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Summary 

Nowadays, robot is commonly used to perform automation tasks. With the trend of low 
volume and customised products, flexible manufacturing is introduced to increase working 
efficiency and flexibility. Therefore, human robot collaboration plays an important role in 
automation production and safety should be considered in the design of this kind of robot 
cell.  

This work presents the design of safe human robot collaboration by equipping an indus-
trial robot cell with SICK laser scanners, safety monitoring system and trap routine speed 
control. It also investigates the reliability of RGB-D camera for robot safety.  

This work aims to find a safety robot system using standard industrial robot for human 
robot collaboration. The challenge is to ensure the operator’s safety at all times. It investigates 
safety standards and directives, safety requirements of collaboration, and related works for 
the design of collaborative robot cell, and makes risk assessment before carrying out the 
valuation. Based on literature review, it gives the concept of layout design and logic for slow 
down and resume of robot motion. The speed will be first reduced to manual speed and then 
zero speed depending on the distance between the human and the robot. Valuation and 
verification are made in the proposed safe solution for human robot collaboration to test the 
reliability and feasibility. This project realizes the automatic resume that the robot can con-
tinue working without manually pressing reset button after the operator leaves the robot cell 
if there is no access to the prohibited area. In addition, it also adopts the manual reset at the 
same time to ensure the safety when people access the prohibited area. Several special cases 
that may happen in the human robot collaboration are described and analysed. Furthermore, 
the future work is presented to make improvements for the proposed safety robot cell design. 
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Symbols and glossary 

 
DOF Degree of freedom. It refers to the movement freedom of a rigid body in three-

dimensional space. 
RGB-D A camera delivers the three basic colour components (Red, Green, and Blue) 

on three different wires, as well as provides the depth (D) of objects in the 
image. 

OSSD   Output Signal Switching Device, an output signal from laser scanners.
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1 Introduction 

Nowadays, a large proportion of manufacturing processes are operated by robots. This 
is because of the high efficiency, productivity and accuracy of robots especially when 
doing repeated tasks. In addition, tasks that are carried out in hazardous environments 
are also done by robots. With more dynamic market and more demanding customers, 
the manufacturing mode is gradually shifting to customised manufacturing, which is to 
produce goods as per customer demands. But it is rather time consuming and expensive 
to reprogram robots to do different tasks of unique and low volume customised prod-
ucts. 

In order to implement automation within production, an efficient and economic 
working process should be reasonably simple and consistent, and the product volume 
and batch sizes should be fairly large. For product variants, the work process should be 
designed similarly in both hardware and software, as well as control algorithms, which 
can be adapted easily in other products. However, there is an automation trend that 
focus on small batch sizes and customised products. [1]Therefore, it is necessary to 
consider opportunities where robot human collaboration and safety is an important 
factor. The most common safety method today is using fences to protect a robot cell 
in which a robot runs in automated mode with high speed. However, a fence is a phys-
ical stop, thus cannot be applied to robot human collaboration. If it is possible to use 
in flexible production, a safety device that is not a physical stop should be introduced. 
The main challenge is to ensure the safety of operator at all times, i.e. to detect the 
operator position and also reduce the speed of the robot during collaboration. To be 
able to realize flexible production with safety, it is required to utilize safeguards with 
safety robot monitoring function at the same time. Furthermore, it is possible to inte-
grate the safety design with RGB-D camera to distinguish human from objects. Since 
this camera is not used in robot safety, it needs a verification to know the reliability 
before it is applied in the safety design for collaborative robot cell.  

1.1 Description 

Human robot collaboration gives a new concept of industry and production. The col-
laboration between human and robot is now becoming increasingly common in manu-
facturing because of the following aspects. On one hand, factories need to manufacture 
customised products, i.e. to produce unique goods in low batches at low costs. On the 
other hand, some tasks are difficult to be automated, e.g. dashboards, seats, engines are 
usually assembled by workers in car assembly. Therefore, humans should work with 
robots to realize flexible manufacturing with safety assurance as a precondition. Sen-
sors, safety robot monitoring system, and trap routine speed control will be investigated 
in this literature review, which is used to detect a human access, monitor the robot 
motion in the working area respectively. The outcome of this project is a report that 
will identify a suitable safety system with sensors, safety robot monitoring system, and 
trap routine speed control used in flexible production, and a verification of RGB-D 
camera’s reliability in the safe robot cell.  
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1.2 Aim 

• Design a robot safety system for human robot collaboration by using SICK la-
ser scanners, ABB SafeMove, and trap routine. 

• Find the minimum safety separation distance between human and robot at dif-
ferent speed according to actual standards and directives. 

• Realize automatic resume of robot operation when human has left the robot 
cell. 

• Investigate the reliability and feasibility of RGB-D camera in robot safety. 

• Build up a demonstrator and verify the functionality. 
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2 Directives and standards 

This section deals with directives and standards that should be considered into the de-
sign of safety robot cell for the human robot collaboration. The directive and standards 
allow the interaction between human and robot with defined limits. It introduces the 
machinery directive and ISO standards regarding safety distance calculation and risk 
assessment. In 1990s, the machinery directive was used as European standard for safety. 
From 2000s, the International standards from ISO become the mainly used safety 
standard which are used all over the world. 

2.1 Machinery directive 

Machines that are launched to the market after December 29, 2009, must comply with 
the new machinery directive [2]. Before that, the old Machinery Directive 98/37/EC 
was used. Directive 2006/42/EC gives the basic and compulsory safety requirements 
[3]. It also gives definition of machinery, from handhold device to large production line, 
with exception of means of transport, medical technique devices, military equipment 
and agricultural tools, e.g. tractors. It can also be a group of components that are as-
sembled together with moving parts including driving system and control system to 
perform a specific task. In addition, it can also be group of machines that is located and 
controlled together as one part. Safety components are also included in the machine 
family, e.g. safety relays, photo-electric trip devices. A robot is a typical type of machine, 
which can operate tasks individually or it can be controlled and operate with other robot 
as one unit. In Sweden, Directive 2006/42/EC is translated as AFS2008:3 [4], and all 
machine’s design and construction should follow this standard. 

Standards that are harmonized to the machinery directive are classified in three lev-
els, which are A-standard, B1-standard, B2-standard, and C-standard. A-standard is 
more general, which gives the concept for machinery design and basic aspects that ap-
plied to all machinery. B1-standard mainly deals with safety aspects, e.g. safety distance, 
surface temperature, noise, etc. B2-standard focuses on safeguards, e.g. interlocking de-
vices, light beams. C-standard is about the safety requirement of a machine or a group 
of machines [2]. The machinery levels are illustrated in Figure 1. 

2.2 ISO standards 

ISO standards represent for the International Organization for Standardization, which 
provides the characteristics, requirements to ensure the reliability, safety and high qual-
ity of products and services. The ISO standards fulfil the different hierarchies of ma-
chinery directive. Among them, EN placed before ISO are the standards that applied 
to European areas.  

 



Degree Project for Master of Science with specialization in Robotics 
Safe Human Robot Collaboration - Directives and standards 

 4 

2.2.1 Risk assessment  

Risk assessment is an important tool for designing new machines and risk analysis for 
old machines, and ISO 12100 [5] gives the guidance for it. The standard does not point 
out how to carry out a risk assessment. It is the responsibility of manufacturers to decide 
the way. A well planned risk assessment helps to achieve a production friendly and safe 
solution.  

Risk assessment should be applied on all machines, not only new machines, but also 
old machines without CE-marking. The manufacturer must carry out risk assessment 
to determine the safety requirements that is applied to the machinery. Then the results 
of the risk assessment should be applied to the design and construction of the machin-
ery. When a change takes place in production, risk assessment should be carried out to 
determine if the change is cursing any risks. If cursing any risks, the manufacturer 
should modify the change to get a safe and friendly production solution. The risk as-
sessment should be documented from the actual risks depending on the level of seri-
ousness. 

To remove the risks, the Machinery Directive [3] gives five steps, which is to prior-
itize safety measures. The first step is to eliminate risks by design and construction. It 
is the most important one among these five steps. Then comes with moving tasks out-
side risk areas. Safety components/guards should be used in tasks. And also develop 
safe routines/information as well as using warnings, e.g. light, sound.  

A risk assessment begins with the scope determination of a machine. It includes 
considering the workspace for a machine and operator to perform specific applications. 
All risk sources must be identified throughout the machine’s entire lifecycle. A risk es-
timation is made for each risk source, which is the indication of risk levels [3]. 

 
Figure 1 Machinery directive levels [3] 
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2.2.2 Performance level 

Performance level comes from risk assessment by setting S, F, and P risk. ISO 13849 
[6] gives the guidance of performance level, which estimates a risk source using three 
factors: S, (injury severity), F (frequency of exposure to the risk) and P (possibility of 
avoiding or eliminating the risk), and each factor has two classes. 

Performance level is a neutral technology concept that can be used for safety solu-
tions in electrical, mechanical, pneumatic, etc. fields, which measures the reliability of 
safety solutions [3]. The ability of safety-related parts to perform a safety function is 
expressed by five performance levels. Among them, performance level e gives the most 
reliability and is used to cope with the highest risks. 

To determine the performance level, there are three steps to follow: 
First is to decide the severity of injury, which is S1 (slight injury) or S2 (seriously 

reversible injury or death). Next is to consider the frequency of exposure to risk, which 
is F1 (short exposure time) or F2 (continuous exposure time). Finally is to estimate the 
possibility of avoiding or limiting risk, which is P1 (possible in certain condition) or P2 
(little possible) [6]. The calculation of performance level is illustrated in Figure 2. 

2.2.3 Safety separation distance  

Safety separation distance is the minimum distance between a robot and human when 
using interlocking devices. The safety separation distance value is dependent on the 
speed, break time, reaction time and distance of a robot, as well as the body/hand speed 
of a human, and safety margin due to resolution of sensors. The robot parameters are 
not difficult to obtain, which can be found in manual book and measured manually 
(robot distance). The possible human speed parameter should be estimated [7]. 

ISO 13855 [8] gives a method to calculate the minimum distance between human 
and robot. The formula is defined by 

𝑆 = 𝐾𝐻(𝑇𝑅 + 𝑇𝐵) + 𝐾𝑅𝑇𝑅 + 𝐵 + 𝐶  

Where S is Minimum separation distance; 𝐾𝐻 is body or hand speed; 𝑇𝑅 is robot 

reaction time; 𝑇𝐵 is robot break time; 𝐾𝑅 is robot speed; 𝐵 is break distance robot; 𝐶 is 

 
Figure 2 Calculation of performance level [6] 
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safety margin due to resolution of sensors etc. According to the standard [8], the com-

mon speed value of 𝐾 for a moving human is 1.6 m/s and the speed value for a moving 
hand is 2.0 m/s. 

During the automation operation, the hazardous part of robot system should not 
get close to an operator within the minimum safety separation distance. In constant 
speed situation, the worst-case value should be considered, which depends on each 
application and its risk assessment. In variable speed situation, the robot speed and 
operator speed are used to decide the applicable value for the protective separation 
system at each instant. On the other hand, the maximum robot speed can be decided 
by the operator’s speed and the minimum protective separation distance [9]. The mini-
mum safety distance between robot and human is illustrated in Figure 3. 

2.2.4 Collaborative robot system requirements 

The operation features of collaborative robot system differentiate from the typical in-
dustrial robot system significantly. In collaborative robot operations, operators can 
work near the robot without power off, and physical contact between an operator and 
the robot system can exist if necessary. 

A collaborative robot system should be designed with protective measures to ensure 
the human safety during collaboration. It also requires a risk assessment to identify the 
hazards for the collaborative operation. Then the risk reduction measures can be chosen 
by the risk assessment result. To make a safe automation solution, there should be one 
or more of the following methods, safety-rated monitored stop, hand guiding, speed 
and separation monitoring, power and force limiting. 

Safe-rated monitored stop is used to pause the robot motion in the collaborative 
workspace when an operator accesses the specific area to interact with robot to com-
plete a task, e.g. loading material to the end-effector. When the robot system is in col-
laborative mode and the safe-rated monitored stop function is in active and the robot 
is stopped, the operator is allowed to enter the collaborative workspace. When the op-
erator leaves the area, the robot can continue doing operations by either manually-
pressed reset button or reset automatically. If there is no operator in the collaborative 
workspace, the robot can do non-collaborative tasks. 

Hand guiding uses a hand-operated device to give motion commands to the robot. 
Before the operator is allowed to enter the collaborative workspace, the robot should 
have a safe-rated monitored stop. The task is carried out by manually operating hand-
guided device. Robot systems used for hand guiding can be equipped with additional 
characteristics, e.g. force sensor, safety zones or tracking techniques. If the safety of the 

  
Figure 3 Minimum separation distance [8] 
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operator depends on limiting the robot motion, then there should be safety-rated soft 
axis or space limiting [6]. 

Speed and separation monitoring permits operator and robot system working at the 
same time. The risk reduction is achieved by keeping a minimum protective separation 
distance between the operator and robot system at all times. When the separation de-
creases and is lower than the minimum protective distance, the robot system stops. 
When the operator moves away from the robot system and meets the minimum pro-
tective distance, the robot system can resume automatically. There is also a relation 
between the robot speed and separation distance. The lower the robot speed is, the 
shorter the separation distance can be. 

Power and force limit enables physical contact between the robot systems (including 
the work piece). It requires specifically designed robot systems for collaborative opera-
tion. Risk elimination is achieved either through inherent safety method inside the robot 
or through safe-rated control system outside the robot [9]. 
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3 Collaboration and safety 

The definition of collaboration can be divided into two types. The first one is human 
and robot working at separation area, and the other one is human and robot sharing 
common working area. The collaborative mode with shared working area can be per-
formed in many ways. Different safeguards can be applied in both of the collaborative 
operations, each with advantages and disadvantages. 

3.1 Collaboration in separation working area  

Today the most common safety solution is to separate human and robot so that they 
do not work at the same place simultaneously. The collaboration is usually performed 
by a conveyor or gates that are controlled by safety measures. For example, workers 
can do what is hard to be automated, and these products are delivered to workers by 
conveyor from robots. Safety measures in this separation collaborative mode can be 
done in many ways. Usually, working processes are performed chronologically or spa-
tially different in this kind of collaboration. That means the robot and human can either 
work simultaneously at separation working area, or work at the same area in different 
time, but should not be working at a shared area at the same time. This blocks the 
physical contact between human and robot which solves risks by removing the hazard. 

3.2 Collaboration in shared working area 

The implementation of robot system that operates in collaborative mode between op-
erator and robot should focus on safety issues. Robot speed is one of the most im-
portant parameter in safety solutions, which should be adapted to human robot collab-
oration. In reality, this maximum safe speed is 250 mm/s when working close to robot, 
which affects operation speed and working efficiency. One safety solution for collabo-
ration with present technology is that human perform quality-related operation such as 
inspection. Another solution is that operator manipulates robot that holding heavy 
loads in precise position for assembly and fastening [10]. This is because fastening and 
assembly needs complex sensors like force sensor and vision sensor, which make it 
difficult and expensive to be automated. Such kinds of collaborations take advantages 
of human’s sense and robot’s heavy payload and repeatable performance. When robot 
is operating in collaborative mode in shared working area, safeguards should be active 
and the robot is operated at safe speed. 

3.2.1 Conceptual applications of collaborative robots 

According to ISO 10218-2 [11], there are five types of conceptual applications of col-
laborative robots.  

The first one is hand-over window, i.e. automatic operation within safeguarded area, 
and robot moves into the window. There is no interruption of automation during hand-
over process. Besides, the working area should be limited which means that there is no 
working area outside the window. Typical application in this mode is loading/unload-
ing, testing, cleaning, etc. The application is illustrated in the Figure 4(a). 
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The second one is interface window, i.e. automatic operation within safeguarded 
area, and robot stops at the interface window and then can be moved manually by op-
erator outside the interface window. The safeguards can be fixed or around the collab-
orative area, while robot speed should be reduced when it is close to the window and 
outside the window. There should also be hold-to-run control for guided movement. 
Typical application in this mode is automatic stacking/de-stacking, guided gluing, 
guided assembly, etc. The application is illustrated in the Figure 4(b). 

The third one is collaborative workspace, i.e. automatic operation within a shared 
workspace and robot stops or reduces speed when a human enters common workspace. 
For safeguards, one or more sensors which are used to detect human should be applied. 
If safeguards are properly arranged, robot could stop safely when operator access pro-
hibited area and possibly has an automatic restart when clearance of obstacles is fin-
ished. Typical application in this mode is common handling, common assembly, etc. 
The application is illustrated in the Figure 4(c). 

The fourth one is inspection, i.e. automatic operation within safeguarded area, and 
robot continues working with reduced speed and reduced workspace when human en-
ters collaborative area. The safeguards can be fixed or sensitive parts around the col-
laborative area, and there should be human detection system or enabling devices. There 
should also be measures to cope with misuse. Typical application in this mode is in-
spection and tuning of processes. The application is illustrated in the Figure 4(d). 

The last one is hand guided robot, i.e. moving along hand guiding in specific work-
space. For safeguards, reduced speed and hold-to-run control are applied to ensure 
safety. The collaborative workspace depending on risk level of application. Typical ap-
plication in this mode is guided gluing, guided assembly, etc. The application is illus-
trated in the Figure 4(e) [11]. 

 
 

 
Figure 4 Conceptual applications of collaborative robots [11] 



Degree Project for Master of Science with specialization in Robotics 
Safe Human Robot Collaboration - Selection of robot 

 10 

4 Selection of robot 

This part introduces the selection of robots in human robot collaboration. Today there 
are various safety solutions to protect human from robot and machines that are de-
signed with global ISO standards. Besides, there are other new techniques and on-going 
research in the safety field. When looking for safety production solution of human ro-
bot collaboration, some companies choose a specific kind of robot which is small and 
light weight robot and is designed to work with human. This is common at electronics 
companies, while the robot focuses on assembly and picking tasks. 

However, this kind of light weight robot has a lot of limitations, i.e. too weak to 
hold heavy load as well as small reachable space. Then a safety solution comes with the 
standard industrial robot. When designing a robot cell that consists of high speed and 
high payload, it must carry out risk assessment before operation. Safety measures like 
interlocking devices and sensors must be taken to eliminate risks when a human work-
ing with robot [12]. 

4.1 Light weight robot 

Light weight robot is a kind of industrial robot that is specially designed for human 
robot interaction. Light weight robot requires a particular module with integrated me-
chanical and electrical parts, especially sensors and control devices which contribute to 
a skillful interactive performance. The design of the light weight robot’ structure usually 
utilizes light weight metals or materials, as well as low energy consumption because of 
safety reasons. The benefits of light-weight robots are the higher elasticity’s in the joints 
and structure which leads to a more complicated dynamic characteristics and a 
smoother and more accurate motion. However, the payload and power of light weight 
robot is usually weaker than typical industrial robot, which is incapable to perform high 
load tasks. Meanwhile, due to the advanced control technologies and high demanding 
sensors, the cost of light weight robot is much higher than standard industrial robot 
[13]. 

The emphasis of light weight robot design is control laws, which provides robust 
performance and ensure the safety at all time during human robot collaboration. It uti-
lises the feedback from sensor, e.g. vision, force torque sensor both at the end-effector 
and inside the joints, tactile sensor, distance and sensors. The robot system should be 
designed to detect unexpected collisions with the environment and people and as a 
result, to make safe responses. 

KUKA- LWRIII is a typical kind of light weight robot which is of 7-DOF with a 
reachability of 1.1 m. Due to its harmonic drives, it has flexible joints. LWRIII is a 
specially designed robot for human robot cooperation and interaction. Its payload is 
14kg, of which load-to-weight ratio is about 1:1, while most industrial robot’s ratio is 
1:10 or much lower. It is equipped with force-torque sensors in each joints which ena-
bles interaction in every part of robot [14]. 

ABB YUMI is a specially designed robot to meet the electronics production needs, 
which can be used in small parts assembly application due to its flexible dual. It has a 
weight of 38kg integrated with hardware and software inside its body and can be 
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plugged it into standard household electrical power. It has soft padded dual arms com-
bined with force-sensing technologies. To guarantee the safety of operator when doing 
collaborative tasks, a risk assessment has to be carried out on the tools attached on the 
robot together with the surrounding equipment.  

4.2 Standard industrial robot 

There is another automation safety solution using standard industrial robot. To make 
robot and human perform operations simultaneously, the workspace for collaboration 
should be within the safeguarded area. Meanwhile, there should be safety monitoring 
system to monitor robot status and be able to stop the robot in a hazardous situation. 

4.2.1 Safeguards 

Where a human could be exposed to hazardous area (e.g. standing on restricted area 
that can be overlapped by robot arm) performing manual operation, interlocking safe-
guards should be applied to control the robot cell [3]. If the risk assessment finds an 
acceptable risk, inherent safety design should be applied to lower the hazard itself. The 
guards or safety devices can be divided into two types. The first one is non control-type 
safety devices /guards (e.g. guard door, fencing, etc.)This type of safeguards is the most 
common types. The other one is safety-related control system (e.g. light beam, light 
curtain, laser scanner, etc.) This type of safeguards has safety function that has to be 
controlled [12]. The working principle is illustrated in Figure 5. 

The light beam and light curtain both has an optical transmitter and a receiver unit. 
The light curtain has several beams of infrared light while light beam has only one beam 
of it. Light curtain can be used to protect finger, hand, leg, etc. Light curtain for pro-
tecting hands is with the closest beams, which distance separation is 14 mm [3] [15], 
while the distance between each beams for leg is 90 mm. The choice of whether light 
curtain or light beam depends on the safety distance, reach and cost. Light curtain is 
mainly used to protect short safety distance and light beam is used for long safety dis-
tance with rather low cost.  

Laser scanner is a photoelectric guard that can create a user configurable scanning 
field to protect several hazard areas. Both of the transmitter and receiver are inside 
itself. It uses infrared laser beam to scan the two dimensional area. The working prin-
ciple of it is time of fight, which sends out light pulses. When the light hits and object, 
it is reflected and received by laser scanner. Then it use the time difference of transmit-
ting and receiving pulses to calculate the distance of the object [16]. 

i. Non control-type safety guard: 
Fence: It consists of different components, e.g. aluminium profiles, brackets, 
net-locks, mesh, solid or noise reduction panels.  

• Pros:  Physical stop gives a safe feeling 
Protects against light or parts 

• Cons: Inflexible to change layout 
Limit access to robot 
Time consuming to assemble 

ii. Safety-related control system: 
Light beam: 

• Pros:  Flexible to change layout 
Simple and cheap solution to protect large area 
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Provide safety control without access limit 

• Cons: Risk for accidentally shut downs 
Laser scanner: 

• Pros:  Protects restricted areas 
Protects against light or parts 

• Cons: Limited protective area [12] 
 

4.2.2 Safety monitoring system 

ISO 10218-1 [17] gives the instruction of safe-rated monitoring system. According to 
this standard, the safe-rated monitoring system has two types, electronic position switch 
and speed monitoring. Usually, the monitoring system should be complemented with 
other sensors like light curtain, laser scanner, to detect human access to the robot cell.  

Electronic position switch is the connecting element between robot and controller. 
There are mainly two functions for electronic position switch. The first one is to ensure 
the axis computer and drive system are properly working and making robot follow the 
order from computer. The second one is to supervise robot position and set signal to 
be 0 if robot is in hazards workspace. 

The speed monitoring is a safety controller inside the robot. The purpose of it is to 
ensure the safety of operator by supervision function that activated by the safety digital 
input signals, which can stop the robot and control safety digital output signals. Both 
the input and output signals can be connected to a Safety PLC that is used to control 
the robot motion at different applications and also sends status signal to the robot con-
troller. The supervision function can immediately stop the robot through the safety 
controller as long as it receives input signal when there are hazards for human or oper-
ations in an unguarded workspace. 

4.2.3 RGB-D camera for tracking human 

RGB-D camera is used in not safety human machine interaction, sports analysis, and 
game surveillance, etc. It has two kinds of cameras, which is a standard colour camera 
and a depth camera with the near-infrared pulse illumination unit, where “D” refers to 
“depth” or “distance” [18]. It utilises the time of flight as working principle, which 
sends out a pulse and measures the time until it receives the reflected pulse and then 
calculates the distance based on the known light speed.  

Kinect from Microsoft has these two kinds of cameras, where the resolution of 
colour camera is 1920*1080 pixels and the resolution of depth camera is 320*240 pixels, 
with a maximum frame rate of 30 Hz. The sensing range is between 0.7 m to 6 m, while 
the best range is from 1.2 m to 3.5 m [19]. It emits a modulated near-infrared pulse 

 
Figure 5 Non control-type safety guard [3] [16]  
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from the illumination component and receive the reflected pulse if hits an object The 
CMOS image sensor captures the structured light pulse from IR emitter and decodes it 
to produce the infrared intensity image [19]. The infrared intensity image only displays 
the illumination effects by modulated light source, while the other light source, like day 
light or bulb light are filtered by the camera. The depth information can also separate 
the human figure from the rest of the environment, and draw the sketch of human 
body, as well as distinguish different human figures of maximum six people. The depth 
range of the sensor can be adjusted, and Kinect software can calibrate the sensor auto-
matically according to the environment. Besides, there are almost no shadow in the 
infrared intensity image since the standard colour camera and the depth camera are 
mounted closely. Furthermore, the calibrating of RGB sensor is with respect to the 
depth sensor so that the RGB data and depth data are mapped correctly on the same 
specific viewpoint [19]. The Microsoft SDK or Linux driver can have access to the 
intermediate raw images [20].  
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5 Related work  

G. Bolmsjo [1] presents the reconfigurable and flexible robot systems using an HMI 
that assists the operator in collaborative tasks to increase productivity and safety. To 
achieve a safe automation solution, an integrated safety-camera system is used with laser 
scanners and hand-hold devices that interact with robot. Besides, the robot system is 
equipped with ABB SafeMove, which is a safety monitoring function to monitor the 
robot motion during collaborative operation. This paper shows a reconfigurable and 
flexible robot systems paradigm. It presents in four areas, which are human machine 
collaboration, collaboration safety, programming and deployment, as well as planning 
and scheduling. The paper proves that it is more flexible and can improve the operation 
performance when introducing human to automation system. Human robot collabora-
tion decreases the automation complexity, which solves the problems that some oper-
ation is hard to be automated. And this collaboration also makes it easier for program-
ming.  

S. Augustsson et. al [12] investigates a safety camera called Safety-Eye from PILZ 
Company. It is a 3D camera that is used to ensure the safety for human robot collabo-
ration in a more flexible way and is approved by safety standards, which can be directly 
applied to industrial safety solution. With the help of 3D technology, it is capable to 
have a stereo view of the robot cell and define different safety zones to control human 
access to robot cell. However, since vision solution is too sensitive, the light condition 
is always a serious disturbance in this way and the cost is rather high than normal safe-
guards. Besides, it should be placed at a proper position, not too high or too low above 
the robot cell due to its valid resolution. Furthermore, the Safety-Eye cannot tell the 
difference from human and objects which could cause accidentally shut down of pro-
duction. 

A. Nilsson [7] presents the design of safety robot cell utilizing two laser scanners 
from SICK and a kind of soft rated monitoring system which is ABB SafeMove. The 
first laser scanner is placed horizontally to detect if there is human access to the collab-
orative workspace, and it is divided into warning zones and low speed zone. The other 
scanner is placed vertically to detect if there is human that is close to the robot. It 
investigates the robot braking distance and minimum separation distance from experi-
ments. SafeMove is used to limit the collaborative workspace and robot speed. When 
the horizontal laser scanner detects an access to the robot cell, the signal from laser 
scanners makes the robot program slow down the robot. The vertical scanner is con-
nected to the safety PLC and will shut down the robot if it detects an access. After the 
operator leaves the robot cell, he needs to check if there is still human inside the robot 
cell. If there is no human inside it, then the operator can press the reset button to let 
robot continue working. The challenge is to detect by sensors if there is human inside 
the robot cell behind the robot. 

J. Kruger et. al [13] claims that flexible car assembly processes require a close coop-
eration between worker and automation system. The interaction between human and 
robots improves the efficiency of each complicated assembly steps, as well as reduce 
production. This paper investigates flexible manufacturing system that utilizing collab-
oration between robot and human for assembly operation in car industry. It aims to 
have a combined solution that takes advantages of the strength, velocity, predictability, 
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repeatability and precision of the robot and the intelligence and sense of human. It also 
addresses the safety solution for human robot collaboration. This paper presents a more 
flexible and robust manufacturing paradigm with communication and integration struc-
ture with a computing model. The motivators are the evolution of direct interface for 
human-robot cooperation safety, safety strategy and devices, safe rated human robot 
assembly workspace, new methods and tools for assembly operations and the assistance 
of mobile robots. Safety and economic aspects in cooperative assembly tasks are also 
discussed. 

S. Haddadin et. al [14] make a research of collision detection and reaction using 
KUKA- LWRIII robot. The experiments proves that this robot is able to detect any 
unexpected collision by an intended operation from human within a close distance. The 
robot does no harm to the operator at any of the tested speed and makes proper reac-
tion that is predefined as a safety responding strategy, even when the robot hits a human 
chest at the speed up to 2.7 m/s. KUKA- LWRIII is a 7-DOF robot that is dedicated 
for human robot interaction, with advanced joint torque control, it has flexible joints 
that can be applied in hand guided collaborative tasks, e.g. guided assembly, guided 
stacking/de-stacking, guided gluing, etc. With KUKA- LWRIII, there is no need for 
safeguards for safety insurance due to its advanced joint torque control, low power, low 
payload, and light material cover.  

F. Duan et. al [21] uses vision system to monitor the operator safety by detecting 
the body posture and position during human robot collaboration. The collaborative 
workspace is separated to be human area and robot area, and border crossing is allowed 
only when safety guards system is active. During collaboration, robot cell for collabo-
rative tasks are guarded by light curtains to monitor the stop of robot if there is human 
access. After the curtain stop, reset button should be pressed by operator to make robot 
continue working. However, the safety solution of vision is not reliable enough due to 
light condition, the further work needs to be integrated with other kinds of sensors. 

Przemyslaw A. Lasota et. al [22] uses a real-time safety system that enables safe 
human robot collaboration at close separation distance. By knowing robot joint values 
and operator distance to the robot in the collaborative workspace, accurate robot speed 
adjustment can be achieved by using real-time separation distance measurements to get 
non-collision. The operator distance monitored by the camera, which gives an analog 
signal to the real-time safety system. Then the system calculates the speed adjustment 
value and gives the value to robot controller. The speed of robot will be slow down 
step by step, which means the closer the operator to the robot, the lower the robot 
speed will be.  

M. Bdiwi [23] proposes a robot system integrated with vision, force and sensitive 
skin sensors to ensure human safety during the human robot cooperation. With vision 
system, the robot can do face recognition to tell the difference from human and object. 
However, the vision solution has some limitations that the face recognition is not reli-
able enough if the human face is cover by glass or hat, and also the human should face 
the camera directly to make the face recognized. The force sensor helps the robot to 
respond to human hand motion in collaborative assembly task, which can hold loading 
and be guided by human. The sensitive skin archives non- collision between the oper-
ator and robot. It covers all the surface of the robot arm and detect the physical contact 
with human. If the robot collides with human, it will give signal to safety PLC, which 
will shut down the motion of robot to ensure operator’s safety. 
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6 Method 

 Literature study 
The literature study is performed to identify robot safety systems that operate in 
collaborative mode by investigating safety standards and directives, different sen-
sors and robots, safety monitoring systems. It also finds out the calculation of min-
imum safety distance from actual standards and directives. Safety requirements of 
light weight robot and standard industrial robot are compared with each other. 
Through related works, ideas can be obtained on sensors, safety monitoring system 
and robot cell design. 

 

 Design of collaborative robot cell 
The robot cell that is used in this work is located in Production Technology Centre 
of University West. There is also a simulation model corresponding with the real 
robot cells. To design a safety robot cell, firstly it is required to figure out the area 
that needs to be protected. Then the scanners’ mounting positions should be con-
sidered and how many scanners are needed, as well as the function of each scanner. 
Furthermore, a simulation project can be done before the real test. 

 

 Calculate the safety separation distance 
Next step is to calculate the safety separation distance between human and robot at 
different robot speed. The equation for minimum safety distance is given by 
ISO13855, and the robot reaction time needs to be considered completely, which 
includes the Safety PLC, the scanners, and the robot itself. When the safety separa-
tion distance is obtained, then the scanners’ positions can be determined as well as 
the positions of warring tapes on the floor. 

 

 Test plan 
The test plan has two parts, which are the validation of the designed collaborative 
robot cell with scanners, trap routine and safety monitoring functions, as well as 
investigating the reliability of RGB-D camera in robot safety. It needs to combine 
auto-reset and manual-reset to ensure the safety. Experiments will be carried out 
both in manual mode and auto mode. 

 

 Configuration 
SICK scanners: The scanners should be mounted properly with the reference of 
safety separation distance and the protected field should be defined that can cover 
all the hazards area by a computer, while the area should not be interfered by the 
surrounding equipment. 
SafeMove: The RobotStudio can set the safe tool speed, safe tool zone and safe 
standstill. It can monitor the speed at a certain value (250 mm/s in this project), 
and create a virtual box around the robot to limit the tool zone. When the robot is 
jogged outside the defined tool zone, it will come to a monitored stop. When the 
robot is not paused at certain condition, the SafeMove will shut down the robot 
because of the standstill violation. 
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 Robot program 
A robot program with trap routine is needed to slow down and resume the robot 
motion according to the input signal. The robot program can be done with the help 
of RobotStudio. In the robot simulation, virtual digital inputs are created to realize 
the automatic speed ramp down and reset procedures without real input signals 
from Safety PLC. 
The designed robot program is with speed display function to get the current speed 
each 0.1 s, which can verify that the speed is changing correctly according to the 
input signals. 

 

 Valuation 
Through real experiments, to verify the reliability of the designed safety robot cell. 
Furthermore, find out the difficulties in the human robot collaboration design. 
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7  Work 

To realize a collaborative robot cell, work should be done including the risk assessment, 
the layout and function design, configuration of scanners and SafeMove, calculation of 
safety separation distance, robot and Safety PLC programming, configuration of RGB-
D camera and robot simulation in virtual environment. Then comes with the valuation 
to verify the functions of auto-reset and manual-reset, and to find the difficulties in the 
design of safe human robot collaboration by analyzing the result of experiments. 

7.1 Risk assessment 

Before designing the safe human robot collaboration, the risk assessment must be car-
ried out on the safety design for collaborative robot cell, which helps to determine the 
safety requirements for the collaborative robot cell and finally achieve a production 
friendly and safe solution. To start the risk assessment, the first step is to identify all the 
possible safety and health hazards of all the machinery in the designed safe collaboration 
robot cell. Besides, the required safety standards and directives should be followed in 
the safety design. Then, the risk assessment should be documented to record what have 
been done to reduce the risks and the seriousness of the remaining risks. If a change 
takes place in the design, risk assessment should be carried out again to determine if the 
change is cursing any risks, and then make modification [3]. The safety standards and 
directives that are used is listed in Table 1. 

Standards and directives Description 

Machinery Directive 
2006/42/EC 

The definition of machinery 

ISO 10218-1:2011 Robots for industrial environments - Safety re-
quirements - Robot 

ISO 10218-2:2011 Robots for industrial environments - Safety re-
quirements - Robot systems and integration 

ISO 15066:2016 Robots and robotic devices – Collaborative robots 

ISO 12100:2010 Safety of machinery – Basic Concepts - General 
principles for design. 

ISO 13849-1:2006 Safety of machinery -- Safety-related parts of con-
trol systems -- General principles for design 

ISO 13855:2010 Safety of machinery - Positioning of protective 
equipment with respect to the approach speeds of 
parts of the human body 

ISO 13857:2008 Safety of machinery - Safety distances to prevent 
hazard zones being reached by upper or lower 
limbs 

 
 

Table 1 Safety standards applied in the safety design 
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The risk assessment for this project is listed in Table 2. 
 
 

Step 1 Identify the hazards Step 2 Assess the 
risk 

Step 3 Fix the problem Reassess 
the risk 

Identify the 
task 

The risks associ-
ated with each ac-
tivity  

Severity Fre-
quency 

Work needs to be done to 
reduce the risk 

Severity  

Improper use 
of safeguards 

Improper installa-
tion and configu-
ration of laser 
scanners 

High Medium Training of using sen-
sors;  
Make simulations before 
real experiments. 

Low 

Lack of oper-
ator training  

Operator is not 
clear about the 
speed control 

Medium Medium Training for operators; 
Only authorized people 
can access the robot cell. 

Low 

Mechanical 
part fails 

Faulty or unex-
pected operation 

High Low Maintenance; 
Robot calibration. 

Low 

Power supply 
fails 

The power failure 
of sensor 

High Low Check before experi-
ments. 

Low 

Control er-
rors 

Program errors or 
system errors 

High Low Examine and make tests. Low 

7.2 Layout and function design 

The robot cell that is used in this project is located in the Production Technology Centre 
of University West. To change the industrial robot cell to a collaborative robot cell, a 
redesign is needed, which should be equipped with safeguards and safety monitoring 
stop. In this project, one robot from ABB IRB 4400, three laser scanners S30B-3011CA 
from SICK are included in the design. And the designed layout is illustrated in Figure 
6, which shows the robot cell entrance, the position of three scanners and robot, the 
protective zone and warning zone of each scanners, as well as the prohibited area(area 
that behind the robot). There are also warning tapes on the ground to outline the haz-
ardous area. 

The flow chart (see Figure 7) shows the logic of slow down and resume procedures. 
The OSSDs are the output signal from the scanner, and if it detects an object, the OS-
SDs is switched to OFF state. 

 The slow down process: The robot speed should be firstly slowed down to 
manual speed (250 mm/s) and then standstill (0 mm/s) when the human enters 
the collaborative workspace to do operations, e.g. loading/unloading, changing 
robot tool, quality inspection, etc.  

 The resume process: When the man leaves, the robot speed should be firstly 
increased to manual speed (250 mm/s), and then be increased to full speed (600 
mm/s). However, if the human enters the area that behind the robot, since this 
area is not covered by scanners, the resume of robot operation must be done 
by pressed reset button and start button manually. 

Table 2 Risk assessment for safe human robot collaboration 
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7.3 Safety PLC 

Safe Programmable Logic Control, safety PLC, from ABB Jokab Safety, is used to han-
dle safety logic. In this project, the OSSDs from vertical laser scanners are connected 

 
Figure 6  Layout of safe collaborative robot cell 

 
Figure 7  Flow chart of Slow down and Resume process 

-Warning zone 

-Protective  
zone 
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to the safety PLC at I3 and I6. The safety PLC will shut down the robot motion only 
in auto mode. The protection stop by scanners is a local stop, which is only executed 
on the certain robot cell. The emergency stop is also monitored by safety PLC, and it 
can be pressed either on the teach pendant, or the robot controller, or the local PLC 
cabinet. Once the emergency button is pressed, the robot is shut down, together with 
other four robot cells in the same production line.  

7.4 Laser scanners 

The laser scanners are one type of safeguards that can be controlled and they are used 
to detect human access to the robot cell. The working principle is “time of flight”. 
There are three laser scanners S30B-3011CA from SICK used in this project, and two 
of them are placed horizontally, while the other one is placed vertically.  

 Basic technical data: The protective zone range of this product is 3 m and the 
warning zone range is 8 m (at 30 % reflectivity). The scan angle is 270°. The 
resolution can be selected between 30 mm and 150 mm. 

 Mounting: The configuration of the protective zone must be guaranteed to be 
larger than the safety separation distance. According to ISO 13855, the height 
of scanners position for horizontal stationary with 70 mm resolution should be 
at least 300 mm above the floor [8]. 

 Zone configuration: Each scanners can be configured with two warning zones 
and one protective zone. The first horizontal scanner (Scanner_H1) detects the 
entrance of the robot cell, with a warning zone (yellow) and a protective zone 
(red). The second horizontal scanner (Scanner_H2) detects the approach to the 
robot, with a warning zone and a protective zone. The vertical scanner (Scan-
ner_V1) detects the access behind the robot, with one protective zone. See Ap-
pendices A. 

 Resolution: The resolution for Scanner_H1 and Scanner_V1 is configured as 
50 mm, which is for detecting body, while the resolution of Scanner_H2 is 30 
mm for detecting hands. 

 OSSDs: OSSDs, Output Signal Switching Devices are output signal switching 
device, which are the outputs of the SICK scanners. They are connected to the 
SafeMove or Safety PLC to make a monitored stop of robot. There are two 
channels (OSSD1, OSSD2) of each scanner because of safety reason, e.g. short 
circuit. When the laser scanner detects an object in the protective zone, it 
switches the OSSDs to OFF state. And when there is no longer object in the 
protective zone, the OSSDs are switched to ON state again. 

Since there are no human access to the prohibited area when the robot is running, 
and it is also expensive to mount several scanners that cover all the prohibited area, the 
scanners only cover the entrance of robot cell and the table (collaborative workspace).  

The OSSDs of the low speed and zero speed horizontal scanners are connected to 
the SafeMove, which can stop the robot if the OSSDs are switched to OFF state ac-
cording to the configuration in SafeMove. When there are objects in the warning zone, 
the digital output 04 will be activated. DI1 and DI4 are the robot digital output, which 
are used in the trap routines of rapid code, to make a speed refresh to a certain percent 
of the original speed. The details for the Low speed Scanner H1 and the Zero speed 
Scanner H2 are listed in Table 3 and Table 4. 
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Low speed 
Horizontal 
scanner 

Scanner digital 
output  

SafeMove Robot 
digital 
input 

Function 

Protective 
zone 

OSSD1 -X9 IN1A  If robot speed > Safe 
Tool Speed, the robot is 
stopped by SafeMove. OSSD2 -X9 IN1B  

Warning 
zone 

Digital output 04  DI1 Used in trap routine of 
rapid code to make 
Speed Refresh. 

Zero speed 
Horizontal 
scanner 

Scanner digital 
output  

SafeMove Robot 
digital 
input 

Function 

Protective 
zone 

OSSD1 -X9 IN2A  If robot speed > Safe 
Tool Speed, the robot is 
stopped by SafeMove. OSSD2 -X9 IN2B  

Warning 
zone 

Digital output 04  DI4 Used in trap routine of 
rapid code to make 
Speed Refresh. 

 
The OSSDs of the Shut-down Vertical scanners is connected to the Safety PLC. 

When the OSSDs are switched to OFF state, the Safety PLC shuts down the robot 
motion. The warning zone is not used since it is placed vertically. The details for the 
Shut-down Vertical scanner is listed in Table 5. 

 

Shut-down 
Vertical 
scanner 

Scanner digital 
output  

Safety 
PLC 

Function 

Protective 
zone 

OSSD1 I3 If the OSSDs switch OFF, the 
robot is shut down by Safety 
PLC. OSSD2 I6 

Warning 
zone 

Not used. 

7.5 SafeMove 

SafeMove is a soft rated monitoring system that can limit the speed, the working area, 
and make standstill of the robot. It is a separate unit in the robot controller, and it can 
supervise the robot motion when the robot runs both in manual mode and auto mode. 
The RobotStudio can configure the SafeMove on safe standstill, safe axis speed, safe 
axis range, safe tool speed, and safe tool zone [24]. It can be configured only when the 

Table 3  The signal and function of Low speed Horizontal Scanner 

Table 4  The signal and function of Zero speed Horizontal Scanner 

  

Table 5  The signal and function of Shut down Vertical scanner 
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RobotStudio is connected with the real robot controller, and it needs authorized pro-
cess to access the SafeMove unit in RobotStudio. 

 In this project, the new version RobotStudio 6.03 is used to configure the 
SafeMove, and the setting will be done on safe standstill, safe tool speed, and safe tool 
zone. Compared to the older version, the 6.03 version has new functions of Visual 
SafeMove both on the teach pendant and the RobotStudio. See Appendices C and G. 
Combined these three functions in SafeMove, it can make a safety monitored stop on 
the robot motion. 

 Speed supervision: The SafeMove can set a maximum tool speed. If the real 
tool speed exceeds the maximum tool speed when the OSSDs of scanners H1 
are switched to OFF state (object in the protective zone of robot cell entrance), 
the robot will be stopped by the robot controller. In this project, the maximum 
tool speed is set to be 250 mm/s and the stop mode is STOP 1, i.e. stop the 
robot motor rapidly and safely, and switches the motor without any torque after 
a standstill. See Appendices B. 

 Working area supervision: The SafeMove can limit the tool zone of the robot 
by setting several points in zone definition in relation to the world coordinate. 
And there can be different safe tool zones at the same time. Once the tool 
position exceeds the defined tool zone, the robot will be stopped by the 
SafeMove. With the new software, the real-time tool position can be shown on 
the teach pendant in a 2D view, and also in the RobotStudio in a 3D view with 
online motor. See Appendices C. 

 Standstill: The standstill is to pause the robot motion without shutting down 
the robot power. In this project, the safe standstill will be activated if the OSSDs 
of scanners H2 are switched to OFF state (object in the protective zone of 
collaborative area). The advantages of standstill is time-saving, i.e. the operator 
doesn’t need to press the robot motor ON after he leaves the robot cell. See 
Appendices D. 

When the configuration of SafeMove is finished or new changes takes place, it needs 
to be downloaded to the real robot controller, and make the Software Synchronization, 
which is to move the robot to the absolute zero position (all the six axis at zero position) 
and make calibration. 

7.6 Safety separation distance calculation 

The safety separation distance is the minimum distance between the robot and human, 
which depends on the speed, break time, reaction time and distance of a robot, as well 
as the body/hand speed of a human, and safety margin due to resolution of sensors. 
The closer the safety separation distance is, the slower the robot speed should be. The 
robot should be stopped when a human approaches the robot within the safety separa-
tion distance. See Figure 8. 

The standards ISO 13855 [8] gives the equation for calculating safety separation 
distance: 

  𝑆 = 𝐾𝐻(𝑇𝑅 + 𝑇𝐵) + 𝐾𝑅𝑇𝑅 + 𝐵 + 𝐶 

The robot braking time (worst case) can be found in product specification. Since 
the axis 4, 5, 6 has little influence on the robot braking motion, only axis 1, 2, 3 are 
considered in the robot braking time [25]. Then the robot braking distance can be ob-
tained with worst case braking time and speed, and we assume the braking process is a 
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decelerate process. The robot reaction time should include all parts in the robot system, 
e.g. the robot itself, the scanner, and the Safety PLC. 

7.6.1 Safety separation distance at manual speed 

The robot speed here is 250 mm/s, and the hand speed is used as the human speed, 
because the hand is closer to the robot when the distance is short, which 1.6 m/s ac-
cording to the safety standard. The braking time is divided into two parts, one is the 
robot motion using axis 1. The other one is the robot motion using not axis 1. In this 
circumstance, the robot can stop much faster, and axis 1 is not used as often as axis 2 
and axis 3. The specification of the safety distance calculation at manual speed (250 
mm/s) is listed in Table 6. 

Variable Explanation Value Source 

𝑲𝑯 Hand speed 2.0 m/s ISO 13855 

𝑻𝑹 Robot system 
reaction time 

0.12 s  
 

Scanner reaction: 80 ms  
Safety PLC: 20 ms  
IRB 4400: 20 ms 

𝑻𝑩 Braking time 0.4 s (axis 
1 used) 

1 s (axis 1 
not used) 

IRB 4400 product specification 

𝑲𝑹 Robot speed 0.25 m/s Set in SafeMove and rapid code 

𝑩 Robot braking 
distance 

0.08 m 0.155 m  

𝐵 =
1

2
(𝐾𝑅 ∗ 𝑇𝐵) + 𝐾𝑅 ∗ 𝑇𝑅 

𝑪 Resolution 0.03 m The configuration of Scanner H1 

Result: Putting these values into the equation, the safety separation distance at man-
ual speed can be obtained, which is 1.18 m (axis 1 not active) or 2.455 m (axis 1 active). 

 
Figure 8  Minimum separation distance at manual speed and full speed 

 

 

Table 6  Variables for safety separation distance at manual speed  
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7.6.2 Safety separation distance at full speed 

The full speed is set to be 600 mm/s in order to minimize the safety separation distance 
and also because of safety reason. The body speed is used as the human speed, which 
is 1.6 m/s according to the safety standard. Human arm length is compensated in the 
resolution. The other data have been mentioned in the safety separation distance at 
manual speed. The specification of the safety distance calculation at full speed (600 
mm/s) is listed in Table 7. 

 
 

Variable Explanation Value Source 

𝑲𝑯 Body speed 1.6 m/s ISO 13855 

𝑻𝑹 Robot system 
reaction time 

0.12 s  
 

Scanner reaction: 80 ms  
Safety PLC: 20 ms  
IRB 4400: 20 ms 

𝑻𝑩 Braking time 0.4 s (axis 
1 active) 

1 s (axis 1 
not active) 

IRB 4400 product specification 

𝑲𝑹 Robot speed 0.60 m/s Set in SafeMove and rapid code 

𝑩 Robot braking 
distance 

0.192 m 0.372 m  

𝐵 =
1

2
(𝐾𝑅 ∗ 𝑇𝐵) + 𝐾𝑅 ∗ 𝑇𝑅 

𝑪 Resolution 0.9 m The configuration of Scanner H2: 
0.05 m 
Human arm length compensation: 
0.85 m 

 
Result: Putting these values into the equation, the safety separation distance at full 

speed can be obtained, which is 1.996 m (axis 1 not active) or 3.136 m (axis 1 active). 

7.7 Speed monitoring function by trap routine 

Trap routine can be used to monitor the robot speed in two ways, speed refresh and 
speed display. When the robot receives signals from scanners, the trap routine will be 
executed. The trap routine can be saved in the robot, and be called to any new program 
using “ProCall”. The robot program with speed monitoring function is shown in Ap-
pendices E. 

7.7.1 Slow down and resume  

The robot speed can be changed to any percent of the original speed by the rapid in-
struction of “SpeedRefresh”. To reduce the robot speed, the robot waits for the signal 
from the Scanners. This signal will be activated when an object is in the warning zone.  

i. Slow down (from 600 mm/s to 250 mm/s): First, when there is an object in the 
warning zone of Scanner H1 and no object in the warning zone of Scanner H2.  
Then the robot program executes the trap routine of “SpeedRefresh” at 41 % 
of the original speed, the speed will be changed to 250 mm/s. 

ii. Slow down (from 250 mm/s to 0 mm/s): Next, if the signal from the warning 
zone of Scanner H2 becomes TRUE, no matter if there is any object in the 
warning zone of Scanner H1, the robot program executes the trap routine of 

Table 7  Variables for safety separation distance at full speed 
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“SpeedRefresh” at 0 % of the original speed, while the robot power is still ON, 
the speed will be changed to 0 mm/s. 

iii. Resume (from 0 mm/s to 250 mm/s): Then, if there is an object in the warning 
zone of Scanner H1 and no object in the warning zone of Scanner H2, the robot 
program executes the trap routine of “SpeedRefresh” at 41 % of the original 
speed, the speed will be changed to 250 mm/s. 

iv. Resume (from 250 mm/s to 600 mm/s): Finally, if there is no object in the 
warning zones of Scanner H1 and Scanner H2, the robot program executes the 
trap routine of “SpeedRefresh” at 100 % of the original speed, the speed will 
be changed to 600 mm/s. 

7.7.2 Speed display  

The tool speed of robot can be displayed using “TPWrite” instruction. The speed is 
obtained each 0.1 s, by dividing the distance with time. This allows remote supervision, 
and one can know how the robot speed changes without seeing the robot, and can 
know if it is changed correctly. When the robot is running, the speed is displayed on 
the teach pendant or RobotStudio each 0.1 s, and the approximate time for speed 
change (slow down/resume) can be calculated easily. See Appendices F. 

7.8 Robot simulation 

Before the valuation in the real experiments, the simulation in virtual environment 
should be carried to verify the functionality. The simulation project builds the virtual 
collaborative robot cell, including the layout of the robot cell that is equipped with three 
laser scanners, area of different warning and protective zones, and a human model. 

Then comes with the verification of slow down and resume process using Robot-
Studio. There is already a virtual layout of all the robots in PTC by University West, and 
the simulation project is based on this file. When the virtual layout and robot program 
are ready, the virtual input signals from laser scanners should be created in I/O signal 
unit. When the robot is running virtually following the robot code with trap routines, 
buttons of different signals can be pressed manually in the signal simulator in Robot-
Studio to simulate the process of detecting people by scanners. The robot keeps fol-
lowing the given path until it receives the virtual signal from laser scanner’s warning 
zone by manually activate this signal. And at the same time, the current robot speed is 
shown on the virtual teach pendant every 0.1 s. Once the specific signal is activated 
manually, the robot will jump to the trap routine of speed refresh. The speed is reduced 
to 250 mm/s when only the warning signal of Scanner H1 is activated, and is changed 
to 0 mm/s when the warning signal of Scanner H2 is activated, and is increased to 600 
mm/s when none of these two scanners’ warning signals are activated. 

With robot simulation, the operator can have a check on robot program to avoid 
control failure by man-made mistake. And it is both safe and time-saving to verify the 
functionality virtually. The other advantages of simulation project on RobotStudio is 
that the robot code can be applied on the real robot directly. The virtual environment 
can be connected to the real robot controller easily. 

7.9 Investigate the reliability of RGB-D camera 

The RGB-D camera is from Kinect 2, which is a cheap solution to detect human. It can 
differentiate human from object with its RGB camera and infrared depth camera. This 
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camera is used in game surveillance and it is not authorized by the standards in safety 
field. 

The author did some tests to investigate the reliability of RGB-D camera and to 
find the possibility to apply it in the safe human robot collaboration. 

i. Detect one person in 3D view to verify the function of tracking human. 
Result: The person stands 2 m away from the camera. The result shows that the 
person can be detected by the camera and the human joints can be drawn out 
on the screen to know each part of human body, like head, arm, hand, etc. The 
hand motion can also be tracked by this camera, but we are not going to test it 
in this project. The result is shown in Figure 9. 

ii. Detect two persons in 3D view to see if it can tell the difference of several 
human and if it can identify people wearing glasses. 
Result: There are two human in this area, and they are detected by the RGB-D 
camera. The joints and bodies are marked out with different colors. One person 
that wearing glasses is identified by the camera and it shows YES wearing 
glasses on the screen, while the other person that not wearing glasses shows 
NO wearing glasses on the screen. The result is shown in Detect different hu-
man and judge if wear glasses. The result is shown in Figure 10. 

iii. Detect one person whose body is partly blocked by objects. 

 
Figure 9  Verify the function of tracking human 

 
Figure 10  Detect different human and judge if wear glasses 
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Result: The person must show his complete body to be identified as a human 
by the camera, and this is one of the biggest disadvantages for identifying a 
human. If he is identified at first, and then part of his body is blocked by objects, 
which makes an uncompleted body in the figure, the camera will draw the rest 
of body part by itself. The Figure 11 shows that the camera identifies a human 
and draws his legs which are blocked by a table. 

7.10 Function test 

When the preliminary work is finished, including risk assessment, configuration of 
SafeMove and laser scanners, programming of robot and Safety PLC, calculation of 
safety separation distance, and simulation project, the real test can be carried out to test 
the reliability of the proposed collaborative robot cell. 

Before the final experiments, the following work needs to be done to check if all 
the devices work properly to ensure the safety. 

 Check the working condition of laser scanners.  
o If the digital screen displays numbers correctly when there are objects 

in warning zones and protective zone  
o If the laser scanner OSSDs is switched OFF when an object is in the 

protective area.  
o If all the designed area is covered properly by the scanners. 

 Check the working condition of Safety PLC.  
o If it can shut down the robot immediately and the reset button is lighted 

when the Scanner V1 detects an object.  
o If all machinery that connected to Safety PLC are stopped when the 

emergency button is pressed. 

 Check the working condition of robot. 
o If it is calibrated. 
o If the program is correct. 

 Check the working condition of SafeMove. 
o If the safe too zone is activated by jogging robot to the border of safety 

tool zone, to see if the SafeMove stops the robot. 

 
Figure 11  Part of human body is blocked by a table 
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o If the safe tool speed is activated by walking to the protective (red) zone 
when the robot is running at the speed over the safe tool speed (250 
mm/s), to see if the SafeMove stops the robot. 

o If the standstill is activated by accessing the protective (red) zone of 
Scanner H2 without Trap routine (Speed Refresh), to see if the 
SafeMove stops the robot. 

7.11 Valuation of Auto-reset 

The auto-reset is only feasible if there is no access to the prohibited area, which means 
the Scanner V1 detects nothing so that the Safety PLC will not shut down the robot 
power. Only in this circumstance can the robot slow down and resume automatically 
without turning on the motor during the experiments. 

7.11.1 Manual mode 

When the check procedures are finished and the key on the robot controller is switched 
to manual mode. During the experiments, the teach pendant must be held by one per-
son, and the operator goes to the robot cell, or the operator holds the teach pendant 
and walks to the robot cell. This section records the process of the real experiments of 
safe human robot collaboration at manual mode. 

 Step 1: Walk to the entrance of robot cell. 
Although the speed is set at 600 mm/s in the rapid code, the robot is running 
at the speed of 250 mm/s because of manual mode speed limitation. And the 
current speed is displayed on the teach pendant every 0.1 s.  

i. The operator first goes to the entrance of robot cell. After he is detected 
by the laser scanner H1 in the warning zone, the robot program jumps 
to the trap routine of Speed Refresh and the speed is changed to 41 % 
percent of the original speed (250 mm/s), which is around 100 mm/s.  

ii. When he is detected in the protective zone of Scanner H1, the 
SafeMove checks if the current speed is larger than the safe tool speed 
(250 mm/s). Since the current speed is less than the safe tool speed 
because of the manual mode speed limit and trap routine, the robot 
keeps running. 

 Step 2: Walk to the collaborative workspace. 
i. The operator then goes to the collaborative workspace. After he is de-

tected by the laser scanner H2 in the warning zone, the robot program 
jumps to the trap routine of Speed Refresh and the speed is changed to 
0 % percent of the original speed (250 mm/s), which is 0 mm/s, while 
the robot power is ON. 

ii. When he is detected in the protective zone of Scanner H2, the 
SafeMove checks if the robot is at pause state. Since the current speed 
is at 0 mm/s because of trap routine, the SafeMove doesn’t shut down 
the robot power. 

 Step 3: Leave the collaborative workspace. 
After the operator finishes his tasks in the collaborative workspace, he walks 
backward to the entrance area of the robot cell.  

i. When the operator walks back to the protective zone of Scanner H1, 
the SafeMove checks if the current speed is less than 250 mm/s, and it 
doesn’t shut down the robot because this requirement is met. 
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ii. When the operator walks back to the warning zone of Scanner H1, the 
robot speed is increased to around 100 mm/s, which is 41 % of the 
manual limited speed. 

 Step 4: Leave the robot cell 
The operator keeps walking and goes outside the robot cell. 

i. When both of the scanners detect nothing in the warning zones and 
protective zones, which means all the OSSDs of protective zones are 
switched to ON state and the output signals of warning zones are not 
activated, the robot program jumps to the trap routine of Speed Re-
fresh, and the speed is changed to 250 mm/s, not 600 mm/s in the 
rapid code, because of the manual speed limitation. 

7.11.2 Auto mode 

When the check procedures are finished and the key on the robot controller is switched 
to auto mode. The processes of experiment at auto mode are recorded in the following 
steps. 

 Step 1: Walk to the entrance of robot cell. 
Since the speed is set at 600 mm/s in the rapid code, the robot is running at 
this speed in the beginning. And the current speed is displayed on the teach 
pendant every 0.1 s.  

i. The operator first goes to the entrance of robot cell. After he is detected 
by the laser scanner H1 in the warning zone, the robot program jumps 
to the trap routine of Speed Refresh and the speed is changed to 41 % 
percent of the original speed (600 mm/s), which is around 250 mm/s.  

ii. When he is detected in the protective zone of Scanner H1, the 
SafeMove checks if the current speed is larger than the safe tool speed 
(250 mm/s). Since the current speed is less than the safe tool speed 
because of the trap routine, the robot keeps running. 

 Step 2: Walk to the collaborative workspace. 
i. The operator then goes to the collaborative workspace. After he is de-

tected by the Scanner H2 in the warning zone, the robot program jumps 
to the trap routine of Speed Refresh and the speed is changed to 0 % 
percent of the original speed (600 mm/s), which is 0 mm/s, while the 
robot power is ON. 

ii. When he is detected in the protective zone of Scanner H2, the 
SafeMove checks if the robot is at pause state. Since the current speed 
is at 0 mm/s because of trap routine, the SafeMove doesn’t shut down 
the robot power. 

 Step 3: Leave the collaborative workspace. 
After the operator finishes his tasks in the collaborative workspace, he walks 
backward to the entrance area of the robot cell.  

i. When the operator walks into the protective zone of Scanner H1, the 
SafeMove checks if the current speed is less than 250 mm/s, and it 
doesn’t shut down the robot because this requirement is met. 

ii. When the operator walks into the warning zone of Scanner H1, the ro-
bot speed is increased to 250 mm/s, which is 41 % of the full speed. 

 Step 4: Leave the robot cell 
The operator keeps walking and goes outside the robot cell. 
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i. When both of the scanners detect nothing in the warning zones and 
protective zones, which means all the OSSDs of protective zones are 
switched to ON state and the output signals of warning zones are not 
activated, the robot program jumps to the trap routine of Speed Re-
fresh, and the speed is changed to 600 mm/s in the rapid code. 

7.12 Valuation of Manual-reset 

Manual-reset is only feasible when the robot runs at auto mode, it is used to confirm 
the shut down by the Safety PLC because of the access to the prohibited area and then 
manually restart the robot power. 

 Step 1: Enter the prohibited area. 
The robot is at auto mode and the human is already at the collaborative work-
space. The robot is kept standstill by the SafeMove, while the power is still ON.  

i. The operator goes forward to the prohibited area behind the robot. The 
Scanner V1 detects an object in the protective area, and the OSSDs is 
switched OFF. The Safety PLC shuts down the robot power to ensure 
the safety. 

 Step 2: Leave the robot cell. 
To reset the robot, the operator must go outside of the robot cell to press the 
reset and start button manually. 

i. The operator leaves the robot cell and press the reset button outside the 
robot cell and turn on the robot power. 

ii. The operator restart the robot program. 
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8 Discussion and Results 

This section gives the valuation result of the proposed safety solution for human robot 
collaboration. It also presents the safety standards, the relation of robot speed and 
safety distance, the selection of safeguards and robots, the reliability of RGB-D camera, 
and the advantages of monitoring robot speed by trap routine. Furthermore, it discusses 
the auto-reset and manual-reset, and the benefits of combining them together. It also 
gives the analysis for special cases in human robot safety, and presents the limitation as 
well as difficulties in this project. 

8.1 Safety standards 

The standards that are applied in this project are listed in Risk assessment of 7.1. There 
was no standard for safe human robot collaboration until the new standard ISO 15066 
comes out this year. It gives guidance for the design of collaborative industrial robot 
system, and the requirements of validation and verification. It points out that the robot 
motion may resume automatically when the operator leaves the collaborative workspace 
[9]. 

8.2 Robot speed and safety distance 

For each collaborative mode, safety measures should be taken to ensure operator’s 
safety either by separating robot and human or by reducing robot power and speed. For 
variable speed situation, the minimum separation distance is dependent on the robot 
speed, break time, reaction time and distance of robot, as well as the body/hand speed 
of a human, and safety margin due to resolution of sensors. For constant speed situa-
tion, the worst case should be considered and used to be as a threshold value. Alterna-
tively, the maximum robot speed can also be defined from the known minimum sepa-
ration distance. 

8.3 Safeguards 

There are mainly two kinds of safeguards in the contactable types. One is fences and 
gates, which are the most common safety solution in robot application. However, it is 
rather inflexible thus needs to use the other kind of safeguards called safety-related 
control system. The typical kinds of safety-related control system is light curtain and 
laser scanner, which can be connected to safety relays and also allows to change pro-
tective area in a flexible way. The operator should take advantage of each safeguards. 

8.4 The selection of robot 

For the selection of robot, there are two kinds of robot with different payload. The first 
one is light weight robot, which is designed with light weight material and is dedicated 
to perform collaborative task with human. It follows specific standards that will cause 
no harm to operator. This kind of robot has force-torque sensors inside each robot 
joints and has complicated dynamic characteristics and can perform accurate motion. 
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However, it has an obvious weakness of small payload and high cost due to advanced 
control techniques. Then there comes with industrial robot. To achieve the safety col-
laborative operation, the robot system must activate the safety monitoring function in-
side the robot controller to monitor the robot motion. Meanwhile, it should also be 
equipped with safeguards, usually interlocking devices, to detect human access and give 
signal to safety relays, which send orders to the robot controller to have a monitored 
stop if there is access to the collaborative workspace. 

8.5 Speed monitoring function by SafeMove and Trap routine 

The auto-reset of robot motion is realized by combining SafeMove and trap routine. In 
this project, the trap routine is responsible to change the robot speed, and the SafeMove 
is responsible to check the robot speed as well as robot working range  

The advantage of combining then together is time-saving of trap routine and the 
reliability of SafeMove. With the help of trap routine to make speed refresh, the robot 
speed can be slowed down and resumed automatically according to the warning signals 
from scanners. There is no need to shut down the robot and restart it when people 
come and leave the robot cell. The SafeMove supervises the robot motion to make a 
monitored stop according to the stop signals from scanners. If the speed or working 
range doesn’t meet the requirements, there will be a safety-monitored stop of the robot. 

8.6 Auto-reset and manual-reset 

The auto-reset is not allowed in the human robot collaboration before the IS0 15066 
comes out. With the arrival of this standard, the auto-reset can be applied in the pro-
posed project for safe human robot collaboration. 

Usually, there is no people entering the prohibited area behind the robot when the 
robot is running. Since the laser beams of scanners cannot detect the defined area when 
there is something blocked in this two dimensional place, the area that behind the robot 
is hard to be covered by the scanners because this area is much complicated, with robot 
base, press machine, CNC machine, tool box, etc. Therefore, it is much more expensive 
and difficult to cover all the area. 

Because of this reason, the reset process is divided into two parts, the auto-reset 
and manual-reset. The most significant advantages of auto-reset are that there is no 
need to shut down the robot power and then press the reset button, which saves time 
and effort. The robot can slow down or keep standstill depends on the distance from 
human to the robot. Two safety distances need to be calculated at full speed and manual 
speed. When the operator goes across the safety distance for full speed, the robot speed 
must be slowed down to ensure the safety. And when the operator goes across the 
safety distance for manual speed, the robot speed must be slowed down much more, 
and finally reaches standstill if the human approaches the robot.  

With several slow down processes, the robot can still keep working when the human 
is close to the robot, which improves the efficiency compared to slow down the robot 
speed to 0 mm/s directly. 

However, manual-reset is more reliable and safer, which means the robot power is 
directly shut down when the sensors detect an access. It needs human confirmation and 
time to restart the robot motor and robot program. This is now a common practice in 
the safety of the automation industry. 
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This project combines the auto-reset and manual-reset together, which is both reli-
able and time/effort-saving. 

8.7 Reliability of RGB-D camera for human robot safety 

The project investigates the reliability of RGB-D camera to track human in human ro-
bot safety.  
The advantages are as follows: 

 It can track a human with high frame rate since it is always used in game sur-
veillance. 

 It can detect up to six people at the same time.  

 It can tell a human from object although the human wear glasses. 

 It is not expensive. 
The disadvantages are as follows: 

 The first step to detect a human is that the human body must be totally inside 
the detect range, which means it cannot detect a human when the human body 
is not detected completed at the first time. After that he can goes near to the 
camera. 

 It cannot detect a human all the time when his body is blocked by objects. 

 It cannot detect a human all the time when his body is not faced to the camera. 

 There is distraction from light condition. 
In conclusion, this camera is not a suitable solution in human safety system. It is 

mainly used for face recognition and human motion tracking. Besides game industry, it 
is also suitable in people identification, like computer logging.  

8.8 Special cases analysis 

To verify the reliability of the proposed design for safe human robot collaboration, 
debugging should be carried out to cope with special cases. 

8.8.1 Several people at different zones in the robot cell 

This section deals with the question that how will the robot speed be changed if there 
are several human at different zones of the robot cell. 

i. Several human are detected by both Scanner H1 and Scanner H2. 

 Description: In the proposed collaborative robot cell, the robot is running at 
600 mm/s in auto mode. There are human both at the entrance area and col-
laborative workspace in this robot cell. See Figure 12. 

 
Figure 12  Several human are detected by both Scanner H1 and Scanner H2 
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 Result: The robot speed is 0 mm/s. 

 Analysis: The logic for the robot speed control is reflected in the trap routine 
in robot program. The condition for the zero speed is that the Scanner H2 de-
tects an object no matter the Scanner H1 detects an object or not. This means 
that the Scanner H2 has priority than Scanner H1. 

ii. Several human are detected by both Scanner H2 and Scanner V1. 

 Description: In the proposed collaborative robot cell, the robot is running at 
600 mm/s in auto mode. There are human both at the entrance area /collabo-
rative workspace and prohibited area in this robot cell. See Figure 13. 

 Result: The robot power is shut down. 

 Analysis: The robot power is ON until the Scanner V1 detects an object. The 
OSSDs of the Scanner V1 is connected to the Safety PLC. When there is an 
object in the protective zone, which means there is an access to the prohibited 
area, the OSSDs of Scanner V1 is switched to OFF state, which makes the 
Safety PLC shut down the robot power. Then it needs manual reset to restart 
the robot. 

From these two cases of several human at different zones, a conclusion can be 
reached that, in the speed monitoring aspect, the Scanner V1 has the highest priority 
since it can shut down the power, then the Scanner H2 has the second priority, and the 
last priority is the Scanner H1. 

8.8.2 Run to the robot cell 

This section deals with the question that if the robot will be stopped if a human runs 
to the robot cell. 

i. Running to the robot cell in auto mode. 

 Description: In the proposed collaborative robot cell, the robot is running at 
600 mm/s in auto mode. There is a human running to this robot cell.  

 Result: The robot is stopped by the SafeMove because the safe tool speed is 
exceeded. 

 Analysis: The safe tool speed is set to be 250 mm/s, which means the robot 
speed must be slowed down no more than 250 mm/s when there is an object 
in the protective zone of Scanner H1, otherwise, the robot will be stopped be-
cause the current speed exceeds safe tool speed.  
When the man runs fast and first crosses the warning zone of scanner H1, the 
trap routine of Speed Refresh will be executed to reduce the speed to 250 mm/s.  
Since it needs time for the robot to change the speed from full speed to manual 

 
Figure 13  Several human are detected by both Scanner H2 and Scanner V1 
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speed, it may need approximately a half second (come from real experiment), 
and if the human runs too fast, there is no enough time to do that. Then the 
man goes across the protective zone of Scanner H1, and the SafeMove shuts 
down the robot. 

 Solution: The warning zone of Scanner H1 can be enlarged so that it will have 
enough time for the robot speed to be reduced. 

ii. Running to the robot cell in manual mode. 

 Description: In the proposed collaborative robot cell, the robot is running at 
250 mm/s in manual mode. There is a human running to this robot cell. 

 Result: The robot is stopped by the SafeMove because the standstill is violated. 

 Analysis: When the human first runs across the warning zone of Scanner H1, 
the speed is changed to 100 mm/s. Then he runs across the protective zone of 
Scanner H1, the SafeMove checks that the current speed is less than the safe 
tool speed, so the robot keeps running at 100 mm/s. When he runs into the 
warning zone of Scanner H2, there is no enough time to reduce the speed to 0 
mm/s. After he is detected in the protective zone by the Scanner H2, the 
SafeMove finds that the robot is not at pause. So the robot is shut down by the 
SafeMove. 

 Solution: The warning zone of Scanner H2 can be enlarged so that it will have 
enough time for the robot speed to be reduced. 

8.8.3 Robot working on the table 

This section deals with the question that how is the robot motion when the robot is 
working on the table. 

 Description: Sometimes, the robot needs to work on the table, like picking/put-
ting things from table, painting, gluing, etc. But the Scanner H2 covers a 2D 
area above the table. See Figure 14. 

 Result: The robot is detected by the Scanner H2 and it will be stopped by the 
SafeMove when it is running at auto mode because the standstill is violated. 

 Analysis: In this proposed robot cell, if the robot is running and approaching 
the table in auto mode, it will be detected by the Scanner H2 in the protective 
zone, which is about 200 mm above the table. When the OSSDs are switched 
OFF, the SafeMove checks if the robot is at 0 mm/s to meet the requirement 
of standstill. Since the robot is running when it touches the protective zone, the 
SafeMove shuts down the robot. 

 Solution: The Scanner H2 can be mounted at other places, for example, it can 
be positioned in front of the table so that the robot will not touch this moni-
tored area. 
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8.8.4 Human suddenly stretches out his arm 

This section deals with the question that how is the robot motion when a human sud-
denly stretches out his arm and the robot is running at auto mode. 

 Description: The robot is running at 250 mm/s in auto mode when he enters 
the warning zone of Scanner H1. But he suddenly stretches out his arm, and 
this arm is outside the Scanner H1 area. Since the Scanner H2 is horizontally 
placed above the table, it cannot detect a horizontal human arm which is already 
in the collaborative area.  

 Result: The robot keeps running at 250 mm/s until the Scanner H2 detects the 
human body in the collaborative zone. 

 Solution: The minimum safety distance at manual speed can be enlarged so that 
when the human stands at the minimum separation distance, he can still not be 
touched by the robot.  

8.9 Limitation and difficulties in collaborative robot cell de-
sign 

The limitation of the proposed collaborative robot cell is that the robot cannot work 
on the table since it will be detected by the scanners on the table in the collaborative 
workspace. This will cause a monitored stop by SafeMove. 

There are some challenges and difficulties in the design of collaborative robot cell.  

 The laser scanners are reliable in robot safety, but it is hard and expensive to 
cover all the area of the robot cell with scanners, since the prohibited area be-
hind the robot is tricky to be detected. 

 Besides, it cannot differentiate a human from a normal object, which may cause 
accidental shut down by normal objects, like tool box, or the robot arm.  

 From the experiments, the RGB-D camera is not reliable and precise to identify 
a human, which is not recommended to be introduced in robot human safety. 

 The author listed some special cases to ensure the safety. However, more cases 
should be considered to make a much safer solution. 

 The operators that enter the collaborative robot cell should be trained firstly so 
that things will not happen like the special cases that are listed in the discussion 
part. 

 
Figure 14  Robot is detected by the scanner when it is working on the table 
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9 Conclusions  

Based on the preliminary literature review and valuation, this work proposes a safe so-
lution for human robot collaboration, which equips a standard industrial robot cell with 
SICK laser scanners, SafeMove together with trap routine in robot program. This pro-
ject realizes the automatic slow down and resume of robot motion when the operator 
enters and leaves the robot cell, which is approved by the new standard for collaborative 
robot system. Considering the safety reason if human enters the prohibited area when 
the robot is running, this project also adapts the manual-reset, which is a common prac-
tice in the automation industry nowadays. Since the analogue signals are required to 
make the robot speed changes in accordance with the distance between the human and 
the robot, the verification of RGB-D camera is carried out to find if it is suitable in 
robot safety. 

 The result shows that the laser scanners are reliable in detecting access to the 
robot cell, and the SafeMove supervises the robot motion with monitored stop, 
and the speed control by trap routine also works well. 

 Combining the auto-reset and manual-reset works well in this project, which 
brings the benefits of both reliability and time-saving. But they don’t work at 
the same time, since they have different conditions to be activated.  

 The result turns out that the RGB-D camera is not a reliable and qualified so-
lution in robot safety since it cannot identify a human all the time. Therefore, 
this camera is not included in the devices for the robot motion control in this 
work. 

9.1 Further work 

To make improvements, suitable solutions should be found to cover the whole area of 
the collaborative robot cell with high accuracy and low cost. And when the whole area 
is covered, it is possible to make total auto-reset of robot motion when all the sensors 
are deactivated. 

The position of scanners can be adjusted to be accustomed to different robot per-
formance. In this project, the robot cannot do operations on the table. To solve this 
problem, the Scanner H2 can be moved to other position. 

More special cases should be considered except what are listed in this work, like 
running to the robot cell, etc.  

To get the real distance between human and robot, a series of laser scanners that 
placed horizontally together can be used with not high accuracy, which can have a lot 
of digital signals. For analogue signals, wireless communication devices can be an op-
tion, like Bluetooth or WIFI. The human that enter the robot cell carries a Bluetooth 
tag, and the distance can be calculated by the signal strength. But the signal strength 
may be influenced if there are some objects block the human.  

In conclusion, the scanners, safety monitoring system and trap routine are reliable 
solutions for safe human robot collaboration. Furthermore, there is an easy way to ap-
ply the trap routine with speed refresh and speed display that it can be saved in the 
robot, and can be called in any new program. 
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A. Configuration of scanner 

Warning and protective zones setting: 

 

 
Object in protective zones: 

 



Degree Project for Master of Science with specialization in Robotics 
Short descriptive title of the work - Configuration of SafeMove- Safe Tool Speed 

Appendix B:2 

B. Configuration of SafeMove- Safe Tool 
Speed 
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Appendix C:3 

C. Configuration of SafeMove- Safe Tool 
Zone 

 



Degree Project for Master of Science with specialization in Robotics 
Short descriptive title of the work - Configuration of SafeMove- Safe Standstill 

Appendix D:4 

D. Configuration of SafeMove- Safe Stand-
still 
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Appendix E:5 

E. Robot program- Speed control by trap 
routine 

MODULE MainModule 

    VAR intnum intno1:=0; 

    VAR pos p1; 

    VAR pos p2; 

    VAR bool next; 

    VAR num dist; 

    VAR num SpeedNow:=0; 

    VAR speeddata hige:= [ 1000, 30, 200, 15 ]; 

    VAR speeddata Love:= [ 250, 30, 200, 15 ]; 

    VAR intnum Scanner_H1_LowInt; 

    VAR intnum Scanner_H1_HighInt; 

    VAR intnum Scanner_H2_LowInt; 

    VAR intnum Scanner_H2_HighInt; 

 

  PROC main() 

      MoveAbsJ [[0,0,0,0,0,0],[9E+09,9E+09,9E+09,9E+09,9E+09,9E+09]]\NoEOffs, 

v200, z50, STN4400_Tool; 

      SoftwareSync; 

      WHILE TRUE DO 

          CONNECT Scanner_H1_LowInt WITH TrapRoutineSpeedChange; 

          CONNECT Scanner_H1_HighInt WITH TrapRoutineSpeedChange; 

          CONNECT Scanner_H2_HighInt WITH TrapRoutineSpeedChange; 

          CONNECT Scanner_H2_LowInt WITH TrapRoutineSpeedChange; 

          ISignalDI DI10_1WarningZoon, 1, Scanner_H1_HighInt; 

          ISignalDI DI10_1WarningZoon, 0, Scanner_H1_LowInt; 

          ISignalDI DI10_4StopZoon, 1, Scanner_H2_HighInt; 

          ISignalDI DI10_4StopZoon, 0, Scanner_H2_LowInt; 

 

          CONNECT intno1 WITH TrapRoutineSpeedDisplay; 

          ITimer 0.1, intno1; 

          FOR i FROM 0 TO 5 DO 

          ! Ordinary motion program max speed 600 mm/s     

          MoveJ Target_10,v600,z0,STN4400_Tool\WObj:=wobj0; 

          MoveJ Target_20,v600,z0,STN4400_Tool\WObj:=wobj0; 

          ENDFOR 

          IDelete intno1;        

          IDelete Scanner_H1_LowInt; 

          IDelete Scanner_H1_HighInt; 

          IDelete Scanner_H2_LowInt; 

          IDelete Scanner_H2_HighInt; 

          ENDIF 
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   ENDWHILE       

ENDPROC 

     

! Interrupt routine that change the speed to certain percent of the origin speed. 

TRAP TrapRoutineSpeedChange 

    IF DI10_1WarningZoon=0 AND DI10_4StopZoon=1 THEN  

       SpeedRefresh  41;   

    ELSEIF DI10_1WarningZoon=1 AND DI10_4StopZoon=1 THEN  

       SpeedRefresh  100; 

    ELSEIF DI10_1WarningZoon=1 AND DI10_4StopZoon=0 THEN  

       SpeedRefresh  0; 

    ELSEIF DI10_1WarningZoon=0 AND DI10_4StopZoon=0 THEN  

       SpeedRefresh  0; 

    ENDIF      

ENDTRAP 

 

! Interrupt routine that display the current speed. 

TRAP TrapRoutineSpeedDisplay 

    IF next THEN 

    p1 := Cpos(\Tool:=tool0 \WObj:=wobj0); 

        dist:= Distance(p2, p1); 

    SpeedNow:= dist * 10; 

    next:=FALSE;        

      

    ELSE 

    p2 := Cpos(\Tool:=tool0 \WObj:=wobj0);   

    next:=TRUE; 

    dist:= Distance(p1, p2); 

    SpeedNow:= dist * 10; 

    TPWrite "Robot Speed (mm/s)"\Num:=SpeedNow;            

    ENDIF 

 ENDTRAP 

 

ENDMODULE 



Degree Project for Master of Science with specialization in Robotics 
Short descriptive title of the work - Speed display on teach pendant 

Appendix F:7 

F. Speed display on teach pendant 

The speed is slowed down from 600 mm/s to 250 mm/s. 
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G. SafeMove visualizer on teach pendant 

 

 


