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Abstract 
Pollution levels in urban areas continue to rise, with transportation being the number one cause. As cities 
ban fossil fuel cars access to the city center, this project looks at the delivery of packgaes from internet 
purchases. A three-wheeled, human-powered and electrically assisted vehicle is designed. This vehicle is 
dsigned to work together with last-mile logistics. A scientific design process was carried out to define the 
stakeholders, competition and requirements of the project, among others.The results yielded a semi-
finished vehicle, comprising of the frame, general design, FEA analysis, delivery system and an 
optimization process for the frame. Future work includes economical or social study, design of the brakes 
and gear system or a design of the frame-cabin connection.  
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1 Introduction 
Gustavo Hylander Ruiz in collaboration with Maria Vilaplana Alamilla 

This project was carried out as by a both a Mechanical and an Integrated Product Development engineers. 
It is also to be submitted to examination to examiners of each specialiation. In order to differentiate what 
to grade each student on, each part of the project has its author or authors written right below the title 
of each section or sub-section. 

 Motive 

In today’s world, contamination is an ever-growing problem that is increasingly becoming difficult to 
tackle by modern society. This is caused largely because of the reckless trajectory that technology has 
undergone since the industrial revolution. Little consideration was taken towards the environment, and 
so developed countries began to rely more and more on a developing style that further aggravated the 
issue. For example, fossil fuel power plants, unclean building processes, and developing and adapting 
cities to the main source of contamination: fossil fuel-based means of transportations (Figure 1, page 3). 
The people started to depend on these vehicles too, to the point where nowadays it is impossible to 
imagine a world without them. While this problem is starting to get addressed via the development of 
numerous new electric cars and other vehicles, the vast majority of vehicles in the roads are still fossil-
fuel based.  

This would not be so much of an issue on itself, as fuel-based vehicles would be slowly replaced by electric 
vehicles. The additional problems are two. One is today’s society lifestyle, in which  
e-commerce is rising without a foreseeable limit. This market model has no physical stores, instead of 
relying on warehouses from where products are shipped worldwide to the doorstep of the online 
customer. The other is how city-cantered modern societies are growing to be. Most people want to live 
in big cities where there is plenty of entertainment. And businesses want to locate themselves in these 
places too, so they can reach the larger part of the population in cities, be well-connected via roads, 
airports, and ports and having the benefits of being in a well-populated area: better services and 
emergency response time. And since many individuals want to live in big cities and because of that 
businesses are located in them, there are many people who cannot find a residence in the cities 
themselves, rather living in the outskirts and commuting every day to their jobs in said businesses. All this 
is a spiral that drives the flow of transportation to increase. 

 Objectives 

The aim of this project is to design a sustainable delivery vehicle and deliver a semi-finished prototype. 
From (Goodman, 2005) 'Last mile is a term used in supply chain management and transportation planning 
to describe the movement of people and goods from a transportation hub to a final destination in the 
home'. This delivery vehicle should be limited in its target markets to increase the appeal to a small 
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segment rather than try to please a larger section. The stages of the project are summarized in the 
following four objectives:  

• First, to carry out an assessment of the current delivery systems in cities and the impact they have 
on air pollution.  

• Second, to study eco-friendly alternatives and select the most optimal option.  
• Third, to perform a study of the competition, from which to draw requirements and wishes for 

the next stage.  
• Fourth, carry out the design of the delivery vehicle. From this standpoint, some early 

requirements for the vehicle can be outlined: 
• Manoeuvrability: which has an easy manoeuvring option for tight corners. This helps with 

ease of driving in urban areas. 
• Eco-friendly: it could be an electric vehicle, a hybrid vehicle or a vehicle with a hydrogen 

engine. This is the only solution to not increase pollution. 
• Fast: possibility of having a built-in motor for the slopes. The high volume of deliveries and 

the large area of cities means a fast means of transportation is needed to timely perform the 
deliveries. 

• Modularity: the delivery cabin can be removed and put into the sustainable vehicle. This helps 
the vehicle to be as eco-friendly as possible by reducing the waste of materials when a 
replacement is needed and will be an integral part of the delivery system. 

 Background 

For this project, it is important to consider the related literature and studies carried out in the field, one 
of the most important affairs of the project is the Air Quality in the cities because there has been an 
increase in vehicle restrictions which affects a large majority of delivery transport, particularly in urban 
areas and transport companies must adapt to the new air pollution regulations. 

Today, 54% of the population lives in large cities, but this figure is expected to increase significantly in the 
coming years (Savelsbergh and Woensel, 2016). As a result, the city's logistics must guarantee the efficient 
and effective transportation of merchandise while it follows the urban air quality standards, but this data 
is not being followed, air pollution, particularly in urban areas, continues to have significant impacts on 
the health of the European population. 

One of the sectors that most contribute to air contamination is the sector of road transport, this is the 
most contributor to total nitrogen dioxide emissions in the EU (Graph 1). It is, for this reason, the 
importance of working in other more sustainable solutions that can be more respectful with the 
environment. 
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Graph 1, Sectors addressed by the measures reported by the EU-28 Member States for PM10 and NO2, in percentages (Guerreiro 

et al., 2018). 
 

  
  

0

10

20

30

40

50

60

70

NO2

PM10



4 
 

As we can see in Graph 2, road transport is the largest contributor to total NOx emissions: 

 
Graph 2, Contribution to EU-28 emissions from main source sectors in 2016 of SOX, NOX, primary PM10, primary PM2.5, NH3, 

NMVOCs, CO, BC and CH4 (Guerreiro et al., 2018).  

 
However, NOx emissions caused by road transport are higher in urban areas. In these areas, NOx 
emissions are more concentrated due to its emissions are close to the ground and are dispersed across 

0% 20% 40% 60% 80% 100%

SOx

NOx

PM10

PM2.5

NH3

NMVOC

CO

BC

CH4

Agriculture

Commercial, institutional and
households

Energy production and distribution

Energy use in industry

Industrial processes and product use

Non-road transport

Road transport

Waste

Other



5 
 

densely populated areas. As shown in Figure 3, 98 % of the stations with values above the annual limit 
value of air pollution were located in urban or suburban areas (Guerreiro et al., 2018). 
 
Talking about the problem cities have with transport, cars, and vans, which are precisely the vehicles used 
by transport companies, produced 15% of EU’s CO2 emissions (European Parliament, 2018). These vehicles 
account for 20% of all CO2 emissions in the EU and cars and vans are responsible for 70% of the total CO2 
emissions from transport (“Reducing carbon emissions,” 2018). 
 
Therefore the European Union is studying to create legislation that hardens the emission limits of cars 
and one of these measures is to facilitate the change to electric or hybrid vehicles (Guerreiro et al., 2018). 
It is no coincidence that the number of electric and hybrid vehicles is growing fast, many of the vehicles 
manufacturing companies are manufacturing these vehicles to comply with European Union Legislation 
of air pollution, but precisely these measures are needed to accelerate the change. 
 

Figure 1 Concentration of NOx, 2016 (Guerreiro et al., 2018).  
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In summary, the European Commission is proposing to reduce the 2021 limit for emissions by 15% from 
2025 and by 30% from 2030 onwards (“Reducing car emissions,” 2018). 
On a different note, The Last Mile on Delivery is crucial considering it represents a major choke point and 
severe operational challenge in the inner city. By using light commercial vehicles for last mile operations 
and limiting the level of pollutants emitted, we can minimize congestion and pollution in urban centres. 
First, it is important to explain what the last mile of delivery is: 

Last mile logistics refers to the final step of the delivery process from a distribution centre or facility to 
the end user. Although the name implies, it is the final mile delivery, actual last mile delivery can range 
from a few blocks to 50 or 100 miles. Most often, last mile logistics involves the use of a parcel or small 
package carriers to deliver products to consumers (Cerasis_IT, 2017). 

Last mile delivery causes almost 16–50% of the transport-related emissions (Aljohani and Thompson, 
2018). For instance, light commercial vehicle (LCVs) generated 13.3 million tonnes of CO2 equivalent 
emissions in London (Aljohani and Thompson, 2018). Moreover, it is estimated that a delivery van 
conducting last mile delivery would generate on average 21.7 kg of CO2 for an 80 km delivery trip (Aljohani 
and Thompson, 2018). 

The problems generated by delivery transport in large cities are increasing due to a larger population of 
cities, greater demand for these services and higher expectations related to delivery time. All this causes 
an increase in congestion, pollution, and noise in urban areas. Those who suffer most from the problems 
that affect the delivery of the last mile due to traffic congestion, limited parking, and unsustainable 
delivery vehicles are freight forwarders, receivers, and citizens in the centre of the city. 
 
Also, the last mile is the most important part of a delivery operation since depending on the experience 
that users have had with the purchase of the product, they will repeat with the same company or look for 
other delivery companies. In the last mile, there are three elements to consider: the delivery times, the 
place of collection and the possibility of return. Therefore, cities need to incorporate a system that 
effectively and efficiently solves this problem, evolving towards cities that are more sustainable and 
respectful of the environment. Recent studies have proposed the possibility of incorporating UCC (Urban 
consolidation center) in large cities. UCCs are described as a logistics facility that is relatively close to the 
geographical area it serves, from which the last mile deals are made with sustainable vehicles within the 
city. In the theoretical studies, the UCC seemed to be the solution to the problem of transport companies 
in large cities but in practice, they have failed many times, this depends on many factors to which a 
complete study of logistics must be made. For UCCs to be successful, some researchers propose that UCCs 
must receive subsidies, at least for the initial investment and operational costs, whereas others argue that 
the short life of UCCs is directly related to their dependence on government subsidies (Veličković et al., 
2018). Below is an example of an application of UCC in the city of Novi Sad: 
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Based on some principles, has been detected in three possible locations for UCCs, which are used in 
further analysis. The first location is in the Western part of the city, the second is in the north, and the 
third is in the southeast part of the city (see Figure 4). Every location is dedicated to serving certain city 
entrance roads (illustrated with black arrows), and delivery routes are as summed to be easily managed 
from each one (Veličković et al., 2018). 

  

Figure 2: Different urban consolidation center scenarios: Impact on external costs of Last- Mile Deliveries, 2017 
(Veličković et al., 2018) 
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 Problem Statement 

Delivery companies should consider using more sustainable vehicles for last mile deliveries. Many of them 
use the same delivery vehicle for long and short distances, this causes congestion in large cities, as well as 
air pollution and wasted time (as mentioned earlier in the Background). 

Using sustainable delivery vehicles that circulate only in the cities would not only optimize time but would 
also have access to go through areas of difficult access in cities and would be more respectful of the 
environment. 

Companies are eager to use cleaner services too. When asked about logistics on an interview last February, 
Angela Hultberg, IKEA’s Head of Sustainable Mobility stated “100% of our last mile deliveries will be zero-
emission by 2025” (Helven, 2019). This reinforces the idea that a new sustainable delivery strategy is 
requested by companies and will only grow to be requested as time passes. 

Some delivery companies are reacting by creating a new delivery model. In this new model, the shipments 
are placed in a shipping container. These containers are moved from their arrival point (by sea, air or land) 
to certain designated spots in the cities. The containers are modified so only the employees can open 
them using their mobile phones. The employees then retrieve the package to be delivered, close the 
container and begin the last stage of the delivery process with the sustainable delivery (Figure 5). 

 

 
The packages inside the container are placed inside another company-owned reusable package. This 
second package is designed together with the delivery vehicle to fit in the freight area of it. It contains 
multiple packages, and the courier delivers each to its rightful owner. When the package is empty, the 
delivery driver returns it to the container. When all the packages in the container are delivered, the 
container is retrieved and replaced by a new container with more packages inside. This practice complies 
with access restrictions while also providing reliable and predictable delivery times.  

Figure 3: Logistic method to sustainable delivery in the last mile. 
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 Methodology 

The project began with a literature study. The literature searched for and studied was focused on how to 
design bicycles, requirements for electric cycles, security coefficients and how to design an engineering 
product. The “Designing and Building Your Own Frameset” (Talbot, 1979) was one of the two most 
important works used. This one helped to design the front part of the tricycle, which is a basic bicycle 
frame. The remaining most relevant work used was the “The Mechanical Design Process” (Ullman, 2016). 
This work was adapted and used to define the development process of the project as follows (figure 6): 

- First stage is to identify and define the Problem Statement. Once the problem of the project is 
detected and the objectives to be achieved for the project, it is time to define the Product 
Definition. 

- During the product definition phase, the goal is to understand the problem and lay the foundation 
for the remainder of the design project (Ullman, 2016).  

- Finally, it is time to define the Product development. Turning a concept into a manufacturable 
product that performs as it should is a major engineering challenge. This phase ends with 
manufacturing specifications and releases to production (Ullman, 2016). 
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Figure 4, Methodology (adapted from Ullman, 2016) 

This methodology is based on the steps outlined in “The Mechanical Design Process”(Ullman, 2016). It 
was chosen because it encompasses the design process of a product from scratch, looking at it from both 
the industrial design and mechanical point of view. It fits perfectly the scope of the project and finds a 
way to juxtapose both disciplines. 
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2 Product Definition 
By Maria Vilaplana Alamilla 

 

Understanding the design problem is an essential foundation for designing a quality product. 
“Understanding the design problem” means to translate customers’ requirements into a technical 
description of what needs to be designed the engineering specifications (Ullman, 2016). 

In this section, the customers will be identified for the project. This activity serves as the basis to generate 
the requirements and wishes of the customers. Also, a small market study will be made to know the 
characteristics of the competitor’s product. The engineering specifications will be made to help in 
determining product quality. Finally, to measure the quality of the product, will be set targets for its 
performance. 

In this chapter, the focus is on understanding the problem that is to be solved. Once this is accomplished, 
the main results from this phase are to know the characteristics that the product must have to be of 
quality. 

 Fields of Applications 

By Maria Vilaplana Alamilla 

 

It is important to specify the type of packages can be delivered with the sustainable delivery vehicle in the 
last mile because this will affect the product design. 

As described in the background, last mile logistics involves the use of medium or small packages to deliver 
products to consumers. But, what types of products are this? 

These types of products are like the ones appear in the graph below (Figure 7). For example, clothing, 
sports products, food, electric products and such. 

There is an increase in the number of deliveries generated by online shopping. Considering, the products 
to be delivered will come in cabins that have been transported from large distances, products like 
perishable goods will not be included because the cabin will not be prepared for these types of items. 
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In conclusion, the sustainable delivery vehicle is directed at the delivery or collection of medium or small 
packages (as mentioned earlier by the last mile logistics) to consumers in the big cities. 

 

 

 

Figure 6, Maximum weights and dimensions for package items (“Product size tiers - Amazon Seller Central,” 2019) 

Figure 5, Number of deliveries generated online in the UK in 2013 and 2018, by product type (“The United Kingdom” 2018) 
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 Identify the Stakeholders 

By Maria Vilaplana Alamilla 

 

The identification and evaluation of project stakeholders is a key step in the preparation of a sound 
stakeholder relations plan. And for good reason: the inability to identify who really has the most influence 
and who has the least can cause a significant waste of time and money. 

A stakeholder is any group or individual who can affect, or is affected by, the achievement of a 
corporation’s purpose (Freeman, 2010). Stakeholders include employees, customers, suppliers, 
stockholders, banks, environmentalists, government and other groups who can help or hurt the 
corporation (Freeman, 2010). 

At this stage, the potential groups that affect or are affected by the sustainable delivery vehicle will be 
searched. To make the study of the stakeholders, the department of design and mechanical engineering 
bring their points of view about who are the probable groups that affect or are affected by the sustainable 
delivery vehicle. This is the opinion of both departments. 

2.2.1 Possibly affected groups 
This step identifies possible groups that are affected or affect the delivery vehicle, whether they are 
directly affected or externally. Similar interest groups are grouped into large groups to rank them better. 

In this case, there are ten groups, ones with an internal change and ones who have an external change: 

2.2.1.1 Internal Change 
Internal change requires us to constantly reassess current objectives and policies in light of new demands 
by groups that we are used to dealing with such as customers, employees and their unions, stockholders, 
and suppliers (Freeman, 2010) Internal change requires action, but it does not directly challenge our 
conceptual map of the world (Freeman, 2010). 

Customers: is one of the main groups that must be considered since it will be the one that acquires the 
product, therefore the tricycle must be sufficiently attractive so that they value the relation Price / 
Earnings ratio, if this is too high, the possibilities of the acquisition will diminish. 

Producer: this group affects directly the production of the sustainable delivery vehicle. Typically, the 
producer wants a product that is easy to produce (both manufacture and assemble), uses available 
resources (human skills, equipment, and raw materials), uses standard parts and methods, uses existing 
facilities, and produces a minimum of scraps and rejected parts (Ullman, 2016) 

Employees: the employees are a very important group in any businesses, many have argued that 
authoritarian management styles must be replaced with a more “human” approach. In addition, low 
productivity can seriously harm the company, which is why it is important to understand the importance 
of employees and they should have good working conditions. 
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Consumers: This group is the one that is going to request the services of the delivery sustainable vehicle. 
Is important to include this group because they will have expectations about the vehicle that will transport 
their packages, and these expectations can be important to design the vehicle. 

For many years, people had to go to stores to buy any product and there were not many competitors for 
the same product. That dominance of business is over. Consumers have many more options nowadays 
and do not have to leave home. Understanding this group is of paramount importance because based on 
the experience they have had with the delivery company, they will or not request their services again in 
the future. 

2.2.1.2 External Change 
External change is the emergence of new groups, events, and issues which cannot be readily understood 
within the framework of an existing model or theory (Freeman, 2010). 

Government Authorities:  which affects the delivery tricycle in mutters such legislation, international laws, 
the environmental. It is the legitimate role of government to regulate business in the public interest and 
to enforce anti-trust laws to ensure adherence to market principles (Freeman, 2010). 

Communities affected by the project: which affects the delivery tricycle in matters such a lifestyle change, 
environmental state of the city or accidents in the city. This is the collective who are not interested in 
acquiring any product but the existence of these vehicles in the city can affect them. 

Competitors: it is important to know the competition to know how to establish a market strategy and not 
be at a competitive disadvantage. 

Consumer Advocates: consumer advocates today affect almost every industry involved in consumer goods 
marketing (Freeman, 2010). This group can be very important because companies can get information 
about whether something is wrong with the product. 

Environmentalist: People are becoming more and more aware of the environment; clean air, water, and 
land, as well as the conservation of natural resources. This is why today's companies must deal with these 
environmental defenders. 

Media: thanks to the internet and social platforms, it is very easy to comment on anything or product. 
This group plays an important point in the reputation of a company or a product. 

Figure 9 is a map that it considers all those groups and individuals that may be affected by the sustainable 
delivery tricycle. Each of these groups plays a vital role in the success of the vehicle in the current 
environment. 
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Figure 7, possibly affected groups 

• Stakeholder mapping 
Once the potential stakeholders have been identified, the next step is to analyze them, which 
means placing them in categories. This is because it is possible that some stakeholders will be 
interested in the delivery sustainable vehicle, while others are not interested, so it must be 
determined who needs to be prioritized. To prioritize the stakeholders identified in step one, they 
will be classified into four categories: 
 

1. High Influence/High Interest: These stakeholders are the ones that need to be engaged 
regularly and managed closely. These are the key players. This group will require the most 
effort to keep satisfied (McDonald, 2016). 
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2. High Influence/Low Interest: Keep these stakeholders satisfied by striking a careful 
balance by keeping them informed while not overloading them with too much 
information (McDonald, 2016) 

3. Low Influence/High Interest: this group of stakeholders must be kept adequately 
informed. 

4. Low Influence/Low Interest: this group of stakeholders will be the ones who must be 
informed but with general information. 

 
A graph is made (stakeholder influence and stakeholder interest) and all affected parts are 
implanted in the place considered best by the department of product design and the department 
of mechanical. In those cases, the most important stakeholders that affect the project is the 
Technician, the Delivery Driver, The Online Shoppers, the Retail Businesses and finally the 
companies of Suppliers which are the group who will buy the delivery sustainable vehicle (see 
figure 10).  

Figure 8, stakeholder strategy 
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This study is made by the conception of the product design department and mechanical 
department, is not an exact science but it can help both departments to understand the people 
who are in contact with the delivery sustainable vehicle and what they expect to it. 

 Generate Stakeholders needs 

By Maria Vilaplana Alamilla 

 

In this phase, the Personas of the most important stakeholders identified in the previous step will be 
carried out. Personas are fictitious characters, which can be created from research to represent the 
different types of users who might use a service, product, site or brand in a similar way. Creating 
characters will help to understand users' needs, experiences, behaviors, and goals (Dam and Siang, 2019). 

The objective of this step is to interpret the raw data of the Personas in terms of Stakeholders needs. The 
resulting Stakeholders needs are used to guide the team in establishing product specifications, generating 
product concepts, and selecting product concept for further development (Ulrich and Eppinger, 2000). 

The categories that have been included to make the Personas are the following: 

• Demographic: The demographic section allows adding information about gender, age, location, 
marital status, occupation, and income to give life to the person. Within this section, should 
include the most basic things like name, photo, age, marital status, work, income, residence, etc. 

• Goals: The goal of the Personas is related to the product or service is provided. Defining personal 
goals is important to satisfy the needs of stakeholders. 

• Background: Includes personal and professional data related to the product or service. There must 
be a balance between adding enough details and making the Persona realistic. 

• Motivation: The thing drives and motivates the Persona to start or continue using the service or 
product. One must think of all the things that can increase efficiency, effectiveness and user 
satisfaction. Each motivation in this block should provide some ideas on how the product/service 
can be improved. 

• Frustration: It ruins the Persona experience and avoids the use of the product or service. What 
prevents the person from achieving their goals? 

• Skills: Skills section is a way to highlight visually the differences between the Personas. 
• Expectations: Persona expectation refers to the product or service. This section is very important 

to interpret stakeholder needs. 
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2.3.1 Personas 

 

Figure 9, Delivery Driver Persona. Photo is licensed under Creative Commons 

http://cathleentarawhiti.deviantart.com/art/Male-stock-KC-5-370942862
https://creativecommons.org/licenses/by/3.0/
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Figure 10, Retail Businesses Persona. Photo is licensed under Creative Commons 
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Figure 11, Technician Persona. Photo is licensed under Creative Commons 
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Figure 12, Online Shopper Persona. Photo is licensed under Creative Commons 
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 Figure 13, Suppliers Companies Persona. Photo is licensed under Creative Commons 
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The next step is to interpret the raw data information of the Personas in terms of Stakeholders needs. To 
write these Stakeholders needs is important to follow five guidelines, but the first two guidelines are 
fundamental and are critical to effective translation (Ulrich and Eppinger, 2000):  

• Express the need in terms of what the product must do, not in terms of how it might to do it. 
• Express the need as specifically as the raw data 

 

 

Table 1, wishes of the related parts 

 

Comfortable seat

The packages arrives in good 
conditions

The vehicle arrives during open hours

Expectations Interpreted Need

Protection to weather condition

Good manoeuvrability for tight bends

Additional help to climb the slopes

Sustainable vehicle

Attractive Design

Durable vehicle

the vehicle provides a protection against 
environmnetal conditions

the vehicle can maneuvered through tight 
curves

the vehicle can provides a motor to climb the 
slopes

the vehicle can provides a dispositive to 
know the streets

The vehicle seat is comfortable when the 
delivery driver sits on it

Few weld zones

Easy to mantain

Few areas to difficult access for 
cleaning

Access to follow the package

The packages arrives in good conditions

Modular vehicle

Additional help to know the streets

the cabin protected the packages from 
environmental conditions and accidents

the vehicle can be used in collaboration with 
a data device

the vehicle design provides dismountable 
parts

the vehicle design provides replacements 
parts

the vehicle can have a easy design to remove 
the dirty components

the vehicle can provides a dispositive to 
follow the package

the cabin protected the packages from 
environmental conditions and accidents

the cabin is modular when it is sent by the 
suppliers companies

the vehicle can be sustainable 
the vehicle and cabin can have a good 

appearance
the vehicle can be used for a long time

Delivery Driver

Retail Businesses

Technician

Online Shopper

Suppliers 
Companies
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 Assessment of the possible vehicles 

By Gustavo Hylander Ruiz 

There are three vehicles that meet the requirements of the customers, each to a varying degree of 
agreement with different areas. 

 The most widespread of the three are four-wheelers (Figure 14). Cars and trucks are the indisputable first 
choice for deliverance. This is due to the capacity to carry heavy and large cargo, having a comfortable 
cabin for the driver and high speed of this vehicle. However, as previously discussed cars and trucks are 
very pollutant, and their big size and volume of individual vehicles in cities means that while being the 
most effective at long range delivery, four-wheelers are the slowest in cities. 

 

Figure 14, frighter four wheeler (XYZ Cargo, 2019a) 

On the other side of the spectrum, we have bicycles (figure 15). These are nimble vehicles able to quickly 
change direction, and their small size means they can access many areas four-wheelers cannot. To top it 
all, the lack of an engine means they can access many areas that while being spacious enough to 
accommodate a car forbid their access to protect pedestrians. Despite all of this, bicycles suffer from a 
low carrying capacity, both weight, and volume-wise. Not only this, but bicycles are usually used in short 
range displacements and offer no comfort to the driver, who is exposed to the weather. On top of all, 
bicycles have only two points of contact with the ground, meaning they have very low stability and are 
affected heavily by side loads like the wind. 
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Figure 15, cargo bicycle (XYZ Cargo, 2019b) 

It seems only logical that a middle ground should be reached to cover the benefits of both while 
minimizing the drawbacks. This is where the third vehicle comes into the scene: a tricycle (figure 16). More 
points of contact with the ground than the bicycle mean higher stability, albeit not as high as a 4-wheeler. 
In return, this means that tricycles can take sharper turns than a 4-wheeler. Because of the increased 
stability, it is now possible to mount a cabin to protect the driver from weather and make the driving more 
comfortable. The space above the shaft between the two back wheels can be used to carry the deliveries, 
pulling the center of mass towards the more stable rear axle and enabling the possibility to carry more 
voluminous cargo than that of the bicycle. The tricycle also retains the advantage of being small to be able 
to access areas inaccessible for cars and by following the pertinent standards can access pedestrian areas. 

 

Figure 16, cargo tricycle (Yongkang Anlin Industry & trade Ltd., 2019)  
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 Benchmarking 

By Maria Vilaplana Alamilla 

In this phase, a study of the products that are on the market will be carried out. The objective is to know 
the characteristics of the competition's products to base on them and to improve them. 

• UPS 

 

 

The UPS cargo bike is equipped with a battery-powered electric motor that can travel longer distances 
than traditional bikes, carry substantial loads and navigate hills and another terrain. The modular, 
detachable boxes on the trailer can hold up to 400 lbs. and have a 95 cubic feet capacity. The bikes can 
be operated with human pedal power or battery power, providing drivers with the flexibility they need to 
navigate changing terrain and energy efficiency (“UPS To Launch First-Of-Its-Kind U.S. Urban Delivery 
Solution In Seattle,” 2019) 

• DHL 

Figure 19, the DHL Cubicycle (“More City Containers in new 
pilot with DHL Express in Frankfurt and Utrecht", 2017) 

Figure 20 the DHL Cubicycle (DHL, 2017) 

Figure 18, UPS eBike (Hu, 2019) Figure 17, UPS eBike (“UPS launches custom-made cargo  e-
bikes", 2018) 
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The DHL Cubicycle is a customized cargo bicycle which can carry a container with a load of up to 125 kg 
(one cubic meter in volume). The reclining seat for the courier allows greater comfort, safety, and speed. 
It boasts electric pedal assistance for additional speed and support in climbing hills, and it is easy to handle, 
with a tight turning cycle. The removable containers are secure and waterproof and offer a large volume 
while not impairing the view of other cyclists. They can be equipped with GPS or Internet of Things 
transmitters, to facilitate real-time shipment tracking and to ensure they can be monitored for security 
purposes, and they are self-powered through the use of solar panels (Mar 01, 2017) 

• RYTLE 

 

The MovRs are virtually free of pollutants. They are easy to use, uncomplicated, flexible and low 
maintenance. A driver’s license is not required. The MovR can be equipped with various sensors like GPS 
and displays such as engine power, wear, and weather. The driver always has everything in view and can 
react accordingly. Some of the technical specifications are; dimension (2.700mm W: 1.200mm H: 
2.000mm), from 134kg + 180kg additional load, in total approximately 2m3 2x hub motors, electrical drive 
unit up to 25km/h with handy starting aid 5km/h and a total output of 250 W, reverse gear (MOVR – RYTLE 
– the smart move, 2019). 

 Requirements 

By Gustavo Hylander Ruiz 

To meet the requirements set by the consumers and the market, there are several ground specifications 
that must be met. There are also some standards involved to ensure that the vehicle will meet European 
regulations. The vehicle must be usable by the widest array of individuals. This means that requiring a 
license or training severely reduces the size of this group. To ensure anyone can ride the vehicle we have 
to look at the European standard EN 15194:2017 (requirement 1). This standard refers to the electric 
cycles, and the requirements for them to be treated as standard cycles:  

Figure 20: the Rytle MovRs (Rytle, 2019) Figure 21: the Rytle MovRs (Rytle, 2019)  
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- Maximum continuous rated power of 250 W or less. 
- The motor output is cut-off when the vehicle reaches the speed of 25 km/h. 
- The motor only functions when the driver is pedaling. 

Cycles that meet all these three conditions simultaneously are classified as Pedelec (pedal electric cycle) 
by the EU. Any vehicle that fails to meet any of the conditions is regarded as a moped cycle and requires 
a driving license to be operated, in addition to having restricted access to pedestrian areas. The license 
required defers from countries, some requiring a car driving license and others requiring a motorbike 
driving license. 

 One of the main advantages this project aims to have is not just being able to access fuel-vehicle restricted 
areas but also taking advantage of bicycle lanes, which can only be accomplished if the vehicle meets the 
specifications outlined by the standard. All the design process will be carried out taking into consideration 
this since it has a direct effect on the strength of the material. 

With all this in mind comes the decision of which kind of motor to use. Pedelec motors are divided into 
two kinds: hub motors and mid-drives. Hub motors are located in the axle of either the front or rear wheel 
(figure 22). On the other hand, mid drive motors are located in the pedals (figure 23). This is usually the 
middle of a bicycle and hence the term mid-drive. 

 

 
              
 
 
 
 
 
 
 
 

 

The decision was made to make a design to mount mid-drive motors. This is because the scope of the 
project is not to supply a self-made motor, but rather a frame that can mount one. Hub motors are 
designed and sold already mounted on cycles, and there are no renowned manufacturers selling them. 
This, however, does not apply to mid-drive motors. There is a wide range of manufacturers selling the 
drives, ranging from well-known manufacturers like the Yamaha drive pictured above or Bosch, to 
specialized manufacturers like Bafang or Impulse while passing by other well-known manufacturers in the 
cycling scene like Shimano (Bafang, 2019), (Bosch, 2019), (Shimano, 2019). 

Figure 22. detailed view of a hub motor mounted on a GenZe 
200 series e-bike (Pete, 2015) 

Figure 23. Yamaha PWseries TE mid-drive (Yamaha, 
2019) 
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One of the main requirements is that the vehicle needs to be as lightweight as possible. This is because 
the maximum load is already very high and having a heavy chassis would strain the electric motor too 
much, especially in sloped segments (requirement 2). 

Another of the requirements of the product is to meet the greatest number of specifications as the 
competition. This means that it should withstand the load that is the least as high as the competitors’ 
alternatives (requirement 3, section 2.2). From the competition study, it is seen that the competition 
vehicles do not have many features besides the electric motor. The few that are in place, however, should 
be met. As such we have protection from the weather in the UPS and Rytle vehicles (requirement4, section 
2.2). 

Requirement Specification 
EN 15194:2017 compliant (requirement 1) Top speed not higher than 25 Km/h 

Maximum rated torque of 250 W 
Assistance only when the driver is pedalling 

Engine output limitations and uphill driving 
(requirement 2) 

Lightweight materials 

Meet the competition’s load capacity At least 350 kg 
Comfortable for the rider Protection from weather, customization 

Table 2 Minimum requirements for the vehicle 

3 Product Development 
By Gustavo Hylander Ruiz 

 Generate Product 

The CAD software used for the 2D drawings and 3D models is Autodesk Inventor Professional 2020. 

The design of the vehicle starts. As mentioned in section 2.4, Assessment of the Possible Vehicles, the 
vehicle to be designed is a tricycle. The design process can be divided into two different parts. These parts 
can and should be designed independent of one another and be later joined. The parts in question are: 

• The front of the tricycle. This part is to be designed as a bicycle. Here the geometry of the seat 
and fork tubes as well as the main body is designed. 

• The back of the tricycle. This is the supporting frame that will carry the load of the packages and 
cabin.  
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Figure 21, Final product, render made in Keyshot 

In figure 15, the ‘front frame’ is the assembly with the seat and handlebar, while the ‘back frame’ 
is the assembly that supports the cabin.  

3.1.1 Front Frame Design 
For ease when mounting and unmounting in the tricycle, it was decided to use a step-through frame:                  

                  

 

 

 

 

 

 

 Figure 23 Step-through frame (Dressel, 2007) Figure 22 Diamond frame  (Keith, 2011) 
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Step-through frames are easier for the rider to mount, as it does not have the top tube, and the rider 
needs not raise their leg to get on. This is easily done on bicycles, since you can tilt the bicycle to not raise 
the leg in an uncomfortable way. A tricycle however cannot be tilted, and a frame which is easier to mount 
would be preferable. This requirement is met by using the step-trough frame. 

The geometry of the frame depends on the anthropomorphic data of the user riding it. The data required 
are the lower limb length and the upper torso (Talbot, 1979): 

 

Figure 24, Anthropomorphic definitions (Talbot, 1979) 
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Column 1 Column 2 
Lower 
Limb 
(A) 

Seat 
Tube 

Length 

Upper 
Torso 
(B+C) 

Top 
Tube 

Length 
80 51 100 53 
81 51.7 101 53.4 
82 52.4 102 53.8 
83 53.1 103 54.1 
84 53.7 104 54.4 
85 54.3 105 54.7 
86 54.9 106 55 
87 55.5 107 55.3 
88 56.1 108 55.6 
89 56.7 109 55.9 
90 57.5 110 56.2 
91 57.9 111 56.5 
92 58.9 112 56.8 
93 59 113 57.1 
94 59.5 114 57.4 
95 60 115 57.7 
96 60.5 116 58 
97 60.9 117 58.3 
98 61.3 118 58.6 
99 61.7 119 58.8 

100 62.1 120 59   
121 59.2   
122 59.4   
123 59.6   
124 59.8   
125 60 

Table 3, Geometry and anthropomorphic data 
correlation  (adapted from Talbot, 1979) 

From this point onward, all notations referring to the front frame geometry will be in accordance with 
the following figure: 
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Figure 25, Frame geometry definitions (Talbot, 1979) 
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The geometry data refers all to a diamond frame (figure 21), but once a diamond frame is set as a base 
geometry, it can be modified to a step-trough frame. The term “diamond” is used because of the diamond 
shape the frame has. The two dimensions to obtain from table 2 are the most important ones and the rest 
of the frame depends on them. The next step is to determine the angle of the head tube, which as seen 
in figure 18 is parallel to the angle of the seat: 

 

Figure 26, Head tube angle, fork rake and steering (Talbot, 1979) 
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One of the wishes for the tricycle is for it to be comfortable to ride. This means that according to figure 
19 the optimal solution would be to aim for the neutral steering. The decision was made to use the head 
tube angle of seventy-two degrees. The reason for deciding for this neutral steering is how the fork of the 
tricycle is not to be custom designed, but rather purchased from the market. The purchase of this kind of 
parts separately from the tricycle is so the rider can decide which forks is the most comfortable for himself. 
Not all forks have the same fork rake, which means that the selected head tube angle is within the neutral 

steering line for fork rakes (fork rakes shown in Figure 19 of 21
8
 inches (5.4 cm) or less. For fork with rakes 

under 13
8
 inches (3.4 cm), the result is a quick steering frame. This is, as the requirements state, more 

desirable than an under-steering frame. A quick steering frame means that the tricycle can make sharper 
turns, which means it is more maneuverable and as such preferable over under-steering rakes with wider 
turns. 

Before beginning to design the frame, the seat tube and top tube lengths must be defined. The seat tube 
length does not need to be so restricted, as the seat height can be adjusted. This means that the shortest 
length can be used as the tube length, and riders with longer lower limb can adjust the height of their seat 
to a more comfortable position. The top tube length is both easier and harder to determine. This tube 
cannot be adjusted in length, meaning that a compromise must be reached. Despite this there is still some 
room to adjust the length, since the handlebar of the tricycle can be adjusted closer or further from the 
seat, effectively shortening or lengthening the top tube length. For this purpose, it was decided to use the 
mean measure for the upper torso, as that would allow for the same length to be used to shorten and 
lengthen the top tube for the same amount.  

 

 

 

 

 

Figure 27, Diamond frame with diamond outline on top. 
Adapted from (Keith, 2011) 
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To summarize, the following basic geometry data has been reached: 

- Head tube and seat tube angle: 72º. 
- Seat tube length: 51 cm. 
- Top tube length: 57 cm. 

 

Figure 28, geometry definitions. Adapted from (Talbot, 1979) 

 

3.1.1.1 Steering Ratio And Neutral Steering 
The steering ratio is the ratio between the theoretical turning radius based on ideal tire behavior and the 
actual turning radius (Vittore, 2006). Values less than one, where the front wheel side slip is greater than 
the rear wheel side slip, are described as under-steering; equal to one as neutral steering; and greater 
than one as over-steering. Values less than zero, in which the front wheel must be turned opposite the 
direction of the curve due to much greater rear wheel side slip than front wheel have been described as 
counter-steering. Riders tend to prefer neutral or slight over-steering (Vittore, 2006). Over-steering, 
under-steering and neutral steering all refer to the feeling of riding and turning, and how sensitive the 
frame is to steering. In an over-steering frame, tilting the handle and leaving it free to tilt will cause the 
cycle to steer and to continue steering and making a tighter turn. In neutral steering, the cycle will 
continue to steer at a constant turning radius. An under-steering frame will cause the cycle to exit the 
turn and go in a straight line. 

https://en.wikipedia.org/wiki/Slip_angle
https://en.wikipedia.org/wiki/Understeer
https://en.wikipedia.org/wiki/Oversteer
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3.1.1.2 Frame Design 

 

Figure 29, the basic geometry of the frame. 

Once reached have this setup, the head tube length must be decided. This is an arbitrary number, but 
plenty of space is needed to connect the outer cover of the frame. This cover is the one that will protect 
the rider from the weather and small impacts. Since it was an arbitrary decision that does not really affect 
the loads or steering, it was decided to make it 235 mm long. In addition to that, the frame was modified 
to step through configuration. In addition to these changes, one of the cornerstones of the design was set. 
The geometry to accommodate an electrical motor was designed. It was finally decided to go for the 
Yamaha family of motors, as it offers the widest range using the same geometry. This way, with only one 
design, the tricycle can mount three different drives, each with a different power curve and performance 
which in turn further increases the personalization of the tricycle to the rider’s wishes: 



38 
 

 

Figure 30, Yamaha PW series drive line-up (Yamaha, 2019) 

As seen above, out of the four drives Yamaha offers to the public, three of them meet the previously 
mentioned requirement of maximum speed equal to or lower than 25 km/h (EN 15194:2017). These 
motors share the same mounting points geometry, not counting the small exception of the PW-X. While 
the geometry is the same, it only has two mounting points instead of three: 

 

Figure 31, front frame final design. 
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In the sketch, a vertical line is seen connecting the two down tubes. This is in place to increase the 
stiffness along the yz-plane. This is quite important as all the load on the tricycle will be aligned with that 
plane. 

 

Figure 32, front frame in the tricycle. 

3.1.2 Back Frame Design 
The design of the back frame is completely different from that of the front frame. This structure’s purpose 
is to withstand the much higher loads it will bear. The design, therefore, is much simpler. The only 
requirement is to have the axis of the wheels closer to the back end than the center of gravity of the cabin 
loaded with packages. This is easily achieved by placing the geometrical center of the cabin coincident 
with the geometrical center of the back frame, and then bringing the rear wheels axis closer to the back: 
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Figure 33, back frame basic geometry. 

The dimensions in the back frame are decided based on the following two points: 

- Cabin size, which in turn is decided based on the package sizes aimed at (“Product size tiers - 
Amazon Seller Central,” 2019). 

- Urban layouts. There are no regulations on the width of a cycle lane or pedestrian walking areas. 
However, the shoulder road in most European countries tends to be 1.5 m. Besides this, the 
following information is available: 
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Figure 34, Section of free space (Dofour, 2010). 

o The distance to obstacles must be 0.25 m and the distance to higher kerbstones must be 
0.5 m. Additionally, the distance to the wall must be 0.625 m. (adapted from Dofour, 
2010) Since urban cycling paths are completely flat as they run along and intersect with 
traffic, all that remains are the outer boundaries, which can be understood as the limits 
of the cycling path. This means that a minimum width of 2 meters is needed.  

 

All of this comes together to define the dimensions: 

- 1 m long, so there is room for the small and large packages, and small oversize packages (“Product 
size tiers - Amazon Seller Central,” 2019). 

- 1300 mm wide. This plus the wheels and wheels assembly equals up to 1.5 m. This is thin enough 
to fit in urban bicycle lanes and take as little space as possible in pedestrian areas while being 
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wide enough to fit the packages as decided in section 2.1 and in accordance with the following 
figure: 

The frame can be seen to have a sort of walls to the sides. These are in place mainly to provide support 
for the outer cover of the tricycle, but also provide extra stiffness to the frame. 

3.1.3 Front and Back Frames Assembly 
Once both frames are designed, all that is left is design how to connect each. So far they have been 
designed separately, but they need to be connected. This must be done before the simulation, as the 
interaction between the two loads must be accounted for. One of the links between both parts is pre-
defined by the front frame. To help support the rider’s load, in bicycles frames the seat tube is connected 
to the wheel by the seat stay. In bicycles, this is because the rear wheel is one of the external links and 
can be seen as a boundary condition (Covill et al., 2014). In the tricycle, the rear wheels are too far away 
for a seat stay, and the stiffeners will be linked to the union between the two frames. This takes us to the 
next stage, which is the union of the two parts.  

Figure 35, target aximum weights and dimensions for package items (“Product size tiers - Amazon Seller Central,” 2019) 
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Figure 36, the union between the front and back frame. 

It was decided to use two bars that would join both parts. These bars are in place mostly to provide 
increased lateral strength. However, these straight lines reduce the clearance when making a turn, and 
so it was decided to change them for curved bars. These are more aesthetically pleasing, in addition to 
increasing the clearance. Clearance is the ‘empty space’ between the frame tubes and obstacles when 
taking a turn, and is present intentionally to prevent the contact between the frame and the obstacle: 
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Figure 37, frame with curved segments showing a 190 mm increase in maximum clearance. 

Reaching this point, it is important noting that the front frame needs an adjustment change in geometry. 
Bicycle frames use a single frame of bars contained in a single plane. This is because there is not any 
oversized geometry, as the crank system and gear system are a very small size. Mid drives, on the other 
hand, are quite larger in size and require significantly bigger or wider frames to accommodate them 
(“2019 Editor’s Choice for Best Electric Bikes,” 2019). Instead of going for this approach, it was decided to 
use the two stiffeners and create a frame which’s lower part would be divided into two frames: 
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Figure 38, back and front frames joined together, double frame, as well as seat stay, can be seen. 
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Figure 39, detailed view of double frame assembly around the electric motor position. 

In the above pictures, it can be seen the double frame geometry, as well as the seat,  stay previously 
mentioned in the text. These stays are in place to help distribute the weight of the rider on the whole 
frame and to decrease the displacement of the seat under load by acting as stiffeners.  

With all this setup, all that remains is to decide the rim size and stating how the cabin would be loaded on 
the frame. First, on top of the back frame supporting structure, a platform would be placed. This platform 
would cover the empty space between bars and would provide room for the cabin-frame locking 
mechanism. The platform itself would require a frame-platform locking mechanism, that has been studied. 
The rim size must be small, as it will determine the height at which the cabin needs to be lifted and raises 
the center of gravity of the tricycle. It was decided to go for 406 mm (20” x 1.5”) wheels. These wheels 
are tall enough to give plenty of room for the gear system while being small enough to keep the tricycle 
close to the ground. With these last additions to the frame, the product has been generated. 
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 Evaluate Product 

A necessary step in the product generation is its evaluation. This step checks if the product designed meets 
the requirements. The product is expected not to meet the requirement without further work, and to this 
end, an optimization process will be carried out. 

3.2.1 FEM simulation 
The software used to carry out the FEA was Autodesk Nastran 2020, an in-cad FEA tool for Autodesk 
Inventor. 

The first thing to decide was how to carry out the FEM analysis since there are two ways to tackle this 
design. One of them is using solid elements, and the other is to use line elements. It was decided to use 
line elements and simulate the frame elements as a beam. The reason for this is what kind of results the 
simulation is interested in obtaining, and what results each element provides. An FEA of the entire tricycle 
under load using solid elements would provide with results on how each section of the tubes behave, in 
addition to how the frame behaves. This study case is interested in how the whole system behaves. Since 
it is good practice to reduce the computing power requirements to a minimum and in how the tubes 
behave individually is not relevant, an FEA using line elements is the most optimal solution to this 
simulation. 

From the competition study, it is seen how the vehicles in existence support a load of around 200 kg in 
average, with a case supporting up to 324 kg (“MOVR – RYTLE – the smart move,” 2019), in addition to 
the rider’s weight. The rider’s weight is difficult to load to determine. Despite there being statistics about 
weight distribution, it is good practice to design a vehicle that accepts the widest segment possible. The 
maximum weight was decided to be 140 kg. This may at first seem to leave out segments with over-weight, 
but the vehicle is aimed at a job that requires constant physical exercise, and it was decided to leave the 
limit at 140 kg assuming very over-weight ridersare not keen to take the job, while giving room for riders 
with strong phisyque. For the packages load, it was decided to go a bit higher than 324 kg to offer a more 
attractive product that could beat the competition in more areas, and as such, it was settled at 350 kg.  

There is one factor to consider and that is the state of the road. On a road in a perfect maintenance state, 
the loads are static, and the tricycle would withstand the maximum weight without a problem. However, 
roads are usually irregular to some extent, and in the urban areas the tricycle is aimed to be deployed, 
there are numerous deliberate irregularities. From speed bumps to control traffic velocity to small steps 
in pedestrian areas, it is unpredictable what the maximum dynamic load the tricycle will have to withstand 
in every city it is deployed. Not using any safety factor also means that any accidental overload on the 
vehicle would destabilize it and incur a permanent deformation, so a safety factor of 3 was introduced to 
account for all these possibilities (Wilson, 2004). This means that the maximum weight of the rider would 
be 420 kg and the maximum load on the back frame would be 750 kg. Each of the two bars supporting the 
load on the back frame is 1640 mm long, meaning that the 1050 kg maximum load would translate into 
3.2 N/mm. This was further increased to 3.5 N/mm, to account for the cover’s weight, which has not been 
specified or approximated, and the extra load introduced by anything the rider would carry on himself. It 
is important to note that this safety factor of 3 in Von-Mises yield criterion (from now on to be referred 
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to as Von-Mises or VM stress) is assuming that the bicycles do not have any dampers. Many bicycle forks 
nowadays come with integrated dampers that reduce the load on the frame when hitting a road bump. It 
was decided to use the safety factor either way in case that no dampers are used. This could be for a 
multitude of reasons, as such low availability of forks with damping systems or in case of resources 
shortage from the customer. 

The material for the frame was decided to be Alclad aluminum 2024. One of the materials widely used 
when designing and building bicycle frames is aluminum 6061, but it has very low yield and ultimate 
strengths, sitting at 48.3 and 117 MPa respectively (Matweb, 2019a). Even the 6061-T6 has yield and 
ultimate strengths of 255 and 290 MPa respectively (Matweb, 2019b), very low for the loads the frame 
has to withstand. Aluminum 2024 on the other hand, has quite higher strengths, 95 MPa yield strength 
and 173 MPa ultimate strength (Matweb, 2019c). But it is the heat-treated 2024 alloys that really have 
the upper hand, with the 2024-T3 having 310 MPa yield strength and 448 MPa ultimate strength (Matweb, 
2019d). The alclad aluminum is also treated to be more resistant to corrosion (as opposed to the regular 
aluminum), which is one of the requirements of the design. Mild steel was also considered but was quickly 
disregarded as it was too heavy, and not as recyclable as aluminium. Titanium offered a very good 
alternative but was also disregarded as to cut costs: 

 Modulus of 
elasticity E 

(GPa) 

Ultimate 
tensile 

strength 
(MPa) 

Yield tensile 
strength 

(MPa) 

Enlongation 
at Break (%) 

Density 
(g/cc) 

Mild steel 
(Autodesk 
Inventor 
Material 
Library, 
2019) 

220 345 207 22 7.85 

Aluminum 
2024 T3 

(Matweb, 
2019d) 

73.1 448 310 18 2.78 

Aluminum 
6061 T4 

(Matweb, 
2019e) 

68.9 228 131 22 2.70 

Titanium 
6Al-4V alloy 
(Matweb, 

2019f) 

113.8 950 880 25 4.43 

Table 4, possible materials comparison 
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Ideal material Material selected 
Ti-6Al-4V Al 2024-T3 

Table 5, material selection 

Optimization was carried out, the tubes used for the tricycle are standard ISO 10799-2 tubes. This means 
easy access to the parts and standard sizes. The optimization started with the smallest size, 21.3 mm of 
diameter and 2 mm of thickness. The optimization procedure is as follows: 

- Detect the most critical bars. 
- Increase the thickness of those bars. 
- If not enough, increase the diameter, but decrease the thickness to the minimum. 
- Repeat. 

It is worth noting that while some bars did not require an increase in diameter, they received for either 
cohesion or being more pleasing to the eye (design requirement). The cohesion refers to, for instance, the 
physical impossibility of having tubes with different diameters aligned. While welding them with different 
diameters is possible, it is preferred both be the size, so the transversal faces align with each other and 
stresses are fully transmitted. There were two simplifications made to the model. Since linear elements 
only accept straight beams and bars, the curves in the frame had to be approximated by several straight 
lines. A small convergence analysis was run by hand for these approximations. The curves were divided 
into straight segments, starting from one segment and increasing until the results did not vary in a 
meaningful way. This meaningful way was defined as no increase in stress in the proximity of critical areas. 
This means that an increase in the Von-Mises stressfrom 100 MPa to 110 MPa while being a 10% increase, 
is so far from the yield strength of 310 MPa it is not relevant to study in detail. Since FEA are based on 
idealizations of reality, the answer given by the analysis is an approximation that is always bound to error. 
To diminish this error, the number of elements of the simulation is increased to approximate an ‘infinite 
model’. However, using to fine of a mesh consumes many resources, both in time and computational 
power. A middle ground is found by decreasing the element size until the difference between results is 
negligible. This process is called a convergence analysis.  Initially both a linear and the non-linear analysis 
was performed for each optimization stage. However, it quickly became clear that the linear solution was 
far from accurate, and only the non-linear simulation was carried out: 
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Figure 40, frame generator settings 

The CAD software used has a built-in tool to more easily create and manage frames, the frame generator. 
With this tool, frames can be designed as sketches using simple lines. Each line can then be assigned a 
frame member. The frame member insert and configuration window are shown in figure 29. In this 
window, the dimensions, standard, family, and material can be chosen. Additionally, the frame members 
can be placed with the sketch line at their center, displaced, or rotated. 
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Figure 41, beam elements assigned section properties 

When using the frame generator tool and loading the FEA environment, Inventor NASTRAN, one can select 
the structural members and assign them either beam or solid idealizations. If using beam idealizations, 
the section properties are imported from the frame generator-generated data, as shown in figure 30. 

Once all the idealizations are set, before boundary conditions (Covill et al., 2014) and loads are applied 
the model needs to be meshed. The initial mesh element size was set to 33 mm. A convergence analysis 
was run, and the final simulation was run with a mesh element size of 2 mm. For more details on the 
convergence analysis, consult annex 2. 
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Figure 42, material properties for non-linear analysis 

 

Figure 43, initial mesh element size 
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Figure 44, mesh settings for the final simulation 

 

Figure 45, non-linear load case setup. 



54 
 

 

Figure 46, point force load, rider’s weight with a safety factor of 3, applied on  
seat tube 



55 
 

 

Figure 47, distributed load, cabin, and packages weight with a safety factor 

Three boundary conditions were used to evaluate this model. These boundary conditions would be the 
three wheels, and in the FE model, they translate as fixed translation and free rotation. One of the 
boundary conditions is situated on the head tube, where the frame-fork assembly is located. The other 
two boundary conditions were situated in the spot on the side supporting beams, where the rear-wheels 
axis-frame union is located. 
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Figure 48, final frame, including optimized members. 
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Figure 49, FEA results, displacement. 

Maximum and minimum displacements (shown labeled in the picture, not clear): 

- Minimum displacement at the side bar of the back frame, equal to zero. 
- Maximum displacement in the center of the back-frame structure, 35 mm. 

Min = 0 

Max = 32.43 
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Figure 50, FEA results, VM stresses. 

Maximum and minimum stresses (shown labeled in the picture, not clear): 

- Minimum stress at the top of the head tube, approximately equal to zero. 
- Maximum stress at the ends of stiffeners of the back-frame structure, 245 MPa. 

During the optimization, a maximum Von-Mises stress of 310 MPa was pursued. This is the yield strength 
of the alclad aluminum 2024-T3. Stresses below the yield strength mean no permanent deformation when 
the tricycle is under its maximum load and hits a road bump. At the end of the simulation, the frame is 
comprised of the bars outlined in table 3 (below). The real number of bars is not the same as the model’s 
number of bars, as due to how the model had to be constructed, certain bars, for instance, the curved 
segments, had to be divided into several bars, while in the real product it would be one continuous 
element. 
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Dimensions 
(mm) 

Nº of bars 

21.3x2 8 
21.3x3 6 
26.9x2.5 2 
26.9x3 2 
33.7x3 1 
42.4x3 4 
42.4x4 13 
Table 6, bars dimensions and number per type 

 Results 

By Gustavo Hylander Ruiz 

3.3.1 Objectives and Achievements 
• Main objective: 

o To develop a semi-finished prototype of a delivery vehicle for last-mile delivery 
services, accomplished. A vehicle meeting the required specifications were 
produced. The vehicle is not finished and requires further development in certain 
areas to achieve completion. Some areas where further work is required is the 
placement of the batteries in the vehicle, the wiring of the components, the brakes 
and the gear system.  

 

Figure 51, Main objective 
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• Secondary objectives: 
o Maneuverable, accomplished. The different possible vehicles types were assessed 

and the best compromise between maneuverability and versatility was found in the 
tricycle. 

o No license or training required, accomplished. By limiting the motor study to those 
compliant with SS-EN ISO 15194:2017, the vehicle may be treated as a standard 
cycle, and as such does not require any license and can access all areas open to 
bicycles. 

o Meets competition’s specifications (section 2.6, Benchmarking), accomplished 
where possible. Only load capacity specifications and the rider’s seat were found. 
Load capacity was matched, and a windscreen for the ridsier’s protection from 
weather was designed. 

o Vehicle withstands loads of the driver and packages, including safety factor to 
account for un-smooth roads, accomplished. Simulations were run based on the 
competition’s load specifications. 

o Safety standards compliance, not accomplished. While simulations were possible 
to a certain extent (no fork was designed, and certain test methods outlined in the 
SS-EN- SO 4210-6:2015 required a fork), the development cycle turned to be 
lengthier and due to time constraints had to be postponed. 

o Fatigue study not accomplished. While simulation was possible and did not require 
non-designed parts, the fatigue study required data not found with reliable sources. 
For the fatigue study, data about the load the rider exerts on the pedals, and by 
extension on the frame, is required. This data includes maximum and minimum 
loads and frequency, and no data was found to configure the simulation. 

3.3.2 Discussion of results 
The product is well defined, and the results of the simulations are satisfactory. There was some planned 
development that had to be cut off due to lack of time or reliable sources to support the development. 
The FEA model produced good results and seems to be accurate. The model is good at evaluating the 
whole frame, although it could be expanded. While a solid element analysis of the whole frame is not 
required, it would have been interesting to perform such analysis on an isolated member of the frame. If 
the project is continued in the future, it has a very good potential to the other companies of the sector, 
as it provides the best comfort level to the riders compared to the competitors, as well as meeting the 
competition’s minimum specifications. 

Beginning the design of the frame presented the biggest challenge of the project. No scientific articles 
were found about the topic, and little information was found outside of them. Plenty of research was 
found on evaluating the already designed frame, but only two books published in the late 70s were found 
on the matter. These books were in turn based on the C.O.N.I. manual (Comitato Olímpico Nazionale 
Italiano), an even older manual published in 1968, adapting and applying the contents found in it. 
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The CAD program Autodesk Inventor Professional 2020 was used to create the frame, and the integrated 
FEA Inventor NASTRAN 2020 was used for the FE analysis. While the extensive previous experience was 
had with the CAD software, none was had with that specific FEA software. FEA all require the same 
previous work, as it is just a software that solves for the solutions of stiffness matrices. However, the user 
interface and the workflow suffer slight variations, and as such quite some time was spent learning to use 
the FEA software. Three was previous experience with the FEA software Abaqus. This software offered 
better stability and easier configuration of the FE model. However, creating CAD models is much less 
intuitive, and designing the 3D frame would have been a long process. Stability of the NASTRAN software 
was not ideal either. The software was prone to freezing and crashing at seemingly arbitrary moments. 
This meant that frequent saves were required and failing to do so led to lost hours of work several times. 

  



62 
 

 Conclusions 

By Gustavo Hylander Ruiz 

 

The project was an interesting mix of two disciplines in engineering. There was some good cooperation in 
many parts of the development, but there also was some clashing between points of interest, 
requirements or development. The design part often had some design requirements that were unable to 
be do-able, as it would compromise the stability or strength of the tricycle. Similarly, the mechanical part 
often produced solutions that could not be implemented, as it made the product undesirable for the 
customer. The beginning of the project was easily the most difficult part, as each discipline required 
completely different reports. This often led to unending cycles of rewriting to satisfy both parts’ 
requirements. A middle ground was finally found when the mechanical design process (Ullman, 2016) was 
applied, giving a more focused sense of direction and development pace. Both stating the product 
requirements and the product development phases saw the most collaboration between the two points 
of view, as certain mechanical requirements (such as the maximum load) were given by the competition 
study, and the design of the tricycle cover was bound by the frame geometry, as the former needs to be 
fixed to the latter. 

 Future work 

By Gustavo Hylander Ruiz 

 

The product still requires further development. Most of the industrial design process is over with, but 
there are some mechanical designs that are required to be carried out. The brakes of the tricycle have not 
been designed, and since it carries a big load, it is an important part of the design. The mechanism with 
which the cabin would be loaded on the tricycle has been discussed but not developed, and it requires 
study both from a design and mechanical perspective. The gear system needs to be looked at. Having the 
electric motor eases the toll on the rider, but a study to determine the most optimal gear ratios would be 
very useful for the product and could give an additional edge over the competition. A study to determine 
if the front frame is ISO 4210-6 compliant would be a nice addition, but as the load cases in the standard 
are much lower than the ones the tricycle is subjected to, it is not a top priority. As previously mentioned, 
a solid elements analysis of certain critical members of the frame would also be interesting. In addition to 
this, a fatigue study has not been carried out. It was attempted to run the fatigue analysis, but further 
study on the loads introduced by the rider is required, and no sources were found to asses on the 
determination of these loads. These two last improvements could be very well run together, to run a 
simulation of fatigue with solid elements. In this case, solid elements are a better choice for the simulation, 
as it is in fatigue where the response of specific members and specific areas of each member is interesting 
to analyze.  
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No economic study has been carried out. There is no data for the costs of the materials or manufacturing. 
The costs of materials are highly influential in the selection of bar sizes. In table 3 it can be seen a detailed 
recounting of bars sizes and number of bars per size. There are some bars that are only included once per 
vehicle. In industry, the more of one component that is produced, the cheaper the price per unit. This 
applies to sales too, as suppliers offer discounted prices per unit when purchasing in bulk. An economic 
study would determine if it is more cost effective to up the size of certain bars to purchase a larger number 
of certain bars, and less or none of others. 
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5 Appendix 1: Weekly reports and 
development of the project 

Gustavo Hylander Ruiz in Collaboration with Maria Vilaplana Alamilla 

The focus of the project changed from a delivery vehicle where the products to be delivered left the city 
itself to a delivery vehicle where the products to be delivered came from long distances because in the 
literature review and on the stakeholder side there was a market interested in buying sustainable delivery 
tricycles for the last mile.  

 Gantt Diagram 
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 Weekly reports 

Week number 7 (11 January – 17 February) 

We are in-line with the time plan (Yes/No): Yes 
If not, explain the reasons:  

 

We have carried out the following during this week (limit to the most important tasks): 
Gustavo Maria 

• Started writing initial parts of thesis 
(introduction, background) 

• Problem and consumer validation (direct 
contribution to the thesis introduction and 
thesis 

 

We are behind the schedule with these 
tasks (most important tasks): How should we address these 

We need 
support from 

our 
supervisor 
(Yes/No) 

1. N/a   
2.    
3.    

 

Plan for the next week (limit to the most important tasks): 
Student 1 (name) Student 2 (name) 

• Finish writing first part of thesis 
• Thesis progress submission to supervisor 
• Continue literature review 

• Continue problem and consumer 
validation and market study 

 

 

Additional observations/comments/… 
None right now 

 

Example weekly report, corresponding to week 7. This weekly reports were used to keep track of 
our work, both to ourselves and to our supervisors. It also laid out some guidelines on what to 
achieve or start working at the following week. A total of 17 weekly reports were submitted.  
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6 Appendix 2: Convergence analysis 
By Gustavo Hylander Ruiz  
 

 Mesh element size convergence analysis 

The convergence analysis was performed once the first combination of bars that produced stresses and 
displacements below the yield strength and maximum displacement set was reached. Up to that point, an 
element size of 33 mm was used. The elements size was decreased to 23, 13 5 and 2 mm. This produced 
very interesting results, as the maximum stresses increased up to and surpassed the yield strength, 
meaning an increase in the bars’ diameter or thickness was required. Below, maximum stress vs element 
size graph and some images of the maximum stress increasing as the mesh was refined: 

 

Figure 52, VM stresses, 33 mm element size 
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Figure 53, VM stresses, 2 mm element size 

Element size 
(mm) 

Maximum VM 
stress (MPa) 

33 262.8 
23 290.3 
13 293.4 
5 296.8 
2 307.5 

Table 7, element size and maximum VM stress 



70 
 

 

Graph 3, convergence analysis 

Performing simulations with increasingly finer mesh require exponentially higher computing power. Most 
notably, performing simulations using 2 mm element size required 4 times longer than using 5 mm 
element size. For this reason, for the rest of the optimization, 13 mm element size was initially used, as 
the increment is not very high, and once a satisfactory result was obtained, a 2 mm element size 
simulation was carried out to make sure the maximum stress fell below 310 MPa. The minimum element 
size was 2 mm because elements of size equal to or inferior to 1 mm created singularities and the results 
of the simulation would not converge. 

 Curved Segments Convergence Analysis 

As mentioned in the main body, the curved segments of the frame were approximated by straight beams, 
as linear elements do not accept curved elements. This analysis was performed once the optimization was 
over, to check if further work was needed. All the initial simulations were run with a 33 mm mesh element 
size. 
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6.2.1.1 Electric Motor Assembly Curved Segment 

 

Figure 54, electric motor curved segments, 1 beam 
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Figure 55, electric motor curved segments, 2 beams 

When the straight beam was substituted by 2 beams, the maximum Von-Mises stress increased to over 
310 MPa. This meant further optimization was required. The bars initially used for that segment were 21.3 
mm diameter with 3 mm thickness, and had to be replaced by 26.9 mm diameter with 2.5 mm thickness. 
This yielded a result of 224.8 MPa, an acceptable result. To check if further refining of the mesh was 
required, or if convergence had been reached, the analysis continued: 
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Figure 56, electric motor curved segments, 4 beams 

As the maximum stress is located on the lower segments, only those two were further refined: 
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Figure 57, electric motor curved segments, 5 beams 

As an increased security measure, the mesh was refined to 2 mm element size and the simulation was run 
again. This yielded a result of 240 MPa, a satisfactory result. 

 

 

Graph 4, refinement of the electric motor curved segment 
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In the above graph, it can be seen how increasing the number of segments from one to two increases the 
maximum Von-Mises stress from 170 MPa to 320, over the yield limit. After this results a further step of 
optimization was taken, increasing the size of the tube from 21.3x3 mm to 26.9x2.5 mm (increased 
diameter and decreased thickness). The result of the simulation that followed is point 2.5, using two 
segments and the bigger tube. After this extra optimization step, the number of segments was increased 
from two to four, which saw another increase in maximum Von-Mises stress from 220 to 245 MPa. For 
the following step, instead of dividing all segments, only those with the highest stress were further refined. 
The increase in segments from four to five resulted in a maximum Von-Mises stress decline to 215 MPa, 
indicating convergence had been reached. For a final simulation, the mesh element size was decreased to 
the minimum of 2 mm, and the resultant Von-Mises stress was 240 MPa, as reflected in point 5.5 in the 
graph. 

6.2.1.2 Connectors Curved Segment 
Now, the refinement of the connector curved segment follows. Because of the design of the frame, the 
refinement had to start with 2 beams. This is because of the seat stays and vertical stiffeners of the frame: 

 

Figure 58, connector curved segment, 2 beams 
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Figure 59, connector curved segment, 4 beams 

After the refinement, the most critical point shifted from the bottom connector to the top connector. 
Since the most critical segments were the ones closest to the back frame, only those 4 were further 
refined: 

 

Figure 60, connector curved segment, 5 beams, 2 mm mesh element size 

Further refining saw diminishing returns, even when refining the element size to 2 mm. The refinement 
of this curved segment is also stopped at 5 beams. 
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Graph 5, refinement of connector curved segment 

In graph 3, it can be seen how increasing the number of beams from 2 to 4 resulted in a 
substantial increase in VM stress of nearly 50 MPa. Further refining however, saw little increase, 
meaning convergence had been reached.  
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7 Appendix 3: Detailed Optimization 
By Gustavo Hylander Ruiz 

As mentioned in the main body, optimization was carried out, starting with the smallest bars in the whole 
frame and increasing the thickness and diameter of the most critical bars. Some bars received an increase 
in diameter and thickness despite not needing it as they were not aesthetically pleasing. Furthermore, 
further optimization steps had to be taken as the convergence analysis ran revealed certain critical points 
that had remained undetected because of the coarser mesh: 

 

Figure 61, VM stresses, linear analysis, 21.3x2 mm bars in all frame 

This was the first stage of the optimization, from here the critical bars would see an increase in thickness 
and diameter. While each diameter has several thicknesses available, the lowest thickness and highest 
thickness were used first, and in the case, the maximum thickness was too high, a lower one would be 
applied to the over-sized bar(s): 
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Figure 62, VM stresses, linear analysis, 21.3x3 mm critical bars 
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Figure 63, VM stresses, non-linear analysis, 21.3x3 mm critical bars 

Here it can be seen how the maximum displacement of the linear analysis is significantly higher than the 
one in the non-linear analysis. Linear analyses do not consider the increase in stiffness as a result of the 
deformation of the material, and as such is not suitable here, where very high loads are expected. From 
this point onwards, only non-linear analyses were performed, except for the final solution as an additional 
security measure. 
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Figure 64, displacement U, non-linear analysis, 42.4x4 mm critical bars 
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Figure 65, VM stresses, non-linear analysis, 42.4x4 mm critical bars 
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Figure 66, displacement U, non-linear analysis, 48.3x4 mm critical bars 
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Figure 67, VM stresses, non-linear analysis, 48.3x4 mm critical bars 
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Figure 68, VM stresses, non-linear analysis, 48.3x5 mm most critical bars, 48.3x4 mm critical bars, 21.3x2 mm rest 

It was at this point that it was found out that the tricycle had been in fact overloaded. A distributed load 
of 6 N/mm was applied, when the actual requirement was 3.5 N/mm. This was a perfect showcase of what 
happens when there is a miscommunication between the design and mechanical parts. Once the load was 
modified, the biggest bars were reverted to 42.4x4 mm. The second stage of optimization started as a sort 
of reverse process. There were certain bars that had been increased in size together with the most critical 
bars but were now oversized. The final design was reached with the bars outlines in table 3 in the main 
body. 
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