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Abstract
Purpose of Review This paper provides an overview of the role of humans and robots in smart factories, their connection to
Industry 4.0, and which progress they make when it comes to related technologies.
Recent Findings The current study shows that a decade was not enough to provide a reference implementation or application of
Industry 4.0, like smart factories. In 2011, Industry 4.0 was mentioned for the first time in the scientific community. Industry 4.0
arrived with many new enabling technologies and buzzwords, e.g., Internet of Things (IoT), Cyber-Physical Systems (CPS), and
Digital Twins (DT).
Summary This paper first defines smart factories and smart manufacturing in relation to the role of humans and robots. Followed
by an overview of selected technologies in smart factories. Concluded by future prospects and its’ relation to smart
manufacturing.
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Introduction

“The factory of the future will have two employees: a human
and a dog. The task of the human will be to feed the dog. The
dog will have the task to dissuade the human to touch the
automated systems.” as said by Warren G. Bennis in 2016.
This quote describes the expectations, perception, and faith in
the implementation of Industry 4.0. Tremendous effort has
been put in order to realize the concept of Industry 4.0 and

its’ equivalents in the different continents (Europe, Industry
4.0 [1]; China, made in China 2025 [2]; the USA, advanced
manufacturing [3]; Japan, super smart society [4]).

Themain challenge and limitation in all cases is the balance
between human and automation [5]. Through automation, ar-
tificial intelligence and novel sensors, Industry 4.0 will create
a new manufacturing and distribution process. By this, pro-
cesses are digitized, robots are carrying out work (or collabo-
rate), and the human is in charge to supervise manufacturing
and other quality ensuring processes. Places, where such
manufacturing is executed, are also called smart factories.
These are smart in a way that their production machines are
permanently coordinated with each other and they self-control
while ensuring the highest efficiency (smart manufacturing).

In order to achieve a high level of automation combined
with flexibility as introduced above, human skills must be
described and transferred to automated machines (e.g., indus-
trial robots). If this is not possible, proper collaboration be-
tween human and machine is needed [6]. Solutions so far
focus on limited applications and do not provide a complete
system [7]. Smart factories, as also presented in this article, do
not exit yet [8] due to the social impact [9].

The article first introduces the concept of smart manufacturing
and its connection to smart factories, then the role of humans
(human factor) and industrial robots in smart factories will be
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described. How newmanufacturing and automation tools change
the smart factories will be described afterwards, as well as the
future of smart manufacturing and smart factories.

Definition of Smart Manufacturing and Smart
Factories

Smart manufacturing can be defined as an intelligent
manufacturing process (e.g., production with a CNC machine
or a welding operation with an industrial robot) composed of a
physical representation, connected to its digital twin through a
digital thread. The digital thread allows the physical world to
interact or exchange information (with the use of sensors,
actuators) between its virtual representation and the digital
twin. The digital twin is capable to predict, analyze, and sup-
port the manufacturing process with expert knowledge.
Intelligent (smart) manufacturing is given great opportunities
with all the new technologies such as cloud computing,
Internet of things, big data analysis, and artificial intelligence.
These technologies are used to obtain real-time information,
extract knowledge, and make well-informed decisions.
According to [10], artificial intelligence and deep learning
may be used to solve the challenges of uncertainties and com-
plexities of the manufacturing, by predicting future problems
or failures before they occur in real life.Connection of virtual
and physical worlds through Cyber-Physical Systems (CPS),
resulting in the integration of manufacturing processes and
business processes, are paving the way toward smart factories.
In smart factories, the products, resources and processes are
decided and controlled by CPS. This setup provides quality,
time, resource, and cost advantages in comparison with clas-
sical production systems [11]. Figure 1 shows a sketch of a
smart factory.

Liu et al. [12] present a shop floor decision-making support
and cloud-based analytics provided in Cyber-Physical
Machine Tool (CPMT) to improve the efficiency of machin-
ing tools and processes, feedback loops, and autonomous
feedback control. A CPMT Platform based on OPC-UA and
MTConnect demonstrates enabling interoperable data com-
munication between different machine tools and software ap-
plications for a CNC machine.

While Cyber-Physical Machine Tools are connected to the
real environment, the technology digital twins are still in an
early, theoretical phase. Several cases are developed and eval-
uated to support the design of digital twin models [8].
Digitalization in manufacturing is seen as an opportunity to
achieve higher levels of productivity. A virtual and computer-
ized part of a physical production system is often called a
digital twin. The use of digital technology enables the analysis
of a large amount of data, the evaluation of selected informa-
tion and test of alternative solutions before a decision is made
or an implementation is started. The technology is mostly used
in production planning and control but is also suitable for
maintenance planning and control [13••].

Humans in Smart Factories

The field of human-robot collaboration (HRC) has received
much attention lately. There are many research and industrial
laboratories around the world experimenting with collabora-
tion between humans and robots [14, 15•]. One of the main
motivations for this is the more widespread usage of robots
(industrial-, service-, mobile-robots) [16, 17]. Robots are
thought to be a solution for many of the social challenges that
today’s society is facing (e.g., care taking of elderly people,
replacing humans in dangerous/monotonous work).

Fig. 1 Smart factory pipeline
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The paradigm related to human-robot collaboration is
changing from the separate human-robot (past) to improved
human access to robots (present) and close human-robot in-
teraction (future). One major problem for the introduction of
robots especially in unstructured environments (meaning out-
side separated, fenced zones) is the missing possibility to rely
on dependable sensors. A robot needs sensor data for, e.g.,
reactive planning, motion/force control, visual servoing,
fault diagnosis, and monitoring of safety levels. If the
HRC system is planned for unstructured environments
with unpredictable movements of persons, HRC should
be equipped with a versatile sensor system, including
range, proximity, touch, vision, sound, temperature, and
so on. The selection, the arrangement, the number of sen-
sors, and their reliability contribute to the measure of de-
pendability of a manipulator for interaction tasks [18].

Further increase of the flexibility of automated production
processes will be reached by introducing human-robot inter-
action. Processes will be improved by complementing the
human cognitive and sensorimotor skills with robot precision
and fatigue-free work of the robot. Such solutions do not re-
quire a safety zone around the robots, or the safety zones will
be smaller than for the traditional robots. A key factor for
successful HRC is represented by intuitive design of the inter-
action and control of the robot as well as the task allocation
between the operator and robot.

Human-robot interaction is at this stage not validated for
industrial use [19].

Robots in Smart Factories

In smart factories, robots are embedded with sensors to allow
for human-robot collaboration in a safe work space. The so
called collaborative robots (cobots) have several advantages
compared with traditional industrial robots. These robots are
safe for humans and can create space required by traditional
robots, which require guarding fence. The safety mechanisms
can be a combination of several technologies: the use of prox-
imity sensors to slow down the robot when humans come
near; force limitations in order to minimize risks to humans
or the environment; and the human intent and maneuver ac-
cordingly. Beyond these mechanisms to ensure safety, differ-
ent levels of human-robot collaboration can be implemented.
Humans perform the tasks requiring the highest level of dex-
terity, while robots do repetitive, heavy, and dull tasks.

A collaborative robot is defined in standard ISO 10218-2 as
follows: A robot designed for direct interaction with a human
within a defined collaborative workspace, i.e., workspace
within the safeguarded space where the robot and human
can perform tasks simultaneously during production opera-
tion, as shown in Figure 2. The idea is, basically, that robots
do not hurt a person and the means to protect a person are

controlled force and speed, separation monitoring, hand-guid-
ing, and a safety-rated monitored stop.

There are of course other aspects beyond safety which dis-
tinguishes how robots are being used in smart factories. Vision
and CAD aided robot planning and control can help avoid
time-consuming manual programming of robots, see, e.g.,
[20, 21]. Learning by demonstration can also relieve for the
need for manual programming, e.g., through the use of dy-
namic motion primitives used to parameterize robotic motions
[22]. This can lead to efficient production adjustments in the
case of small batches of products with minor variations in both
shape and size.

Autonomous Ground Vehicles

AGVs can play an important role when it comes to logistics in
smart factories. Efficient transport inside, to or from factories,
can free up humans to do more rewarding tasks or free up
space from more permanent ways of logistic handling such
as conveyor belts. The latter will also give more flexibility if
the interior of the factory needs to be changed, for instance,
due to changes in production [23, 24].

Sensor Integration

The fusion of the sensory information coming from mul-
tiple sources could help in providing a coherent and reli-
able description of the world surrounding the robot. In
general, it is required to integrate sensor information
based on approximate models of the environment only.
Data fusion is particularly important when monitoring
contacts, e.g., for selecting impedance parameters or for
determining the most dangerous “control points” on the
robot to be driven away from a human with higher prior-
ity. There are a lot of sensors available for HRC systems.
However, there has been little work on achieving the fu-
sion of contact and visual information.

Close human-robot collaboration with advanced safe-
ty sensors may support speed and separation monitoring
and safety-rated monitored stop modes. These might in-
clude close proximity sensors, such as pan/tilt/zoom
cameras, stereo cameras, depth cameras, projection
based-systems [25], and audio/video feedback systems.
A better fit for traditional robots (large, high speed,
high payload) can be achieved by compliment power
and force limiting functions (PFL robots). Sensors for
distance interaction include pan/tilt/zoom cameras, stereo
cameras, projection-based systems, 3D Lidar, audio/
video feedback systems, and certified safety sensors.
HRC sensors can also include force/torque sensors or
proximity sensors integrated into grippers [26].
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Manufacturing in Smart Factories

Manufacturing in smart factories has a great potential in case
of personalized products, because of the combination of low-
cost prices, like in mass production, and still having a mini-
mum amount of labor for customization. One of the possibil-
ities lies within additive manufacturing [27], where many
products could be manufactured at the client’s premises and
on demand, without loss of transportation time or logistic
overhead costs. This will result in cost reduction for these
products due to the fact that their customization time and cost
is minimal compared with their manufacturing time.

Additive Manufacturing by Robot

The umbrella term additive manufacturing (AM) covers a va-
riety of techniques for building up three-dimensional structures,
often custom-made. Different methods of AM, such as 3D
printing and rapid prototyping (RP), have evolved from creat-
ing simplified models that help visualize an end product to
creating structures that work as end products themselves [28].
AM technology is still gaining momentum and is especially
important for small companies and developers in order to easily
create low-cost prototypes and custom-made parts [29].

It is mainly smaller parts and products that have been pro-
duced using AM technology. This is because most traditional
methods for AM require the structure to be built “in-box,” i.e.,
in a container of some kind within the AM apparatus. This in
turn requires the AMmachine to be larger than the structure it
is producing, which has its natural limitations. However, this
is gradually changing, as more and more projects have started
looking into AM on a larger scale. Already, AM has been
using in several housing projects, while the Dutch MX3D-
project has constructed a metal bridge solely through AM by
robot manipulator [30].

Our research on large-scale AM focuses on metal struc-
tures, combining wire-arc additive manufacturing (WAAM)
with a 6 degrees-of-freedom (DOF) robot manipulator. By
combining the flexibility and large workspace of an industrial
robot with material deposition, it would be possible to build
larger structures. In 2016, students at Cranfield University
demonstrated the potential of robotizedWAAMwhen produc-
ing a 6 m long, 300 kg aluminum spar built in one piece with
the university’s 10 m robot rig for WAAM [31]. For this part,
the team estimated a cost saving of about 70% compared with
machining a similar part from a solid block. This project has
been commercialized over the last few years, resulting in the
company WAAM3D, which is working on delivering both
small batch sizes and prototypes to be tested in industry
[32]. In order to better take advantage of the large workspace
and flexibility this gives us, our research also aims to move
away from the strictly layer-wise approach of traditional
methods for AM.

WAAM has the potential for a relatively high deposition
rate for several kg ofmaterial per hour, and a great reduction in
lead time compared with other methods [33], which is prom-
ising in a financial context. There are still some challenges
related to the building process, such as starting and stopping
the building process, which leads to distortions because of arc
initiation and flame-out [34]. This might be solved by
performing builds that are as continuous as possible, though
this might lead to challenges in material properties related to
residual stresses, or more superficial challenges such as
changes in bead height due to an accumulation of heat. How
much this would impact the final structure would of course
mostly depend on the material. However, if it was possible to
surveil the building process in order to adjust the heat input,
etc. based on feedback, this would greatly improve the poten-
tial for WAAM when building structures on any scale.

Through experiments, the challenges related to intersec-
tions and corners when building in a semi-layer-wise manner

Fig. 2 Human-robot
collaboration in a collaborative
workspace
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have been investigated [35]. Building larger structures can be
time consuming, so the builds have been done as continuously
as possible, which again requires a balance between heat input
from the welding process and the cooling of the structure.

A set-based control method that allows some freedom in
the orientation of the tool has also been used in these experi-
ments, tolerating that the orientation of the welding gun devi-
ates within a chosen interval. This method can make the tra-
jectory for the robot’s end effector less demanding, and has
previously been tested for spray painting [36]. In addition, this
freedom in orientation means that material is mostly deposited
while the welding-gun is not strictly vertical, which strongly
differs from traditional bottom-up or top-down methods.
Thin-walled, cylindrical structures were also built with a con-
tinuous height increase of the tool, as opposed to the tradition-
al layer-by-layer approach [37].

One of the most interesting recent developments in large-
scale WAAM might be the beforementioned MX3D-project,
which recently announced that they have printed a complete
stainless-steel industrial robot arm, part by part, usingWAAM
combined with correctional machining. With continuous
welding, they claim this build could be done in only four days
[30]. The robot arm has not yet been assembled, but if the
complete experiment is successful, this shows the promise of
WAAM and AM in general as a way to effectively and afford-
ably create customized parts both for prototyping and
replacement.

As AM evolve away from the traditional in-box methods,
there is potential for the products to be both larger and more
complex. Bypassing the strictly layer-by-layer approach
would remove the need for building support structures that
must be removed in post-processing and make it possible to
build structures with overhang. While most experiments with
large-scale AM are presently done in-house, the natural next
step will be to see how these methods can be utilized both on
doing the builds on-site and adding material to existing struc-
tures. This could open new possibilities for repair work and
modifications on structures that are hard to move.

Furthermore, not only structural freedom is possible by
AM but also the use of novel materials (e.g., dissimilar: tita-
nium and nickel alloys) is also possible. While WAAM is
suitable for the creation of large-sized parts with medium
complexity components, made with high-value materials
since it creates a near net shape end results that only need final
machining on high-tolerance surfaces. Today the aerospace
industry is using WAAM for titanium and nickel alloys [38].
Norsk Titanium has delivered the first titanium additively
manufactured component made via WAAM approved by the
Federal Aviation Administration, as it was installed on the
Boeing 787 Dreamliner [38]. The use of new materials or
combining different materials creates possibilities for complex
geometry with the needed material properties in the correct
place of the part.

The combination of WAAM with laser metal deposition
(LMD) creates possibilities for coating, cladding, or building
complex and large geometries. The usage of dissimilar mate-
rials for LMD has been shown in industrial setting for years
and, here, new materials and combination can give great pos-
sibilities for repairing and building complex parts. In [39] the
possibility of dismissal material builds using copper on AISI
304 L steel is shown, but also the immiscible material combi-
nation like TiC-Ni shows the potential of multi-materials
builds. The possibilities for new materials and new material
combinations will give improved product properties as the
material properties improve with the combination that AM
gives with regard to the geometrical building freedom.

Another option is using Cold Metal Transfer (CMT) for
welding dissimilar material as shown in [40], where an
AlSi5 was used as weld filler for welding a magnesium alloy
plate and an aluminum alloy plate together. This shows the
possibility to use different and new materials for CMTAM. In
[41] the CMT process, it was used to weld an aluminum alloy
with zinc coated low carbon steel. The potential of dissimilar
welding shows great potential for CMT in combination with
WAAM, since the material combination and the development
of coating and the repair of components can be achieved with
materials that are using traditional manufacturing methods
that are difficult to machine but have goodmaterial properties.

Future of Smart Manufacturing and Smart
Factories

In the future, the synergy of the skills of robots and humans
will be even more important in order to increase productivity
and quality, while still maintaining sustainable working con-
ditions and environment, health and safety (EHS) for humans.
This will clearly motivate manufacturing scenarios, where
humans and industrial automation devices are operating with-
in the same working space, utilizing, mutually, the capabilities
of each other.

During the last decades, the industrial robot has clearly
demonstrated its capability to be the core component in indus-
trial automation (Smart Factory), due to the fact that it pro-
vides an optimum of high working capacity and flexibility. By
connecting the robot even closer to the human, in terms of
direct collaboration or task sharing within the same working
area, there is important potential for a strong synergy between
the robots’ and the humans’ capability; thus, a very produc-
tive, user friendly, however, rapidly changeable system.

Smart factories will need novel solutions to create an open
robot system with automatic transition between multiple safe-
ty modes. This enables an environment where the robot sys-
tem can seamlessly adapt, i.e., switch from full automation to
safe task sharing and direct collaboration within the robot’s
working area.
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The identified main achievements for upcoming smart fac-
tories are:

– An open workspace where the human and robot are ca-
pable of autonomy, collaborate on decisions, and actions
needed to optimize their skills to accomplish a task.

– Shared autonomy including a collaborative workspace
where tasks are scheduled between the human and robot;
a collaborative robot sharing optimally its control in var-
ious degrees of freedom with a human.

– Improved flexibility, productivity, and EHS conditions
for the human worker.

– A learning capability of the robot, by easy, natural com-
munication with the human.

– Aworkspace without fences, to enable seamless and auto-
matic transition between safety modes, according to the hu-
man risk for physical conflicts between the human and
robot.

Particular attention will be needed to address the psycho-
social aspects of human-robot collaboration and raising the
acceptability of the new technology. Through analysis of the
user-interaction scenarios, worker-specific aspects such as er-
gonomics, skills/expertise levels, safety, and comfort need to
be taken into account.
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