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As we move through industry 4.0 the use of collaborative robots is being favoured over the more traditional caged industrial robots. There are many applications in which collaborative robots can have a positive impact. This report investigates the use of collaborative robots in a traditional manufacturing environment and highlights the key challenges which come with the implementation of a collaborative robot into a production cell. There are socioeconomic factors and also health and Safety considerations which need to be reviewed and effectively risk assessed prior to installation of a collaborative robot.
These are further discussed in this report with consideration to ISO/TS15066
The literature shows that there are key safety systems which need to be employed to ensure the protection of the operators including; 
· Physical barriers around live working operations
· Physical sensors attached to collaborative robots  
· Proximity sensors linked to robot motor speed 
This report also discusses the future of the manufacturing industry in relation to human robot collaboration and industry 5.0 predictions.
Challenges associated with implementing these robots into the developing world is also a topic of discussion.
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The main aim of this report is to evaluate collaborative robots and the considerations for their deployed into a manufacturing environment. Previously only powered by humans.
The topics to be discussed will be as follows;
· Impact of Industry 4.0
· Safety considerations for introducing collaborative robots to a human powered manufacturing cell
· Industrial restrictions & challenges
· Future applications for industry 5.0
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Traditionally industrial robots have been confined to cages and on a large scale. The collaborative robots have been designed to work safely in the same space as an operator on a smaller scale.
Collaborative robots are smaller in size some being able to be desk mounted – this enables the close quarters interaction or collaboration with the human counterpart. The collaborative robots usually consist of a single arm which has multiple degrees of freedom in movement – this allows them to handle objects and move in a way that a human cannot.

[1]The advantages of a collaborative robot are;
· Simpler design than the traditional caged industrial robots – therefore they are easier to program and install.

· Safer by design as additional sensors are utilised in the movement joints so when programmed to the collaborative robot will sense proximity, presence and environmental changes (traditional robots work to a set program and cannot adapt to the environmental stimuli as it changes – this is why they must be caged.


· One of the main defences employed by collaborative robots’ designers in preventing injury or harm to human workers is Power and Force Limiting (PFL) as per ISO / TS 15066 [2] 


· A vast range of applications can benefit from the inclusion of a collaborative robot.

Some disadvantages
· Initial capital investment can be high. Especially integrating a collaborative robot cell into a traditional manufacturing environment as additional safety measures will need to be taken into consideration following a risk assessment.
· Potential of reduction in working pace, due to the additional safety measures required for the close quarter nature of a collaborative robot human cell. These measures could include the robot reducing its speed of movement, when it senses a human within the allocated operational zone – this aims to reduce the risk / severity of potential impacts. This could also negatively affect the productivity as less units will be produced in the given time period.
To ensure the mitigation of these risks additional capital investment for safety systems may be required.
· Due to the design of collaborative robots they must work alongside humans and have the supervision of trained skilled individuals – cannot be left alone.
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The initial vision of Industry 4.0 represented the next leap in the manufacturing revolution. 3.0 gave us the introduction of the computers. 4.0 enables those computers to communicate with each other in a network of interconnected devices know as the Internet of Things (IoT) which paves the way for total automation so human interaction is not necessary. [3]
The more up to date notion is that humans will work alongside robots in a collaborative manner which greatly empowers the worker – unlike their robot counterparts humans possess the ability to solve problems creatively and exercise their own judgment due to the experiences they have. Whereas, robots can only perform tasks based on pre-programmed code and produce data for analysis. 
Manufacturers look forward to the next industrial revolution where humans and robots work in conjunction with one-another and this will allow them to exceed the limits of a fully automated process.
“Based on global sales, use of cobots is expected to grow an average of 50% per year through 2025, while industrial robots will only rise by 12% and commercial robots by 23%.” [4]
Due to this, collaborative robots are set to play a major role in bringing traditional manufacturing factories to the forefront of manufacturing efficiency and quality, which is constantly in demand by customers. [5]
In addition to the benefits of improving the repeatability and quality the robot can remove the monotony from repetition in unskilled assembly, this not only allows the human to be better implemented it transforms them to enable the move toward more complex and value add activities.
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There are many hazards associated with powered machinery and the environments they are found in– These risks are lessened using a hierarchy of control. 
[image: Hierarchy of Controls rated from Most effective to Least effective: Elimination - Physically remove the hazard, Substitution - Replace the hazard, Engineering Controls - Isolate people from the hazard, Administrative Controls - Change the way people work, PPE - Protect the worker with Personal Protective Equipment. Source - NIOSH]





Figure 1osha.gov/shpguidelines/HierarchyTriangle


The steps of mitigation risk of injury due to the hazards presented by robots by means of interlocked and physical guarding and restricting human access to a live robot environment are not as effective with the development of collaborative robots, which have been designed specifically to work within close quarters with a human operator. [6]
ISO technical specification detailing the acceptable level of risk and separate assessment of the drafted force limits.
[7] The first draft of the Technical Specification titled 'Risk assessment according to mechanical hazards of workplaces with collaborative robots – Specification to safety requirements for collaborative robot operation which are defined in ISO 10218-1 and ISO 10218-2'
The introduction of a collaborative robot can have a positive impact on a reduction in the frequency of musculoskeletal disorders (MSDs) depending on the applications the human operators could be exposed to manufacturing repetition or excessive effort operations. [8] Repetitive or excessive movement can be the occupational causes of these MSDs.
A collaborative robot which is specified correctly to alleviate the strain from the human operator could result in a reduction to the frequency of these occupational risks 
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One of the key measures undertaken in controlling this risk is the Power and Force Limit (PFL) values as set out in ISO/TS 15066:2016
[9]The PFL is delivered by use of a variety of sensors depending on the application;

Joint torque sensing: There are 2 methods available;
 1) Taking a measurement of the motor current to estimate the torque at the robot joint 
2) A physical sensor mounted to the joint to measure out the actual torque.

6 dof force/torque sensing:  These are ring shaped devices measuring six degrees of freedom which represent movement of the robot joint being X, Y and Z (Side to side, up and down, back to front and pitch, yaw and roll.
[image: See the source image]







Figure 2 6-Axis diagram

Mechanical PFL: Examples of this are Variable Stiffness Actuators (VSAs) these are complex mechatronic units.
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Since collaborative robots are still in the early stages of implementation into the market, there are some challenges which remain for those wishing to utilise this type of manufacturing method.
Firstly, the lack of the semi-skilled programming knowledge – traditional engineers will not have the skillset to program a robot, this needs to be taught which results in more investment in the process.
It could be argued that this investment in an investment in people and a positive thing for an employer to do, not only to set up their workforce for the future of the industry but also empower the operator to rise within the company.
Some logistical challenges exist especially for the developing world applications – for which additional blockages may be present – applications which are high in volume with limited SKUs are often favoured due to the more cost effective resources available in these regions – however with the introduction of the collaborative robot the complexities and environmental impact of outsourcing could soon be outweighed by the productivity savings and improvements in quality that a collaborative robot can give companies access to.
Cyber security – with the introduction of an interconnection of devices the risk of cyber-attack is more prevalent in todays digital society. [10] It is forecasted that big business will invest $124 billion in cyber security in 2019 alone.
“Cyber Security in the Robotics Market is expected to grow at a CAGR of 11% during the forecast period of 2019 to 2029 – Future Market Insights” [11] 
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Future applications industry 5.0 futurists thoughts – This is a prediction from industrial analysts which see next stage in the industrial revolution with advancements in artificial intelligence and further advancements in robotics. [12]
This will be done in real time – a network on interconnected devices will communicate data transfers in real time as the customer in entering information.
Medical assistance – robots produce repeatable accurate results
Military applications – Ethical – unable to make a judgment call.
Augmented reality assistance for manufacturing teaching both robots and humans in real time with out the need to refer to traditional paper copies of standard operating procedures (SOPs)
This new and emerging method for programming robots uses augmented graphics projected into a physical work area. [13]
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Safety aspects of robots in collaboration with humans. 
Research into the impact of the automation of processes and the perceived human understanding of the process [14] shows that the situational awareness of an operator gives a challenge to be considered in the design of the process.
Defined as if the operator lost track of the sequence of the robot, which could occur through various environmental stimuli; factory noise or an interruption from a colleague. There is then a risk involved as the operator doesn’t know the next true move of the robot. The level of automation can also play a role in this as the operator if not engaged in the process due to a high level of automation.
Also, a situation known as mode-error, this is described as the process changing state of which the operator is unaware- therefore the operator will be expecting a different output.
According to ISO 10,218 part 1 and 2 there are 4 key characteristics of collaborative robots [8]
· Safety-rated monitored stop – upon detection of an operator in the working space the collaborative robot has the ability to stop work.

· Hand guiding – The robot can learn the movements / motions to be performed from being hand guided by the operator using a teaching pendant.

· Speed and separation monitoring - The collaborative robot has the ability to govern its movement speed depending on the proximity of the operator – using a laser sensor it segregates the work area in 3 key sections. The nearer to the collaborative robot the operator is the slower the motion speed.

· Power and force limiting – The collaborative robot can sense and adapt torque and speed depending on the presence of an operator in its path of movement.
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It is evident from the research undertaken on this topic that the collaborative robots are still underemployed and for the manufacturing sector to make the transition into industry 4.0 and beyond, they must further assess the impact that a human robot collaboration can have on their specific sector.
There are many factors to consider from initial investment cost to EHS considerations.
The literature shows conflicting views on the acceptable levels of the PFL due to ethical factors of testing robot impact on humans.
There is also evidence to suggest that the limits given in ISO/TS15066 are on the conservative side. There could be further expansion on the research done across the sectors.
There is a lot of scope in discussing developing world strategies further.
Finally, it is given that as the real-world needs adapt so too must the industry technologies to keep up to date with the dynamic customer demands or face being left behind.
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