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Abstract 
Today’s aerospace assembly is a huge manual task according to strictly controlled instructions, where different 
operators are responsible for different areas. This harmonizes with the overall lean approach, but the assembly 
is very time-consuming and some tasks are not ergonomically friendly, such as assembly tasks inside a wing 
box. Here, it could be possible to increase automation with the aim to facilitate a shorter assembly time and 
ergonomically improved workplace. This paper will present different assembly cell concepts utilizing different 
safety strategies to achieve human-robot cooperation in an aerospace industry assembly line. These concepts 
will be discussed in relation to a case in the aerospace industry. The paper concludes with suggestions for 
three conceptual human-robot cooperation layouts. These are based on previous research in the areas of 
safety and human-robot cooperation, in combination with observations from an aerospace assembly line. 
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1 INTRODUCTION 

Due to increased global competitiveness in the aerospace 
industry there is a need for adapting existing assembly 
lines towards a more lean approach. The trend in the 
aerospace industry is that several companies collaborate 
during product development and production. This means 
that different sub-assemblies, such as wings, cargo doors 
and airplane cones can be assembled at different plants 
and geographically spread between countries. In this 
network of companies it is important to control and reduce 
the assembly time for each sub-assembly [1] [2] [3]. 

Today’s aerospace assembly is a huge manual task 
according to strictly controlled instructions, where different 
operators are responsible for different areas. This 
harmonizes with the overall lean approach, but the 
assembly is very time-consuming and some tasks are not 
ergonomically friendly, such as assembly of parts inside a 
wing box. Here, it could be possible to increase automation 
with the aim to facilitate a shorter assembly time and 
ergonomically improved workplace. Sahr et al. [3] conclude 
that the next step in today´s high-level assembly, for 
example in aerospace, is to exchange the manual labor 
with flexible, adaptable and affordable semi-automated 
systems. This leads to the use of more support systems, 
such as electronics, sensor technology and IT. Ten years 
ago, Sakakibara [2] concluded that the manufacturing 
sector had to increase productivity and profitability to 
achieve competitiveness.  

Due to the huge amount of assembly in the aerospace 
industry, these technical advances and high competition on 
the market drive in increased use of high-level automation 
in assembly. To achieve this, the aerospace industry must 
also incorporate the automobile industry’s approach with 
the assembly line and lean assembly [3]. One way to 
increase productivity in aerospace assembly, therefore, 
could be the utilization of robots in cooperation with 
operators. 

Finlay [1] stated as early as 1983 that “Industrial robots are 
now accepted weapons in the production engineer´s 
arsenal”. This statement was based on that the number of 
industrial robot was growing by 60% annually (in the UK) at 

that time. The different robots could, as early as in 1983, 
be used in various applications. However, they usually 
were configured for one task, such as welding. 

The use of fully-automated assembly robotic systems is a 
key component to reach high effectiveness. The demand 
for assembly flexibility to manage small lot size gives the 
robot assisted by a human several significant advantages 
over full automation in the assembly line [4]. Krüger et al. 
[5] provide the outlook that the next generations of 
cooperative cells will use the robot's strengths, load-
bearing and precision, while the human will have more of a 
sensing, intelligence and skills role. They also show that 
these cells can lay the foundation for a more flexible way of 
assembly in the future.   

This paper will present different assembly cell concepts 
utilizing different safety strategies to achieve human-robot 
cooperation in an aerospace industry assembly line. These 
concepts will be discussed in relation to a case in the 
aerospace industry, which is presented in the paper.  

 

2 THEORY 

In order to generate conceptual assembly cell layouts 
where human and robot cooperate in a shared workspace 
several theoretical areas must be combined. The main 
issue to manage is the safety aspects, and these are to be 
combined with robot equipment and the human-machine-
cooperation aspects, which include different support 
systems to the robot.  

2.1 Safety 

In this paper, safety is defined according to Lowrance [6]: 
“A thing is safe if its risks are judged to be acceptable”. 
However, in a production cell there is a need to manage 
safety within a dedicated working space. Therefore, the 
definition of a safe state by ISO [7] - “condition of a 
machine or piece of equipment where it does not present 
an impendent hazard” - is relevant when developing new 
automated production cells. This is especially important 
when it comes to the next generation of human- machine 
cooperation solutions. 



 

Figure 1: Overview of different safety control systems [8] 

 

There are many kinds of different safety systems, from the 
classic fence-guarded systems to pre-collision systems to 
post-collision systems, as seen in Figure 1 [8]. 

The classic fence-guarded systems are, as the name 
describes, a robot inside a safeguarded area. These 
fences should be constructed so humans are denied 
access to the area were hazards can occur, and cause the 
hazards to stop when personnel access the safeguarded 
space [7]. Pre-collision systems integrate external support 
systems to monitor the workspace to see or sense if any 
personnel enter the workspace. Post-collision systems are 
integrated sensors or lightweight structures placed to 
minimize the damage of impact [5]. 

2.2 Robotics 

There are many different kinds of robots on the market. 
These robots have three to seven axes, and range from 
small-sized, low payload capacity to large-sized, high 
payload capacity. The robots of interest in this research 
are industrial robots, and more precisely the serial 
articulated or as it is often called arm robot, as seen in 
Figure 2 [9]. 

 

Figure 2: A Yaskawa Motoman SIA20 with internal force 
sensors  

 

According to ISO [10] an industrial robot is defined as:  

“Automatically controlled, reprogrammable multipurpose 
manipulator, programmable in three or more axes, which 
can be either fixed in place or mobile for use in industrial 
automation applications”  

Veruggio et al. [11] discuss how, from the social and 
economic standpoints, industrial robots have huge 
benefits. Industrial robots can do tasks that humans should 
avoid, for example: heavy work; dangerous workplaces; 
and routine and protracted tasks. The robots could be a 
solution for the industrialized countries' future lack of labor. 
Furthermore, Veruggio et al. [11] discuss the perception 
that in the beginning of a transfer towards more robots, it 
might look like that robots take ordinary workers' jobs. 
However, in the long run they could generate more work if 
the company increases productivity, which in turn creates 
new jobs [11]. 

2.3 Human-Robot Cooperation 

Human-Robot cooperation is closely linked to safety 
aspects, though the ISO standard sets limits to the robot, 
as stated above [5] [7]. 

Krüger et al. [5] conclude that cooperation between man 
and machine in assembly tasks is needed as more and 
more flexibility and adaptability is demanded by industry. 
Programming can change in the future because the human 
can, with the help of a support system, teach the robot how 
it will move in an efficient way. With the cooperation it also 
come new thoughts on how to design the robots. Today, 
the focus is on accuracy, but Krüger et al. [5] foresee that 
with a support system the focus can also be on safety, as 
these support systems will give the robot accuracy. 

Depending on the lot size, the strategy to move paper in a 
future paper-moving robot cell differs. If the lot size is a 
large one, the choice would be to use fencing to maintain 
speed and safety, but with smaller lot sizes it could be a 
man – robot solution, depending on the support system 
[12]. 

2.4 Support Systems 

Sakakibara [2] describes two different kinds of support 
systems, namely three-dimensional vision sensors and 
force sensors. The three-dimensional vision sensor could 
be used for positional errors, and is sensitive for all motion 
or parts that are observed in its 3D vision volume and the 
posture of the part. This is managed by a computer that 
receives images from the vision system and creates a 3D 
environment using algorithms [2] [3]. When something 
enters the 3D environment, the system should react in 
different ways dependent on how close the new object is to 
the robot and its direction and speed. The different 
reactions of the robot are either to lower its speed, change 
its moving path or make a safety stop [3]. Force sensors 
are used together with humans as an extra sensor to 
ensure that the robot does not crash into or onto an 
obstacle, i.e. a product or a person [2]. Different kinds of 
impact test, such as the Head Injury Criterion (HIC) test, 
have been used to evaluate robot systems concerning 
potential and limitations in relation to velocity and injury [2] 
[8].  This indicates that a robot velocity up to 2 m/s is below 
today’s limit according to scales developed for automobile 
safety [8]. As an example, Jonsson et al. [13] have shown 
an application in assembly using an external force sensor. 
Here, they used the software Matlab Stateflow together 
with a force sensor, to get a more flexible and cheaper 
production cell than a production cell with dedicated 
equipment and jigs, as shown in Figure 3. 
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Figure 3: A force sensor-controlled robot used in a 
conceptual flexible assembly cell for rib assembly [13] 

 

3 CASE 

This research is related to a case study conducted within 
an aerospace company. Since aerospace assembly 
contains several different tasks, this case study focuses on 
a sub-assembly of one component using a robot, without 
close cooperation, with an operator. The case study was 
conducted with two engineers at an aerospace plant, and 
relied on semi-structured interviews. These were enhanced 
with the authors' observations at the plant and a literature 
study in the appropriate field. These data were collected 
throughout the autumn of 2012 to the spring of 2013.  

The tasks studied assemble the component from different 
parts that are delivered from internal or external 
manufacturing plants. The flowchart for these tasks is 
shown in Figure 4. To gain understanding of the assembly 
line from a more thoroughly technical point of view, a 
detailed description will follow below. 

According to one of the engineers, the bottleneck at the 
plant is the robot cell that does the drilling. This cell 
contains two workpieces that are on different sides of the 
robot, and these two sides are two different stations on the 
production line. The workpiece begins its line in a station 
before the robot cell, and it is in this station that the 
workers assemble small beams with small temporary 
fasteners, referred to as positioning in the flowchart below. 
The next step for the workpiece is to move it on a conveyor 
to the robot cell. In the first step in the robot cell, the 
manipulator drills numerous holes through the beams and 
skin on one of the sides of the workpiece. In the following 
station, the skin and beams are disassembled and 
cleaned. After cleaning the holes are first deburred, and 
then the skin and beams are assembled again with 
fasteners, with masking between the different surfaces on 
all of the components. Next, the workpiece is transported 
back to the robot cell and the final holes are drilled; these 
holes are on other beams on the opposite side than in the 
previous operation in the robot cell. In the next station, the 
beams and skin are deburred, cleaned, masked and 
assembled with fasteners. When the robot drills the 
workpiece it emits an oil mist to cool and lubricate the drill. 
This oil mist could create an occupational injury if its 
affects a person in the wrong way, for instance if the 
worker inhales it or gets it in their eyes.  

Today, the takt time is twice as much as it could be, as if it 
will use full speed and full shifts, because the company 
does not need full speed yet due to less than full demand.   

Advantages 

● The cell has a fence-guarded system so the hazards 
are very low. 

● The stations before and after are adaptable, so if there 
are any quality issues during the station's operation, 
the operator can address them immediately. 

● Low-quality errors in robot cell. 

Disadvantages 

● Extensive use of manual labor. 

● Even if it is high capacity, the maximum is still fixed in 
a robot cell. 

● Since the robot in the cell is prepared for three 
workpieces, the robot can only move from one 
workpiece to another in one direction. 

According to an engineer responsible for the design of the 
robot cell, the following operations are managed within the 
cell:  

1. The sub-assembly is manually pre-assembled with 
undersized tack rivets in approximately 10% of all hole 
positions in an assembly station just before the robotic 
drilling cell. 

2. The sub-assembly is positioned in the robotic drilling 
cell. 

3. The robot measures the location of the tack rivet's 
head to make a calibration and correction of the 
programmed hole positions.  

4. The robot drills the rest of the holes in the sub-
assembly. 

5. The operator puts temporary fasteners into a few 
(~10%) of the drilled holes 

6. The robot drills out all tack rivets and makes these 
holes full-size. 

 

4 HMC CONCEPTS 

The case above has shown that a fully-automated robot 
cell is a possible solution for certain assembly tasks, but it 
has advantages and disadvantages. The HMI will show 
how the operator could collaborate with a robot in different 
ways. Different aspects of collaboration will be viewed, 
such as using a robot as a material supplier to an operator 
in order to reduce the physical weight to be carried, or how 
to share a workspace between a human and a robot. The 
three concepts listed below describe three different 
strategies to plan a layout for assembly of a workpiece. 
These were developed through discussions with the 
engineers at the company in combination with analysis of 
the case, theory and observations. These three concepts, 
illustrated in Figure 5, are discussed regarding advantages 
and disadvantages in relation to the observed case 
described above. 

 

 

 



Figure 4: Flowchart describing an aerospace assembly line

 

 

 

Figure 5: General layout description of the three different concepts 

 

4.1 Concept 1 

The first concept (left in Figure 5) describes the robot when 
it works inside the safety fences.  A worker can perform 
assembly tasks on the workpiece at the same time, but 
from the opposite side of the workpiece. To do this, the 
workpiece needs to act as a safety fence between the 
worker and robot. It is also important that the worker's 
workspace is out of reach for the robot, but does not 
reduce the robot's ability to work on the workpiece. The 
advantage with this concept is that it is possible to achieve 
an approved cell within today’s legislation. 

4.2 Concept 2 

The operator works together with the robot (center in 
Figure 5) on the same workpiece in the same workspace. 
In this area, the robot can lift and perform heavy 
operations, as well as do the same ones as the human. 
Depending on the takt or level of complexity, a line having 
these operations could be planned differently. To get this 
to work without any physical damage, the use of sensors is 
required. 

4.3 Concept 3 

The operator works in the same cell as the robot (right in 
Figure 5). Here, the resources (operator and robot) work 
on two different pieces in different areas of the cell. The 
resources change tasks, depending on what kind of 
operation is performed. For example, the robot can drill on 
one of the workpieces at the same time the operator 
prepares the other workpiece for drilling. When the robot 
and operator are finished, the robot moves slowly, to avoid 
harming the operator, to the workpiece that the operator 
has prepared, and the operator moves over to the 
workpiece that the robot has worked on before to perform 
the finishing on the workpiece. 

 

5 DISCUSSION 

The three different concepts described above are some 
solutions that are, or could be, cells in the aerospace 
assembly industry in the future. These concepts will be 
discussed based on assembly tasks related to wing 
assembly. Basically, wing assembly includes tasks such as 

positioning of components and joining – often including 
drilling in the same task when performing the joining in 
order to reduce tolerance difficulties and sealing. 
Furthermore, assembly tasks related to a wing structure 
might include assembly tasks in narrow spaces inside a 
wing box. The three conceptual production cells presented 
all have their advantages and disadvantages.  

Concept 1 would be the easiest to further develop based 
on the robot cell in the case. Some small safety changes 
would be needed, however, such as creating more space 
behind the workpiece to be able to work from that position.  

Furthermore, the robot must be repositioned so it cannot 
reach the human at any time. The advantage with this 
concept is that very few external systems are needed, 
such as control vision for drilling. However, no sensors are 
needed for safety, since safety issues are managed 
through layout and safety-guard systems. 

Concepts 2 and 3 demand that the worker is in the cell at 
the same time as the robot, and is able to move and work. 
Here, a sensor that could monitor the operator's and 
robot’s movements is needed, in order to avoid collision. 
This sensor could either be vision-guided or force-guided. 
The vision-guided sensor should work as a pre-collision 
system and the force guided as a post-collision. These two 
sensors could be used at the same time, but in doing so 
the complexity of the system becomes excessive. Since 
Concept 3 is planned so that the worker should avoid the 
robot's working space, a post-collision system is not 
required. In Concept 2 there will be a need for at least a 
vision system (pre-collision system), but to increase safety 
it would preferable to combine it with a post-collision 
system, such as a force sensor system attached to or 
integrated in a robot. 

The comparison between the case and the concepts has 
shown one risk that relates to the takt time in the assembly 
line. It is important that the different subassembly tasks are 
balanced. If the takt time is not properly set in the 
production system, it could occur a balancing problem 
when subassemblies move from one station to another. 
Therefore, when planning the human-robot collaboration 
concept it is important to include the assembly line’s 
overall takt time. 
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In the case there are two operations that are identified as 
suitable for parallel task planning, if it is possible to solve 
the human-robot cooperation. These two are the drill 
operation and the temporary fastener assembly operation 
in the robot cell.  

The use of human-machine cooperation in the aerospace 
industry offers advantages when the lot size is small, as 
this case has shown. As Bley et al. [4] argue, it provides 
the industry with the flexibility and adaptability it seeks 
because most of the assembly line is manual. 

 

6 CONCLUSION 

To conclude, this paper suggests three conceptual human-
machine cooperation layouts. These are based on 
previous research in the areas of safety and Human-Robot 
Cooperation in combination with observations from an 
aerospace assembly line. These conceptual layouts are 
technically possible, but there is a need for more physical 
demonstrator work in order to increase the industrial 
maturity. The paper concludes that, at present, one of the 
parameters that affect the selection of concept that relies 
on the batch size – i.e. Concept 2 – is most suitable for 
small batches due to its flexibility. One advantage identified 
is that using the human and robot in cooperation can 
support a more compact assembly line, since it makes it 
possible to share assembly tasks and working space. 
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