because there is no body design or
even a body material chosen, there is no interconnecting
system yet. To connect all the components, a simple steel
frame is designed and made. This material is chosen for
its high stiffness and strength, any flex or failure can
therefore be directly related to the designed components.
At the time, this was also the only metal the graduate
student could weld with confidence. All other
components are either off the shelf products, laser cut by
24/7 tailor steel, milled by Flevobike or machined by the
graduate student himself.
Prototyping the parts
One of the major advantages of graduating at Flevobike is
the in house CNC machinery for prototyping and
production purposes. For instance all sprocket adapters
are milled and turned on these machines. But the best
examples are the rear swing arms that are machined from
solid blocks of aluminium using their Bridgeport 1000
(img 63). Another noticeable part that is made by Flevobike
is the front McPherson strut. These have multiple
machined parts of which the milled part that fits onto the
brake plate and bearing bus and accepts the rod end and
sliding pin is the most complex. This is due to its
inconvenient angles. All precision aluminium welding is
done by the Flevobike staff as well. All other aluminium
and steel welding is done by the graduate student, as well
as some machined parts using a conventional lathe and
Bridgeport.

Chassis design
To connect all the different parts, a simple frame is
designed from 40x40 and 20x20mm steel tubing. The sole
purpose of this frame is to connect all designed parts in
order to create a driveable prototype that approximates
the driving characteristics that the complete velomobile
would have. The design is quite simple and has a Y-shape
with a double tube towards the front assembly and the
delta in the rear housing the mechanics and connecting to
the rear swing arms (img 64).
Image 65. Wheel arch subframes and bottom bracket arm mount

On top of the chassis sits a diagonal frame to later accept
the seat. This frame has two brackets with arced slots for
the rotatable gear hub frame. When this gear hub frame is
bolted in place it will also add vertical stiffness to the
diagonal frame and thus the seat. The simplified 3D
model is used to find the right measurements of the frame
parts. Based on this model, all pipes are cut, connected
and altered where needed.
Image 64. The start of the chassis, pre-fitting a suspension arm

The front of the frame has two 40x40 tubes spaced 40mm
apart with a couple of tabs welded on to fix the gusset
plates and wishbones. A subframe is used to create a stiff
point where otherwise the inner wheel arch would be.
This is to mount the sliding strut´s plain bearing on. The
front of the frame also has a mounting point for the
bottom bracket adjustment tube and the bottom bracket
arm itself (img 65).
The rear is flat and delta shaped with two cross members
at the end. The bearing block for the central hub is bolted
in the centre of these cross members. In line with the
bearing block are two welded on steel sleeves for the
swing arm bearings. Two small shock absorber mounts
are placed during assembly based on the ground clearance
height (img 66).

Image 63. Milling the swing arm from a solid block of aluminium
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Image 66. Wheel arch subframes and bottom bracket arm mount
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Building the prototype
Welding the frame and assembling the different
components is done roughly at the same time. A lot of the
frame´s tabs and brackets depend on their connecting
parts and this makes it easier to find the exact location.
The first stage of the assembly is getting it on wheels,
including the complete suspension system and the bottom
bracket (img 67). The next stage is to build the base for the
drive line; welding on motor brackets, the triangular
frame assembly and spring loaded tensioners on the
bottom bracket arm and frame. This allows the
installation of all the chains and driveline components,
completing the rolling chassis.

An alternative opted by Flevobike is to use a steering
wheel, more resembling that of a car. Because both
systems require a body to be mounted on, the prototype
just uses a stock understeer from the GreenMachine
placed beneath the seat. It is connected to the central
steering rocker with an extra 90° rocker on the left side.

Next all the brakes and wires are connected. The front
uses 160mm hydraulic disc brakes with a splitter in the
oil line. A brake lever with parking brake lock and a
double cable connection is used for the drum brakes in
the rear. The e-assist battery is placed on the frame left of
the mechanics and a spare battery is placed on the
opposite side. In order to test the prototype on higher
speeds, the speed sensor is placed on a slower rotating
gear, bypassing the speed limit. The e-assist screen and
controls are mounted on top of the right handlebar while
the screen and controls for the gear hub sit on top of the
left.
The final touches include the mudguards, a speedometer
that shows the actual speed and a temporary bicycle bag
behind the seat (img 69). This finally completes the
prototype, a process that has taken a lot of time due to its
complexity and availability of machining time.

Image 68. Driveline and seat installed

Image 67. For the first time on all four wheels

At this point the prototype is equivalent to the designed
3D model. But other parts that weren’t included in this
assignment are still needed to be able to test the
prototype. Most important are the seat and handlebars.
Ideally the seat has to be able to slide diagonally,
preferably automatic or at least assisted. Because this is a
whole project in itself it is left out of this master thesis.
The seat is therefore placed in the position for the
graduate student, still being able to fit a broad range of
users by just adjusting the bottom bracket (img 68).
The same goes for the handlebars. These would ideally be
joysticks on the side of the interior (as with the Orca).
Image 69. Finalized prototype completed with steering and all wired up
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Review
Initial findings
The prototype was first driven for about a day to get a
feel for the four-wheeler. Most noticeable was the light,
direct and stable steering in comparison with the Orca. As
expected, the prototype felt a lot more stable in the
corners. Although the suspension is about as stiff as that
of the Orca, it feels as if it’s a little bit too stiff. This is
especially the case on rougher terrains and obstacles like
dirt roads and sidewalks.
The adjustable bottom bracket was used extensively
during the first day. Since all employees wanted to try the
prototype immediately, they constantly rotated turns.
Every time another one stepped on they adjusted the
bottom bracket arm, which worked very well and fast. As
for other mechanics of the bike, the gear hub seemed to
have an issue when not pedalling for a moment. It
suddenly starts off in a very light gearing before getting
back to the right gear ratio again.
Other users
Besides the previous (engaged) users, a lot of outsiders
have tried the prototype as well. These group of users
largely consisted of Flevobike visitors and friends. Their
view was less mechanical but also less informed or
biased. They were not interviewed for this report, but
their opinions are roughly described below.
Getting on the prototype the first time is considered quite
hard, foot location and seating order is not clear from the
design. The seating position itself is perceived as
comfortable, even for people that normally drive
conventional bicycles. Most users need some help with
adjusting the bottom bracket the first time. But when
seated, driving away, steering and braking is very
cognitive. Where the Orca usually needs some
explanation, the prototype is mostly handed over with the
message ‘good luck’. The most frequent question after
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driving for a bit is ‘how do I shift’, mostly after they have
unknowingly shifted their cadence to the highest speed.

are all problems related to the lack of a body and can
therefore be partly neglected.

The four-wheeler is said to feel stable from the first
moment on, especially when trying to get in the first time,
even though getting in is perceived as tricky. After some
use the suspension is said to be a bit too stiff. Most users
tend to ride the prototype to its limits, even in the first
use: hard steering, rough terrain and drifting through
corners. This indicates that the prototype has a very
reliable, solid and manageable feel, maybe a bit too
much. Something most users confirm afterwards.

Sight (eye height)
The height of the eyes is higher than in other velomobiles
(img 70). However, the difference is not very noticeable to
the driver since the Orca almost always provides a clear
view of the situation as well. Situations that are unclear
are mostly due to man-height hedges or walls, something
a couple of centimetres extra height can’t solve either.
Still, the prejudice of low vision is widely spread. A
higher viewpoint as a marketing argument can change the
way people think of velomobiles.

Findings after longer use
After first use by as well engaged as other users, the
prototype is tested more intensively over a couple of
months. It has mainly been used for daily commutes
between Dronten and Swifterbant, a straight road of about
10km long. This results in findings related to comfort,
speed, durability, reliability and handling. Secondly,
shorter and more intensive trips are undertaken frequently
to test the limits of the design. These were more playful
and extreme but nonetheless quite informative. Some
examples are drifting through the woods, taking BMX
and MTB trails with full speed, going straight up and
down sidewalks, driving on two wheels, hard braking and
powerful acceleration. Both uses had very different
findings but combined they cover a broad spectrum of
possible scenarios. First, the most important findings will
be discussed, both negative and positive. Afterwards the
few failures will be elaborated on. These were caused by
extreme use as well as daily use.
Getting in
Getting into the seat seems to be a problem especially for
first time users. There is no floor board and part of the
subframe is in the way when trying to reach the pedals.
There is also no support for the arms during entry. These

Image 70. The tapered rear of the Orca goes around this fence with ease

Turning radius
The turning radius turned out to be 276cm, even smaller
than the Orca. In most situations the four-wheeler thus
performs better than its three-wheeled predecessor.
However, when turning around a pole in a tight spot the
added width of the rear wheels creates a slight
disadvantage (img 71&72).
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Oscillation due to pedal strokes
Upon analysing video material, the rear swing arms seem
to oscillate slightly due to the cadence. It is however not
synchronised, the arms alternate the up and down motion.
It could therefore also be explained by the rotating
movement of the legs, creating downward acceleration on
the frame alternating left and right.

Image 71. The tapered rear of the Orca goes around this fence with ease

Directional stability
As mentioned before, the directional stability is very
good. The wheels straighten themselves out almost
perfectly at any speed when the handlebars are released
and they do not suffer from shimmy at all. There is
however a slight range, this is only been noticeable when
trying to cycle without hands for a longer distance (40m).

Cornering
The cornering stability is perfect, meaning that it is
almost impossible to get the bike on two wheels or flip
over. This is only possible on a textured road on a dry
day, but even then a lot of effort is needed to reach this
point. In all other uses it just goes where it is supposed to
go. And when tight cornering at high speeds, usually the
rear of the bike shortly breaks out rapidly regaining grip
with the road. The only way to really slide or drift is on
dirt roads, which is rather fun than dangerous. It always
remains very manageable and drifting through corners is
quite easy. The only way to really lose control is
cornering at high speed on a dirt road while applying the
rear brakes fully. In this worst case scenario the prototype
makes a 180° turn before coming to an abrupt stop.
Urge to kart
One of the downside of the easy and manageable steering
and cornering of the prototype is that it invites the driver
to push it to its extremes. Almost every user yet has been
at one point going sideways through slippery corners,
cornering tight at high speeds and jumping off of
sidewalks. Although the design has been proven to
withstand it most of the time, it is not desired behaviour
from a road safety (or even Flevobikes) point of view.
This kind of use is more likely to lead to accidents and
damage than normal use. Although part of this experience
is due to the increased stability, part of it can be caused
by the lack of a body as well. Without a body the ground

is visible at all times resulting in more overview and thus
control and confidence.
Sideways forces
Another drawback of the higher possible cornering speed
is the added sideways forces on the driver. When pushing
the bike to the extremes it feels necessary to grip the
handlebar firmly and lean into the corner to remain
seated. The difference with a standard velomobile being
the higher cornering speeds but also the lack of sideways
support from the body. The prototype doesn’t have a
body at all, but the body of a four-wheeler wouldn’t be
tapered either, leaving more room on both sides of the
driver. When designing the final seat, careful notice
should be taken of the sideways support it provides.
Sideways stiffness
A well known issue with the orca is the sideways flex,
noticeable when abruptly steering or driving at higher
speeds. This problem is partly caused by the composite
wheels; they were initially designed for the exclusively
radial forces of GreenMachine. Another cause is the joint
for the rear swing arm, which is suspended in the TwinTex body only. Due to the steel frame and stronger
Samagaga wheels there is no noticeable flex while
driving the prototype. There is however more flex in the
rear swing arms itself in comparison to the Orca’s swing
arm. This can be resolved by enlarging the stiffening ribs
in the shells.
In order to compare the stiffness of the frame better, a
Flevobike wheel has been mounted as well. It started to
flex during cornering and even started vibrating when
sliding sideways but it did not break. Another tested
wheel was a prototype of a 10-spoke plastic wheel
provided by Alligt Velomobiles. This one did break after
some abuse, luckily without damaging the prototype.

Image 72. The prototype barely makes the corner due to the wider rear
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Gear ratio
Upon testing, the final gear ratio isn’t sufficient for higher
speads. The highest gear is quickly reached and after that
the cadence goes up with increased speed. The problem is
partly because the smallest available sprocket had 16
teeth instead of the calculated 13. But even then the final
gear should be lower, lowering the cadence even more.
This is due to the fact that upon calculating the gear ratios
the optimum cycling cadence of 90 RPM was used as a
guide line. But users tend to prefer a lower cadence when
driving an e-assisted bike which should have been taken
into account.
NuVinci Harmony gear hub
The NuVincy Harmony was expected to feel strange but
feels very natural instead. The convenience of not having
to shift becomes even more apparent when a standard
velomobile is driven afterwards. The downside of the hub
is, as mentioned before, the tendency to shift back to its
lightest ratio if the driver stops pedalling for a moment.
This is because the gear system automatically shifts back
when the bike is slowing down, ensuring a constant
cadence when the rider starts cycling again. The speed
sensor for this system is integrated in the hub because the
hub normally spins at the same speed as the wheel it’s
mounted in.
This is not the case in the prototype since the hub is
placed in the centre of the drivetrain. It is therefore
possible for the wheels to move while the hub comes to a
stop if the driver is at rest. This confuses the software
thinking that the bike has come to an abrupt standstill and
it has to shift to the lightest gear quickly. This can be
resolved by an external speed sensor, but this can only be
realised in a production series since NuVinci will have to
make custom hardware and software.
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Another drawback of the current implementation of the
NuVinci hub is that it is connected to the same battery as
the e-assist, resulting in the inability to shift when the
battery is driven flat. This could be resolved by an extra
battery or an electric component that shuts off the e-assist
before the battery is empty.
Bottom bracket adjustment
As mentioned before, the bottom bracket adjustment
system works almost perfect. Even without the seat
adjustment system, people from 1m60 to 2m10 have been
able to drive the prototype comfortable (img 73). This is a
big improvement since both have never been able to drive
an Orca comfortably, not even in small or extra large.
Even a girl of 1m47 was able to sit comfortably, she was
however not able to drive since the prototype was in
repair at the moment. The downside of the bottom bracket
adjustment is that the heel of the feet is used to set the
right depth. It is easy to let the locking mechanism go
while adjusting, resulting in the bottom bracket falling in
its furthest position.

Image 73. Gerrit Hoff (1m60) driving the prototype

Suspension comfort
Although the suspension stiffness is equivalent to that of
the orca, the sensation is different. Users tend to call it
quite stiff while calling the Orca comfortable. This can be

a result of the higher stability and therefore higher speeds
at which people dare to take obstacles. Another
explanation can be the lack of body. When a sidewalk can
be seen up to the point it touches the wheel a higher speed
can be acceptable. Whereas if a sidewalk disappears out
of sight a couple of metres before reaching it, you are
more likely to slowly sneak up to it. A full body test is
needed to determine whether a less stiff suspension
system is needed or if it is solely due to perception.
Lower seat support
An issue that came apparent after daily commuting was
that the used seat is designed for a more reclined position.
This means that most of the weight is supposed to be
supported by the back of the driver. Since this design is
more upright, more weight has to be supported by the
lower part, which this seat was not designed for. This can
easily be remedied by another seat like for instance the
mesh Flevobike seat with rotatable bottom part.
Battery life/top speed/resistance
Another issue with the daily commute was the battery life
of the e-assist. The range is about 30km compared to
70km for the Orca. The top speed is about 40km/h, also
lower than that of an Orca without speed limit. This could
have a couple of reasons. It could be the quality of the
motor or battery. But also the added resistance of all the
chains, the sped up NuVinci gear hub, the too high
gearing or the air resistance without the fairing. Further
research is needed to determine the exact cause.
Toe adjustment
One of the things that was not taken into account upon
designing the steering mechanism was the ease of
adjusting the toe in or out. However this proved to be
much easier with a four wheel design compared to the
Orca. A special measuring tool is needed for the Orca
while the toe of the prototype can be measured by putting
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it on its side on an even surface and using a level on the
top wheel (img 74). This can be an added advantage to
design the body a bit smaller than the width of the wheels
and should be taken into account in further design stages.

Broken front axle bolt
One of the aforementioned bolts has broken in a later
stadium during a test drive and is even captured on film
(img 75). This could be explained partly by the fact that this
bolt has been coming out a couple times, having damaged
and deformed the axle creating a less snug fit in the
bearing. Furthermore, the axle gets tightened from both
the wheel and the bearing side. During the previous
failures of the bearing side bolt, the axle was tightened
again using the wheel side bolt. The axle was therefore
sitting just barely in the bearing, increasing the forces on
the axle and bolt. To remedy this for the prototype, the
axle was glued in the bearing permanently. To remedy
this in the future, an embossing on the axle should be
added to properly place it in between the bearing and hub.

Broken front wheel suspension
As mentioned before, a prototype wheel of one of the
competitors was broken using the increased sideways
forces of the four-wheeler. Upon this result he provided
another nylon prototype wheel with a higher percentage
of glass fibres. Set out to break this one again to prove a
point, the four-wheeler was driven on a very rough
surface, turning the wheels in completely and fully
applying the front brakes. This caused an abnormal
amount of sideways force on the wheel, which did
survive. But something had to give and in this case it was
left suspension system of the prototype (img 76). Two rod
ends, the sliding strut and a steering rod were all bent.
New parts were machined and installed and in a couple of
hours the prototype was on four wheels again. Although it
was a bit sour, it was a good test to show the weak points
in the suspension system.

Image 74. Adjusting the toe out with a level

Failures
Due to the extensive and abusive use some parts have
failed or broken down. Most of the failures were due to
the use of standard nuts instead of lock nuts. The
prototype was initially quickly mocked up using normal
nuts but it never had to be taken apart again. It is
desirable to swap these nuts out to prevent this kind of
failures in the future. The more severe break downs are
listed and elaborated on below.

Image 75. Wheel falling off including the brake disc

Wheels falling off
During the first days of use, the wheels on one side of the
prototype kept falling off. No matter how hard the bolt
was tightened, it still managed to get itself lose. This was
because standard right threaded bolts were used on both
wheels, which rolled themselves loose due to the rotating
axis. In hindsight, left threaded ones would have been the
better option. This problem was currently fixed by
mounting the bolts with strong Loctite.

Bent swing arms
After a month of use, the rear wheels were visibly not
parallel anymore. At first it was thought to be a bent
swing arm but upon further examination it seemed to be
the steel sleeves on the frame that were crooked instead.
This luckily meant that it was a failure in the prototyping
frame and not in a designed part. It was heated up and
bent back using brute force. It was then welded on with a
double weld and it has not moved since.

Image 76. Broken suspension system, looking worse than it actually is
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Tipping over
In the last weeks of the graduation project, the prototype
has “finally” been tipped over. This was during a race
against a mountain biker on a small forest path. The
prototype was driven into a tight 120° corner at high
speed and started to drift (which was in fact the
intention). However, due to irregularities in the path, the
wheels suddenly regained traction and the velomobile
tipped over ejecting the driver (img 77). This sudden impact
on the right half of the suspension system caused the
sliding strut and lower rod end to deform. This was the
second time a sliding strut bent and had to be replaced.
Since these are glued in place, making them harder to
replace, both aluminium tubes were upgraded to stronger
stainless steel ones.

Image 76. Tipped over prototype after driving irresponsibly
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Conclusion
Process
The process in this assignment was chaotic and straight
forward at the same time. The assignment was set up very
broad and became more focussed throughout the project.
At first it was not clear whether to go for the body design
and its ergonomics, to further develop and research the
concept without going too much into detail or to keep it
strictly technical and work towards a functional
prototype. Finally it came to the last but it needed some
time and swerving around before this was apparent. There
has even been some time spent experimenting with body
design (appendix IV). It took a few months to get in the
right direction, but once on track the goal was clear and
accomplished. The division of the different subassemblies
made it manageable, but the processes within these
subdivisions could have had a more structural approach.
Overall the process was sufficient but could have been a
lot better. It would have been better to get the goal of the
assignment clear before starting the project. A lot can be
gained as well by starting with a solid method of
approach instead of starting from scratch.
Duration
This project has had a lot of setbacks regarding the time
frame. The intention for a master assignment is a project
that is manageable within 45 European credits or 9
months. This project overall took about two years. This
delay started when beginning the prototyping phase. All
parts needed to be machined in house but the needed
CNC machines had to be constantly in use to keep up
with the waiting list for ordered bikes. This meant that
about once a week there was some time to make one or
two parts regarding this project. After a couple of months
of slow process it was decided upon (in conjunction with
mentors) that a week of machine time would be reserved
for the project, while in the meantime pausing the
assignment, regardless of how long this would take. After

consideration it took about half a year before the parts
could be made. In the meantime the graduate student
worked on other projects for Flevobike.
This meant that the actual project took over a year, thus
still longer than required. This was partly due to poor
planning in the beginning and aversion towards the
dragging on project at the end. Finally the overall size and
complexity was bigger than foreseen, but slimming down
the project was no option: the building and testing of a
working prototype was a goal in itself. The project would
not have been the same without this part.
It would have been better to clear up the aim of the
project in the beginning, including the needed timeframe
and available resources. But this would have most likely
not resulted in a fully functional and well working
prototype. It is maybe not what is expected from a typical
industrial design master assignment but it has been the
best learning experience as a designer yet. This
assignment would just not have been as insightful in a
shortened form. Even if it could have been the same
project with the same outcome but completed in a timely
manner.
Final design
Front wheel suspension
The front wheel suspension is a well working and well
steering mechanism consisting of easy machinable parts.
The directional stability is good but less stiff shock
absorbers can be experimented with. This is however a lot
easier as with the Orca’s McPherson strut since the new
design uses standard shock absorbers. If the production
series grow enough it may be profitable to switch to an
aluminium cast for the sliding strut or even a mass
produced McPherson strut including a spring and damper
system.
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Rear wheel suspension
The system with the axle going through the pivot seems
to work well, but the carbon fibre axle could be replaced
with a cheaper alternative. The self aligning axle also
works well; even when the swing arm joints were bent it
still ran smooth. The shell of the swing arm could
however be a lot stiffer since they can be flexed by hand.
The brake system also works like it should without the
danger of tipping over like standard velomobiles would.
A rear brake system can therefore be implemented
without concern.
Driveline
The adjustable bottom bracket works very well and can
seat a broad range of users, even without seat
adjustments. The driveline itself is quite complex with 6
chains and 12 sprockets. This in combination with the
NuVinci hub results in extra drag. This isn’t a problem
according to Flevobike since all velomobiles will be
equipped with an e-assist, compensating for any energy
loss. Still as least as possible energy loss is preferable. It
is however not known how much energy the driveline
consumes and it is therefore hard to assess the efficiency
of this design. The NuVinci transmission system itself
however, perfectly complements the vision of a worryand maintenance free vehicle.

Prototyping
Getting all the parts for the prototype was a bit of a
hassle, but building the prototype was a learning
experience like no other. Minus the hiccups, the
prototyping phase went quite well. All parts fitted
together well and welding the frame during the assembly
instead of beforehand ensured a good fit, even when the
frame itself was a bit off. The major disadvantage of
starting the assembly before completely finishing welding
is the fact that it is quite hard to prevent the steel from
rust afterwards. From a rust prevention point of view an
aluminium frame could have been better, although this
would have been less stiff. Overall the finishing of the
prototype gave a major moral boost in regard to the
project, especially since it turned out and drove the way it
did.
Testing
To test the prototype, it was used in everyday situations
for a couple of months. It was also lent to others multiple
times to see their reaction and remarks. The testing phase
was very insightful but mostly subjective. It was hard to
create measurable requirements at the beginning of the
project as well as to gather quantitative data afterwards.
Overall the testing went well and the prototype seems to
be a very stable, manageable and solid piece of

engineering. It has been tested to its extremes over and
over again and is still in well working order. The few
(induced) failures gave good insight in the weaknesses of
the construction as well as possible improvements.
Future
The future of this project is still insecure. Flevobike is
seriously working on making it a reality, but only if they
can find the right investor that could provide them with a
production facility. Their vision is to place an affordable
but good quality velomobile in the market with a broad
target group. The only way to combine affordable and
quality is through quantity, unlike all currently produced
velomobiles. In higher quantities, the sliding McPherson
struts could be replaced by fully functional ones while
maintaining the designed steering and suspension
geometry. Another possibility is to replace the complete
drive line with only a generator at the bottom bracket and
motors at the rear wheels. This would cut down a lot on
complexity, costs and maintenance. But it also needs a lot
of research to make this system energy efficient, since
most linear hybrid prototypes currently have a very low
rate of return.
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