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ABSTRACT 
 

Collaborative robots in the industry target the enhancement of production efficiency 
by combining dexterity and flexibility of human operators, and the industrial robot  
accuracy, speed, and reliability. This shift in paradigm requires robots to have the ability 
to work with humans in the same space, on the same piece and at the same time: just like 
another operator would. This not only requires them to be more sensitive and aware of 
their surroundings but also proactive in predicting collisions. 

Thisimplies significant redesign for safe collaboration throughout the entire design 
process. This chapter provides a wide range of information on human-robot collaboration 
from the types of collaboration to key factors for effective collaboration. It suggests a 
comprehensive set of sensing technologies to solve  challenging interaction 
tasks. Real-world applications are analyzed to provide design solutions taking into 
account the maximum efficiency/safety trade-off. 
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INTRODUCTION 
 
Since their introduction industrial robots have been very versatile machines, meant to 

be equipped with a wide rangeof toolings and sensors specifically configured and tuned 
according to the task to be performed (Siciliano and Khatib 2008, 969 975; Krüger, Lien, 
and Verl 2009, 628 646; Angerer et al. 2010, 1 22; Verl et al. 2019, 799 822). Their 
introduction aimed mainly at replacing human operators in repetitive, tiring, unsafe or 
unhealthy production tasks, with the benefit of a high level of positioning accuracy (Akli 
and Bouzouia 2015, 1 5). For safety reasons, they have typically always been placed 
within restricted areas where humans cannot unintentionally access. 

The continuous search for production efficiency and resource optimization, supported 
by technological progress, is set to gradually change the current trend with a new 
emerging generation of more capable robots. This results in the need to share the 
workspace between robot and human (Stadler et al. 2013, 231 232)as well as a much 
tighter collaboration between them, to perform tasks both in the industrial as well as in 
the domestic domain (Duffy 2003, 177 190). 

In (Haddadin, Albu-Schäffer, and Hirzinger 2009, 1507 1527)the authors describe 
the requirements for safe collaborative robots, which include the physical interaction 
human-robot (pHRI). Collision avoidance, which is important for human-robot safety,is 
listed as one of the relevant factors. 

This will significantly transform the way manufacturing is currently structured and 
the jobs which make it happen. If the scenario of a car  assembly floor staffed 
entirely by machines is nothing new, having the robots interact with human workers 
brings the conceptto a whole different level (Accenture 2018, 2 5). 

According to (Smith 2019, 8) the figure of collaborative robots, which in 2019 
accounted for 3 percent of the whole robotics market, is expected to reach 34 percent by 
2025. One venture capital firm projects a 61 percent compound annual growth rate 
(CAGR) for cobots (Searby 2016, 1). 

Advances in sensor technologies have enabled the collaborative robots to sense their 
environment, internal state, relative position, and more, yet the complexity of the human-
machine collaboration is a puzzle still unfolding (Blyler 2018, 1 4). 

Ultimately the success in the  adoption within factories and shop floors will be 
dictated by their ability to work efficiently and safely alongside humans who still hold the 
unique skills and peculiarities making them irreplaceable key workers. 

The organization of this paper is given as follows: after the introduction, there is a 
section with general notes about collaborative robots, the type of interaction with 
humans, a comparison with traditional robots, their main challenges and specific safety 
notes. Next, there is a section with design considerations for future collaborative robots in 
which a comprehensive set of key design factors get analyzed, including security 
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concerns and future trends. Finally, there are acknowledgments and conclusions which 
include a summary. 

 
 

COLLABORATIVE ROBOTS 
 
Collaborative robots are defined in (Keeping 2018, 1) as , inexpensive 

industrial robots designed to fill in gaps and work closely with humans to bring 
automation to tasks that had previously been completed solely with manual  

They are also referred to more simply as  short for COllaborative roBOTS 
(Bélanger-Barrette 2015, 1). Oftentimes the term  is used when referring about a 
force limited robot. 

While traditional industrial robots can be used for collaborative tasks, they are 
typically not force-limited, and they usually need supplementary monitoring devices to 
safely operate alongside humans. By the same token, an application can be labeled as 

 -and therefore inherently safe- only if all the components involved in it 
are collaborative as well. 

Cobots can be split into natively collaborative (typically power/force limited) and 
collaborative by  which can imply e.g., industrial robot with an externally 
added sensory apparatus. 

The key features in which cobots differ the most from traditional industrial robots 
(Hentout et al. 2019, 764 799) can be summarized as follows: 

 

 Safety and sensitivity: whereas industrial robots blindly perform operations 
according to commands with limited awareness, cobots can perform controlled 
movements with continuously monitored motor currents and torques, which 
allow them to stop whenever something is detected in their way. This means that 
cobots can be deployed directly within a shared production working space. 

 Versatility and ease of set up: whereas traditional industrial robots normally 
require advanced programming skills, cobots are typically programmed by given 
work instructions instead. In other words training and re-training are used as 
opposed to programming. As a result, cobots can be deployed and re-deployed 
quicker and with less effort compared to the meticulously and long-planned robot 
cells. 

 Performance and accuracy: besides the obvious safety reasons, the cages in 
which industrial robots are enclosed have a purpose: they allow the robot to 
perform at its very best in terms of both speed and acceleration. This makes them 
undeniably more performant. In terms of positioning accuracy as well, industrial 
robots typically perform better thanks to an overall higher structural stiffness and 
more accurate (and expensive) hardware. 
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Table 1 presents a more comprehensive comparison table of features. 
 

Table 1. Comparison between typical traditional industrial robots and  
collaborative robots 

 
 Industrial traditional robots Industrial collaborative robots 
Safety Not inherently safe Inherently safe 
Speed Typically fast Typically slow 
Positioning accuracy Typically accurate Limited accuracy 
Teaching Not easy to teach Easy to teach 
Set-up time Time consuming Quick 
Size From small to very big Typically small 
Payload From small to very high Typically low 
Team work No Yes 
Versatility Limited High 
Mobility None Easily moved 

 
In many respects collaborative robots represent, undeniably, a majorevolution over 

industrial robots. But for the ultimate goal of humans-less automation they still have 
several keychallenges to address. 

 
 

The Cobot Big Challenges 
 
The implementation of full automation processes is highly complex because of 

technical limitations that have not been sufficiently addressed. The three major 
challenges (Huang 2019, 1 2) can be identified as follows: 

 

Flexibility and Adaptability 
Currently employed automated production lines are being optimized and designed for 

mass production. Thisreduces costs, but leads to a lack of flexibility. As a consequence of 
the speed of evolution, the general future trend imposes shorter product life cycles and 
small volume. Concurrently, however, highly customized production requires higher 
flexibility. This up to today has been strictly a human  territory and therefore represents 
still one of the main challenges. 

 

Dexterity and Task Complexity 
There is no denying that despite the rapid advancement of technology there are no 

machines with a dexterity level on par with humans. There are plenty ofassembly tasks in 
which robots excel. However, when it comes to operations like wiring a set of boards, 
which for a human worker is considered not challenging, for the robot they representa 
monumental undertaking, challenging both vision and handling system. 
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Sensitivity and Practical Experience 
Several complex assembly operations rely on both sensitivity and practical 

experience of the human worker. If sensitivity comes as standard with humans, practical 
experience is strictly related to the specific level of experiences, and the learned skills. 
This, in technology  world, translates into the use of artificial intelligence and deep 
learning. Through an iterative process of trial and error, the robot needs to perform an 
operation many times, until it learns how to finely control its actuators. Learning to be 
gentle, delicate and smooth in its operations is necessary for a cobot. This represents 
another big challenge. 

 
 

Types of Collaborations with Humans 
 
Human-industrial robot collaboration can range from a shared workspace with no 

direct human-robot contact or task synchronization, to a robot that adjusts its motion in 
real-time to the motion of an individual human worker. Table 2 shows the existing levels 
of human-robot cooperation. 
 

Table 2. Summary of the levels of cooperation between human worker and robot 
 

Type Description 
Cell No cooperation since the robot is operated in a traditional cage. 
Coexistence Human and cage-free robot work alongside each other but do not share a workspace. 
Synchronized The design of the workflow means that the human worker and the robot share a 

workspace but that only one of the interaction partners is actually present in the 
workspace at any one time. 

Cooperation Both interaction partners may have tasks to perform at the same time in the (shared) 
workspace, but they do not work simultaneously on the same product or component. 

Collaboration Human worker and robot work simultaneously on the same product or component. 

 

 

Figure 1. Schematic representation of the human-robot levels of cooperation. 
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Interaction Implementations Modes with Cobots 
 
Based on the levels of cooperation defined in Figure 2, four different interaction 

modes are identified and described. This is shown on Table 3. 
 

Table 3. Comparison between collaboration approaches 
 

Operation mode Description Peculiarities Employment 
Safety Monitored Stop 
 

 

Achieved by 
safety 
mechanisms 
relying on 
external sensors 
for triggering a 
stop 

 Traditional industrial robot 
combined with various 
safety sensors 

 Once a human inside the 
work envelope is detected, it 
stops operating 

Applications 
with minimal 
human 
interaction with 
the robot 

Hand Guided 

 

Achieved by 
manually 
taking control 
of the robot by 
using a hand-
operated device 

 Hand-operated device which 
allows the human operator to 
take control of the robot 

Can be used both 
in the teaching 
phase as well to 
assist production 

Speed and Separation 
 

 

Achieved by 
reducing the 

 speed 
once human 
operator enters 
critical zone 

 With vision systems to 
monitor the  work 
envelope. 

 3 zones system: 
 Safe zone: normal operation 
 Warning zone: reduced 
speed 

 Stop zone: stop operation 

Suited best for 
applications with 
frequent 
interaction with 
human workers 

Power and Force Limiting 
(PFL) 
 

 

Can be 
achieved 
mainly with a 
natively 
collaborative 
robot with 
power and 
force limiting 
capabilities 

 Does not require additional 
safety barriers, vision 
systems, or external scanners 

 Cobots have no sharp 
corners nor pinch points 

 No exposed motors 
 Sensitive collision monitors 
built-in 

Currently limited 
to smaller 
applications. 
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Safety Guidelines for Cobots 
 
In collaborative workplaces, where humans work alongside robots safety is an 

essential prerequisite in the design of equipment, machines, and systems. Safety and 
dependability can be considered keys to the design of robots for environments with 
human presence. Safety standards represent unified requirements and design guidelines to 
help and ease development of new systems. 

Even if compliance to standards is not needed to demonstrate a  safety, it 
helps to reduce the effort in the safety compliance process and certification concerning 
the country-specific legislation for health and safety requirements for machinery. 

Table 4 includes a list of the relevant existing standards related to collaborative 
robotics. 

 

Table 4. Safety standard documents related to collaborative robotics 
 

Document Content description 
ISO 10218-
1:2011 

Specifications requirements and guidelines for the inherent safe design related to 
industrial robots. Description of basic hazards associated with robots and requirements 
to eliminate/reduce, the risks associated with these hazards.Will soon be replaced by 
ISO/CD 10218-1 

ISO/TS 
15066:2016 

Specifications about the safety requirements for collaborative industrial robot systems 
and the work environment, and supplements the requirements and guidance on 
collaborative industrial robot operation given in ISO 10218 1 and ISO 10218 2. 

R15.606-2016 Specifications about safety requirements specific to collaborative robots and robot 
systems and is supplemental to the guidance in ANSI/RIA R15.06. This document is a 
U.S. National Adoption of ISO/TS 15066. 

R15.806-2018 Test methods and metrics for measuring the pressures and forces associated with quasi-
static and transient contact events of collaborative applications. Guidance on 
determining conditions of testing methods, test measurements and measurement 
devices. 

 
The safety standard document R15.606-2016 additionally contains the pain threshold 

limit values required to validate whether a collaborative robot is operating within the 
acceptable range. The pain threshold limit values are different for different parts of the 
human body that the cobot may contact. 

Collaborative robots typically have sensors and safety mechanisms built-in. The 
variety of applications and flexibility of cobots makes it necessary to run tests to ensure 
that the limits are set appropriately for the expected contact type.  

Technical Report R15.806-2018 instead addresses the test methods and metrics for 
measuring pressure and force associated with quasi-static and transient contact events of 
collaborative applications. It outlines the best testing methods for power and force in 
power-and-force-limited (PFL) cobot systems (MMH_Staff 2019). 
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As a general rule collaborative robots should be designed to avoid the possibility of 
hurting the human. This requires eliminating all potential pinch and crush points on the 
robot as well as increasing the surface area of contact points. 

In planning the application the workspace layout should be organized to limit 
clamping points and to allow recoil after transient collisions. 

In addition the robot  velocity, in order to allow for a quicker stop, should be 
reduced whenever the robot approaches a fixed surface. 

 
 

Safety vs Performance 
 
Interactions between human and robot represent an unstoppable trend which is being 

addressed in the name of both performance and safety. Without these prerequisites, 
human-robot collaboration cannot be justified. (X. Zhang, Zhu, and Lin 2016). Safety 
isthesine qua non condition whenever a human is involved, just as stated in the first 

 Law of Robotics. Only with that out of the way the performance aspect can be 
addressed (Bicchi et al. 2008, 1 6). If the performance of a single human worker only 
depends on his skills and ability to perform an operation as quick as possible, in a team of 
2 coordination and organization play a role just as important. In addition, the team of 2 
human workers is expected to increase in productivity over time thanks to their ability to 
improve their efficiency and coordination, this will not necessarily be the case in a mixed 
team human-robot. For this reason, in terms of efficiency, it is very important to 
meticulously plan and tune the collaborative operation to make sure that as much as 
possible there are no downtimes both from the robot but mostly not for the human 
operator. A successful collaborative implementation can be considered as such not only if 
the resulting product is assembled correctly but also if is done within minimum 
reasonable time.  

The transition of a manual operation to a collaborative one often requires a product 
redesign which simplifies the task and/or makes the operation more efficient. 

 
 

DESIGN CONSIDERATIONS FOR FUTURE COBOTS 
 
The ultimate goal in designing future cobots should be to conceive the ideal partner 

for a human operator who needs assistance in performing a specific task. A perfect 
balance between performance in its operations, safety in its actions and movements, and 
the awareness of its  state in order to behave accordingly. 

The human is a beautifully designed  with a high degree of dexterity, high 
strength to weight ratio, high level of adaptation capabilities and quick learning skills. As 
a result, human capabilities should be taken as a source of inspiration.  
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To summarize the relevant factors a comparison Table 5 has been compiled. 
 

Table 5. Summary of advantages of human vs machine 
 

Human  advantages Artificial  advantages 

 High dexterity 
 High mobility and versatility 
 High body strength/weight ratio 
 High sensitivity for delicate tasks 
 Ability to learn tasks rapidly and proactively 
make judgements 

 Problem solving skills 
 Naturally safe to work with 
 Ability to teach tasks 
 Ability to sense and apply tolerance 
compensation 

 Flexible availability 
 Ability to improve productivity 
over - time 

 High accuracy 
 High speed 
 High endurance 
 Accurate sensing system 
 Consistent production quality  
 Ability to perform monotonous and 
unreasonable tasks 

 Ability to perform heavy and hazardous tasks 
 Immunity to diseases 
 Potentially high computational power 
 Collision prediction capability 

 
Based on Table 5, the ambitious mission to design and engineer the perfect coworker 

should not be limited to trying to replicate human skills but rather try to combine the best 
of both worlds. For this purpose, a wide literature review allowed for identifying the key 
factors in designing intrinsically safe cobots, (Hentout et al. 2019, 9 10), as summarized 
in Table 6. 

 

Table 6. Key factors to the design of intrinsically safe cobots identified in literature 
 

Factor Description Reference 
Weight reduction Reducing the weight of the s moving 

parts is one of the main factors in 
designing intrinsically safe cobots. 

(Hirzinger et al. 2001, 3356
3363) 

Force/torque detection 
/Sensitive skin adoption 

Using torque/force sensors or proximity-
sensitive skins to detect collisions. 

(Yu, Hai-Jun, and Hurd 
2016; She  
et al. 2018, 1 14) 

Sensoric system increase The  risk can be reduced by 
increasing their sensorial apparatus. 

(Bicchi, Peshkin, and 
Colgate 2008, 1335 1348) 

Cushion layer adoption  Increase the energy absorbing properties of 
the s protective layers, adding 
enough soft and compliant coverings and 
placing airbags around the robot. 

(Weitschat et al. 2017, 2279
2284; Bicchi, Peshkin, and 
Colgate 2008, 1335 1348) 

Velocity reduction Set a limit to the velocity and maximum 
energy within the system to match human 
capabilities 

(De Santis 2008) 

Strength reduction To limit both the strength and contact force 
of the robot. 

(Bo et al. 2016, 1340 1345; 
Navarro et al. 2016, 3043
3048) 

 
In the next paragraphs, we elaborate and build upon the most relevant factors 

mentioned in Table 6. 
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Weight Reduction 
 
If in industrial robots mass plays a relevant role in relation to their performance and 

positioning accuracy, in the development of cobots it becomes a safety issue.The lighter 
the robot is the less harmful it can be in case of collision. It is therefore of utmost 
importance to address the weight factor in a structured way. 

In order to build a robot with a load to weight ratio as big as possible the design 
requires an extremely lightweight structure (Hirzinger et al. 2001, 3356 63). 

The structural material needs to have a strength to weight ratio as high as possible. 
The best options available are aluminum, carbon fiber, and hybrid materials. 
Concurrently the usage of extremely lightweight structures requires a close look at the 
highly loaded mechanical parts. It is necessary to maximize structural stiffness and 
strength while trying to reduce weight, which can be done using Finite Element Methods 
(FEM) (Hirzinger et al. 2001, 3356 63). 

New manufacturing technologies, like additive manufacturing able to produce lighter 
parts designed with honey-comb types of structures, need to be considered (Plocher and 
Panesar 2019, 1 20). In addition, wherever possible the design should try to keep heavy 
parts as close to the robot  base as possible in orderto reduceinertia. Finally the adoption 
of motors and gears with optimal output-torque to weight ratio is recommended. 

A lighterjointstructure impliesmore unwantedflex. To compensate for this elasticity, 
torque sensing can be implemented in the joints. Torque sensing indeed allows 
sophisticated control methods such as vibration damping and stiffness control. 

 
 

Sensitive Joints Design 
 
The sensitivity imposed on a collaborative robot requires implementation of the 

needed technologies and solutions to achieve a sense of awareness of its components 
state. A list of available solutions that help the robot to monitor its joints state is 
provided. 

 

Dual Encoder Design 
By placing encoders on both motor and load sides (Figure 2) it is possible to detect 

the displacement caused by the joint elasticity (Mikhel et al. 2018, 246 252).  
This value can be exploited in several different ways. It can support the 

identification, the control and the sensing of the external torque. 
During the identification process, precious data about the compliance  characteristic 

of the joints elasticity are provided. This data can be used by the robot controller to 
eliminate potential compliance errors and system vibrations. 
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Double encoders supplemented by a stiffness model also can work as the force/torque 
sensors, allowing to develop robot behavior strategies which are based on collision with 
the dynamically changed environment. (Mikhel et al. 2018, 246 252) 

Several robot manufacturers adopt in their manipulators joints the double  
design and feed the values in the control loop feedback in order to compensate for the 
joint compliances (Tsai et al. 2008, 1 10; Izumi and Matsuo 2012, 1 13). 

Lastly the dual encoder configuration can be used for safe positioning signaling, 
using the double feedback as redundancy.  

 

 

Figure 2. Block diagram of the dual encoder configuration. 

 

2.2. Joint Motor Current Monitoring 
With this technique, by measuring the motor current, it is possible to estimate the 

robot joints torque without using an external force/torque sensor. There are a couple of 
methods to measure the current flow: either by reading it directly within the motor driver 
(if available), or using Hall Effect sensors. 

By developing both a dynamic and a friction model of the robot  joints (Chen, Luo, 
and He 2018, 1 10), real-time detection can be implemented by measuring both the 
motor current and the position of the  joint encoder. Lastly, the measured residual 
error  value gets compared to the threshold in order to detect a collision. 

A current-carrying conductor is placed within two different magnetic fields: the first 
with no magnetic field and the second with a perpendicular magnetic field (Figure 3a and 
3b). In the first scenario, the resulting voltage will be zero, in the second a voltage will be 
present and it will be perpendicular both to the magnetic field and to the direction of the 
current flow. 
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Figure 3. Block diagram for Hall Effect principle and collision reaction strategy: (a) no magnetic field, 

(b) magnetic field, and (c) collision reaction strategy 

Thanks to this technique, a collision detection can be implemented so that as soon as 
the robot detects a collision through the torque estimation, it will be able to react 
accordingly in order to minimize the impact (Figure 3c). 

Within its robots, the company Universal Robots (UR), uses a similar strategy: by 
looking at current and  position, it derives the force/torque (Anandan 2013, 1). 
As a result, the robot knowing the required amount of force to pick up a load and move it, 
recognizing an increase in torque or force required for a movement caused by a collision, 
it safely stops to prevent causing harm. The  control system is redundant so that any 
dangerous failure forces the robot to fail in a safe condition. 

While this strategy allows to achieve remarkable results and to keep the hardware 
costs down, it does not provide the same kind of sensitivity as with dedicated torque 
sensors. 

 

Force/Torque Feedback Sensors 
Torque sensors are typically implemented using strain gauges applied to the 

supporting part of the rotating axle of the robot joints. This method (Chen, Luo, and He 
2018, 1 10) captures the torque of each joint and the values of each encoder while in 
parallel a dynamic model calculates the driving moment of the moving robot. A collision 
canbe detected by comparing the calculated torque with the captured torque. Within this 
method, the first and second derivatives of the position need to calculated. To be noted, 
this process may lead to noise, which, if not properly handled, can affect the accuracy of 
the system. 
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Torque sensors can, for example, enable the automation of delicate assembly tasks 
for force controlled joining operations and process monitoring. 

Torque sensors, while providing additional precious level of awareness to the 
joint/robot, require additional space. They add weight, cost and a relevant level of 
complexity primarily to process the data from the sensor. The KUKA LBR iiwa is one of 
the main examples of robots adopting torque sensors at each of its 7 joints. 

 

 

Figure 4. Deformation of elastic structure by external torque: (a) side view, and (b) frontview. 

 

Figure 5. Measurement of external force: (a) installation of strain gauge in spoke, and (b) full-bridge 

circuit. 
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Mechanical PFL 
In mechanical PFLs power and force are limited mechanically by employing either 

variable stiffness actuators or non-stiff elastic actuators. 
One of the main examples of the employment of mechanical PFL is Rethink 

Robotics  Baxter which mounts the Series Elastic Actuators (SEA) developed at MIT 
(Anandan 2013, 1). 

The SEA consists of a motor, a gearbox, and a spring. The mechanism senses and 
limits force by measuring the twist of the spring to control the force output. That 
measurement of the twist of the spring provides a force sensor (Cestari 2016, 30 31). 
With this technology, the series of elastic actuators make the robot itself inherently safe 
by making the robot compliant as opposed to stiff. 

It represents the difference between being hit by a spring or being hit by something 
rigid. The advantage of the SEA solution is that using springs to convert a position to a 

force  is a convenient way thanks to  Law: . 
Electric motors in contrast, despite representing the predominant actuation 

technology and being very good at position control, are not very good at force control. 
 
 

Sensoric System 
 
The sensitivity concept cannot stop at the joints but needs to be extended to a more 

holistic view. A list of available technical solutions is presented with each of them 
providing an additional degree of perception. 

 

 

Figure 6. Schematic Diagram of Series Elastic Actuators. 
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Figure 7. Series Elastic Actuator. Source: Cestari 2016. 

Sensitive Skin 
Since designing the best artificial companion for the human worker seems to mean to 

build a robot to his image and likeness, adding sensing capabilities embedded in its 
body/skin looks like a reasonable step. 

Depending on the specific needs, several different technologies can be used to 
achieve the required sensitivity, including mechanical, ultrasonic, thermal, but with the 
most common being capacitive sensing. 

 

Capacitive Skin 
Capacitive sensing is a flexible technology gradually becoming popular 

sinceconstructing a sensor can be as simple as adding a conductive area to a printed 
circuit board (Figure 9). Low-cost integrated interface chips are readily available (Phan et 
al. 2011, 2992 97). The sensitive area can then be covered with a protective layer like 
silicone rubber foam. Its low cost and low power consumption makes it an ideal choice 
for a wide range of both consumer and industrial applications. 

 

 

Figure 8. Capacitive sensing principle. 
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Figure 9. A simple implementation of capacitive sensor with 8 sensitive areas. Source (Phan et al. 

2011). 

Capacitive sensors can be used for collision detection. It is important to notice that 
although it is possible to calibrate such a capacitive sense system for rough distance 
measurements, it is primarly designed to detect changes in capacitance, which implies 
that it is mainly suitable for detecting changes in distance, e.g., when a human body part 
is moving closer or farther away from the sensor. 

As a result, this kind of sensing can reduce impact forces detecting and characterizing 
collision events and providing information that can be used for force reduction behaviors. 
Various parameters that affect collision severity, interface friction, interface stiffness, end 
tip velocity and joint stiffness irrespective of controller bandwidth, are used to provide 
information about the contact force at the site of impact.  

Building large arrays can present serious challenges associated with how to 
concurrently monitor them all. Therefore, in order to design an efficient method, optimal 
sensor density must be taken into consideration.  

The sensor granularity should be higher wherever fine manipulation is required (e.g., 
fingertips) and much lower where no or little contact is planned.  

Despite being predominantlyused for research purposes and not very popular at the 
industrial level, some examples of cobots provided with tactile sensors can be found on 
the market, like  Aura or the APAS by Bosch. 

 

Vision System 
Cobots can be equipped with two different kinds of vision systems: either dedicated 

to safety or for generic recognition. These two kinds of systems serve a very different 
purpose. Safety cameras are typically active full time for the purpose of detecting 
hazards. The second kind can be used for inspection: recognizing objects or people, 
reading barcodes and performing measurements. 

 

Safety Cameras 
Several different types of safety systems help to guarantee the safety in human-robot 

collaborative manufacturing by preventing collisions or limiting impact within acceptable 
threshold in case of collisions (Halme et al. 2018, 111 116). 
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Safety cameras are typically installed in fixed positions rather than on the robot arm 
itself in order to provide afixed angle of view. This results in less complex subject 
recognition. Stable lighting conditions alsoprovidebetter recognition. 

Occlusions in the robot working area, mostly in case of the presence of multiple 
people or large objects, may lead to scenarios where a human is not detected at a crucial 
moment. The risk of occlusions canbedecreased by adopting multiple sensors and 
performing sensor fusion. 

Safety cameras equipment can be used in combination with the traditional  
monitored  or  and  interaction modes explained above. However, 
for maximum efficiency dynamic collision avoidance algorithms can be implemented 
with the goal to integrate real-time trajectory planning, as documented for example in 
(Shiyu Zhang et al. 2019, 103664). This can reduce robot slow downs or downtimes 
everytime something happens to be in the  way. 

 

Multi-Purpose Cameras 
This kind of camera can be used for a wide variety of tasks, from reading barcodes to 

inspection, recognition and tracking people or objects, performing measurements and 
more. The image processing involved in image recognition requires significant 
processing power. To overcome this problem there are either cameras with processing 
capabilities on board or cameras relying on external processing. The first category 
embeds Field Programmable Gate Arrays (FPGA) chips, which after being programmed, 
can autonomously detect and recognize low to medium complexity subjects. Their 
counterpart, without this capability, relies on external processing which has the benefit of 
much higher potential processing power, but with slower response time due to additional 
image transferring time (Wang, Zeng, and Geng 2019, 01015). 

To build on top of the existing state of the art in visionrecognition systems, future 
cobots will need to better address the cognitive human-robot interactions. In industrial 
environments, a more efficient HRI needs to address topics like human intention 
recognition in order to implement a good communication between human and robot 
partners. Thus, the robot should be able to handle several behaviors, social components, 
gestures and faces (Maurtua et al. 2017, 1 10)to facilitate safe and fluid collaborations 
(Coupeté, Moutarde, and Manitsaris 2016, 1 7). 

 
 

Programming Modes 
 
Simple and fast robot programming is not only an attractive feature for new users, but 

provides experienced users with reduced programming time while coping with high-mix 
production. The reduced time translates to reduced costs which helps also to justify the 
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use of robotic labor in new applications. The growing demand for cobots is also 
witnessed by the rapid sales increase (Smith 2019, 8). 

In collaborative robotics new features like hand guiding and teaching by 
demonstration have been introduced (Solvang and Sziebig 2012, 459 464). 

 

Hand Guiding and Teaching 
Hand guiding, allowing the operator to rapidly and intuitively interact and program a 

robot, is one of the main peculiarities of collaborative robots. 
Unlike using a teach pendant, hand guiding allows unskilled users to both interact 

and program robots in a more intuitive way. Current collaborative robots typically 
include hand guiding functionality withlimitations in terms ofaccuracy required for 
assembly operations. For accurate end-effector positioning the teach pendant is still the 
most suitable tool despite its lower intuitiveness and longer programming time required 
(Safeea, Bearee, and Neto 2018, 1 11). 

During the teaching process, many applications require end-effector precision 
positioning. In (Safeea, Bearee, and Neto 2018, 1 11) the authors propose a method for 
precision hand-guiding at the end-effector level, while (Shaolin Zhang et al. 2019, 5204
13) present a sensorless hand guiding scheme for industrial robots. 

 
 

The Security Concern 
 
If an industrial robot operating inside its cage can, in case of malfunction, cause 

material damages, collaborative robot applications may produce more dramatic damages 
thus representing an alarming safety concern. Cybersecurity in collaborative robots has 
recently emerged as a dangerously neglected part in the deployment of collaborative 
robot (RIA 2017). 

As reported in (Proposyscom Tech 2019), researchers from Alias Robotics performed 
an in-depth analysis of a modular cobot MARA by Acutronic. The study highlighted in 
the cobot several weaknesses and 27 exploitable vulnerabilities. As a result, Acutronic 
Robotics promptly reacted, to implement security fixes and turned their MARA into 
probably one of the most secure cobots on the market. This episode highlighted an 
emerging problem and the likeliness of many other cobots sharing the same security 
issues. The non-negligible takeaway is this new close bond between safety and security, 
or better defined as cybersecurity. 

The concept of cybersecurity indeed is not anymore limited to only protecting a 
 sensitive data from being stolen. Hacking into safety parameters and settings 

in a factory with wide scale  adoption can lead to even more devastating 
consequences. 
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The Robotic Industries Association (RIA), in (RIA 2017) pointed out how 
vulnerabilities in cybersecurity can severely undermine the entire purpose of 
collaborative robots. Issuing a requirement to cobot suppliers to design only harmless 
robots would, even in the worst possible case, be counter productive since it would result 
in a huge roadblock on the path of cobot employment. 

 

The Cybersecurity Solution for Collaborative Robots 
Much of the responsibility lies first with the robot  manufacturer, but also the robot 

system integrator plays an important role since it has a major responsibility in ensuring 
safe operating conditions. 

As an example, in a worst-case scenario, the system integrators should limit both 
force and power of collaborative robot clamps. Momentum and tool orientation can also 
be limited to further improve safety. 

While it is up to the robot manufacturer to provide the foundation for a secure robot, 
the system integrator can still improve safety in several other important ways. Further 
guidelines on this subject are provided in (Matthews 2018). 

 
 

Artificial Intelligence in Cobots 
 
In (Manz 2018, 27 29) the artificial intelligence (AI) contribution to the  

evolution is described as cobots are collaborators. AI will make them  Cobots 
have already shown their benefits in industrial automation, but up to now only the surface 
of what can be achieved has been scratched. For the next leap, the magic of AI will be 
required. 

Cobots initially could perform only a single task. Today they can perform multiple 
sets of complex tasks for specific workstations on a production line.  

One of the major innovations compared to industrial robots is their ability to learn by 
being taught. However, the next disruptive innovation sits just around the corner and 
implies the ability to learn through experience, courtesy of Artificial Intelligence. 

AI is typically treated as a single entity, but it actually includes a large family of 
problem-solving subsets: reasoning, planning, learning, verbalization, perception, 
localization, manipulation, and more. Each of them is required depending on the specific 
application. The discipline itself draws from other disciplines: psychology, physics, 
mathematics, general science, linguistics, economics, neurobiology and more. 
Fortunately, cobots  need to address all these, or at least not yet (Manz 2018, 27
29). 

In order to achieve this new way of learning, their main AI-derived skill required is 
machine learning. This represents the ability to gradually improve their skills through 
experience. Machine learning algorithms use computational methods that, from data and 
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without relying on a predetermined equation as a model, enable cobots to make 
predictions and their own decisions (Rajan and Saffiotti 2017, 1 9). 

The next fundamental requirement is perception, which implies that the cobot, by 
pulling the information from its sensors, needs to create a view of the surrounding world, 
resulting in a sense of awareness. This is crucial for cobots because, unlike their caged 
counterparts, they function in close contact with humans. Without this ability, safety 
would be irretrievably compromised. 

Verbalization, or natural language processing represents one additional ultimate goal 
of AI robotics so that cobots willbe able to converse with andlearn from human 
coworkers.  

The final goal of this extremely complex discipline is to allow cobots to replicate the 
human  ability to smoothly integrate inputs with motion responses, even while 
experiencing changes to the environment. Like most other AI subsets or those related to 
it, neural networks use other resources within the cobot to achieve their goals. Although 
these skills have been demonstrated, significantly more work needs to be done in this 
field, also because several other AI areas rely on this. 

Back in 1954 George Devol patented the first industrial robot arm. 54 years later 
Universal Robots introduced what is considered the first collaborative robot: the UR5. 
Considering the progress in computational power and AI the next revolution in cobotics 
will most likely arrive much faster this time (Webster and Hristov Ivanov 2019, 127
143). 

Still, considering that AI is a work in progress, it will likely enter into cobots step by 
step, with incremental improvements adding intelligence to the machines. This will usher 
in a new generation that will turn them from collaborators to full partners (Manz 2018, 
27 29). 

 
 

INDUSTRIAL APPLICATIONS 
 
In this section some existing use cases are presented as examples of real-world 

industrial applications of collaborative robotics. Each of them has its own peculiarities, 
requirements and limitations. 
 

 

Use Case 1  Electronic Panels Assembly 
 

Description 
A first use case presents a production plant specialized in the production of: 

 panels, Car Operating Panels (COP), Landing Operating Panels (LOP) and 
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Landing Indicator Panels (LIP). In this case the focus will be placed on the COP 
assembly line. 

The main operations required for the assembly are defined as follows: parts sourcing, 
bar codes scanning, components placement, screws tightening, components wiring, and 
assembly testing. 

 

Challenges 
The complexity in this use case is represented mainly by the high mix/low volume 

nature of the production. The el  control panelspresents a high level of 
customization depending on the building type, number of floors, color requirements, 
country-specific customs and regulation, specific safety requiments, special features, and 
more. This implies a very high variety of possible COP configurations, which results in 
very articulated production requirements. Production starts with a kitting phase in which 
all the components in the bill of material are collected. The assembly is then perfomed 
step-by-step and the panel gradually populated. Once assembled the panel is tested, 
packaged and ready for delivery. 

 

Adopted Solution 
In the solution adopted by the manufacturer (Figure 10) a collaborative cell has been 

designed in which cobot and human operator are both working on the same assembly at 
the same time. All the required tasks have been accurately studied and assigned to either 
the robot or the human operator based on their specific skills. 

The assembly procedure has been timed in such a way that robot and human operator 
do not need to work on the same  area at the same time.  

 

Outcome 
There are multiple benefits in the adopted solution. On one side the tasks is assigned 

based on the specific skills, resulting in both the robot and the human operator 
performing the tasks they do well. On the other they can work in parallel since the COP 
assembly allows for it, effectively reducing the assembly time. A bonus feature allows 
the operator to take over operations from the robot in case of problems in order to avoid 
downtime. 
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Figure 10. Electronic panel assembly. 

Use Case 2  Domestic Appliances Assembly 
 

Description 
A second use case provided presents an example of domestic appliance assembly. 

This use case focuses on the production of wash machines. The specific step to be 
addressed is the installation of the counterweight needed to stabilize the washing unit 
during spinning operations.  

The  weight ranges from 12 to 14 kg depending on the product model 
and needs to be tightened with bolts to the washing units that are slowly moving on a 
continuous assembly line. 

 

Challenges 
This operation can be performed manually, however even with the support of a zero-

gravity device especially during the pick-up of the counterweight, the task is not 
ergonomic and results tiring over time. The additional challenge is the task of tightening 
the heavy counterweight  bolts which needs to be performed on the continuously 
moving assembly line. 

 

Adopted Solution 
The implemented solution is a collaborative cell in which a cobot autonomously 

picks up counterweights from a stack and hands them to the operator. The placement of 
the counterweight is performed by hand guiding and centering the piece to the washing 
unit in order to be tightened. 
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Outcome 
One of the most critical and less ergonomic operations is picking the counterweights 

which in this case has been assigned to the robot.  
The human operator is left with the lighter task of centering and tightening the part 

but which concurrently requires the responsibility to make sure the operation is 
performed properly and securely. 

For this use case the collaborative operation significantly improves the human  
operator job quality. 

 

Figure 11. Domestic appliances assembly solution. 

 

Use Case 3  Food Products Packaging 
 

Description 
The third use case presents a flexible system for packaging materialloading and 

handling on industrialteabags machines by a world leader in the design and manufacture 
of automated solutions for the packaging industry. 

The actors in thisscene are the packaging machines thatneed to beloaded and 
unloadedwith the packaging spools by autonomous mobile robotic platforms. In all this, 
humanoperatorsneed to access the 160 square meters shop floor to perform maintenance 
operations. 

 

Challenges 
There are several challenges in this use case. Starting from the required ability for the 

robotic platform to autonomously navigate to the packaging spools stock, pick the proper 
spool, transport it to the machine which requested the spool swap, remove the empty 
spool and replace it. All thisneeds to happen in a safe environment in which human 



Mattia Zamboni and Anna Valente 194 

operators need to be able to move around the shop floor freely and safely to perform their 
operations. 

 

 

Figure 12. Food products packaging solution. 

Adopted Solution 
A double cobot arm has been installed on a collaborative mobile platform. The 

platform has been equippedwith cameras with TOF (Time Of Flight) and tracking 
technologies designed to provide depth perception capabilities and enablingit to perceive 
and understand the environment. 

 

Outcome 
The collaborative solution implemented presents several challenges related to making 

the vehicle reliable and autonomous. However, this is the onlyway to achieve a really 
single and flexible solution adoptable by the majority of companiesusingthis type of 
machine, no matter the size or the lay out of their factories. 
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CONCLUSION 
 
Thanks to advancements in technology the cobots represent a disruptive innovation 

inevitably set to change the concept of automated production. In this respect, the risk for 
a significant part of industrial robots of being replaced by cobots is in fact much more 
real than for human workers. Despite this, they should not be considered as a total 
alternative to traditional industrial robots. While cobots do boast some impressive 
responsive features, they cannot tackle the dangerous, repetitive and heavy-duty tasks 
usually associated with industrial robots which most likely do not even require 
collaboration in the first place. 

In this chapter, we illustrated the roots on which collaborative robotics is built upon 
and the technologies which can help to design a collaborative robot.  

To summarize, the main key takeaways can be listed as follows: 
 

 Despite the  safety being the highest priority, robots need to be designed 
in such a way that the very same safety does not compromise their productivity. 

 Collaborative robot ambitions bring new and unique safety challenges that can 
not be addressed by using traditional barriers and exclusion zones. 

 The key to future collaborative robot  success will be dictated by the success in 
combining the advantages of machines with the dexterity and problem-solving 
skills of humans. 

 While specifications and safety guidelines for cobots are available, more needs to 
be released in order to allow a more comprehensive and systematic risk 
assessment process.  

 Designing the best coworker for humans implies pushing the current boundaries 
of collaborative robotics and AI. If up to now the human operator has been 
responsible to make sure the robot is functioning properly and according to 
specs, the new paradigm suggests to have smarter and more pro-active robots, to 
which eventually humans will seriously rely on, and not just for production. This 
will be the true key enabler of improvement in job quality. 

 

REFERENCES 
 

Accenture. (2018). Foster Innovation with Enterprise Robotics. 
Akli, Isma & Brahim Bouzouia. (2015). -Dependant Trajectory Generation for 

Tele-Operated Mobile  3rd International Conference on Control, 
Engineering and Information Technology, CEIT 2015, 1 5. https://doi.org/ 
10.1109/CEIT.2015.7233068. 



Mattia Zamboni and Anna Valente 196 

Anandan, Tanya M. (2013). Safety and Control in Collaborative Robotics. 2013. 
https://www.controleng.com/articles/safety-and-control-in-collaborative-robotics/. 

Angerer, Andreas, Alwin Hoffmann, Andreas Schierl, Michael Vistein & Wolfgang Reif. 
(2010).  Robotics API: An Object-Oriented Framework for Modeling Industrial 
Robotics  IEEE/RSJ 2010 International Conference on Intelligent 
Robots and Systems, IROS 2010 - Conference Proceedings, 4036 41. 
https://doi.org/10.1109/IROS.2010.5649098. 

Bélanger-Barrette, Mathieu. (2015). What Is a Cobot? 2015. https://blog. 
robotiq.com/what-is-a-cobot. 

Bicchi, Antonio, Michele Bavaro, Gianluca Boccadamo, Davide De Carli, Roberto 
Filippini, Giorgio Grioli, Marco Piccigallo, et al. (2008). Physical Human-Robot 
Interaction - Dependability, Safety, and Performance, 782. 

Bicchi, Antonio, Michael A. Peshkin & Edward Colgate, J.(2008).  for Physical 
Human Robot  Springer Handbook of Robotics, 1335 48. 
https://doi.org/10.1007/978-3-540-30301-5_58. 

Blyler, John. (2018). The Complexity of Mimicking Humans Is Just the Beginning. 
Mouser Electronics, Inc. 

Bo, Han, Dhanya Menoth Mohan, Muhammad Azhar, Kana Sreekanth & Domenico 
Campolo. (2016). -Robot Collaboration for Tooling Path  
Proceedings of the IEEE RAS and EMBS International Conference on Biomedical 
Robotics and Biomechatronics, 2016-July, 1340 45. https://doi.org/10.1109/ 
BIOROB.2016.7523818. 

Cestari, Manuel. (2016). -Stiffness Joints with Embedded Force Sensor for 
High-Performance Wearable Gait  Thesis, no. January. 
https://doi.org/10.13140/RG.2.2.35820.77446. 

Chen, Saixuan, Minzhou Luo & Feng He. (2018).  Universal Algorithm for Sensorless 
Collision Detection of Robot Actuator  Advances in Mechanical 
Engineering,10 (1), 1 10. https://doi.org/10.1177/1687814017740710. 

Coupeté, Eva, Fabien Moutarde & Sotiris Manitsaris. (2016).  User-Adaptive Gesture 
Recognition System Applied to Human-Robot Collaboration in  

Duffy, Brian R. (2003).  and the Social Robot  Robotics and 
Autonomous Systems, 42 (3 4), 177 90. https://doi.org/10.1016/S0921-
8890(02)00374-3. 

Haddadin, Sami, Alin Albu-Schäffer & Gerd Hirzinger. (2009).  for Safe 
Robots: Measurements, Analysis and New  International Journal of 
Robotics Research,28 (11 12), 1507 27. https://doi.org/10.1177/0278364909343970. 

Halme, Roni Jussi, Minna Lanz, Joni Kämäräinen, Roel Pieters, Jyrki Latokartano & 
Antti Hietanen. (2018).  of Vision-Based Safety Systems for Human-Robot 
Collaboration  Procedia CIRP, 72, 111 16. https://doi.org/10.1016/ 
j.procir.2018.03.043. 



Collaborative Robots 197 

Hentout, Abdelfetah, Mustapha Aouache, Abderraouf Maoudj & Isma Akli. (2019). 
Robot Interaction in Industrial Collaborative Robotics: A Literature Review 

of the Decade 2008  Advanced Robotics, 1864. https://doi.org/ 
10.1080/01691864.2019.1636714. 

Hirzinger, G., Albu-Schäffer, A., Hähnle, M., Schaefer, I.& Sporer, N.(2001).  a New 
Generation of Torque Controlled Light-Weight  Proceedings - IEEE 
International Conference on Robotics and Automation, 4, 3356 63. 
https://doi.org/10.1109/robot.2001.933136. 

Huang, Bastiane. (2019).  Here! How AI Robot Will Revolutionize Manufacturing, 
2019. https://towardsdatascience.com/its-here-how-ai-robot-will-revolutionize-manu 
facturing-44ce784438d4. 

Izumi, Tetsuro & Tomohiro Matsuo. (2012). Robot system and robot Control Apparatus, 
issued 2012. https://patents.google.com/patent/US20120215353. 

Keeping, Steven. (2018). What Is a Collaborative Robot? Mouser Electronics, Inc. 
Krüger, J., Lien, T. K.& Verl, A.(2009).  of Human and Machines in 

Assembly  CIRP Annals - Manufacturing Technology,58 (2), 628 46. 
https://doi.org/10.1016/j.cirp.2009.09.009. 

Manz, Barry. (2018). Cobots Are Collaborators. A.I. Will Make Them Partners. Mouser 
Electronics, Inc., 2018. 

Matthews, Kayla. (2018).  and  for Protecting Your  Cybersecurity, 
2018. https://blog.robotiq.com/protecting-the-cybersecurity-of-your-cobots-dos-and-
donts. 

Maurtua, Inaki, Aitor Ibarguren, Johan Kildal, Loreto Susperregi & Basilio Sierra. 
(2017). Human  Robot Collaboration in Industrial Applications: Safety, Interaction 
and Trust, no. August: 1 10. https://doi.org/10.1177/1729881417716010. 

Mikhel, Stanislav, Dmitry Popov, Shamil Mamedov & Alexandr Klimchik. (2018). 
 of Robots with Double Encoders for Industrial and Collaborative 
 Conference of Open Innovation Association, FRUCT, 2018-Novem, 

246 52. https://doi.org/10.23919/FRUCT.2018.8588021. 
MMH Staff. (2019). RIA Standards Committee Releases All-New Methods and Metrics 

for Collaborative Robot Testing. May 14. 2019. https://www.mmh.com/ 
article/ria_standards_committee_releases_all_new_methods_and_metrics_for_collab
orat. 

Navarro, Benjamin, Andrea Cherubini, Aicha Fonte, Robin Passama, Gerard Poisson & 
Philippe Fraisse. (2016).  ISO10218-Compliant Adaptive Damping Controller for 
Safe Physical Human-Robot Interaction  Proceedings - IEEE International 
Conference on Robotics and Automation, 2016-June, 3043 48. https://doi.org/ 
10.1109/ICRA.2016.7487468. 

Phan, Samson, Zhan Fan Quek, Preyas Shah, Dongjun Shin, Zubair Ahmed, Oussama 
Khatib & Mark Cutkosky. (2011).  Skin Sensors for Robot Impact 



Mattia Zamboni and Anna Valente 198 

 IEEE International Conference on Intelligent Robots and Systems, 
2992 97. https://doi.org/10.1109/IROS.2011.6048844. 

Plocher, Janos & Ajit Panesar. (2019). Review on Design and Structural Optimisation in 

Additive Manufacturing : Towards Next-Generation Lightweight Structures 183. 
https://doi.org/10.1016/j.matdes.2019.108164. 

Proposyscom Tech. (2019). Collaborative Robot Insecurities Exposed ! MARA, 2019. 
https://www.prosyscom.tech/robotics/collaborative-robot-insecurities-exposed-mara/. 

Rajan, Kanna & Alessandro Saffiotti. (2017).  a Science of Integrated AI and 
Robotics Towards a Science of Integrated AI and  Artificial Intelligence, 
no. February 2018. https://doi.org/10.1016/j.artint.2017.03.003. 

RIA. (2017). Collaborative Robots and Cybersecurity Concerns, 2017. 
https://www.robotics.org/blog-article.cfm/Collaborative-Robots-and-Cybersecurity-
Concerns/66. 

Safeea, Mohammad, Richard Bearee & Pedro Neto. (2018). -Effector Precise Hand-
Guiding for Collaborative Robots  ROBOT 2017: Third Iberian Robotics 
Conference, 694, (September). https://doi.org/10.1007/978-3-319-70836-2. 

Santis, Agostino De. (2008). Modelling and Control for Human Robot Interaction, no. 
November,95. http://www.fedoa.unina.it/2067/. 

Searby, Lynda. (2016).  Uncag  Packaging News, 2016. 
https://www2.deloitte.com/us/en/insights/focus/signals-for-strategists/next-
generation-robots-implications-for-business.html#endnote-sup-12. 

She, Yu, Hai Jun Su, Deshan Meng, Siyang Song & Junmin Wang. (2018). sign and 
Modeling of a Compliant Link for Inherently Safe  Journal of Mechanisms 
and Robotics, 10 (1). https://doi.org/10.1115/1.4038530. 

Siciliano, Bruno & Oussama Khatib. (2008). Springer Handbook of Robotics. Springer. 
Smith, Nigel. (2019).  Is Winning the Robot  I40 Today, Issue 7, 2019. 

http://online.fliphtml5.com/kwnhb/tiel/#p=1. 
Solvang, Bjorn & Gábor Sziebig. (2012).  Industrial Robots and Cognitive Info-

 3rd IEEE International Conference on Cognitive 
Infocommunications, CogInfoCom 2012 - Proceedings, no. 978: 459 64. 
https://doi.org/10.1109/CogInfoCom.2012.6422025. 

Stadler, Susanne, Astrid Weiss, Nicole Mirnig & Manfred Tscheligi. (2013). 
 in the Factory - A Paradigm  ACM/IEEE International 

Conference on Human-Robot Interaction, 231 32. https://doi.org/10.1109/ 
HRI.2013.6483586. 

Tsai, Jason, Eric Wong, Jianming Tao, H. Dean McGee & Hadi Akeel. (2008). 
Secondary Position Feedback Control of a Robot. https://doi.org/US 2010/0311130 
Al. 



Collaborative Robots 199 

Verl, Alexander, Anna Valente, Shreyes Melkote, Christian Brecher & Erdem Ozturk. 
(2019). CIRP Annals - Manufacturing Technology - Robots in Machining. 
https://doi.org/10.1016/j.cirp.2019.05.009. 

Wang, Nana, Yi Zeng & Jie Geng. (2019).  Brief Review on Safety Strategies of 
Physical Human-Robot Interaction  ITM Web of Conferences, 25, 01015. 
https://doi.org/10.1051/itmconf/20192501015. 

Webster, Craig & Stanislav Hristov Ivanov. (2019). Robotics, Artificial Intelligence, and 
the Evolving Nature of Work, no. 2015. 

Weitschat, Roman, Jorn Vogel, Sophie Lantermann & Hannes Hoppner. (2017). -
Effector Airbags to Accelerate Human-Robot Collaboration  Proceedings - IEEE 
International Conference on Robotics and Automation, 2279 84. https://doi.org/ 
10.1109/ICRA.2017.7989262. 

Yu, She, Su Hai-Jun & Carter J Hurd. (2016). Shape Optimization of 2D Compliant Links 
for Design of Inherently Safe Robots, 1 9. 

Zhang, Shaolin, Shuo Wang, Fengshui Jing & Min Tan. (2019).  Sensorless Hand 
Guiding Scheme Based on Model Identification and Control for Industrial Robot  
IEEE Transactions on Industrial Informatics 15 (9): 5204 13. https://doi.org/ 
10.1109/tii.2019.2900119. 

Zhang, Shiyu, Andrea Maria, Renzo Villa & Shuling Dai. (2019). -Time Trajectory 
Planning Based on Joint-Decoupled Optimization in Human-Robot Interaction  
Mechanism and Machine Theory, 144, 103664. https://doi.org/10.1016/ 
j.mechmachtheory.2019.103664. 

Zhang, Xiaobin, Yinhao Zhu & Hai Lin. (2016).  Guaranteed Human-Robot 
Collaboration through Correct-by-  Proceedings of the American Control 
Conference, 2016-July, 6183 88. https://doi.org/10.1109/ACC.2016.7526641. 
 
 


