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Abstract 
Increasing demands, a need for more efficient manufacturing processes and pressure to 
remain competitive have been driving the development and use of technology in the 
industry since the industrial revolution. The number of operational industrial robots 
worldwide have been increasing every year and is expected to reach 3 billion by 2020. 
The aerospace industry still faces difficulty when it comes to automation due to the 
complexity of the products and low production volumes. These aspects make the use of 
traditional fixed robots very difficult to implement and economically unfeasible, which 
is the reason why the assembly process of aircrafts is mainly a manual work. These 
challenges have led the industry to consider other possibilities of automation, bringing 
the attention of many companies to humanoid robots. 

The aim of this thesis was to investigate the applicability of autonomous humanoid 
robots in aircraft assembly activities by focusing on four domains: mobility, manipula-
tion, instruction supply and human-robot interaction.  

A case study was made in one workstation of the pre-assembly process of a military 
aircraft at Saab AB, in order to collect technical requirements for a humanoid robot to 
perform in this station. Also, a state-of-the-art literature review was made focusing on 
commercially available products and ongoing research projects. The crossing of infor-
mation gathered by the case study and the state-of-the-art review, provided an idea of 
how close humanoid robots are to performing in the aircraft assembly process in each 
of the four domains. 

In general, the findings show that the mechanical structure and other hardware are not 
the biggest challenge when it comes to creating highly autonomous humanoid robots. 
Physically, such robots already exist, but they mostly lack autonomy and intelligence. 

In conclusion, the main challenges concern the degree of intelligence for autonomous 
operation, including the capability to reason, learn from experience, make decisions and 
act on its own, as well as the integration of all the different technologies into one single 
platform. In many domains, sub-problems have been addressed individually, but full 
solutions for, for example, autonomous indoor navigation and object manipulation, are 
still under development. 

Keywords 

Humanoid robot, manual assembly process, mobility, manipulation, artificial intelli-
gence, human-robot interaction. 
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1 

1 Introduction 
This chapter begins by introducing the context that generated the idea for this study 
and describing the problem addressed. Then the aim is presented followed by the for-
mulated research questions. Finally the delimitations of the study are described.  

1.1 Background 
By the end of World War II, the world experienced a technological boom, which in-
cluded the birth of industrial automation. This shift was driven by the increasing need 
to produce more consumer goods and was initially applied in the automotive industry 
by General Motors in 1961 (Kurfess, 2005; Siciliano & Khatib, 2016). Increasing de-
mands and need for efficient manufacturing processes are still driving the development 
and use of technology in the industry. As numbers from the International Federation of 
Robotics (IFR) show, the amount of operational industrial robots worldwide has been 
increasing every year. In 2017 there was a 12% growth in comparison to the previous 
year. The IFR estimates that over 3 million robots will be operational in the 
industry worldwide in 2020, representing a 14% average growth per year 
(International Federation of Robotics, 2017). 

The aerospace industry is one of those affected by the fast paced and demanding market, 
both in the civil and the military domains. Airbus and Boeing, two major corporations 
in the aerospace industry, foresee a substantial growth in demand for air travel in the 
future (Airbus, 2017; Boeing, 2017). Increased demand is also expected in the military 
defence field, pushed by NATO’s reaction to Russian activity along Europe’s periph-
ery, ongoing pacification operations in Afghanistan and Africa, and China’s military 
modernization (Forecast International, 2018). 

Although there is clear evidence of growth in the use of robots in the industry in general 
and in the demand for aircraft, the assembly process of aircraft, especially military, is 
still made mainly by human operators due to the large sizes, complexity and low vol-
umes (Xin, Li, Yu, & Zhang, 2015). These aspects make the use of traditional automa-
tion with fixed robots very difficult and economically unfeasible. This, together with 
an ageing population (United Nations, 2017) and the low interest the youth has in work-
ing in the industry (Svedberg, 2016; Turner, 2015), opens an opportunity for the devel-
opment of a relatively new robotic application: the use of humanoid robots to assist 
humans in the manufacturing processes.  

The definition of what constitutes a humanoid robot has grown in many different direc-
tions and is further discussed in section 2.2, but in general those are human-inspired 
robots (i.e. with arms, legs and/or hands) that are able to work the same way humans 
do and in the same environments. The idea is that humanoid robots might, in the future, 
have the same flexibility that humans have today, which would allow the use of this 

Markus Mikkelsen
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technology in processes that are ergonomically unsuitable for the operators, without 
demanding changes to the processes, tools and environments used. 

The study of humanoid robots for this kind of application has been growing around the 
globe. NASA and General Motors have been working together on the development of 
a humanoid robot to be used in the automotive and aerospace industries known as Ro-
bonaut 2 (NASA, n.d.). Airbus, has announced a collaboration with French and Japa-
nese researchers “dedicated to the research and development of humanoid robotic tech-
nology to perform complex manufacturing tasks in factories” (Airbus, 2016, p. 1). An-
other example is Shiseido Company that “has introduced a pilot program of deploying 
industrial humanoid robots on the assembly lines of makeup products […] starting from 
March 2017, for the first time in the world among cosmetics companies” (Shiseido 
Group, 2017, p. 1).  

In light of the above, it is clear that the industry in general, and the aircraft industry in 
particular, can largely benefit from the development of the field of humanoid robots. 
The study investigates existing products and ongoing research within the field of hu-
manoid robotics, and evaluates the applicability of this technology in the aircraft as-
sembly processes by studying a case in the military aircraft industry. 

1.2 Problem formulation 

The aerospace industry is facing an increasing pressure for higher productivity, manu-
facturing efficiency and consistent quality. Considering that the aircraft cannot be 
moved as easily as smaller products, the use of traditional fixed robots becomes inap-
plicable and ergonomic concerns emerge. Another aspect is that the large amount of 
operators can create variations on the end product, which could be reduced with the use 
of more flexible robotic solutions. 

The use of humanoid robots to assist humans in the assembly activities could be a so-
lution to increase productivity and decrease risks of injuries while using human thinking 
capabilities in higher-skilled ways (Tan et al., 2009), therefore this possibility was in-
vestigated.   

1.3 Aim and research questions 

The aim of this thesis was to investigate the applicability of autonomous humanoid 
robots in aircraft assembly activities.  

In order to fulfil the aim, a case study at Saab’s Aeronautics division in Linköping was 
used as starting point. This research should provide an overview of the application of 
autonomous humanoid robots in aircraft assembly activities and give the industry a di-
rection of where to put efforts for the future, considering that this could be implemented 
within the next 10 years. The research questions answered by this study were: 
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RQ1: What are the technical requirements from the aircraft assembly process to hu-
manoid robots regarding mobility, manipulation, instruction supply and human-robot 
interaction? 
The purpose of RQ1 was to identify the technical needs of the aerospace industry by 
investigating one case within the military aircraft assembly process. The requirements 
from the process were analysed based on the four categories appointed by the Technical 
University of Berlin as the main domains within humanoid robotics: mobility, manipu-
lation, perception and learning (Brock & Grupen, 2004). Following this analysis, solu-
tions that could fulfil these needs were investigated, which was the purpose of the sec-
ond research question. 

RQ2: What are the existing solutions and ongoing research within the field of humanoid 
robotics that could fulfil the requirements from RQ1? 
Crossing the findings from both research questions should give an idea of how close 
the industry is to finding autonomous humanoid robotic solutions that could attend to 
their needs, and also give the research community an overview of gaps that need to be 
further developed. 

1.4 Delimitations 

The study considers humanoid robots suitable for industrial applications within the air-
craft industry. Social robots, capable of keeping conversations, recognizing emotions 
and interacting with humans in a social way, are not the focus of the study. 

Because the production environment, workstations and tools have already been de-
signed for human operators, the study of humanoid robots focuses on the demands for 
a robot to perform in the existing environment. Minor adaptations are considered pos-
sible, but the goal is to develop the technology needed for the robot to perform as sim-
ilarly to humans as possible, not to redesign the work space to fit the robot’s limitations.  

1.5 Outline 

This thesis report is structured as follows. Next, in the second chapter, the theoretical 
background is presented, covering concepts that are used in the subsequent chapters. 
The methods used in this study are described in chapter three which shows details of 
how data was collected and analysed. The fourth chapter covers the findings and anal-
ysis for each of the categories defined in RQ1. The fifth chapter presents a discussion 
of the findings, a research quality discussion, the conclusions and suggestions for fur-
ther research. 
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2 Theoretical background 
This chapter presents the key concepts and definitions that are used and discussed 
within this study. The chapter starts with a presentation of the production system layout 
in the case study site. It continues with a discussion of the definition of the term “hu-
manoid robot” followed by a presentation of the field of Artificial Intelligence. 

2.1 Production system layout 

Production system layout is the physical arrangement of machinery and other equip-
ment in a workshop (Bellgran & Säfsten, 2010). The selection of the most suitable lay-
out depends on the kind of product being produced and the processes used (Slack, 
Chambers, & Johnston, 2010). Companies that restore furniture, for example, deal with 
high variety and low volume of products, which means that there is not a sequence of 
operations that is frequently repeated, making the need for controlled and optimized 
flow lower. This kind of operation would demand a different physical arrangement if 
compared to an automobile plant that produces high volumes of relatively low variety, 
where the same sequence of operations is repeated for all products, making internal 
flows important for economy of scale, predictability and controllability. 

There are four basic layout types: 

x Fixed-position layout: “the recipient of the processing is stationary and the 
equipment, machinery, plant and people who do the processing move as neces-
sary” (Slack, Chambers, & Johnston, 2010, p. 180). This layout can be used 
when the recipient is too big, delicate or impossible to be moved afterwards. 
This layout is used when performing a surgery or building a bridge for example. 
 

x Functional layout: similar equipment or resources are grouped together. This 
layout is chosen when this kind of grouping provides convenience as in super-
markets and hospitals where different specialties are in separate locations 
(Slack, Chambers, & Johnston, 2010). 
 

x Cell layout: different equipment and processes needed for the production of a 
specific product are grouped together in a cell. This layout can be used in a 
factory that produces different products and has a dedicated area for each of 
them (Bellgran & Säfsten, 2010; Slack, Chambers, & Johnston, 2010). 
 

x Line layout: equipment needed for making a product are arranged in line ac-
cording to the sequence of processes performed. This layout is very common in 
the automobile industry where all products of the same variant go through the 
same sequence and this allocation makes the flow predictable and easy to con-
trol (Bellgran & Säfsten, 2010; Slack, Chambers, & Johnston, 2010). 
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In the assembly area investigated in this study, the production mainly presents two lay-
outs: cell and fixed-position. Internally, each cell presents a fixed-position layout. For 
example, there is a cell that produces a specific part of the structure. Inside that cell, the 
structure is fixed and the operators move to it, taking parts and equipment to the prod-
uct. 

This layout might be the most suitable for some applications but it also has its draw-
backs. Because these products cannot be moved, the operators need to adapt themselves 
to the product, which sometimes means working in uncomfortable positions that might 
lead to health problems. 

2.2 Humanoid robots 

The literature presents quite a broad definition of what constitutes a humanoid robot. In 
a general sense, the word humanoid means “having an appearance or character resem-
bling that of a human” (Humanoid, n.d.), which is the main concern of the humanoid 
robots’ field, creating robots that imitate humanlike form and behaviour (Eaton, 2015; 
Siciliano & Khatib, 2016). 

Although these descriptions present what is included in the term humanoid robot, they 
do not set limits for how similar the robot needs to be to a human to be considered a 
humanoid. “The motivations that have driven the development of humanoid robots vary 
widely” (Siciliano & Khatib, 2016, p. 1789), which has made the field grow in many 
directions, making the boundaries quite blurry. 

In some cases, the motivation has been to build a robot that could imitate a human skill, 
which does not necessarily mean having any physical similarities. For example, dish-
washing machines can replace a human being doing the same task, but do not resemble 
a human in any aspect (Siciliano & Khatib, 2016).  

Another common view is connected to the environment. Human beings occupy and 
interact with environments that are suitable for human behaviour and form. Doors pre-
sent a convenient size for humans, objects tend to fit a person’s hand, the same happens 
to tables and chairs. Everything has been built for human beings and another perspec-
tive is that robots that can perform in an environment that has been built for humans, 
can be considered as humanoid robots (Eaton, 2015). This could be the case of robot 
vacuum cleaners for instance, which operate in environments built for humans but do 
not possess any humanlike characteristic as shown in Figure 1. Where to draw the line 
then? Is skill a requirement? Or is it physical appearance? 
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Considering that this definition is very wide and covers many kinds of robots with dif-
ferent physical and intellectual capabilities, Eaton (2015) has attempted to create a tax-
onomy to differentiate between robots by categorizing them in levels between 0 and n. 
This taxonomy includes the robot’s appearance, morphology, intelligence and dexter-
ity.  

Dexterity is a commonly used concept in the field of humanoid robotics and it refers to 
the end effector’s capacity of manipulating an object and changing its configuration 
within the hand while holding it (Siciliano & Khatib, 2016), similar to what humans do 
when spinning a pen between the fingers. The levels defined by Eaton are presented 
below: 

x Level 0 – Replicant: identical to humans in physical and behavioural aspects. 
Could not be distinguished from a human. 
 

x Level 1 – Android: very close to human in every aspect of morphology and 
behaviour with very high levels of intelligence and dexterity. 
 

x Level n-3 – Humanoid: close to human in “body” and “brain” with high levels 
of intelligence and dexterity, but could not be mistaken for a human. 
 

x Level n-2 – Inferior Humanoid: has the morphology of humans but could not 
be mistaken for one. Reasonable dexterity and intelligence, but may be confined 
to a limited task set. 
 

x Level n-1 – Human-inspired: looks unlike a human, has the broad morphology 
of humans, but could be either bipedal or wheeled. Limited intelligence and 
dexterity, and limited to a set of tasks. 
 

x Level n – BFH (built-for-human): looks nothing like a human but is able to 
operate in built-for-human environments. Generally designed for a specific set 
of tasks.  

Figure 1. Electrolux's vacuum cleaner 
(Electrolux, 2017). 
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This taxonomy does not include robots that do not incorporate locomotive abilities. 
Eaton (2015, pp. 35-36) wrote: 

 […] we only include robots which incorporate the notions of embodiment 
and locomotive abilities of some sort. These restrictions exclude robots […] 
such as the MIT COG project of the late 20th century, which involved the 
construction of a robot whose upper body was broadly humanoid, and had 
significant cognitive capabilities, but which did not possess locomotive 
ability (wheels or legs). 

For the aim of this study, a humanoid robot is considered as Eaton’s level n-3: a robot 
inspired by human morphology with high levels of dexterity and intelligence, but that 
could not be mistaken by a human. In this case, the robot is not limited to having two 
legs, two arms, two hands, a head and a torso. It could have, for example, three arms, 
four hands or any other characteristic that would improve its abilities. 

Because the focus is on robots that can operate autonomously, the limitation defined by 
Eaton regarding the need for some kind of autonomous locomotion also applies to this 
study. Therefore, robots such as the Nextage robot by Kawada Robotics shown in Fig-
ure 2 are not included. 

2.3 Artificial Intelligence 

Artificial Intelligence (AI) is the intelligence demonstrated by machines in contrast to 
natural intelligence demonstrated by animals and humans. As discussed by Russell and 
Norvig (2010), definitions of AI are spread, some of them considering it to be a science 
focused on replicating human behaviour and others focusing on reasoning processes 
and rationality.  

Figure 2. (a) Nextage robot by Kawada (Kawada, n.d.-b). 
(b) Nextage’s mobility illustration (Kawada, n.d.-a). 
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Considering this study, humanlike behaviour is not the main focus. This point of view 
would be more applicable for the study of social robots, where humanlike appearance 
(Figure 3), motions and speech are desirable. Rational reasoning, on the other hand, 
means inferring the needed knowledge from what is explicit in the available knowledge 
(Siciliano & Khatib, 2016) and acting accordingly, which is more connected to the con-
text of this project. 

Poole, Mackworth and Goebel (1998, p. 1) define AI as “[…] the study of the design 
of intelligent agents”, where intelligent agent is “a system that acts intelligently: what 
it does is appropriate […], it is flexible to changing environments […], it learns from 
experience, and it makes appropriate choices […]”. 

If we consider the situation in which a robot needs to pick up an object from a table, 
this robot will have to decide where to go, how to reach, how to grasp, where to place 
the gripper, how much force to use, etc. If a person has to specify every conceivable 
motion for picking every possible object, then the control program would be unattain-
able. This is where AI comes into place. Given an instruction, the robot should be able 
to identify possibilities, infer the appropriate actions, choose the order of execution and 
way of executing, and learn from the mistakes it makes (Siciliano & Khatib, 2016). 

All those steps refer to different capabilities that are addressed within AI which includes 
problem solving, learning, planning, natural language processing, motion, manipula-
tion, social intelligence, etc.  

Artificial Intelligence could give robots in the manufacturing context, the capability of 
reasoning and deciding how to achieve a specified goal without detail-specific instruc-
tions. Also, this kind of intelligence could give robots the capacity of reasoning in real-
time, being able to successfully work in uncontrolled environments. 

 

 

Figure 3. Sophia robot by Hanson 
Robotics (Hanson Robotics, n.d.). 
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3 Method and implementation 
The aim of this thesis was to investigate the applicability of humanoid robots in the 
assembly activities in the aircraft industry. The methods selected in order to achieve 
this aim are described in the following sections given the two research questions. 

3.1 Research question 1 

The first research question was formulated as “What are the technical requirements 
from the aircraft assembly process to humanoid robots regarding mobility, manipula-
tion, instruction supply and human-robot interaction?”.  

The main goal of answering this question was to identify the technical requirements for 
humanoid robots to be used in a specific application: the aircraft manufacturing process 
at Saab.  Since a case study’s aim is to provide a thorough examination of a specific 
scenario (Bryman & Bell, 2011; Yin, 2003), this approach was implemented in this 
study. 

The case study was performed at one specific part of the military aircraft assembly 
process in order to gather information on how the environment and the processes were 
arranged at the time. The goal was to gather the technical requirements for a humanoid 
robot to perform in the existing environment. The methods used for data collection for 
this question are displayed in Table 1 below. 

 

Table 1. Methods used for data collection by category. 

Domain Method for data collection 

Mobility 
- Observation of the workstation  

- Discussions with the production manager 

Manipulation 
- Analysis of 3D models of parts 

- Analysis of physical tools 

Instruction supply 

- Observation of the workstation 

- Observation of the work task 

- Discussion with the production manager 

Human-robot interaction 
- Observation of processes within and around the 
workstation 

- Discussion with the production manager 
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The data collected through these methods provided a detailed description of the work-
station, its surroundings and the work task, and made it possible to infer the skills de-
manded from a robot to operate in this context. Collected data included information 
about the following: 

x Mobility – sizes of passages, obstacles, stairs, area to be covered, storage of 
parts and tools. 
 

x Manipulation – sizes, weights and shapes of parts, tools and fasteners used, 
how operators handled those parts. 
 

x Instruction supply – how assembly instructions were supplied to the operators, 
how detailed the instructions were, how the managers expect to supply instruc-
tions to the robot, how managers expect the robot to operate regarding inde-
pendency and learning. 
 

x Human-robot interaction – what kind of human-robot interaction would be 
necessary in this application, how much managers expect operators and robots 
to interact. 

3.2 Research question 2 

The second research question was formulated as “What are the existing solutions and 
ongoing research within the field of humanoid robotics that could fulfil the require-
ments from RQ1?”.  

The main goal with answering this question was to provide a state-of-the-art review of 
the field of humanoid robots focusing on the requirements identified in RQ1. Therefore 
a literature review was conducted in relevant journals with focus on the latest publica-
tions in the area (Dochy, 2006). 

Initially, the search engine Primo available at Jönköping University’s library website 
was used for an exploratory search using combinations of general terms such as “hu-
manoid robot”, “manufacturing”, “assembly”, “industrial robot”, “human-robot collab-
oration”, among others. This initial search was used to raise more specific terms used 
in the field that would be more suitable for a deeper search. The terms used in the final 
search are displayed in Table 2 below according to the categories defined in RQ1. 
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Table 2. Search terms used for literature search. 

Domain Search term 

Mobility 
“humanoid robot”, “mobility”, “wheels”, “legs”, 
“tracks”, “autonomous”, “navigation” 

Manipulation 
“humanoid robot”, “manipulation”, “hand”, “grip-
per”, “grasp” 

Instruction supply 
“humanoid robot”, “instruction”, “robot program-
ming”, “robot learning”, “machine learning”, 
“teaching by demonstration” 

Human-robot interaction 
“humanoid robot”, “human-robot interaction”, 
“human-robot collaboration”, “cognitive”, 
“safety” 

 

The final literature search was made with combinations of the terms in Table 2 and was 
focused on relevant journals and databases. Because the aim was to map the state-of-
the-art in the field and not the whole development, the literature search was concen-
trated on papers published within the last 5 years.  

3.3 Implementation 

Regarding the first research question, in order to gather information about the work-
station and the technical requirements for the robot, multiple visits to the workstation 
were made. Those visits were mostly guided by the production manager responsible for 
the research into humanoid robots. According to Saunders et al. (2012), observation as 
a data collection method involves description, analysis and interpretation of the ob-
served setting. Therefore, the workstation was visited in five different occasions with 
focus on details of different aspects of the area. 

During all the visits, unstructured interviews were used in order to explore the topic and 
gain more insight on what the responsible manager had in mind for the application in 
the future. In unstructured interviews, the interviewer has a clear view of the topic that 
needs to be covered but uses open-ended questions in order to give the interviewee the 
opportunity to bring up new aspects, which can lead to unplanned follow up questions 
(Williamson, 2002). Recording interviews at the company was not allowed, therefore 
field notes were taken during and after each occasion, which, according to Fasick 
(1977) can be superior to the exclusive use of transcribed audio records. 

Gathering the technical requirements for instruction supply and human-robot interac-
tion was not as straightforward as it was for mobility and manipulation. Requirements 
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for mobility and manipulation were based on measureable dimensions such as dis-
tances, sizes and weights. Regarding instruction supply and human-robot interaction, it 
was very important to understand the manager’s view on how it should work in the 
future, as those would be significantly different from how the process worked at that 
moment.  

Therefore, the findings from the unstructured interviews were used to prepare questions 
for semi-structured interview performed later regarding the requirements for the robot. 
Semi-structured interviews use a list of pre-defined questions but also allow for follow 
up discussions (Williamson, 2002). The questions used for the interview are presented 
in Appendix 1. The interviews were performed in the assembly area so the aspects could 
be discussed and observed simultaneously. In these occasions, field notes were also 
taken during and after the interview. Due to the offices’ proximity, further discussions 
regarding smaller details were performed on a daily basis.  

The collection of data from 3D models was also made with the manager’s assistance as 
the files demanded clearance to be accessed. In this case, a set of 20 different parts were 
selected to be measured. The set included at least three different parts of each possible 
shape (i.e. tube, screw, plates) ranging from the smallest to the largest sizes. 

Regarding the second research question, the literature search was divided into the four 
categories defined on the first research question. For each of those, the title and abstract 
content were analysed before selecting the relevant publications. 

Because this area is currently under intense development across the world and the aim 
was on reviewing the state-of-the-art, most of the scientific publications found were 
proceedings from recent conferences. News from technology websites and press re-
leases from relevant companies were also used as sources. 

The crossing of information gathered by the case study and the literature review, pro-
vided an idea of how close humanoid robots are to performing in the aircraft assembly 
industry. 
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4 Findings and analysis 
This chapter presents the data collected from the case study and the state-of-the-art 
literature review. The chapter presents each of the domains 1) mobility, 2) manipula-
tion, 3) instruction supply and 4) human-robot interaction defined in research question 
1, starting with the technical requirements (according to Table 1), followed by the state-
of-the-art literature review (according to Table 2) and ending with an analysis com-
paring both.  

4.1 Case company 

This case study was performed at Saab AB, which is a Swedish company founded in 
1937 that serves the market with products within military defence and civil security. 
The company has operations in all continents and over 15,000 employees worldwide. 
Saab is divided into 6 business areas that develop and produce different kinds of prod-
ucts. Products offered by Saab include solutions for air traffic management, radars, un-
derwater vehicles, ground combat weapons and aircraft fighter systems. The company 
has annual sales of around SEK 28 million, of which around 25% is re-invested in re-
search and development (Saab AB, n.d.-a). 

The case study was developed within the business area Aeronautics, situated in Linkö-
ping, Sweden. This business area develops military and civil aviation technology, and 
performs studies of manned and unmanned aircraft. At the moment of the case study, 
the company was starting to look at new technologies to be used in the future production 
considering humanoid robots as one of the possibilities. 

4.2 Case description 

In order to evaluate the applicability of autonomous humanoid robots in the aircraft 
assembly process, one workstation of the military production was used as base for this 
case study. The station is part of the pre-assembly process of a fighter aircraft. The 
structure of these aircraft usually consists of frames that are assembled together simi-
larly to the ribs in the human body, as shown in Figure 4.  
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Frames’ sizes range from 3.0 to 4.5 m in width and around 1.5 m in height. In the pre-
assembly process, small parts are attached to the frames, as access becomes more dif-
ficult when the frames are put together as shown in Figure 5. As it is at the moment, all 
the steps included in this part of the process are performed by one single operator. 

 

 

 

 

Figure 4. F-35 fighter jet's structure (Alcoa, 2015). 

Figure 5. Production of Gripen E. Copyright Saab AB. 
Creator: Per Kustvik (Saab AB, n.d.-b). 
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4.3 Mobility 

In this section, the technical requirements for the robot’s mobility in the case study 
workstation are presented and analysed in relation to the state-of-the-art review. 

4.3.1 Technical requirements  

Because the production is mostly manual, the whole production environment was de-
signed to suit the human anatomy. Doors and passages, as well as the placement of tools 
and parts, are fitted for average size human.  

The cell has a fixed-position layout, meaning that the frame is stationary and the oper-
ator moves in order to get parts, tools and fasteners to attach to the frame. Shelves and 
panels, where parts and tools are stored, are surrounding the workstation. At the centre, 
two supports are fixed to the ground. Those supports are used for holding the frame 
while parts are attached to it and are equipped with a motor that allows vertical and 
rotational movement. 

An average workstation has an area of approximately 100 m2 with multiple access 
points, all of which are either levelled to the ground or few centimetres above it with a 
small ramp for access. The floor is levelled and there are no materials stored on the 
ground. Obstacles to be considered are pillars, supports for the frames located at the 
centre of the workstation, and shelves and workbenches that are mostly located in the 
outer limits of the area. 

One important fact is that a large portion of the fasteners used for installing parts to the 
frames are HI-LOK pins with one-sided installation. These fasteners are inserted in the 
holes from one side and a collar is placed on the opposite side. An automatic tool is 
then used to screw the collar in. The installation ends when the top of the collar breaks 
off as shown in Figure 6 below. The lose part of the collar usually ends up on the ground 
and, considering that many of those are installed, a significant amount of pieces will 
accumulate on the ground after a few hours.  

 

Figure 6. HI-LOK pin with one-sided installation (Lisi Aerospace, n.d.). 
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Considering the layout of the work area, the size of the frame and the nature of the task, 
it is clear that some kind of mobility is demanded from the robot. For successful loco-
motion in the assembly station, it is important for the robot to have the size of an average 
human, so there are no problems with doors and structures that are located overhead. 

Besides the mechanical aspects of mobility, the humanoid robot is expected to work as 
independently as the human operators. This means that the robot should have a high 
degree of autonomy to navigate in the working environment without the need for an 
operator to control it. 

4.3.2 State-of-the-art literature review 

The previous section covers requirements regarding the physical needs for a robot to 
move in the workstation as well as the need for autonomous navigation. This section 
presents a state-of-the-art literature review covering both these aspects separately. 

Mechanical structure 

When thinking of humanoid robots, it is common to imagine it having two arms and 
using two legs for locomotion, as that is the solution most similar to the human anatomy 
and therefore, the most suitable for robots operating in an environment built for humans. 
Over the past decades, research and development of legged robots has shown steady 
growth. Legged systems present one major advantage when compared to other locomo-
tion solutions, it allows access to irregular terrain that is often inaccessible with wheels 
or tracks (Silva & Machado, 2011). 

Many two-legged robots have been developed in order to be capable of moving just like 
humans. In 1986 for example, Honda started its research into humanoid robots devel-
oping two-legged walking structures that, in 2000, originated ASIMO (Figure 7a), a 
humanoid robot designed to improve life in human society (Hirose & Ogawa, 2007). 
ASIMO has been updated multiple times since then and today’s version can run at a 
speed of 9 km/h (Honda, n.d.).  

Korea’s Advanced Institute of Science and Technology (KAIST) has been working on 
humanoid robots since 2002. In 2009 KAIST introduced HUBO 2, a humanoid robot 
designed to be the lightest human-size humanoid robot in the world (Cho, Park, & Oh, 
2009). In 2015, KAIST team won the DARPA Robotics Challenge Finals with the robot 
DRC-HUBO+ (Figure 7b). The winning robot was based on HUBO 2 and developed 
to perform in scenarios that simulated disaster environments (Guizzo & Ackerman, 
2015). 

The National Institute of Industrial Science and Technology (AIST) in Japan together 
with Kawada Industries has been developing a Humanoid Robotics Platform (HRP). In 
2011, HRP-4 was introduced (Figure 7c). The robot was designed considering reduction 
of production costs (Kaneko et al., 2001). Recently, Airbus has announced a partnership 
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with AIST and France’s National Centre for Scientific Research (CNRS) in a research 
programme based on HRP-4, dedicated to develop humanoid robots to perform com-
plex manufacturing tasks in factories (Airbus, 2016). 

In 2017, Toyota announced the company’s third generation humanoid robot, T-HR3 
(Figure 7d). The robot is a step in development towards having robots that assist hu-
mans in their daily lives. The robot is controlled from a Master Maneuvering System, 
which consists of wearable controls that map the user’s movements and control the 
corresponding joints in the robot. The system is also equipped with a head-mounted 
display and force feedback. This allows the user to see the robot’s perspective and feel 
the reactive forces perceived by the robot (Toyota, 2017). 
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Figure 7. Examples of two-legged humanoid robots. (a) ASIMOS’s 2011 version by 
Honda (Honda, 2011). (b) DCR-HUBO+ by KAIST (Rainbow, n.d.). (c) HRP-4 by AIST 
and Kawada (Kawada, n.d.-c). (d) T-HR3 by Toyota (Toyota, 2017). 
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Most of the robots developed so far, including the ones mentioned above, use brushless 
DC motors to control the joints, but this area is currently under intense development 
and new technologies are presented to the public very frequently. Lately a few two-
legged robots have been developed using hydraulic actuation, which is the case of Atlas. 

Atlas (Figure 8) is a humanoid robot developed by Boston Dynamics that uses hydraulic 
actuation. The robot uses 3D printed parts to save weight and space. The robot is capa-
ble of travelling in rough terrain and is robust against disturbances, being able to get up 
if it tips over and can even backflip (Boston Dynamics, n.d.-a). 

 

All the robots presented so far are two-legged, which is normally used solution to give 
robots improved mobility in comparison to other solutions, especially when there are 
obstacles such as steps or when the robot needs to walk on rough terrain. On the other 
hand, the use of two legs significantly increases the complexity to control the robot and 
still needs development when it comes to energy efficiency, robustness, speed, versa-
tility and weight (Siciliano & Khatib, 2016; Silva & Machado, 2011).  

Considering the high complexity of legs, the tasks to be performed and the environment 
to be covered, it might be that two legs add complexity and challenges without making 
the performance significantly better. For example, in this case study, as described in the 
technical requirements, the workstation has a regular floor without any significant ob-
stacles for the robot to overcome. In that case, other mobility solutions might also be 
suitable, but more robust and more energy efficient. 

Figure 8. Atlas Robot by Boston Dynamics 
(Boston Dynamics, n.d.-a). 
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One of those possible solutions for mobility is to use wheels instead of legs and feet. 
That is the case of ARMAR-6 (Figure 9a), a robot developed in a collaboration between 
Ocado (a UK company), Karlsruhe Institute of Technology (KIT) and other research 
institutes, to assist humans in maintenance activities (Voica, 2018). 

Boston dynamics has also developed a humanoid robot that uses wheels. The robot is 
called Handle (Figure 9b), it uses the torso from Atlas and a wheel-leg hybrid for loco-
motion. According to Boston Dynamics’ founder and president Marc Raibert, this kind 
of hybrid can have the best of both worlds, making the robot less complex, more energy 
efficient, more stable and giving the possibility to move in regular terrains, which is 
typical of legged robots (Guizzo & Ackerman, 2017; Boston Dynamics, n.d.-b).  

 

Wheeled robots are suitable for a large amount of environments in practical applica-
tions, but it might be difficult to use wheels on places where the ground is irregular or 
there are steps for example. Another possibility for robot locomotion is to use tracks 
such as the ones commonly used in the design of tanks. Tracks offer wider contact to 
the ground, which enhances mobility in rough terrain if compared to wheels for exam-
ple (Siciliano & Khatib, 2016). CHIMP (Figure 10) is a humanoid robot developed by 
Carnegie Mellon University's National Robotics Engineering Center. The robot has 
tracks on its lower and upper limbs, giving it the possibility to move in irregular terrains 
with high stability, using the four limbs as support or standing on two and moving as a 
humanoid (Haynes et al., 2017). 

 

Figure 9. Examples of wheeled robots. (a) ARMAR-6 robot by KIT (Ackerman, 2018). 
(b) Handle robot by Boston Dynamics (Boston Dynamics, n.d.-b). 
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Table 3 below contains more detailed specification of each the robots presented in this 
section including height, weight and number of degrees of freedom (DOF). The AR-
MAR-6 robot is not included as specific data for this robot was not found. 
 

Table 3. Specifications of the humanoid robots presented. 

Robot Developer Locomotion Height 
(m) 

Weight 
(kg) DOF/joints 

ASIMO Honda 2 legs 1.30 48 57 DOF 

HUBO 2 KAIST 2 legs 1.20 43 38 DOF 

HRP-4 
AIST/ 

Kawada 
2 legs 1.51 39 34 DOF 

T-HR3 Toyota 2 legs 1.50 75 
32 DOF + 
10 fingers 

Atlas 
Boston  

Dynamics 
2 legs 1.50 75 28 joints 

Handle 
Boston  

Dynamics 
2 legs and wheels 2.00 105 10 joints 

CHIMP CMU 2 legs and tracks 1.50 201 39 DOF 

Figure 10. CHIMP robot by CMU using 2 and 4 limbs for locomotion. 
Adapted from (Falconer, 2013). 
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Autonomous navigation 

As described in the mobility requirements, the robot is expected to navigate in the en-
vironment as independently as a human operator. As explained by Alves et al. (2011), 
autonomy of mobile robots implies the ability to smoothly move through an environ-
ment while avoiding obstacles without human intervention. The autonomous robot nav-
igation problem is part of the Artificial Intelligence field and has been addressed in two 
parallel complementary manners: motion planning and obstacle avoidance. 

Motion planning algorithms are based on previous knowledge of the environment. This 
kind of algorithm allows a robot to consider its initial position, the goal position and 
the stored knowledge it has about the environment, in order to simulate possibilities and 
plan its path towards the goal. This type of solution does not consider uncertainties in 
the world, which means that it can be successfully used in known and predictable envi-
ronments (Siciliano & Khatib, 2016). 

Obstacle avoidance has a more local approach. In this technique, the goal is the same: 
to reach a target position without colliding with existing obstacles. The difference is 
that instead of collecting information about the obstacles from an existing map, it uses 
sensors to collect information during motion execution, giving the robot the possibility 
to react to obstacles. This approach makes the robot more flexible and able to navigate 
in unknown and unpredictable environments, but it also might create cyclic motions, 
for instance making the robot get trapped in a corner (Siciliano & Khatib, 2016). 

In order to successfully create a navigation system, both techniques need to be com-
bined. Motion planning provides global knowledge about the environment giving gen-
eral directions, while obstacle avoidance provides real-time reactivity. The combination 
of these techniques is mature enough to be implemented in real platforms. For example, 
those are some of the techniques implemented into autonomous cars. These systems 
usually combine high resolution maps of the world with radars that give the car real-
time information (Guizzo, 2011). 

 According to the literature, multiple algorithms using stereo vision, range sensors, 3D 
mapping, GPS, odometry and others, have successfully been used when implementing 
robot navigation. Although successful experiments have been made, those usually ad-
dress sub-problems within robot navigation, such as path planning, collision avoidance, 
map creation, search algorithms, etc. A complete solution should allow the robot to 
learn about the environment, recognize where it is located, recognize where it should 
go, plan a path and adapt to changes autonomously and fast enough to be able to process 
all the data and make decisions in real time. To date, there is not a complete navigation 
solution considered as optimal. That is because it is very difficult to compare results 
from different researchers, as there is great variation between the robots and environ-
ments used (Alves, Rosário, Filho, Rincón, & Yamasaki, 2011). 
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The implementation of reliable autonomous navigation in humanoid robots is still con-
sidered as the main challenge of autonomous motion in mobile robots, due to the com-
plexity of the system and the amount of different software components that need to be 
integrated (Siciliano & Khatib, 2016). 

4.3.3 Analysis 

In the application analysed in this case study, mobility is a mandatory capability for the 
robot to work in this type of assembly process. Legs, wheels and tracks were presented 
as possible locomotion solutions, all of them having pros and cons. 

Robots with legs have high flexibility to handle different terrains, but are very complex 
and inefficient when it comes to energy. Wheeled robots are significantly simpler to 
control and more energy efficient, but might present difficulty remaining stable in ir-
regular floors. Tracked robots are another possibility, presenting a stable base and sim-
ple control with lower flexibility. Hybrids can also be used. For example, Handle com-
bines legs and wheels, which makes the robot flexible and simpler to control (Boston 
Dynamics, n.d.-b). Another hybrid is CHIMP, that combines the stability of track with 
the legs’ flexibility (Falconer, 2013).  

For the application in the aircraft assembly process, regarding the mechanical structure, 
wheels and tracks can be considered as the most viable options. Mobility is a basic need 
for the robot, therefore it should be as simple as possible to control it in order to have a 
reliable solution that will not add unnecessary complexity to a robotic application that 
is already complex by nature. Regarding the lower flexibility that wheels and tracks 
offer in comparison to legs, that should not be a problem considering that the floor of 
the workstation is regular. 

Regarding the HI-LOCK fasteners and the lose part of the collars that might accumulate 
on the ground, those could make the robot slip while moving or generate instability 
when installing parts, which could compromise the accuracy of the work and generate 
errors. A solution could be to attach a container to the fastening tool that would store 
the lose parts and be emptied when needed. This would eliminate the risk for the robot 
and the need for cleaning the area at the end of the day. 

The use of these robots can also be considered in a more general way, comprising the 
assembly plant as a whole instead of being limited to one workstation. In that case, due 
to the fixed-position layout and the size of the product, there are stations with more than 
one floor that demand human operators to use stairs. Wheeled or tracked robots could 
not do that, but instead of adding legs, simple lifting platforms such as the ones used 
for wheelchairs could be installed. 

In the mobility domain, the mechanical structure seems to be an area quite developed 
already. Legged robots still need development in order to get more robust, reliable and 
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efficient, but it already is an existing technology. On the other hand, the software solu-
tion for autonomous navigation seems to still be a challenge. 

Autonomous navigation can be divided into sub-problems which have been individu-
ally addressed according to the literature. The challenge remains when it comes to cre-
ating a full solution, capable of dealing with all the sub-problems such as planning 
paths, avoiding obstacles and real-time response. The challenge becomes even larger 
when those solutions are to be implemented in humanoid robots, as this kind of robots 
integrate many different systems that should work in real-time simultaneously. 

One aspect that might make this solution simpler is that the area where the robot would 
work is limited and does not change frequently. Therefore, cameras could be used to 
make a 3D map of the area, which could be used by the robot for planning paths and 
localizing itself, removing the need for real-time mapping, which is complex and com-
putationally demanding. In order to have a full solution, sensors could be installed on 
the robot to give it the reactive behaviour against temporary changes.  

4.4 Manipulation 

In this section, the technical requirements for the robot’s manipulation capabilities in 
the case study workstation are presented and analysed in relation to the state-of-the-art 
review. 

4.4.1 Technical requirements 

Concerning manipulation, there are two aspects that need to be considered: arm reach 
and object manipulation, which are investigated in the following sections. 

Arm reach 

Regarding arm reach, the workstation has shelves with parts and tools which are de-
signed to be reached by human operators. In general, the work includes reaching for 
areas above the shoulder level, which is a very common movement for humans, but not 
necessarily simple for robots.  

This means that, in order for a robot to reach far enough and be able to work in the 
existing environment, it needs to have around the same height as an average human 
being and have the capability to raise its arms above its head. It is common for human-
oid robots to be around 1.50 m tall (Boston Dynamics, n.d.-a; Honda, 2011; Kawada, 
n.d.-c; Toyota, 2017), which is significantly lower than 1.80 m, the average male height 
in Sweden (NCD-RisC, n.d.). This means that raising the arms above the shoulder level 
is a necessary feature.  
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Object manipulation 

Regarding object manipulation, the pre-assembly station handles over 100 different ob-
jects, including parts and tools. In traditional automation, to handle different objects, 
different grippers would be needed as well as an automatic mechanism to change be-
tween them. On the other hand, observations of the workstation show that the manipu-
lation of all different parts and tools is made by one operator, without the need for 
assistance from different devices. This is possible due to the flexibility and adaptability 
of the human hand that naturally adapts to holding a 2 kg tool, an 80 mm part or a 5 mm 
screw. This adaptability is not as straightforward for a robot, therefore it is necessary to 
investigate the ranges of sizes and weights which the robot would need to handle. 

Data on sizes and weights of parts used at the case study work station was collected and 
evaluated. The same was done with the tools used in the process. For the application 
investigated in this study, the robot’s end effectors should have the capacity of holding 
up to 3 kg, but also be sensitive enough to handle fasteners, nuts and rivets that weight 
less than 10 g. Regarding sizes, the robot needs to handle electric screwdrivers and other 
hand tools that have a handle measuring up to 40 mm in diameter. Also, the robot needs 
to manipulate parts that range between 3 mm (i.e. nuts, screws) and 80 mm (i.e. tube’s 
diameter, plate’s length). The biggest parts usually have large diameters, but those are 
similar to pipes, meaning that there are smaller edges such as the pipe’s wall, that could 
be used for gripping if that would be more suitable for the robot’s end effector.   

Due to the high amount of different shapes and sizes handled, it is not viable to make a 
set of instructions dedicated to each different object. Therefore, it is also important for 
the robot to have the capability of recognizing the different objects and manipulating 
them without specific instructions.  

From the descriptions above, the technical requirements for object manipulation can be 
summarized as follows: 

x Overhead reach is necessary. 
x Manipulation of objects between 10 g and 3 kg. 
x Manipulation of objects between 3 and 80 mm. 
x Manipulation of both round and flat objects within the ranges above. 
x Capability of recognizing and manipulating objects without specific instruc-

tions. 

4.4.2 State-of-the-art literature review 

This section presents a state-of-the-art literature review of both aspects defined in the 
previous section: arm reach and object manipulation. According to the requirements 
presented above, the robot needs to reach and manipulate objects autonomously, which 
indicates that some degree of intelligence is needed. Therefore, the software part of this 
solution is also reviewed in this section. 
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Arm reach 

Regarding arm reach, as described above, it is very important for the robot to have the 
capability of raising the arms above the head in order to perform in the existing work-
station. The joints and links of the shoulders and elbows are the ones that determine the 
reachable workspace of an arm, also known as envelope (Siciliano & Khatib, 2016). In 
the human body, elbows only have 1 DOF, a characteristic often reproduced in human-
oid robots, therefore shoulders play an important role in this capability. 

The human shoulder is a very complex structure with wide range of motion and flexi-
bility. Most humanoid robots have shoulders with 3 DOF attached to the rigid structure 
of the robot, which does not allow the same flexibility as the muscle attachment on the 
human shoulder (Sodeyama, Mizuuchi, Yoshikai, Nakanishi, & Inaba, 2005). Other 
reasons for this limitation include the mechanical constraints on the motion of each joint 
and control constraints related to singularity avoidance (Siciliano & Khatib, 2016), 
which makes it difficult to make a robot, for example, position its arm vertically 
straight. 

Although they do not present the same flexibility, all the examples of humanoid robots 
described in section 4.4.1 have the capability of raising the arms above the head. This 
is possible because, even though the upper arm has a limited range and usually cannot 
be completely vertical, reaching higher positions is possible by moving the forearm up 
as shown in Figure 11 below. 

As it is possible to see on Figure 11, ASIMO can reach over its head by moving the 
upper arms as high as possible and complementing that motion with the forearms. Alt-
hough most of the robots have this capability, due to the limitations presented above, 
the robot’s envelope is quite limited in comparison to a human being. 

Figure 11. ASIMO robot by Honda with arms raised up (Honda, 
2011). 
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Object manipulation 

Object manipulation has been an area of interest for a long time starting in the medical 
field when hand surgery, prosthetic devices, congenital defects and injuries were stud-
ied. Once there was an interest in creating robot hands, the study of the human hand 
became relevant in the engineering field for characterizing grasps and modelling the 
manipulation process (Cutkosky, 1989). 

In 1956, when studying hand movement patterns, Napier concluded that there are two 
main categories that can define all movements used to partly or fully hold an object: 
power grip and precision grip. Power grip is characterized by large areas of contact 
between the object and the surfaces of the palm and the fingers. It is used when stability 
and security are predominant, for example when holding a hammer. Precision grip is 
characterized by holding an object using the tips of the fingers and thumb. It is used 
when sensitivity and dexterity are needed, for example, when screwing a nut onto a bolt 
(Napier, 1956). 

In his study, Napier showed that the main factor for selecting which kind of grip to use 
is the intended activity, contradicting previous studies that set shape as the decisive 
factor (Taylor & Schwarz, 1955). For example, when unscrewing a tightly screwed lid 
of a jar, as shown in Figure 12 below, a power grip (a) is used. Once the lid becomes 
loose, the hand assumes the precision grip posture (b), which suggests that the intended 
activity defines the choice of grip, not the shape of the object. 

 

When it comes to object manipulation in the manufacturing context, studies have also 
been made in order to find patterns. Cutkosky observed the grasps used by machinists 
working in a small batch manufacturing process and created a model that could predict 
which grasp a human would adopt. The model used inputs such as object size, shape 

Figure 12. Different grips used depending on the intended activity. (a) Power grip used 
when the lid is tightly screwed. (b) Precision grip used when the lid gets loose (Napier, 
1956). 
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and thickness, and dexterity and stability requirements, with the latter having higher 
priority in the decision (Cutkosky, 1989).  

Finally, in 2013 a study was made to find versatile sets of grasps that would allow 
dexterous manipulation of a wide range of objects. The study had two housekeepers 
and two machinists wearing a head-mounted camera that recorded their hand use during 
normal work. The results showed that the housekeeper’s hand-work was focused on 
power grasping and simple object transportation, while the machinists presented a mix 
of power and precision with higher amounts of dexterous object handling. This study 
concluded that medium wrap (such as holding a microphone) and lateral pinch (such as 
handing a credit card to someone) are the most versatile grasps for basic object han-
dling. It also showed that 3-fingertip grasps are the most versatile for precise and dex-
terous manipulation (Bullock, Feix, & Dollar, 2013). This result supports the findings 
from Mason and Salisbury that showed that theoretically, for human-like manipulation, 
a minimum of three fingers are needed with 3 DOF each (Mason & Salisbury, 1985). 

Considering what is described above and that, according to the requirements presented 
in section 4.4.1, both power and precision grips are needed, the review of manipulators 
in this study is focused on humanoid grippers with 3 or more fingers. 

There are a few examples of 3-finger grippers that are already available in the market. 
One of them is the 3-finger Adaptive Robot Gripper developed by Robotiq. The gripper 
can operate in different modes as shown in Figure 13, allowing for power and precision 
grips and can handle objects up to 155 mm. Controllable parameters include position, 
speed and force control of each finger, and feedback includes grip detection and motor 
encoder position. 

Figure 13. 3-finger Adaptive Robot Gripper by Robotiq 
(Robotiq, n.d.). 
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Another 3-finger gripper available in the market is the Smart Grasping System (SGS) 
developed by Shadow Robot Company. The gripper is equipped with torque sensors 
that monitor torque in the springs of the joints. The fingers can also rotate around the 
base, making it possible to grip with precision or power (Figure 14) depending on the 
object (Shadow Robot Company, n.d.). The gripper is equipped with its own embedded 
artificial intelligence that recognizes objects and selects the best way to grip them. Both 
grippers mentioned above were designed to be installed to existing robots as a module. 

The human hand is a very complex organ and has multiple capabilities such as grasping, 
holding, perceiving temperature, weight, surface roughness, among others. 3-finger 
grippers have the capability of grasping and holding, and could even be equipped with, 
for example, temperature sensors, but they cannot replicate the dexterity of the human 
hand. 

Anthropomorphic hands that have more DOF are more likely to have this capability. 
Humanlike hands with more than three fingers have been studied and developed by 
several research institutes for the past few years. In 2000, for example, the Tokyo Uni-
versity of Agriculture and Technology in Japan and the University of Karlsruhe in Ger-
many, developed a humanoid hand with 20 DOF controlled by 1 actuator to be installed 
on the robot ARMAR (Fukaya, Toyama, Asfour, & Dillmann, 2000). 

Humanoid hands with four or five fingers are also available in the market. Shadow 
Robot Company has developed both of them. The 5-finger Shadow Dexterous Hand 

Figure 14. Smart Grasping System by Shadow. (a) Finger configuration that allows preci-
sion grip. (b) Finger configuration that allows power grip (Shadow Robot Company, n.d.-c). 
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(Figure 15a) comes in two versions, electric or pneumatic. Both versions have been 
designed to be similar to a typical male hand in shape and size. The joints can be con-
trolled by their position with +/-1º steps. Installed sensors include joint position, force 
(motor) or pressure (pneumatic) and tactile sensing (Shadow Robot Company, n.d.-b). 

Shadow has also developed Shadow Hand Lite (Figure 15b), a smaller, lighter and 
cheaper version of the 5-finger hand. The lite version lacks the little finger and the wrist, 
which allows for a smaller forearm, as both versions have all actuation and sensing built 
into it (Shadow Robot Company, n.d.-a). 

Schunk is another company that commercializes grippers for industrial applications and 
has also released a humanoid hand. The 5-finger Gripping Hand SVH (Figure 16) has 
9 motors controlling 20 joints and can handle objects up to 50 cm in length. The product 
has the control built into the wrist and has been certified for use in human-robot collab-
oration by the German Social Accident Insurance (Schunk, 2017). 

Figure 15. Humanoid hands by Shadow (Shadow Robot 
Company, n.d.-c). 
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Table 4 below provides more detailed specifications of the grippers presented in this 
section. 

 

Table 4. Specifications of the grippers presented. 

Developer Number of 
fingers DOF Weight (kg) Max payload (kg) 

Robotiq 3 N/A 2.3 
10 (power) 

2.5 (precision) 

Shadow 

Robot 
3 9 2.8 2 (power) 

Shadow 

Robot 
4 13 2.4 4 

Shadow 

Robot 
5 20 1.4.3 5 

Schunk 5 20 1.3 0.850 

 

 

Figure 16. 5-finger grasping hand SVH by Schunk (Ruehl 
et al., 2014). 
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The SVH hand by Schunk has been submitted to an experiment in which different kinds 
of grasps were tested with different objects. Out of the 16 possible grasps, 14 were 
successfully executed. The results show that unsuccessful tests happened mainly due to 
the limitation on the thumb. While a human thumb can touch the tip of all fingers, the 
SVH thumb can only touch the tip of the index finger, which prevents the opposition of 
the other fingers for precision grasp (Ruehl et al., 2014). The limitation in the thumb joint 
also limits the maximum size of handled objects. According to this experiment, the 
maximum distance between the thumb and index finger is 10 cm. 

Another study has been made comparing a 3-finger gripper and a 5-finger hand. Both 
were tested on grasping 21 different objects. For regular objects both were considered 
reliable. For smaller, long or irregular objects, the two additional fingers made a signif-
icant difference on the success rate, allowing for more versatile grasp selection and 
better object enclosing. Optimizations using training and simulations were made in an 
attempt to improve the success rate of grasps. For example, before optimization none 
of the end effectors could grasp a pencil in any of the 10 attempts. After the optimiza-
tion, the 5-finger hand managed to grasp the pencil 8 times out of 10 tries. The 3-finger 
pencil did not show any improvement (Röthling, Haschke, Steil, & Ritter, 2007). 

Software 

Using a robot to grasp and manipulate objects includes different areas such as computer 
vision, image processing, control theory and multiple algorithms within Artificial In-
telligence. This kind of task comprises different problems such as object detection, 
recognition, categorization and selection of grasp (Siciliano & Khatib, 2016). 

This entire process starts by collecting data about the object to be grasped. Three-di-
mensional vision is commonly used for this kind of data collection. Due to rapid pro-
gress and cost reduction, cameras have become a standard sensor in robots, but on the 
other hand, they provide a large amount of information that needs to be filtered. Differ-
ent techniques within image processing are applied to extract the information that is 
relevant, in this case it is necessary to understand the object’s shape and functionality 
(Madry, Song, & Kragic, 2012). For example, a screwdriver and a carrot have similar 
shapes but their functionalities are different, which would demand a different grasp for 
each of them.  

After collecting the data, the robot needs to categorize the object in order to generate a 
set of possible grasps and select the most appropriate one. One approach is to use a 
database to store objects previously learnt by experiments or simulations, with a set of 
possible grasps. Detected objects then can be compared to the database in order to find 
a solution among the ones it already knows (Herzog et al., 2012). Another common 
approach is to approximate the object to one of the primitive shapes such as spheres, 
boxes, cones or cylinders. This reduces the number of possible grasps, making the 
search for a suitable one faster (Huebner & Kragic, 2008).  
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Once an appropriate grasp is selected, the robot needs to execute it. For an industrial 
robot arm with a fixed base, this can be done by controlling the position of each of the 
joints, but this is not how humans solve this problem. Humans rely on their sight to see 
where the object is and move towards it. This principle is also being applied in robotics 
and it is called visual servoing.  

Visual servoing refers to using visual data to control the motion of a robot in real-time. 
The visual data can be acquired from fixed cameras installed in the workspace or from 
cameras installed on the robot itself, like human eyes or directly on the end effector. 
This principal is being applied in multiple studies (Shu, Gharaaty, Xie, Joubair, & 
Bonev, 2017; Hwang, Lee, & Jiang, 2017) and vision systems for industrial applications 
are already commercialized.  

One of these products is the Intelligent Vision System developed by Unibap, which 
consists of two cameras and a built-in computer. To control the robot, the operator uses 
a regular 3D modelling software to create a final assembly model with all the desired 
components. This model is exported to Unibap’s system that will use the cameras to 
recognize the different components in the real world and place them as shown in the 
given model (Unibap, n.d.). 

Using this type of control eliminates the need to detail every step the robot needs to 
take to conclude a task, which is the approach currently used in the industry. Visual 
servoing can make it possible for a robot to generate and control its own motion when 
given an initial and an end state.  

As the interest in using humanoid robots to assist humans in everyday situations grows, 
so does the need for complete solutions that allow robots to recognize and know how 
to grip different objects. Multiple research institutes have been working in this area.  

University of Lisbon and University of London have worked together addressing the 
precision problem of using cameras as eyes, when compared to placing them directly 
on the robot’s hands (Vicente, Jamone, & Bernardino, 2017). Universities in China and 
Pakistan have been working on teaching grasping to humanoid robots by demonstration 
(Ahmad, Yao, Muddassir, Chiragh, & Ali, 2017). 

Massachusetts Institute of Technology and Princeton University have recently pub-
lished a study where a robotic pick-and-place system was developed. According to the 
authors, “the key new feature of the system is that it handles a wide range of object 
categories without needing any task-specific training data for novel objects” (Zeng et 
al., 2018, p.1). 
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4.4.3 Analysis 

As discussed above, for a humanoid robot to work in the existing workstation, shoulder 
movement and overhead reach are very important features. Also, humanoid robots are 
usually shorter than the average operator and have some limitations when it comes to 
raising their arms, which makes overhead reach even more limited. For this application, 
in case the shoulder movement is limited and the robot is not able to reach the necessary 
height, other possibilities can be considered. The fixed support used for holding the 
frame is already equipped with motors, which could be used by the robot to move the 
frame up or down to a position in which it can reach the desired location. In that case, 
shelves and storage for tools and parts might also need corresponding adjustments. 

Regarding object manipulation, as the studies show, the 5-finger hand performs signif-
icantly better than the 3-finger gripper when it comes to dexterity and flexibility for 
handling objects of different sizes and shapes. In this case study, the parts and tools 
used in the workstation vary significantly in size, shape and weight, which indicates 
that a 5-finger hand would be the most suitable end effector for the humanoid robot. 

As presented in the requirements, the robot should be able to install 3 mm nuts to 
screws. Although 5-finger hands theoretically can handle very small objects, picking, 
placing and installing such a small nut can be a great challenge for them. Therefore, 
tests are needed in order to evaluate if joint and sensor precision are accurate enough to 
give the desired degree of dexterity and reliability, or if more development is needed. 
In case the necessary dexterity cannot be achieved in a reliable way, a portable auto-
matic tool that installs nuts could be used. This kind of solution already exists in fixed 
machines used in manufacturing, therefore an adaptation to a portable tool would be 
needed.  

When it comes to weight, some of the manipulators are able to handle even the heaviest 
tools, but that is only possible when using the power grip mode, which does not offer 
the same accuracy as the precision mode. For the application considered in this case 
study, 3 kg tools are still used with considerable precision since very small screws, nuts 
and rivets need to be installed to the frame. In this case, accuracy shows more relevance 
than power.  

In order for the robot to be able to handle the tools without losing precision, spring 
balancers can be used. Those are small devices used for hanging tools from above Fig-
ure 17. They hold the weight of the equipment so the operators can move it to the de-
sired position without caring the weight themselves. The implementation of this kind 
of solution directly affects the arm reach aspect described above, therefore both need to 
be taken into consideration simultaneously. 
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When it comes to autonomously recognizing and grasping objects, the robot highly re-
lies on a software able to extract relevant data from images, analyse it using previous 
knowledge and internal simulations, and control the robot’s movement. Clearly this 
kind of solution would demand a high degree of integration between all the components, 
which can be a very challenging task. On the other hand, extensive research is being 
made in this area and successful experiments have already been presented in this report.  

One positive aspect that might make the software less complex, is that the amount of 
parts and tools handled in the workstation is limited and changes do not occur often. 
This makes it possible to teach the robot and create a database that can be accessed 
when object manipulation is needed. That would make the robot’s response time shorter 
and reduce the probability of errors. 

Precision might be one of the biggest challenges in this application. In humanoid robots 
using visual servoing, cameras can be installed on the head (eye-to-hand) or on the hand 
itself (eye-in-hand). Having cameras on the head is useful for navigation and can be 
used for object manipulation, but the long kinematic chain from the head to the hand 
can accumulate errors, affecting the robot’s accuracy when handling parts. Having cam-
eras on the hands can increase this accuracy but is not practical for navigation purposes. 
Therefore, the humanoid robot should have cameras both on the head and hands in order 
to provide the navigation and the accuracy that the application demands. 

  

Figure 17. Spring balancer (Jensen 
Tools, n.d.). 
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4.5 Instruction supply 

In this section, the technical requirements for how instructions should be supplied to 
the robot are presented and analysed in relation to the state-of-the-art review. 

4.5.1 Technical requirements 

This study considers a new technology application in an existing environment, therefore 
physical demands for mechanical aspects such as mobility and manipulation can be 
specified. When it comes to instructions supply, specific requirements have not been 
established, but there is a concept of how it should work. 

The idea is that the robot should be as autonomous as an operator, which means that 
instructions should be given in the highest possible level and everything else including 
navigation, decision making, manipulation and motion control, should be performed by 
the robot itself. 

When a new operator starts working at one of the workstations, this person needs to get 
some basic information. This would include information on the location of the station, 
frame, tools, parts, etc. Similarly, the robot should receive this kind of rules about the 
spatial boundaries it is constrained to, the rough location of relevant objects, etc. Once 
those rules are provided in the beginning, the robot should be able to find its own solu-
tions to do the work. 

In an ideal situation, the robot receives a 3D model of the initial and the goal states of 
a frame and is then capable of planning and executing all the steps to achieve the given 
goal. 

4.5.2 State-of-the-art literature review 

Traditionally, when installing an industrial robot, a specialist needs to know the process 
and described each step to be executed by the robot. The automation solutions are usu-
ally customized for one specific application and, if there is any change in the process, 
the instruction also needs to be changed, which usually demands hiring a specialist. 
This type of solution can be profitable for companies that produce high volumes of the 
same product. For the ones that produce small batches, instructions need to be changed 
more frequently and more time is spent on setups, which makes the traditional automa-
tion unprofitable. This has created the need for a new approach for instructing industrial 
robots that offers efficiency and flexibility.  

Recently, a new generation of mechatronic robots has appeared, bringing new concepts 
that allow human-robot collaboration in industrial environments. Collaborative robots 
usually have arms equipped with sensors and limitations that allow for people to work 
in close proximity to the robot without the need for isolation. Those robots usually allow 
for a more intuitive way of instructing in which the operator can physically guide the 
robot to the desired position. Those positions are memorized by the robot and a routine 
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is created in a much shorter time. This approach is called teaching by demonstration 
and it makes it possible for operators without technical knowledge to teach robots, al-
lowing for cost-effective automation even when producing small batches and high va-
riety (Schraft & Meyer, 2006).  

Besides simplifying the way instructions are given to robots and being safer for humans, 
robotics is making large advancements in creating robots able to assist humans in daily 
activities, which entails constantly dealing with new tasks and dynamic environments. 
Pre-programming all possible tasks and scenarios for such robots is unattainable, there-
fore robots need to be able to learn by themselves. That is where machine learning, also 
referred to as robot learning when in the robotics context, becomes an important tool. 

Machine learning is an area within Artificial Intelligence that gives machines the ability 
to learn and make predictions and decisions based on its own knowledge. Differently 
from teaching by demonstration, in which a person needs to teach the robot, machine 
learning uses data sets to provide information for the robot learn on its own. 

In the robotics context, numerous sub-problems are addressed by different machine 
learning techniques such as face recognition, object detection, object grasping, speech 
recognition, natural language understanding and generation, search engines, translation 
and many others. 

Robot locomotion and control can also benefit from machine learning. Controlling a 
robot requires a model of it. With increasing complexity of modern robot systems, the 
standard models used for control are rough approximations that do not accurately rep-
resent the system. Also, continuously used robots are subject to wear and tear that can 
incrementally change the system’s dynamics, which also cannot be included in the con-
trol models. Those control related issues can be addressed if the robot is able to con-
stantly learn directly from measuring its state. Within machine learning, model learning 
and reinforcement learning are commonly used techniques, especially for robotic ap-
plications regarding action generation and control (Siciliano & Khatib, 2016).  

Model learning is basically learning from examples. Instead of relying on manually 
generated and programmed models, the robot needs to be able to generate the models 
itself by accessing and analysing the data it has access to. Given a data set composed 
of pairs of inputs and outputs, the robot uses decision trees or artificial neural networks 
to model the relationship between input and output, and be able to predict the output of 
a new input (Russell & Norvig, 2010). 

Model-based control has already been applied in robotics. Atkeson and Schaal (1997) 
successfully applied this technique when teaching a robot to swing a pendulum up and 
balance it in that position. In another example a helicopter was successfully stabilized 
in an inverted flight using a controller learned with the help of model learning and other 
techniques (Ng et al., 2004). 
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The other common technique applied to robot control is reinforcement learning. This 
technique enables the robot to autonomously learn and find optimal behaviours using 
trial and error. In this case teaching is not explicit, learning is based on a reward function 
that the robot tries to maximize (Russell & Norvig, 2010). For example, if a robot is 
trying to learn how to return a table tennis ball, it can use relevant data about the envi-
ronment (i.e. position and velocity of the ball) as well as its internal kinematics and 
dynamics (i.e. joint positions and velocities, torques), combine it with one of the avail-
able actions (i.e. torque command to the motors) and create a behaviour. The aim is to 
find the behaviour that maximizes the reward (i.e. number of successful hits). 

Reinforcement learning has been applied, for example, on generating controllers for a 
biped robot which, due to the trial and error approach, was robust enough to deal with 
large modelling errors and could successfully walk when unknown disturbances were 
present (Morimioto, Zeglin, & Atkeson, 2003). 

4.5.3 Analysis 

Machine learning techniques are commonly used, for example, when teaching a com-
puter how to play a game. In the robotics field, it is common for these techniques to be 
initially tested in simulated environments. But once implemented in physical robots, 
multiple issues are revealed due to complexities and limitations of the physical system, 
especially in high-dimensional cases such as humanoid robots. 

In model learning, the quality of the created model depends on the given data set. In 
robotics, in order to learn a good model, the data set needs to densely cover a large 
region of the model state space, which is very difficult when considering a humanoid 
robot that is supposed to be very flexible and work in a large environment. Either a 
good model can be learnt for individual specific tasks, which would cover only a frac-
tion of the entire state space, or a very extensive data set needs to be created to allow 
the robot to learn a model able to reliably handle a variety of scenarios. 

In reinforcement learning, one of the biggest issues is that the robot is expected to per-
form in a continuous environment. The robot needs to collect the data itself, analyse it 
and act in real-time, but its algorithms must be able to deal with delays and execution 
times that are inherent of physical systems. With the computational capacities available 
today, it is still difficult to make such a system able to work in a speed that allows for 
real-time response. 

Currently, there is no clear optimal method for machine learning. Multiple techniques 
have been developed that, when combined, can lead to successful learning. On the other 
hand, minor incorrect choices can prevent any successful learning (Siciliano & Khatib, 
2016). 

Robotics applications of machine learning are mostly found on feasibility studies and 
focused on particular physical robots, making most of the results not easily applicable 
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to others. It is clear that robot learning is not yet a mature field and further development 
is required to achieve the intelligence and autonomy desired for the use of autonomous 
humanoid robots in industrial applications. 

4.6 Human-robot interaction 

In this section, the technical requirements for human-robot interaction in the case study 
workstation are presented and analysed in relation to the state-of-the-art review. 

4.6.1 Technical requirements 

Although this study considers the use of humanoid robots in assembly processes, those 
are seen as an additional tool and not as a replacement for workers. The study considers 
a scenario where human operators, supervisors and managers will keep working in the 
assembly plants, as well as all other support staff such as cleaning, logistics, etc. There-
fore, human-robot interaction needs to be considered, as the robots need to be able to 
handle a dynamic and uncontrolled environment, and humans need to be and feel safe. 

In this application, humans and robots are not expected to assist each other on executing 
the same tasks, they are expected to work independently but share the same workspace. 
For example, when walking through the plant, robots should be able to recognize that 
it will cross paths with a person and avoid a collision. The same way, a robot should 
recognize that it is reaching for an object at the same time as a person and know how to 
deal with the situation in order to keep the person safe.  

It is also important for the robot to have the capability of communicating with people. 
Using speakers, screens, lights or any other means, the robot should be able to exchange 
information with humans. When it comes to work instructions, as discussed in the pre-
vious section, the robot should be able to receive them via 3D models. But when it 
comes to interacting with other operators, speech recognition could be a more practical 
tool. Talking is the main communication channel for humans, therefore people should 
be able to give the robots simple voice commands such as stop in case of emergency.  

4.6.2 State-of-the-art literature review 

Classically, robotic applications mostly use rigid position-controlled robots that carry 
out typical automation tasks such as positioning and following paths. These applica-
tions are, in general, quite dangerous for the people working in the same area, as these 
robots have no awareness of their surroundings and would not notice the presence of a 
person, creating risk of collision and potentially serious accidents. For this reason, those 
robots are isolated in cages, and the way into it is usually equipped with safety curtains 
or other sensors that will stop the robot when a person goes in. It is clear that, in this 
case, there is close to no human-robot interaction. The robot receives a set of strict 
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instructions of the movements it needs to execute, and only under specific safety con-
ditions, a person can interact with it, as when manipulating the robot to save positions 
for the  a new routine. 

As discussed previously, a new generation of robots has been created allowing for peo-
ple and robots to work together in a safe manner, those are the so called collaborative 
robots. In this type of application human and robot can simultaneously work on the 
same task (Tan et al., 2009). Usually instructions are given to the robot by a program 
that details all the steps to be executed or by training using teaching by demonstration. 

When humans and robots work this close, it is important that they can communicate 
and understand each other. For example, Baxter, a collaborative robot developed by 
Rethink Robotics, is a humanoid robot that, instead of a head, has a screen with an 
animated pair of eyes (Figure 18). The eyes are there only so the robot can communicate 
to the operator where it is working at the moment simply by looking at the correspond-
ing direction. This way the person knows, for example, which arm the robot is going to 
move, in a natural and intuitive way (Rethink Robotics, n.d.). 

 

 

 

Figure 18. Baxter robot by Rethink Robotics 
(Rethink Robotics, 2015). 
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Although it might seem like collaborative robots are somewhat intelligent, they are still 
controlled by people. They have been given constraints that allow close proximity to 
people, but do not possess enough intelligence to be autonomous, perceiving the envi-
ronment and making their own plans and decisions.  

In reality, when interacting with robots, people use mental models related to sociality, 
affect and consciousness to understand the interaction (Turkle, Breazeal, Dasté, & 
Scassellati, 2004). Moreover, people tend to attribute human characteristics to robots 
when those present a human-like appearance (Hegel, Krach, Kircher, Wrede, & 
Sagerer, 2008). This means that, due to its appearance, a humanoid robot would most 
likely be seen as a person rather than a tool, therefore demanding an interaction closer 
to the social interaction that happens between people, than to the technical interactions 
used in the industry nowadays. 

In order to have such interaction, it is of essence that autonomous robots develop cog-
nitive capabilities that give them “[…] appropriate representations of the world; the task 
at hand; the capabilities, expectations, and actions of their human counterparts; and how 
their own actions might affect the world, their task, and their human partners” (Siciliano 
& Khatib, 2016, p. 1907). These aspects are the main focus of a research area known 
as Cognitive Human-robot Interaction. 

Cognitive Human-robot Interaction aims at improving interaction between people and 
robots by understanding the human mental models of robots (how people perceive ro-
bots, their actions and behaviours) and developing cognitive models for robots (ena-
bling robots to learn from interacting with the social and physical environments). 

In this area, research is ongoing on developing cognitive models for robots including 
models based on dialog between human and robot (Fong, Thorpe, & Baur, 2001), mod-
els based on robots understanding the world through someone else’s perspectives 
(Berlin, Gray, Thomaz, & Breazeal, 2006) and models based on using nonverbal cues 
such as pointing or gazing to reach joint attention (Scassellati, 1999).  

Considering that robots, even when autonomous, are machines, regulations are also im-
portant in order to guarantee a safe interaction. For the classical industrial robots, safety 
requirements are specified in ISO10218 from 2011 (ISO, 2011a; ISO, 2011b). The 
emergence of collaborative robots has generated a need for new regulations that con-
sidered this new way of working. ISO/TS 15066, was created in 2016 and complements 
ISO 10218 by adding safety regulations for the use of human-robot collaboration in 
industrial applications. The new technical specification includes study on pain thresh-
olds for different parts of the human body, maximum allowed speeds and minimum 
separation distances between human and robot (ISO, 2016). Existing regulations do not 
cover highly autonomous, flexible and intelligent robots. 
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4.6.3 Analysis 

Developments in robotics have brought people and automation much closer, but the 
robots used today are still controlled by people. The difference is that now they have 
additional sensors and limitations that make it safe for people to be around and interact 
with them. Once robots become more autonomous, the way people interact with them 
will also change. 

The technical requirements proposed for human-robot interaction assumes that the in-
teraction between operators and autonomous robots in the future will be similar to how 
people interact with machines today. But, as presented above, even in the industrial 
context, humanoid robots can make people see robots similarly to how they see other 
people, therefore attention and risk analysis tend to decrease and sociality tends to in-
crease.   

This raises two main issues. First, the way robots are designed nowadays will need to 
change to support more social interaction. It will require a combination of advance-
ments in machine learning and cognitive human-robot interaction to make this new type 
of interaction possible in the future. Secondly, new regulations that set standards to 
autonomous robots in order to guarantee human safety will be needed. 
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5 Discussions and conclusion 
This chapter presents 1) a discussion of the findings related to the aim and research 
questions, 2) a discussion regarding the quality of the study in terms of the methods 
used, 3) the conclusions and finally 4) the suggestions for further research. 

5.1 Discussion of findings 

The aim of this study was to investigate the applicability of autonomous humanoid ro-
bots in aircraft assembly activities by studying a case in the military aircraft production. 
In order to fulfil this aim, two associated research questions were defined: 

RQ1: What are the technical requirements from the aircraft assembly process to hu-
manoid robots regarding mobility, manipulation, instruction supply and human-robot 
interaction? 

RQ2: What are the existing solutions and ongoing research within the field of humanoid 
robotics that could fulfil the requirements from RQ1? 

The second research question builds on the first since they were answered and discussed 
in relation to each other. The technical requirements from the case study assembly pro-
cess were investigated in relation to the four domains defined in RQ1 – 1) mobility, 2) 
manipulation, 3) instruction supply and 4) human-robot interaction. Then, these re-
quirements were linked to the existing solutions and remaining challenges in imple-
menting autonomous humanoid robots in aircraft assembly activities. 

5.1.1 Mobility 

An assembly process that uses a fixed-position layout demands mobility from its oper-
ators, since the product is stationary. Similarly to human operators, for a robot to per-
form in that environment, mobility is a necessary feature. When it comes to mobility 
for humanoid robots, there are a few different existing options such as legs, wheels and 
tracks, each of them presenting its pros and cons. These different solutions can also be 
combined. For example, legs could be combined with tracks instead of feet. This way 
the tracks could be used for moving in regular terrains and the legs could be used to 
overcome obstacles. 

Clearly, building a hardware solution for mobility is possible and many solutions have 
been successfully implemented in different robots. The biggest challenge lies on mak-
ing the mobility and navigation autonomous. In order to work as independently as an 
operator, the robot needs the capability of figuring out where to go, which path to take 
and how to execute it. Parts of this problem have been addressed in different studies, 
but a complete solution that allows a robot to move in an environment similarly to how 
humans do it, is still to be developed. 
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The need for mobile robots is due to the choice of layout and is justifiable if the envi-
ronment is to remain the same. However, there are other solutions that could lead to 
increased amount of automation in the process if, instead of focusing on the operators, 
the focus was put on the layout itself. Instead of having a stationary product, cranes 
could be used to move the frames along a production line. This way human operators 
could be stationary and the use of traditional fixed robots could be a viable solution.  

Using existing industrial robots most likely would make the control and maintenance 
of the robots significantly simpler, since this is a mature technology with an extensive 
support system. Also, the availability of a large variety of industrial robots in the market 
and the competitive context would make the solution cheaper in comparison to the re-
sources needed for the development of a humanoid robot. On the other hand, a human-
oid robot is a platform that carries multiple advanced technologies. For companies that 
drive technology development, deploying autonomous humanoid robots can be an am-
bitious goal for a long term project, but could also lead to the development of many 
individual technologies and solutions throughout the process. This could allow for new 
technologies to be developed and implemented in other applications, while money and 
time are being invested in the long term goal, making the investments more advanta-
geous. 

5.1.2 Manipulation 

Another consequence of the fixed-position layout is that the operator needs to pick parts 
and tools from different storage places such as shelves and boxes, and move them to 
the product. This often means reaching overhead, which highly depends on the shoulder 
joints. Most of the humanoid robots have a limited overhead envelope when compared 
to humans, therefore small adjustments on the height of storage positions might be 
needed. 

Manual assembly processes in general, involve handling different parts and tools with 
multiple sizes, weights and shapes. The process investigated in this case study used 
over 100 different objects. Handling all of those with the same gripper demands flexi-
bility and adaptability similar to the human hand.  

Existing solutions include 3, 4 and 5-finger grippers. 3-finger grippers usually can han-
dle more weight, but lack the dexterous manipulation needed for handling small objects 
with precision. Studies show that the addition of two fingers significantly increases the 
range of objects that can be manipulated. On the other hand, 5-finger hands are more 
limited in the amount of weight they can handle. For both limitations, it is possible to 
find alternative solutions, such as tools to handle small parts or spring balancers to hold 
part of the weight. 

Manipulating objects autonomously highly depends on computer vision to be able to 
recognize objects and execute grasps. A full solution in this field does not exist yet, but 
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extensive research in ongoing in this area and experiments are being made in order to 
develop software able to manipulate objects similarly to how humans do it. 

5.1.3 Instruction supply 

Regarding instruction supply, industrial robots usually receive detailed instructions de-
veloped by a specialist with a set of movements and simply execute all the steps. Having 
an autonomous robot means not supplying all the execution details, but allowing the 
robot to learn from its experiences, the same way a human operator would learn. This 
type of solution heavily depends on algorithms developed within Artificial Intelligence. 
Feasibility studies can be found in this area for robotic applications, but the field is not 
yet mature and further development is clearly needed. One of the largest challenges to 
implementing learning in robotic applications lies on the complexity and limitations of 
the physical system that might not be fully represented in the software. This might lead 
the algorithm to create solutions that are not physically executable by the robot. 

5.1.4 Human-robot interaction 

When it comes to human-robot interaction, the application investigated in this case 
study considers humans and humanoid robots working in the same environment. As the 
studies show, the humanlike appearance of the robot makes the interaction between 
humans and robots similar to the social interaction that happens among humans (Hegel 
et al., 2008). Computer models that represent this type of interaction and could be im-
plemented in robots are still to be developed. Once this interaction becomes possible, 
new legislation will be required since the existing ones do not cover highly autonomous 
robots. 

5.1.5 Implications of the main findings 

In general, the findings show that software is the biggest obstacle in the creation of 
highly autonomous humanoid robots. Artificial Intelligence is the key to giving robots 
the capacity to reason, learn from experiences, make decisions and act on their own. 

By watching demonstration videos and reading descriptions of the new developments, 
it is easy for the general public to get the idea that having humanoid robots in our daily 
lives is close to being a reality. Since the majority of the findings regarding the latest 
advancements within the robotics field were found in conference proceedings and re-
cent news releases from companies involved with robotics, this area seems to be receiv-
ing a lot of attention and investments from the research community, the private sector 
and governments. It is possible that a lot can be achieved in the next years. However, 
the deployment of humanoid robots is much further away than it seems. Even though 
there are increasing investments in the area, the problems to be solved are highly com-
plex and it is very difficult to predict how much can be achieved in a certain period of 
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time. It is possible that humanoid robots will become part of our daily lives within the 
next 5 years, but it is also possible that this will not be achieved in the next 20.  

The uncertainty regarding how far science can get in the next years is supported by the 
fact that the number of companies and universities working on developing such tech-
nologies is limited. For example, new demonstrations of humanoid robots are fre-
quently released by the same companies such as Boston Dynamics. As mentioned be-
fore, humanoid robots carry a wide range of technologies that demand specific compe-
tence in a number of fields, which is not easily available to most companies. One way 
to manage the need for such resources is through cooperation between entities which 
could allow companies and universities to share resources. The negative side would be 
that, despite being more difficult to manage, once all the sub-problems have been ad-
dressed and solutions have been developed, integration would still be a challenge. Hu-
manoid robots carry a lot of different technologies that need to run simultaneously, 
which is very computationally demanding. Also, integrating all the software solutions 
with the hardware is not a simple task since mechanical parts present delays and limi-
tations usually not included in software solutions. In the case of a cooperation, the in-
tegration challenge would be aggravated by the fact that different teams have developed 
the different parts that need to work together. 

The findings of this study provide a state-of-art-review of the humanoid robotics field 
focused on autonomous industrial application in the aircraft assembly process. The 
study offers a wide analysis of the subject, identifying the needs of the industry, what 
has been developed so far, what is currently being developed and what are the gaps that 
need to be filled in order to make this application possible. In this study, the technical 
aspects of implementation are not analysed in depth, but the areas that need further 
research are identified and presented in section 5.4. 

5.2 Research quality discussion 

Validity and reliability are two important criteria used to judge the quality of a study. 
Validity refers to the accuracy of measuring what the study was set to measure (internal) 
and generalizability to other domains (external). Reliability relates to the repeatability 
of the results, whether the same findings can be obtained in another study under the 
same circumstances (Williamson, 2002). 

In this study, internal validity was addressed by firstly dividing the study into specific 
categories defined in earlier research within humanoid robotics (Brock & Grupen, 
2004). This way it was possible to ensure that the observations, interviews and literature 
search were aimed at the right direction. Also, investigation instruments were chosen 
early in the process in order to ensure that the methodological approach covered the 
aim and research questions.  



Discussions and conclusion 

 

 

49 

 

Although the study was aimed at one specific application in the aircraft industry, the 
requirements observed in this case were, in general, very similar to manual assembly 
processes in other industries. Mobility, for example, is a requirement for most manual-
based process, especially when a fixed-position layout is used. Regarding manipulation, 
the requirements present a wide range both in terms of size (3 to 80 mm) and weight 
(10 g to 3 kg). These ranges cover most of the span covered by a human operator, 
meaning that basically any manual work in different industries could be covered by 
those requirements, and consequently, by the findings of this study. Therefore this study 
can be considered externally valid. 

Regarding reliability, data collection instruments and the specific investigated domains 
are clearly defined, which should guarantee the reliability of the study when it comes 
to analysing a workstation and pointing out robot requirements. On the other hand, the 
state-of-the-art literature review is strongly dependent on time, especially in a field un-
der strong development such as humanoid robotics, making the results repeatable only 
if the same time limitations are adopted.  

5.3 Conclusions 

As presented in the introduction, the number of robots in the industry has been increas-
ing due to high demands and the need to remain competitive. The aerospace industry is 
also noticing an increase in demand, but its assembly processes remain highly manual 
due to the product’s complexity and low production volumes when compared to mass 
production industries. Humanoid robots can, in the future, be considered as an option 
to increasing the amount of automation of a labour intensive process in a built-for-hu-
man environment. 

This study shows that a few humanoid robots already exist but further development is 
needed before the deployment of such robots in the industry can become a reality. In 
theory, it could be possible to deploy autonomous humanoid robots to work in the in-
dustry alongside human operators in the future. The main challenges concern the degree 
of artificial intelligence for autonomous operation and the integration of many different 
technologies into one platform. 

Once the use of autonomous humanoid robots for this application becomes possible, 
the industry in general should be able to increase its capacity without redesigning the 
workspace or investing a long time in training and preparing operators. Also, the people 
working in the production could have the opportunity to apply their thinking capabili-
ties in more advanced tasks instead of performing monotonous and repetitive work 
every day. 
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5.4 Further research 

The requirements used in this study were identified from part of the military aircraft 
assembly process. Even though this process covers a wide range of requirements, fur-
ther research would benefit from an analysis of other parts of the aircraft production 
and other industries. The addition of studies in other areas could give a more compre-
hensive view of the capabilities needed for a humanoid robot to flexibly perform in 
built-for-human environments. 

This study is a wide overview of the state-of-the-art when it comes to autonomous hu-
manoid robots and the technologies included in them. For this reason the study does not 
analyse any of the technical aspects in great depth. Therefore, further research could be 
performed with a narrower focus in order to analyse the topic in greater depth and help 
bring to the surface more details on where the gaps are. 

Another important aspect to be studied in the future are the social implications of such 
technology. Adding robots to work on the shop floor with human operators can affect 
employment, the work atmosphere, stress levels as well as the job requirements for 
those working alongside the robots. Therefore the effects of deploying humanoid robots 
into the production should be further investigated. 
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7 Appendix 

7.1 Appendix 1: Interview questions 

Mobility 

x Where is the work station located? 
x What are the places where operators normally transit? 
x What are the fixed obstacles on the way? 
x Are there temporary obstacles such as boxes or material? 
x Where are the parts and tools stored? 
x Where is the frame located? 
x How independent do you expect the robot to navigate? 
x What else do you expect from the robot regarding mobility? 

 
Manipulation 

x How many different objects do operators handle in this station? 
x Which kinds of tools are used? 
x Do operators use any device to help with handling the different objects? 
x How independently do you expect the robot to manipulate objects? 
x How detailed instructions for object manipulation would you like to give the 

robot? 
x What else do you expect from the robot regarding object manipulation? 

 
Instruction supply 

x How do you expect to supply work instructions to the robot? 
x How detailed should those instructions be? 
x How much freedom should the robot have to make decisions? 
x Is the robot expected to follow a fixed set of instructions or to learn from expe-

riences? 
x What else do you expect from the robot regarding instruction supply? 

 
Human-robot interaction 

x What kind of interaction is expected between humans and robots? 
x Are operators and robots expected to share the same work space? 
x Are operators and robots expected to collaborate at work? 
x What else do you expect from the robot regarding human-robot interaction? 
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