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Abstract. With increased competitive challenges in the manufacturing sector, 
the need for operational excellence has led to an increased presence of robotics 
in factory settings. Traditionally, robotics in manufacturing has been relegated 
to routine and monotonous tasks performed in isolation to ensure human safety. 
Now, the advancements in robotics are encouraging a paradigm shift – human-
robot collaboration. These new robotic systems are imbued with the ability to 1) 
perceive anomalies in work environments and to correct/workaround these defi-
ciencies, 2) adapt to changes in workload by means of reconfiguring their  
layout in a facility, and 3) autonomously navigate factory floors. Although we 
would like to believe that these innate abilities of second-generation robotics al-
low for immediate implementation of human-robot collaboration on factory 
floors, the truth is that more research is required to ensure safety, analyze  
performance, and define standards. This paper explores potential interaction  
objectives for human-robot communication in flexible robotic cells. 
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1 Introduction 

On average, productivity in the US has increased by two percentage points each year 
from 1980 to 2008 [1]. During that same period of time, employment in the manufac-
turing field has fallen from 29% of US total workforce to 11% [2]. To increase annual 
productivity gains, manufacturers have minimized human resources and employed 
automated systems. Traditionally, automated machineries were employed to conduct 
routine and hazardous tasks and these systems have often led to the improvement of 
efficiency, productivity, quality and reliability. Discrete manufacturing has expe-
rienced much success with the use of industrial robots, which created work environ-
ments that took full of advantage of robot applications and their ability to enhance 
product quality and economic efficiency [3]. 

The work environment created to support traditional robotic systems placed hu-
mans in a supervisory role on the factory floor. Human handlers played an integral 
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role working in tandem with these systems by monitoring routines and efficiency. The 
looming risks associated with safety prevented the close proximity interactions  
between robots and humans. In traditional robotic systems the main repositories of 
information pertaining to routines are the robots themselves. One of the main reasons 
for this fact is that humans tend to be easily overloaded and bored with the minutia of 
routines. This systematic setup perpetuates an information chasm between human and 
robot that is deeply ingrained in industrial standards for human-robot interaction 
(HRI). Compounding this situation is the fact that the allocation of work in manufac-
turing cells has traditionally been based on the performance or machinery-behavioral 
considerations [4]. The confinement of such planning methods relegates HRIs to an 
isolated, distant experience, where by the human is the last entity notified about  
actions or problems. 

Modernization has seen the introduction of robotic systems which incorporate novel 
programming architectures that allow for flexible production operations.  In such sys-
tems, multiple products can be made on a single production line or manufacturing cell. 
This enables some amount of intelligence and flexibility to be incorporated into  
the system along with improved efficiency, productivity, quality, and reliability [5]. 
However, the current robotic systems cannot satisfy the implementation requirements 
for these operations. Therefore, humans must be reintroduced to the factory floor as 
participants in human-robot collaborations (HRC) rather than as intruders in a robot’s 
workspace. Behaviors attributed to humans in these systems are negated during optimiz-
ing of manufacturing system performance, as planners assume there is an existing in-
formation asymmetry due to humans lacking immediate information and the machinery 
possessing all the information for immediate decision making on routine operations. 

The new paradigm requires the robot to be productive and safe while collaborating 
with humans in shared workspaces. Collaborative tasks between robot and humans 
takes place, typically, in operations with low product volume, and high product varia-
tion [6]. Humans in these systems are generally needed for their dexterity and ability 
to perceive and correct anomalies in the work environment. The novelty of such ca-
pabilities in humans is such that it has to be taught to robots within close proximity 
(for those machines that are state of the art) or by trial and error high-level program-
ming. With the impending need for close proximity work environments, between 
humans and robots, the onus now shifts to robot designers. 

2 Background and Related Work 

Research in HRI risk assessment has identified many factors that could be hazardous 
to humans within a robot’s workspace [7,3,8]. The derivation of these factors stems 
from four general areas, namely: robot self-awareness, robot self-reliance, human-robot 
dialog, and robot adaptability [9]. Robot self-awareness is important as the robot should 
be able to realize its limitations, thereby setting the stage for human-robot dialog.  
Without robot self-awareness, issues such as robot operating space, human awareness, 
and robot safeguards become of paramount importance [8,9]. Self-reliance in a robotic 
system refers to the system’s ability to undertake routines with limited to no human 
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influence or presence. This innate ability reduces cognitive loads for human workers, 
which allows them to conduct other tasks. Another area of concern for robot designers is 
human-robot dialog. Typically, robotic systems communicate via warnings, making 
communication a very one-sided affair. Communication in this setting has to be dual, 
and this requires a more cerebral experience, with a special focus on human cognitive 
loads. Finally, robot adaptability refers to ease of usage as well as its ability to change 
routines based on external demands. How easy it is for a robot to change its routines 
predetermines its frequency of use in small product volume environments. 

Robotic systems in widespread usage today are generally designed to limit unsafe 
usage but not for continuous monitoring of humans in work areas, in an effort to 
avoid accidents [10,11].  These policies generally stymie the potential of HRC and 
render humans as intruders in the robot’s workspace. The limiting of unsafe usage is 
accomplished mainly by human-robot segregation policies enacted by makers of these 
systems and government agencies charged with monitoring safety in the workplace 
[10,12]. This approach to safety has provided safety strategies related to fault avoid-
ance, tolerance, and detection. Although segregation is one of the most common safe-
ty implementations, safety modes such as Shutdown, “Safe Operation”, and “Safe 
Handling” have also been recommended. These modes would allow for a human to 
enter the robot’s workspace, but the robot would not be performing at acceptable 
production rates.  

Alternative approaches to ensure human safety have focused on high-level human-
robot interaction and/or high-level robot independence with respect to performance 
measures [9]. In today’s manufacturing environment, performance and productivity 
are paramount. Steinfeld et. al. [9] developed a model addressing safety and risk fac-
tors categorized as five basic areas: Navigation, Perception, Management, Manipula-
tion and Social. This model serves as a starting point for HRI that does not force the 
robot to stop production in the presence of a human. Validation of the model’s pro-
posed areas and their impact on performance with a representative sample of factory 
workers could provide needed insight.  

Defining metrics that balance the relations between safety and productivity are key 
attributes that must be guaranteed before widespread adoption can be realized in in-
dustrial settings [13,10,7]. Currently, the National Institute of Standards and Technol-
ogy (NIST) along with the International Organization for Standardization (ISO) are 
working on technical specifications that will define collaborative workspaces with 
performance and safety in consideration. The proposed standard will be issued 
through ISO/TS 15066, and it will be a forerunner to the final standard that will be 
developed by NIST and the ISO [7]. However, the standard still tries to separate hu-
man from robot by its safety system guidelines that regulate “speed and separation”. 
In the research area of HRI with professional service robotics, robots and humans 
work intimately with each other, in some cases with the human, knowingly, ceding 
the making of important decisions [14]. As is the nature of this field, industrial robot-
ics and robotic researchers alike, take their cues from governmental agencies missing 
out on vital issues surrounding human-centered designs [15,16]. 
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3 Theory Development /Conceptual Model 

With advances in robotic technology, the concept of HRC will be implementable.  
The paradigm shift from “speed and separation” based HRI to HRC in shared work-
spaces requires modification of the factory floor, robot design, and teamwork dynam-
ics. One major aspect of the team work dynamic is human’s perception of robots as 
dangerous and robots reaction to humans as intruders. Humans must perceived their 
robotic helpers as peers who can engage in an effort to jointly solve problems [17,16]. 
Robots must be able to perform safely at acceptable rates within the presence of hu-
mans. The HRC should learn from effective human-human collaborations.   

Feedback and communication are key in human-human collaborations [16]. They 
could also play an integral part in HRC. For different interaction roles, there are dif-
ferent levels of communication needs. With the traditional separation of humans and 
robots, the immediate feedback and synchronous communication during interactions 
is rare and less often implemented. As the spatial proximity decreases with HRC, 
communication needs should transition from unidirectional to bidirectional communi-
cation. Communication can foster effective collaborations. 

Unidirectional communication has been the focus of traditional robotic system de-
signers. The segregation policies enacted for safety on factory floors allowed one-way 
communication, where the robot did not have to consider human counterparts in a 
shared workspace. In unidirectional communication systems, information provided by 
the robot is based on warnings or problematic situations that require human interven-
tion. Independently working robots in these situations are only forced to shut down 
once one or more of their warning sensors are triggered. In most cases, these sensors 
do not make the robot aware of its surroundings but only of a problem that could po-
tentially affect its operation. This type of communication only supports productivity 
and safety when the workspace is not shared among humans and robots. If the robot is 
unable to perceive a human and adapt its functions, the workspace becomes potential-
ly deadly for the human. Information asymmetry abounds in these systems, and it will 
take a truly different means for communication channels between robot and humans 
to be fully developed. 

Most advanced robotic systems have developed semi-directional communication 
channels. Although in these situations human robot segregation still is dominant, for 
compliance with strict safety guidelines and policies, robots are now able to process 
basic information about humans in a workspace.  For example, in prototypes being 
tested by NIST and their partners, based on the ISO/TS 15066 standard, the robots use 
laser scanners to measure speed and position of the human to pause the robot during a 
routine operation[12,18,19]. In such a situation, the system is only able to perceive the 
presence of a human as a potential safety hazard. In an effort to avoid violating safety 
guidelines, the robot slows its pace of operation or stops entirely, all dependent on hu-
man-robot spatial proximity. This is a major step in the right direction; however, it does 
not support a highly productive HRC environment. Even if the robot slows its pace to 
continue some range of operation, sufficient information for a collaborative environ-
ment is not relayed to the human. For example, an alarm may sound indicating a safety 
hazard, which has a negative effect on performance and on the human’s perception of 
the work area. In these circumstances safety trumps performance of the entire system; 
therefore, truly collaborative relationships can never be realized (see Fig. 1). 
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These areas can be explained in the following manner: 

• Physical Awareness – refers to the human’s and robot’s capabilities to discern  
and perceive physical abilities and limitations in the shared workplace [20,21].  
Each should be aware of their collaborator’s workspace, number of moving parts, 
position of moving parts, and range of motion. This extends current models that 
achieve and ensure safety via robot shutdown and pause modes and sacrifices 
productivity, establishing safety and productive objectives [6]. Bidirectional  
communication must rely on the exchange of information related to current move-
ments, transitions, and future movements within the shared workspace. The means 
of communication that takes place here could be tactile, verbal and visual in  
nature [22]. By utilizing these three sensorial facets the aim should be for the robot 
or the human to make contact with each other in an effort to commence communi-
cation in an intuitive modus. Therefore, there should be no excess cognitive loads 
placed on human or robot for communication to transpire [10,8]. Adhering to this 
guideline should positively impact the human’s perception of HRCs.  

• Task Awareness – refers to the human’s and robot’s ability to understand both roles 
and the coordination that is required in the work setting for each task. This aspect 
has great impact on productivity and cognitive workload objectives. Robots need to 
track task attributes in the presence of human collaborators and share the informa-
tion effectively. Allowing the robot to track and communicate task progress and 
hindrances could support continuous dialog between the partners [6,8,21]. In addi-
tion, modifications to improve operations could be implemented quicker with early 
detection and communication. 

• Interaction Awareness – refers to the human’s and robot’s ability to interact and 
communicate in various modalities [21,9]. The types of interaction must accom-
modate the collaboration with consideration of the environment, task, and human 
abilities [7,8,20]. This aspect should be flexible, as dependent factors shift during 
production [3]. Safety is the main objective for this aspect with a focus on methods 
and techniques for communication.  

• Human Capability Awareness – refers to the human’s and robot’s ability to deter-
mine the human’s ability to collaborate [8]. Mental/cognitive overload of human 
peers within a particular workspace is a major safety concern that has been studied 
[10]. Robots can monitor human physiological characteristics for stress and fatigue 
and use this information to develop trends and patterns [6,7,22]. The information 
could also be used to adjust the work mode of the robot. By equipping the robot 
with this trait, the behavioral patterns of the robot can be tailored for specific hu-
man peers and recommend breaks accordingly. This aspect would support safety 
and productivity objectives.  

• Robot Capability Awareness – refers to the robot’s effective communication of its 
capabilities and limitations to the human. To improve the human’s perception of 
and ability to collaborate with the robot, knowledge of the robot’s capabilities is 
needed [6,9]. These capabilities are related to features, functions, power levels, 
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malfunctions, safety triggers, and help tools [3,22]. With human-human collabora-
tions, understanding your partner’s strengths and weaknesses allow for better  
partnerships [3,8].  Once the robot has an awareness of its own limitations then it 
can and should communicate this to its human partner. 

Advancement of HRC in factory settings will rely on research and design develop-
ments in each of the discussed areas. For each, future work is suggested to focus on 
the information content, interface usability, and communication modes to achieve the 
highlighted objectives. 

4 Conclusion and Discussion 

The need and desire for improved performance has stemmed from many different 
factors, including globalization, competition, and the economy. HRC is one of the 
most promising methods for enhancing performance. This type of HRC being advo-
cated is not the traditional – complete separation of humans and robots and supervi-
sory control – type dynamic. With the desire for increased performance based on 
HRC, where humans and robots work in close proximity as partners, there is a more 
fundamental approach that needs to be taken to the building and commissioning of 
robotic systems. The new vision to have humans and robots share the same workspace 
– side-by-side or face-to-face – will mean that they will have to be imbued with the 
basic capabilities for human communication [3]. This will have significant impact to 
existing manufacturing paradigms; impact will extend well beyond floor layout 
changes that enhance human-robot segregation policies. It will also affect the design, 
implementation, evaluation, and maintenance of these systems.  Robot design and  
implementation will have to be enhanced via the development of suitable mechanical 
structures and physical characteristics of the type most prominently found in profes-
sional services robotic systems.  

Industrial robotic systems currently available on the market do not meet the safety 
and reliability criterion for close proximity HRC relationships due to the impaired 
viewpoints they possess [6]. Robots are only part of the solution. The humans in these 
partnerships will also have to be considered. Humans have been trained to perceive 
the robots as dangerous and a safety threat. Any human entering the robot workspace 
is labeled an intruder and this can be found in the literature being used as the basis for 
the next generation of standards [23,7,3]. For effective HRC, humans and robots must 
work together as partners. Scholtz [16] confirms that this partnership would require 
dialog, asking questions of each other, and jointly accomplishing tasks. Many re-
searchers have focused on what the robot needs to know about the human and me-
thods to obtain that information. Information that the human needs to know about the 
robot is of a similar nature to that needed by the robot itself about the human. As the 
industry moves from work area designs that completely segregate the humans and 
robots there should be a shift of attention and priority that ranks performance just as 
high as safety. 
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