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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract 

This paper describes the design of a robot platform that can collect and disposing waste in passenger trains. It covers an analysis of the key 
design considerations for success in operating in a train environment, as well as considerations in manipulating waste in an often-confined 
space. The design constraints are analyzed for their importance in the successful development of a train cleaning robot. The analysis informs 
the development of three robot designs. These designs are assessed in their appropriateness for development against a baseline design that uses 
readily available parts. Among the three designs developed, one uses a vacuum powered arm similar to the type utilized in manufacturing 
plants, one is based on the dustpan and brush used in domestic cleaning, and one is based on a conveyor belt. These designs are assigned a 
percentage suitability for implementation in the automated train carriage cleaning system. Using the key values and the requirements the design 
should fulfil, a systematic investigation is undertaken. This investigation finds the conveyor belt design most appropriate for application due to 
the sustainable design and effective cleaning that can be undertaken without additional tools.  
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1. Introduction

In the UK, the rail industry spent £5.8 billion on operating
expenditure in the 2018-19 period [1]. A substantial amount 
of this cost is spent on cleaning and maintaining the trains. 
Recently the importance of automation for railway 
maintenance has been realised by several representatives of 
the sector [2]. This research is supported by the Rail Safety 
and Standards Board, with a view to automating the cleaning 
process for inside train carriages. The design of a robot 
capable of performing this task is an important step towards 
this goal. 

Currently, the cleaning process for train carriage interiors 
is entirely manual. Members of staff board the train once all 
passengers have departed and collect waste. Whilst this 
process is efficient, it offers much space for the process to be 
improved with automation. An automated train carriage 
cleaning robot has the potential to reduce some of the costs 
associated with cleaning trains. More importantly, the current 

process can be hazardous for employees. Reaching 
underneath seats is a poor ergonomic position for the back 
and could lead to health problems [3]. Additionally, cleaning 
staff often encounter hazardous biological waste which can 
also pose health risks [4]. 

For this reason, it is important to develop an automated 
service that can undertake at least part of the cleaning process. 
It is important to consider the needs of rail service providers, 
current cleaning operatives, and the physical constraints 
present that prevents the application of existing automated 
cleaning tools to this task. 

The aim of this paper is to identify a suitable design for a 
robot platform to facilitate an autonomous cleaning system for 
train carriages. This aim is quantified into three objectives, 
which describe the methodology and structure of the research. 
The first objective is the successful collection of data 
pertaining to the operating environment that the cleaning 
robot will work in. Data regarding the needs of rail service 
providers and the current cleaning process should also be 
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1. Introduction

In the UK, the rail industry spent £5.8 billion on operating
expenditure in the 2018-19 period [1]. A substantial amount 
of this cost is spent on cleaning and maintaining the trains. 
Recently the importance of automation for railway 
maintenance has been realised by several representatives of 
the sector [2]. This research is supported by the Rail Safety 
and Standards Board, with a view to automating the cleaning 
process for inside train carriages. The design of a robot 
capable of performing this task is an important step towards 
this goal. 

Currently, the cleaning process for train carriage interiors 
is entirely manual. Members of staff board the train once all 
passengers have departed and collect waste. Whilst this 
process is efficient, it offers much space for the process to be 
improved with automation. An automated train carriage 
cleaning robot has the potential to reduce some of the costs 
associated with cleaning trains. More importantly, the current 

process can be hazardous for employees. Reaching 
underneath seats is a poor ergonomic position for the back 
and could lead to health problems [3]. Additionally, cleaning 
staff often encounter hazardous biological waste which can 
also pose health risks [4]. 

For this reason, it is important to develop an automated 
service that can undertake at least part of the cleaning process. 
It is important to consider the needs of rail service providers, 
current cleaning operatives, and the physical constraints 
present that prevents the application of existing automated 
cleaning tools to this task. 

The aim of this paper is to identify a suitable design for a 
robot platform to facilitate an autonomous cleaning system for 
train carriages. This aim is quantified into three objectives, 
which describe the methodology and structure of the research. 
The first objective is the successful collection of data 
pertaining to the operating environment that the cleaning 
robot will work in. Data regarding the needs of rail service 
providers and the current cleaning process should also be 
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collected. Utilizing that information to produce a list of design 
requirements and limitations is part of the first objective. The 
second objective is creating three robot designs, considering 
the identified design constraints. These are compared to a 
design representing existing technologies and cleaning 
methods. The final and third objective is design evaluation 
using the metrics created with the collected data, with the goal 
of refinement of the most suitable design.  

2. Review of Existing Tools and Techniques 

2.1. Automated Cleaning in the Home 

Automated vacuums are increasingly popular, their current 
market size of $2.56 billion expected to increase by 17.7% in 
the next two years [5]. These mostly leverage a combination 
of two cleaning methods; vacuuming to collect small particles 
and sweeping with brushes to collect larger particles [6][7][8]. 
These automated cleaning systems possess many design 
qualities that contribute to their success in cleaning the home 
environment, such as a low profile which allows the robot to 
access hard to reach areas and successful miniaturization of 
two common household cleaning methods. It is possible that 
the tools that make these products effective at home cleaning 
could translate well to the train carriage environment so 
elements of the robot vacuum design will be tested. 

2.2. Automated Cleaning in Industry 

Similar platforms have been developed for the automation 
of cleaning in various sectors, with specialized navigation and 
manipulation tools. Gao et al. developed a floor cleaning 
robot that utilizes omni-directional wheels to access hard to 
reach areas [9]. Like the domestic robot vacuum cleaner, this 
robot also uses a vacuum system for cleaning. 

For specialist cleaning tasks, such as removing barnacles 
from marine equipment or litter picking, manipulator design is 
often less representative of the manual cleaning process 
[10][11]. In these cases, restrictions posed by either the type 
of debris or the environment being cleaned mean a different 
cleaning method must be implemented. This is important to 
consider in this instance as the manual cleaning process for 
train carriages is conducted without tools. 

2.3. Vacuum Grippers 

One reason that this study has been commissioned is 
because currently available automated cleaning methods are 
not suitable for the needs of rail service providers. Alternative 
object manipulation methods are explored to find a more 
appropriate method. 

Vacuum grippers are often utilized in warehouses [12] and 
other environments which involve the manipulation of many 
objects with an inconsistent geometry. The vacuum gripper 
has seen continual refinement since its inception, from 
increasing the grip across the end effector [13] to utilizing 
computer vision for highly accurate grasping with a 99% 
success rate [14]. 

Whilst this is promising for application to collecting waste, 
the application of vacuum suction for grasping may require 
some refinement for use in this application. Traditional 
methods “restrict… the items to be grasped to items having a 
relatively rigid, non-porous surface which is flat” [12] which 
is not always the case with waste present in train carriages. 

2.4. Pincer Grippers 

As robot arms become more commonplace in industrial 
production, pincer style grippers have become increasingly 
adapted for specialized tasks [15][16]. Even within a given 
field, they can grasp a variety of different objects with great 
precision [17]. It is reasonable to expect a specialized pincer 
to grasp a newspaper or cup reliably. This could also be a 
reasonable solution for the robot platform design. 

4. Methodology 

To select the most appropriate design for a cleaning robot 
platform, first the design requirements are identified. Some of 
these requirements are taken from an analysis of the current 
cleaning process. This considers the techniques currently used 
to clean, and the type of waste that needs to be cleaned, as 
well as the limitations of the train carriage environment. 

Through an interview process with representatives from 
rail service providers further requirements are identified, 
including the ideal time the cleaning procedure should take 
and the areas most contaminated by waste items.  

Additionally, the dimensions of the operating environment 
are taken to inform the ideal size of the robot. These 
measurements are taken from several different carriage types, 
focusing on the most enclosed areas. 

These steps inform the development of three preliminary 
designs. Additionally, a design representing existing cleaning 
methods (picking) and readily available technology is created 
to compare to the three novel designs. The four designs are 
then compared for suitability for implementation in an 
automated train carriage cleaning system based on the design 
requirements and constraints. 

5. Design Requirements 

5.1. Collecting Information Regarding the Operating 
Environment 

To gain an understanding of the current cleaning process, 
two cleaning teams were observed working in two different 
London train stations. A member of the cleaning team 
manually collects waste in 120-liter rubbish sacks. This 
indicates the need for the robot to be able to manage a large 
quantity of waste. This process is mostly effective at clearing 
waste and is efficient, taking up to five minutes to clean an 8-
carriage train. The main difficulty posed is the small under-
seat area that makes it difficult to observe and collect waste. 
This area will also be a constraint for the robot. Additionally, 
the area connecting two carriages is very uneven and could be 
difficult to traverse. If a robot had low clearance or small 
diameter wheels it could easily become stuck. From the 
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observation it became apparent that it will be difficult for an 
automated system to compete with the speed of the manual 
cleaning process, so instead the cleaning robot should focus 
on a more thorough cleaning process instead. 

From observation of the cleaning process, the two most 
common waste items appearing in train carriages are 
newspapers and disposable coffee cups. These appear far 
more frequently than any other waste type. 

In interviews with three representatives from rail service 
providers we obtained further information regarding the 
operating conditions. All three respondents identified the time 
that the train is in the depot overnight as the preferred time to 
perform the cleaning service. The reason given for this being 
the preferred cleaning schedule was to avoid interaction 
between the robot and passengers in all cases. The three 
representatives provided a window of time in which each unit 
would be stationary, the lowest time reported was 4 hours, 
and the highest 6. 

All three interviewees reported that the under-seat area was 
the area with highest occurrence of waste items. Two 
respondents reported low occurrence of waste in other areas, 
the top of seats and luggage racks. Newspapers and cups were 
universally identified as the highest occurring type of waste. 
One representative prioritized the cleaning of newspapers 
over cups because they can become stuck in the train door 
closing mechanism and cause delays.  

Space in the under-seat area is limited. We measured the 
dimensions of this area in 5 commonly used commuter and 
inter-city trains. Newer models utilize cantilevered seating, 
and this issue was not as prominent, but older carriages 
contain many points that pose significant constraints on the 
design. The British Rail Class 350 Desiro shown in Fig. 1  is 
one example of these challenging conditions for both human 
and robot workers. The under-seat area is 280 mm tall, with 
entry points as small as 310 mm at seating areas with a table. 
The British Rail Class 380 Desiro has similar constraints in 
the area where two seats are joined back-to-back (Fig. 1.) In 
this instance the entry point is 380 mm. 

The preliminary designs will be created with this 
environment in mind. The designs are all based on the Leo 
Rover open-source robotics platform. This was chosen for its 
small form factor and compatibility with most current 
technologies. 

5.2. Key and Secondary Value Attributes 

The design requirements discovered in the data collection 
process are used to measure the suitability of the preliminary 
designs created. Usually, the values of the design constraints 
and product end use can be used to create a numerical goal 

that each parameter should meet [18][19]. Considering the 
varied environments and cleaning routines discussed in 
interviews and observed, it is not possible to create one set of 
numerical parameters that satisfies all possible operations of 
the train cleaning robot. Instead, we classify 16 Secondary 
Value Attributes (SVA) based on the values discovered in the 
data collection process. These can then be classified into Key 
Value Attributes (KVA) based on themes within the 
requirements. The KVAs are considered the design 
requirements for the cleaning robot, although these are ideals 
to be optimized for rather than quantifiable numerical 
constraints. This classification enables weighting of design 
concepts based on the function and importance of the SVAs in 
each category. 

The requirements are split into four different KVAs, 
Environment suitability, effective cleaning, autonomous 
operation, and sustainability. These were weighted in 
accordance with their importance to the end user and how 
essential they are to the success of the cleaning robot.  

 
Table 1. Key and Secondary Value Attributes for Design Consideration. 

Environment suitability is assigned the greatest weight as if 
the robot fails to, for example, traverse the uneven flooring 
between carriages it will be unable to be implemented. 
Sustainability is considered least as although it is important 
for the commercialization of the design, a robot that cleans 
well but is less energy efficient than one that cleans poorly is 
more likely to be adopted. Autonomous operation and 
effective cleaning KVAs are weighted very similarly, with a 
small preference being given to autonomous operation. The 
importance of autonomous operation for the train cleaning 
robot was discussed by all interviewees. Specifically, one 
representative said that a design would not be adopted unless 
it could complete the cleaning task with no human assistance. 
Given this information, the KVAs were weighted as follows: 
Environment suitability 38%, Autonomous operation 27%, 
Effective cleaning 26%, and Sustainability 9%.  

Key Value 
Attribute 

Secondary Value Attribute 

Environment 
Suitability 

Robot size (optimize for smaller) 
Battery capacity (optimize for higher) 

Ground clearance (optimize for higher) 

Manipulator clearance (optimize for higher) 

Manipulator size (optimize for smaller) 

Wheel size suitable for traversing uneven flooring in trains 

Effective 
Cleaning 

Manipulator can effectively collect different types of waste 

Manipulator able to perform in enclosed environment 

Robot able to store or organize waste 

Robot can perform comparable cleaning to current process 

Autonomous 
Operation 

Robot able to clean multiple carriage designs 

Robot able to operate without precision waste detection 

Cleaning procedure uninhibited by obstructions 

Sustainability Design uses available components 

Design is energy efficient 

Design is cost effective 

 
Fig. 1. The 350 Class under-seat area (left) and the 380 Class between 

seat area (right) 
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Fig. 3. The vacuum manipulator design 

These weighted results can be used to attribute a numerical 
value to potential design solutions for the cleaning robot and 
identify the most suitable. Each design is scored for suitability 
for each of the SVAs. Then an average of these is taken to 
provide a score for each KVA. These scores can then be 
adjusted for the weights above, and the sum of these provides 
a total score for suitability for application. 

6. Preliminary Designs 

6.1. Baseline Design – PhantomX Pincher Arm 

To act as a baseline for comparison, a design is made 
demonstrating an automated cleaning robot using only 
existing components (Fig. 2). This design uses the Leo Rover 
robot platform and the PhantomX Pincher robot arm. 

6.2. Design 1 – The Vacuum Arm Design 

The first design developed, the vacuum arm design (Fig. 
3), utilizes a vacuum powered grabbing arm as described in 
[12] to collect both coffee cups and newspapers more 
effectively than the PhantomX Pincher arm. It again uses 
mostly existing components to reduce costs. The vacuum arm 
solves the problem of weak suction on irregularly shaped 
objects by using many small vacuum tubes connected to one 
surface, so if an object does not entirely cover the surface it 
does not break the vacuum seal. 

This solution also requires external support for waste 
collection/storage. This is due to much of the payload of the 
robot being taken up by the battery and vacuum system. 
Running the vacuum pump and actuators for the arm will 
require a large external battery. This also negatively affects 

the performance of this design in a confined space, as only 
one axis of movement is supported. 

6.3. Design 2 – The Scoop Design 

The second design, the “scoop” design (Fig. 4), utilizes a 
scoop system to collect both newspapers and cups effectively. 
The scoop enables the temporary storage of small amounts of 
waste, which will need to be deposited in a nearby container. 
This design is intended to closely mimic the manual cleaning 
process, much like the domestic robot vacuum design 
represents the vacuuming process [8].  Two servos raise and 
lower the scoop in a facsimile of human cleaning staff 
collecting waste, and two more tip the scoop to deposit the 
collected rubbish. 

This solution is designed to have some capability to store 
and manage collected waste and operate effectively in an 
enclosed space. A tool that directs this design towards waste 
items does not need to be as accurate as in other design 
concepts as the scoop has a large area to receive waste, and 
only operates when very close to the floor, removing an axis 
of movement. 

6.4. Design 3 – The Conveyor Design 

The third potential design, the conveyor and box (Fig. 5), 
utilizes a conveyor in lieu of a traditional manipulator to 
collect waste. It also has the capacity to store limited amounts 
of waste before needing to deposit it. This concept is 
suggested due to the need for a manipulator that can collect 

 
Fig. 2. A design utilizing the PhantomX Pincher arm 

 
 

 
Fig. 4. The design with the split scoop manipulator 

 
Fig. 5. The conveyor and box design 
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both disposable cups and newspapers with equal success and 
does not require an accurate object detection algorithm to 
perform the cleaning task. This design was motivated by 
research developing cleaning methods for cleaning windows, 
where a specialized manipulator is developed that pushes 
debris rather than relying on a grasping motion [20]. 

This solution is designed to be very effective at operating 
in a confined environment, as it does not need to lift the 
conveyor when collecting waste in the under-seat area. 

7. Results 

Considering the significant constraints on space, especially 
present in older carriage designs, it was not considered viable 
to create a design that could access every part of every 
carriage. However, the chosen design should optimize for 
suitability for operation in enclosed environments as much as 
possible. The chosen design should be able to adequately 
collect and store newspapers and cups, the most frequent and 
problematic waste items in the train environment. Suitability 
for this task is validated by considering the grasping 
technology utilized compared to the geometry of coffee cups 
and newspapers and the working environment. 

The designs are scored using their percentage suitability 
for each Secondary Value Attribute (SVA). The mean of these 
values is taken for each KVA, providing a percentage 
suitability. These four values are multiplied by the weights 
described in the “Design Selection” section and then the sum 
creates the overall total. 

Table 2. PhantomX Pincher Robot Arm Results. 

Key Value Attribute Suitability (%) Score (%) 

Environment Suitability 61.67% 23.43% 

Effective Cleaning 37.5% 9.75% 

Autonomous Operation 56.57% 15.3% 

Sustainability 70% 6.3% 

Total 58.38% 

The results in Table 2 provide a baseline for what can be 
achieved using only existing tools, the PhantomX robot arm 
design. The arm scored highly in the autonomous operation 
category as there is a precedent for automating the movement 
of a robot arm for waste collection and disposal [11]. 
However, this is often computationally expensive which could 
pose a problem when implementing this technique on the 
mobile computing hardware present in the Leo Rover robot 
platform. This design also scored highly for sustainability due 
to the design using few bespoke parts with a low power 
requirement. The robot arm design achieved an acceptable 
percentage suitability for the environment suitability KVA. 
The design of the PhantomX robot arm allows it to maneuver 
around obstacles. However, this will increase the 
computational complexity of the cleaning algorithm [21]. The 
PhantomX arm design scored lowest in the effective cleaning 
category. This is due to the end effector not being well suited 
for collecting cups or newspapers. The limitations of the arm 
when working in an enclosed environment and heavy reliance 
on image recognition tools to detect and locate the waste are 
other disadvantages.  

The vacuum design (Table 3) achieved 56.67% suitability 
in the autonomous operation KVA. This is due to the design 
being simpler to implement for the collection of newspapers 
and cups, however it does only have one axis of movement. 
The design is still reliant on waste item detection tools, 
however less so than the PhantomX arm. 

Table 3. Vacuum Powered Manipulator Results. 

Key Value Attribute Suitability (%) Score (%) 

Environment Suitability 61.67% 23.43% 

Effective Cleaning 55% 14.3% 

Autonomous Operation 56.67% 15.3% 

Sustainability 56.67% 5.1% 

Total 58.13% 

 
The vacuum achieved the same score as the robot arm design 
for the environmental suitability KVA. The manipulator size 
and shape are more appropriate than the robot arm for 
functioning in an enclosed environment. However, the 
vacuum system uses more energy to collect waste items. This 
design achieved a 55% suitability for effective cleaning. This 
is largely due to the vacuum system being better suited to 
grasping disposable cups and newspapers.  

Table 4. Split Scoop Manipulator Results. 

Key Value Attribute Suitability (%) Score (%) 

Environment Suitability 66.67% 25.33% 

Effective Cleaning 67.5% 17.55% 

Autonomous Operation 70% 18.9% 

Sustainability 63.33% 5.7% 

Total 67.48% 

 
The split scoop design (Table 4) achieved a high 

percentage suitability for the autonomous operation. The 
small profile of the design makes it less susceptible to 
conflicting with features of an unfamiliar carriage design. It 
needs only few actuators to function, so is an efficient system. 
The scooping motion has the potential to be as effective as the 
current cleaning process. It additionally needs very little in the 
way of programming for different waste types, as the 
scooping up of waste items should be equally effective for 
most types of rubbish. By being undertaking the cleaning 
movement at floor level the design is unaffected by the 
challenging geometry of the train seats. The design scores 
highly for sustainability too, with a very energy efficient 
design needing to power fewer servos than the PhantomX 
arm. Additionally, although it does use more bespoke parts 
than the robot arm, many other parts are commercially 
available. 

The conveyor design’s strength lies in its execution of the 
cleaning process (Table 5). Less reliance on software to enact 
the cleaning process ensures that the quality of cleaning will 
be as high as possible. The storage area for waste also 
contributed to the conveyor’s high percentage suitability for 
the effective cleaning KVA. The design is also sustainable, 
utilizing only a few motors to power the conveyor. Although 
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it relies on some bespoke parts, these can be produced using 
simple and widely available methods. 

Table 5. Conveyor and Box Results. 

Key Value Attribute Suitability (%) Score (%) 

Environment Suitability 63.33% 24.07% 

Effective Cleaning 82.5% 21.45% 

Autonomous Operation 66.67% 18% 

Sustainability 70% 6.3% 

Total 69.82% 

The conveyor and box design is well suited for operating 
autonomously as it can work in any train carriage with little to 
no modification. Additionally, the energy efficient design 
allows for a long maximum range. The fact that the conveyor 
needs to be close to the floor for the cleaning process does 
impact on environmental suitability, as it could potentially get 
stuck on obstacles. However, the design is well suited to the 
task of cleaning the under-seat area due to the clearance 
between the top of the conveyor and the bottom of the train 
seat. 

8. Conclusions 

The implementation of a robotic cleaning system for train 
carriages would introduce benefits for both rail service 
providers and service users. For service providers, automation 
of that process would result in significant savings. 
Additionally, the cleaning task poses hazards to workers and 
the developed system would remove humans from this 
environment. For service users, increasing the cleanliness of 
trains will create a more pleasant environment and an 
assurance that they are travelling in a safe manner. In a 2020 
survey of over 50,000 UK rail passengers 75% were satisfied 
with the levels of cleanliness inside trains [22]. An automated 
cleaning system could result in higher satisfaction and 
therefore increased custom for rail service providers. 

It has been shown that the conveyor design is most suitable 
for the automated cleaning system for collecting and 
disposing waste in passenger trains. The design achieved the 
highest weighted score for overall suitability, 69.82%. This 
includes the highest percentage suitability for sustainability 
and effective cleaning. The model can clean high importance 
waste items more effectively than any of the other models 
considered, whilst being resilient to enclosed operating 
conditions and cleaning in new environments.  

Outside of the suitability scores provided by the analysis of 
the KVAs and SVAs, consideration was given to the designs’ 
weaknesses and if they could be improved. The benchmark 
Phantom X robot arm design will always be operating at a risk 
of colliding with the environment if it is not accurately 
maneuvered. The conveyor concept has the potential to be 
modified for more robustness if this becomes problematic in 
future work. Additionally, if in testing the conveyor belt or 
rear storage area of the conveyor design does not fit in certain 
carriage types, the geometry of these can be easily adjusted. 

Further work in this research will see the production of a 
flexible navigation tool to guide the robot, and a waste 
detection algorithm.  
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