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Say Hello_to the next robotic innovator
Research teams from around the globe were asked to submit their concepts on the topic of “Healthy 
Living” for the KUKA Innovation Award. Five teams made it to the finals and will be presenting their 
projects live at MEDICA. The award comes with a 20,000-euro prize. Meet our five finalists.

1

4

2 3

5

1_Team LaserNAVI, 2Ai Laboratory, Portugal
We are developing an innovative medical 
device, which combines artificial intelligent 
systems with collaborative robotic handling 
in order to improve laser treatments for 
vascular lesions – a common dermatologic 
request that affects the appearance and self-
esteem of many people.

2_Team I&Bot, Capsix, France
We believe that robotics will increasingly 
help health professionals, especially for 
highly demanding healthcare procedures 
such as massages. Thanks to our easy-to-use 
massage robot, people can enjoy reduced 
back pain and improved daily comfort.

3_Team RobUST, CAMP Lab at  
TUM, Germany
We are interested in a new paradigm 
for spine surgery based on collaborative 
ultrasound-guided robotics in a safe, 
accurate and time-efficient fashion, 
aiming to suppress obsolete drawbacks 
such as unnecessary exposure to radiation 
and patient discomfort.

4_Team iRONNA, University of Zagreb,  
Croatia
Our project – a robotic neuro-navigation 
system for minimally invasive neuro-
surgery – has been in clinical use for 
more than two years, demonstrating 

the undeniable advantages of precision, 
reliability and ease of use while also 
shortening operation time.

5_Team RoboFORCE, STORM Lab at  
the University of Leeds, UK
Our robotic platform offers a proprietary 
and disruptive solution to the major 
clinical need of improving colonoscopy 
in a multibillion-dollar global medical 
device market.

Visit us at MEDICA from 18–21 November 2019,  
and watch the finals live at the KUKA booth.

KUKA Innovation  
Award 2019

www.kuka.com/innovationaward
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Robotic Dreams, Robotic Realities
By Bram Vanderborght

In mid-November, we received the 
sad news that Alphabet is closing 
SCHAFT, a spinoff of the University 
of Tokyo robotics lab. The decision 

comes one year after Boston Dynamics 
was sold to SoftBank, the company that 
also acquired Aldebaran Robotics 
(known for the Pepper and Nao robots). 
During the 2018 IEEE/Robotics Society 
of Japan International Conference on 
Intelligent Robots and Systems, we 
heard that Rethink Robotics, which 
created the collaborative robot industry 
and had a large impact on our view of 
robots in industrial applications, had 

closed its doors. 
Some months 
before, Jibo and 
Mayfield Ro -
botics, makers 
of Kuri, were 
forced to shut 
down sales and 
operations. Jibo 
was once her -
alded as “the 
first social ro  bot 
for the home” 
and was nam  ed 

one of Time’s “Best Inventions of 
2017.” Other than a few robot vacu-
um companies (mainly iRobot), no 
company has developed a successful 
home robot.

The news initiated a discussion on 
Facebook among robotics leaders, such 
as Chris Atkeson from the Robotics 
Institute, Carnegie Mellon University; 

James Kuffner, chief execu-
tive officer of the Toyota 
Research Institute; and 
Giulio Sandini from the 
Italian Institute of Technol-
ogy. All agree the robotics 
industry is still on the rise; it is 
just extremely hard to make a profit-
able robotics company. But, unless big 
bets are made, new research and tech-
nology will never mature into prod-
ucts that are practical and useful for 
the world. Moreover, success in this 
area demands more than good tech-
nology. As James Kuffner stated, “It 
requires significant funding, commit-
ted leadership, highly skilled staff, 
resources and infrastructure, and an 
excellent product and market strategy. 
Not to mention flawless execution. 
It is unrealistic to expect every effort 
to succeed.”

Chris Atkeson raised the big ques-
tions: What have we learned from the 
failures? How can we further build on 
the work? What lessons can be taken? 
How will the intellectual property be 
transferred? The future will tell whether  
the know-how will be reincarnated. 
Often, the work is secret, especially 
when sponsored by the military, and 
only amazing YouTube videos are 
released. However, some companies 
choose to contribute to the open source 
movement, with the Robotic Operating 
System as probably the most well-
known example. 

Moreover, the investments of tech 
giants in robotics and artificial intelli-
gence (AI) energized and catalyzed the 
industry, resulting in billions of dollars 

of additional investment in 
research and development 
around the world. Hope-
fully, companies will also 

publish—e.g., in this maga-
zine—more scientific insights 

on their products.
The problem, as Giulio Sandini put 

it, occurs when one sells (or buys) 
intentions as results. Overselling is 
a dangerous strategy that can be 
counterproductive, even for the whole 
robotics community. Both companies 
and researchers publish videos of 
robots doing tasks, but sometimes they 
fail to point out the limitations of the 
technology or that those results were 
achieved in lab conditions. This makes 
it much more difficult to explain to 
nonroboticist industry executives the 
difference between creating a one-off 
demo and creating a real product that 
works reliably. 

Deep learning, e.g., is at the fore-
front of the AI revolution, but it is too 
often viewed as the magic train carry-
ing us into the world of technological 
wonders. AI researchers are warning 
about overexcitement and that the next 
AI winter is coming. 

The first cracks are already visible, 
e.g., in the promises claimed for self-
driving cars. Rodney Brooks, founder of 
Rethink Robotics, regularly writes rele-
vant essays on this topic on his blog. 
Robot ethics professor Noel Sharkey 
wrote an article in Forbes titled “Mama 
Mia It’s Sophia: A Show Ro  bot or 
Dangerous Platform to Mislead?” Tony 
Belpaeme, a social robot researcher 
from the University of Ghent, replied 
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with a tweet, “I had [a European Union] 
project reviewer express disappointment 
in our slow research progress, as the 
Sophia bot clearly showed that the tech-
nical challenges we were still struggling 
with were solved.” It is our common 
responsibility and interest to disseminate 
openly and honestly not only our suc-
cess but also our failures. Together, we 
can realize our dreams for numerous 
robotic applications and devise a realistic 
plan to develop them.

One such relevant application is 
robotics for in situ interventions, the 
topic of this special issue. It is still a 
challenge to develop advanced robotic 
systems that are able to navigate/access 

industrial installations and perform 
multitask operations (e.g., inspection, 
removal/additive processing) for holis-
tic in situ maintenance and repair of 
complex installations. My thanks to the 
hard work of the guest editors, Dragos 
Axinte (University of Nottingham, 
United Kingdom) and Ian Walker 
(Clemson University, South Carolina).

I also want to express my gratitude 
and appreciation for the work of 
Fabio Bonsignorio (Universidad Car-
los III de Madrid, Spain) and Qining 
Wang (Peking University, China), two 
associate editors of the magazine 
whose (extended) terms have recently 
ended. Fabio, however, will become 

the editor res -
ponsible for 
reproducible 
research. From 
the many can-
didates, we se -
lected P e r l a 
Maialino (Ox -
ford Robotics 
Institute, Uni -
ted Kingdom) 
and Li Xiang 
(The Chinese University of Hong Kong) 
as new associate editors. Congratula-
tions on your new positions.

Enjoy the issue! 
 

Overselling is 

a dangerous 

strategy that can be 

counterproductive, 

even for the whole 

robotics community.
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ur IEEE Robotics and Auto
mation Society currently has 
more than 14,000 members 
representing 120 different 

countries throughout the world. Ac 
cordingly, we collaborate and interact 
with colleagues and members of our 

Society coming 
from many dif
ferent areas and 
with substan
tially different 
cultural back
grounds. This 
s u g g e s t s  the 
importance of 
improving the 
culture for ap 
propriate  be 
havior, proper 
interaction, and 
c o n s i d e r a t e 
communication. 
One important 
aspect in this 

con  text is to better respect the societal 
preferences of our members from all 
areas around the globe.

This is particularly relevant for our 
meetings. So many of our Society’s vol

unteers work hard to make 
these meetings successful 
and joyful for all attendees. 
Although it seems like an 
enormous challenge to 
respect so many different prefer
ences, diversity is also an opportunity. 
By fostering inclusion, we will be able to 
maximally benefit from diversity, which 
we should regard as a source for new 
ideas, alternative viewpoints, and unique 
experiences that can generate innova
tions, novel solutions, and additional 
knowledge. It is, therefore, of the utmost 
importance that our members be better 
trained and helped to be aware of the 
importance of inclusiveness and avoiding 
unwelcome behavior toward any other 
person be  cause of a particular personal 
characteristic, such as age, race, gender, 
disability, religion, or sexuality.

An additional aspect requiring further 
awareness relates to publication ethics. 
According to the IEEE’s Publication Ser-
vices and Products Board Operations 
Manual, plagiarism is “the use of 
someone else’s prior ideas, processes, 
results, or words without explicitly 
acknowledging the original author and 
source.” The manual further considers 
plagiarism in any form as unacceptable 
and “a serious breach of professional con
duct, with potentially severe ethical and 

legal consequences.” Des 
pite all our efforts, we are 
 encountering such cases in 
our scientific life, particularly 

when we consider publications 
in our journals and through our 

conference proceedings. We already 
have excellent tools helping reviewers, 
associate editors, and editors to detect 
such cases early and before publication. 
However, we should increase our consis
tency in the way we deal with ethical 
misbehavior in the context of submis
sions to and publication in journals 
and workshop, symposium, and confer
ence proceedings.

Although our Society has excellent 
committees for publication ethics and 
for human rights and ethics, we should 
more strongly emphasize the rules 
defining proper behavior regarding 
publications as well as personal and 
professional communication. We 
should seek to find the optimal balance 
between relying primarily on the intu
ition of our members, on the one hand, 
and overwhelming them with informa
tion, on the other. Thus, we should 
establish concise guidelines to further 
improve the positive experience of 
diversity, inclusiveness, and respect in 
our Society.
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Conventionally, manufacturers 
of robotic systems have fo 
cused their technological de 
velopments on responding to 

the automation of production lines for 
new products and/or repetitive tasks. 

As a result, there is 
now a large fami 
ly of industrial 
robotics with ge 
nerally s imilar 
configurations 
[serial arrange 
ments of five or 
six degrees of 
freedom (DoF)]. 
However, because 
these have been 
developed main 
ly for open spaces 
(i.e., large work 
shops), their ca 
pabi  lity to access 

confined environ  ments is rather limited 
from the points of view of both the 
workspace and num  ber of DoFs.

Some key industrial sectors rely 
on postproduction treatments (such 
as inspection, maintenance, and repair, 
among others) to sustain their busi
nesses (Figure 1). Although they are 
not prominently in the public eye, 
they are of critical importance to 
public wellbeing. Some critical exam
ples include

 ●  the crucial need for the safe running 
of complex installations (e.g., nuclear 
power plants), highly engineered 

products (e.g., aeroengines), or equip
ment for construction (e.g., the man
ufacture of safetycritical beams)

 ●  the cost penalties associated with the 
downtime of equipment (e.g., shut
down of power plants or offshore oil 
rigs) that provides critical inputs (e.g., 
gas, electricity, or oil) to a wide range 
of industries

 ●  concerns about health and safety 
when postproduction operations are 
performed on some installations 
(e.g., work performed at high altitude  
or under water, with chemical expo
sure, or in restrained spaces or explo
sive environments)

 ●  the need to make againsttheclock 
repairs on industrial equipment within 

constrained or dangerous environ
ments (e.g., work on submerged in 
stallations or offshore rigs to avoid 
ecological damage).

Moreover, most of these industrial sec
tors (e.g., energy, aerospace, construc
tion, and offshore oil and gas platforms) 
are well known for their high capital 
investment and long service life, thus 
making the need for repair and mainte
nance even more imperative.

Furthermore, because of the large
scale construction such industries 
usually involve, the conventional way 
that other industries perform mainte
nance and repair work—by taking the 
equipment to specialized workshops—
might not be economically viable or even 

Robots for In Situ Interventions
By Dragos Axinte and Ian Walker
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Figure 1. Industrial sectors rely on inspection, maintenance, and repair to sustain  
their businesses. 
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possible. For these types of installa
tions, postproduction (e.g., mainte
nance and repair) work is most often 
performed in situ; thus, the use of off
theshelf tooling/machine tools to carry 
out such tasks might not be possible.

Usually, in situ repair and mainte
nance work is performed using jobcus
tomized devices that lack flexibility and 
require significant resources for their 
setup and operation; this is because 
industry predominantly uses conven
tional tooling designs (e.g., inspired by 
large machinetool systems) with limit
ed functional flexibility. In this context, 
and with the development of evermore 
sophisticated industrial installations, the 
ability of these conventional (i.e., job
customized) in situ repair and mainte
nance tools to cope with the variety of 
job requirements in even more hostile 
environments (e.g., in nuclear facilities, 
underwater, at high temperatures, or in 

restrained spaces) is likely to be ques
tionable. Moreover, most of this post
production work requires multitask 
operations such as inspection, sam
pling, machining, metrological assess
ments, and so on; all of these indicate 
that there is not a simple solution for an 
adequate tooling system if holistic in 
situ treatments must be performed.

Industries that manufacture/exploit 
high capital investment and/or strate
gic installations (e.g., power plants, 
aerospace, and infrastructures) are 
now required to further reduce main
tenance and repair costs while comply
ing with tighter demands for safe 
operation. Not only do the existing 
installations need to be in good work
ing order, but newer and more ad 
vanced ones are also to be built; 
therefore, greater emphasis will be put 
on postproduction technologies. Some 
public data provide an indication of 

the implications of performing these 
activities with the current technologies.

 ●  Although significant costs and labor 
can be involved when a gas turbine 
aeroengine is taken off the wing so 
that repair work can be performed, 
the loss in revenue when ground
ing an aircraft is approximately 
US$100,000/day [1].

 ●  The cost of removing and reassem
bling a generator is approximately 
US$250,000 for fossil fuel plants and 
approximately US$400,000 for nucle
ar plants [2]; the loss in revenue for a 
nonoperational plant can go higher.
All of these concerns could be 

addressed through the use of robotics 
for (pseudo)repetitive operations to 
improve accuracy, contribute to health 
and safety, add flexibility, reduce cycles 
times, and offer versatility by adjusting 

Advanced Robotic Solutions

Robotnik  provides robust 
mobile robots  & mobile manipulators 
for  industrial applications  
& development & research .
All of them use  ROS open architecture 
and include a number of advanced functions 
that simplify the development of turn-key service 
robotics applications.
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T
here is a substantial financial incentive for in situ repair of industrial 
assets. However, the need for highly trained mechanics to travel to the 
location of a repair often results in inconveniently long downtimes. 
The emergence of robots capable of replicating human interventions 
on industrial equipment can be coupled with remote-control strategies 

to reduce the response time from several days to a few hours. 
This work outlines the design and remote-control strategy for a novel robot-

ic system to carry out repairs on aeroengine compressors in situ via the Inter-
net. A high-level control computer serves as an interface with the skilled 
operator. A low-level controller (LLC) receives instruction packets from the 
high-level controller (HLC) via the Internet and uses them to determine the 
necessary movements to carry out a machining operation. The robot, compris-
ing a combination of rotary, prismatic, and flexible (continuum) joints, was 
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designed to replicate the degrees of freedom (DoF) of 
handheld tools. Sensors and encoders on the robot enabled 
the LLC to independently detect faults and stop all motion 
despite the high latency of Internet communications. 

The remote-control system was tested by machining 
stress-relief features on 11 compressor blades with a 
median root-mean-square error (RMSE) of 0.064 mm 
between the desired and measured blends. A successful 
demonstration on a production aeroengine showed the 
capability of the system.

Reducing Repair Time From Days to Hours
Downtime is expensive. Every hour counts when providing 
maintenance for high-value assets, particularly in such 
industries as power stations for air, land, and sea. Repair 
tasks in complex installations, such as gas turbines, often 
require expert technicians with very specific sets of skills 
traveling around the world to address these maintenance 
needs. One such repair task is the in situ removal of stress-
concentrating defects on gas turbine compressor blades that 
may be caused by foreign object damage. This repair is cur-
rently carried out using slender grinding and polishing tools 
inserted into the compressor though inspection ports. While 
it is possible to make a robot with the necessary DoF to repli-
cate the movements of the technician, it is essential that such 
a robot be controlled by a person with the required skill and 
experience. The ability to carry out these operations remotely 
would significantly reduce downtime, but worldwide remote 
control comes with a number of challenges.

In situ maintenance technicians currently employ a com-
plex customized set of tooling for visualization, measurement, 
surface preparation, and material removal. Often, these are 
tools specialized for a single type of intervention. These oper-
ations are currently performed manually and have limited 
repeatability and precision. A robotic solution for such 
inspection and repair tasks would be a breakthrough for high-
value asset industries with worldwide operations (e.g., aero-
space and energy), opening the possibility for some level of 
automation of these interventions and eliminating human 
error during tool manipulation. 

The use of robots to automate high-skill tasks and reduce 
downtime is growing year by year. In [1], Dong et al. demon-
strated the use of a long hyperredundant continuum robot to 
address in situ inspection and repair tasks on the intermediate 
pressure compression stages of an aeroengine. Previous work 
also demonstrated the use of track-based robots to address in 
situ a number of processes on hydropower equipment, from 
postweld heat treatment to grinding [2], [3].

On the other hand, teleoperation of in situ robotic sys-
tems has been explored widely in the field of minimally 
invasive surgery. Robots with high precision and flexible 
articulation [4]–[6] are used to operate on patients through 
a single point of access, reducing recovery time and allowing 
for potential remote operation by an expert surgeon any-
where in the world. DaVinci [7], a well-known system cur-
rently in use for robotic surgery, consists of multiple surgical 

arms with cutting, grasping, and observation end effectors. 
This device relies on a direct wired connection with the 
operator-level control system to ensure near-synchronous 
movement between the surgeon’s hand and the robot arms.

The application considered here is the realization of a 
stress-relief feature on a gas turbine compressor blade by navi-
gating into the compressor via a borescope inspection port, 
positioning sensors in the required location for measurement 
of defects, analyzing the measured data, and removing the 
required material as a stress-relief feature on a dented blade (a 
procedure known as boreblending). Currently, in situ bore-
blending is carried out using manual tools and instruments 
[8], but a recently developed robotic system (described in 
later sections) has the capability to replicate the movement of 
expert hands, take 3D measurements, and remove material in 
the constrained environment, thus enabling a step change in 
the technology. This article presents a novel strategy for 
remote control of in situ robots with high-latency network 
communication between operator and end effector, and the 
approach is demonstrated using a recently developed bore-
blending robot.

Robotic Boreblending Hardware
A boreblending robot was designed to be able to replicate 
the motion of a skilled mechanic inside an aeroengine 
inspection port. Borescope ports consist of a series of con-
centric narrow holes, usually smaller than 10 mm. Manual 
blending tools can be manipulated from outside the engine 
casing by rotating and inserting them along the axis of the 
hole (Figure 1, i and ii) and, to a smaller extent, by tilting 
and pushing the probe to the limits permitted by the inner 
and outer casing hole geometry. Articulated probes allow 
for a tool to be moved toward the affected area (Figure 1, 
iii), and rotation of the engine shaft (Figure 1, iv) can 
change the position of the blades relative to the access port.

Borescope Port

Outer Casing

Inner Casing

Compressor
Blades

iv

iii

ii

i

Borescope Port

Outer Casing

Inner Casing

Compressor
Blades

iv

iii

ii

i

Figure 1. A cross section of a gas turbine borescope port 
showing the DoF of a slender manual probe. 
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Manual tools do not change the articulation angle 
during operation and instead rely on using small tilt 
and push movements to ensure that consistent parallel 
cuts are produced. However, the DoF required to follow 
a curved compressor blade can also be achieved with 
active articulation of the tip. The distance from the axis 
of the borescope holes to the edges of the adjacent 
blades is between 21.5  and 26.7 mm  for the specific 
example selected for demonstration, and this defines 
the available space for the articulation of the joints and 
the end effector.

The robot presented in Figure 2 is composed of a cylin-
drical outer frame that houses actuators, sensors, and an 
8.5-mm-diameter insertion tube and grinding end effector 

with 5 DoF. The outer frame ➁ is rigidly attached to the gas 
turbine casing for the repair intervention. An FHA-8C-50 
rotary servomotor (Harmonic Drive, 6,553,600p/rev  
encoder resolution) ➀ mounted to the outer frame turns an 
inner frame about the axis of the borescope port (Figure 2, i). 
The inner frame ➂ consists of three linear rails and an 
L-220.50SG linear actuator (Physik Instrumente, .0 022- mn  
design resolution, 0.1- mn  minimum increment) that slides 
the insertion tube and relevant actuators along the inspection 
port axis (Figure 2, ii). Six L-220.20SG linear actuators 
(Physik Instrumente, .0 022- mn  design resolution, .0 1- mn  
minimum increment) ➃ are used to drive stainless steel ten-
dons that bend a flexible actuated tip (two tendons for each 
of ,, 32 ii  and 4i  in Figure 3) and tilt the end effector (Fig-

ure 2, iii); six LCM201 load cells 
(Omega Engineering, 100N! ) ➄ 
monitor cable tensions.

The insertion tube ➆ houses six 
tendons ➅, an air conduct, and a 
Mentor Visual iQ Video Borescope 
stereo camera (GE Digital Solutions) 
➇ with a 440-K-pixel sensor capable 
of taking 3D measurements of the 
affected area. The camera is rigidly 
attached to the insertion tube. Hence, 
the orientation is determined by the 
rotation stage, and any images or 
measurements are in the reference 
frame of the robot.

The flexible segments of the robot 
were designed to achieve the neces-
sary DoF and reach the required 
positions in the compressor. Two 
main factors, flexibility and buckling, 
were considered. Flexibility is the 
maximum bending capability of the 
flexible segments, which affects the 
working volume of the end effector. 
Buckling is the unwanted collapse of 
the backbone elements and is one of 
the major considerations when 
designing flexible structures [1], [9]. 
In the design, the total flexible joint 
length (i.e., the sum of the length of 
each individual joint) is required to 
be large enough to allow a sufficient 
bending angle, but the length of each 
individual joint must not exceed the 
buckling threshold because the criti-
cal buckling load (i.e., the maximum 
force that can be applied along the 
axial direction of the flexible struc-
ture before it reaches the stability 
boundary of its shape) is inversely 
proportional to the length of the flex-
ible structure. 

Boreblending Robot

Aeroengine Compressor Section

Aeroengine Inner Casing

Engine Outer Casing

Rotary Servo Motor
Harmonic Drive

FHA-8C-50

Outer Frame

Inner Frame and
Insertion Actuator

Physik Instrumente
L-220.50.SG

Tendon Actuators
Physik Instrumente

L-220.20.SG

Load Cells
Omega LCM201

Insertion Tube

Tendons

6

iv

9

10

iii

7

ii

5

4

3

i

2

1

8

Turning Tool
Via Gearbox

Flexible Segment

End Effector

Stereo Camera
GE Mentor Visual iQ

(a)

(b)

(c)

Figure 2. The mechanical architecture of the boreblending robot, including (a) the 
installation overview, (b) the electromechanical systems, and (c) a detail of the flexible 
actuated tip.
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Three key parameters can be changed to adjust the 
flexibility and buckling: the backbone diameter ,D  the 
total length L  of the flexible joint, and the number of 
flexible segments .n  The following design process was 
developed to determine ,D  ,L  and .n  First, a maximum 
bending angle of °100  in the direction of articulation iii 
(Figure 2) was defined based on the compressor geome-
try to cover the whole possible repair area. Superelastic 
Nitinol rods were selected for the backbone (based on 
previous experience with the material [1]), and different 
diameters ( . ,0 8  . ,1 0  and .1 2 mm) were considered for the 
design, with a target to keep the strain below 8% (and so 
prevent plastic deformation). To avoid buckling, the 
flexible joint was divided into multiple shorter segments 
[Figure 4(a)]. Given that the total tension of the cables 
was expected to be around 180 N (based on initial 
worst-case-scenario calculations), each flexible joint was 
analyzed to be able to withstand no less than 200 N in 
the axial direction before buckling. Finally, the length of 
all of the flexible segments was required to be less than 
15 mm because of the geometry constraints of the work-
ing environment in the engine.

The critical buckling load Pcr  can be calculated using the 
Euler buckling theory:

 ,
( )

P
KL

EI
2

2
cr

fr

r=  (1)

where E  is the Young’s modulus of the material (41 GPa for 
Nitinol), I  is the second moment of area, Lfr  is the flexible 
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Figure 3. A D–H convention diagram for the remote 
boreblending robot.
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Figure 4. (a) An illustration of the robot’s flexible actuated segments and (b) the design process for determining the key parameters.
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rod length, and K  is an effective length factor that depends 
on the conditions of the end support of the rod (in con-
tinuum segments, it is assumed to be K 2=  as a worst-
case scenario).

Hence, two flexible segments were employed in the direc-
tion of articulation iii (Figure 2), each with a flexible joint 
length of 4 mm and a joint diameter of . ,0 8 mm  and one seg-
ment in the orthogonal direction, with a flexible joint length of 

.1 2 mm and a joint diameter of .0 8 mm, as shown in Figure 2. 
Each of the flex DoF is actuated by two opposed tendons load-
ed with as much as 180 N when fully flexed. The end effector 
[Figure 4(c)] consists of a miniature air-driven spindle incorpo-
rated in the last stage of the flexible segment. It could hold fric-
tion-grip tools with a 1.6-mm shaft diameter (such as a 
1.8-mm-diameter cylindrical electroplated diamond grinding 
tool) and achieve speeds of over 250,000 r/min.

The high-speed and low-torque nature of miniature 
air-driven spindles means that the contact forces between 
the end effector and the target blade never exceed 1.5 N 
(stall is observed at forces around 1.3 N). The low reac-
tion force during grinding means that it is appropriate to 
use tendon-driven flexible structures, as the tension in the 
tendons is more than enough to achieve sufficient stiff-
ness and stability.

The forward kinematics adapts the Denavit–Hartenberg 
(D–H) convention mechanism to find the angular and dis-
placement values and calculate the Cartesian coordinates of 
the end effector. As the length of the compliant joints is short, 
it was assumed that the backbone bends into a circular arc 
when loaded. (The assumption was verified experimentally 
using motion-capture equipment.) Changes in the backbone 
length due to compression or flexion were also assumed to be 
negligible. As in [10], each backbone is described as two 
revolving joints in the D–H matrix, linked by a rod of varying 
length. It can be shown that the straight-line distance d 
between the two ends of an arc of length a (a curved back-
bone) at flex angle i  is given by

 ( ) ,( )cosd a2 1
2

2

i

i
=

-  (2)

with the special case of d a=  when .0i=  The two revolv-
ing joints on either side of each flexible rod share the angle 

,i  as shown in Figure 3. The D–H parameters of the robot 
are listed in Table 1, where a a1 7f  are the lengths of the 
respective sections and m  is the travel of the insertion linear 
actuator along ii. The cable displacement calculations 
assume a straight line between guide-hole centers in the 
bent configuration.

The inverse kinematics uses the Jacobian pseudoinverse 
method [11] to find the optimal solution for each joint in 
multiple iterations. For efficiency, an initial guess is made 
based on the general direction of the desired position. An 
average of 25 iterations is expected to arrive at an appropriate 
solution, with an error .0 1 m1e n  (smaller than the effective 
resolution of the actuators); therefore, a limit is set at 100 
attempts before the desired position is deemed out of reach.

A turning tool (Olympus) is a powerful geared stepper 
motor that is attached to the gas turbine rotor (via a gearbox) 
and used to rotate the shaft to find the blade requiring repair 
and place the blade in the correct position for machining rela-
tive to the access port (iv, Figure 2); its movements are syn-
chronized with those of the boreblending robot.

Remote Control System Architecture
The proposed overall system architecture consists of an HLC 
with a versatile user interface, a secure network communica-
tion protocol, and a self-sufficient and fail-safe LLC for com-
manding the robot’s mechatronics.

The network communication is managed using a ded-
icated protocol developed in this article that we call com-
pact reliable user datagram protocol (compact RUDP). 
This combines data and live video transfer across the 
global network and ensures that the data transfer is reli-
able and secure, with priority given to the data-control 
packets. It uses the real-time transport protocol to estab-
lish the data communication on the web and the session 
initiation protocol/UDP for registering and identifying 
the transmitter and receiver transport. The OnSight Con-
nect application (developed by Librestream [12]) is used 
to manage the data communication and video/picture 
streaming at both ends.

Depending on the distance and the Internet service quali-
ty, round-trip delays in network communications are often 
greater than 50 ms [13] and can, in extreme cases, exceed 
350 ms [14]. While delays of 50 ms may seem appropriately 
small when compared to human reaction times, the cumula-
tive nature of the latency means that, during a chain of com-
mands, the effective round-trip delay between operator 
action and feedback may exceed the practical limits of 
remote control. For example, the mean round-trip time for 
two computers running OnSight Connect, one connected 
to a fiber-optic broadband provider (United Kingdom-
based) and the other to the 3G mobile network (United 

Table 1. The hybrid robot D–H convention parameters.
Joint i a (°) d r 

1 1i 90 a1 m+ 0 

2 2
2i 0 0 

( ( ))cosa2 1
2
2

2
2

2

i

i-

3 2
2i 90 0 a3

4 2
3i 0 0 

( ( ))cosa2 1
3
2

4
2

3

i

i-

5 2
3i 90- 0 a5

6 2
4i 0 0 

( ( ))cosa2 1
4
2

6
2

4

i

i-

7 2
4i 0 0 a7
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Kingdom-based), was measured to be 74 ms 
(with a standard deviation of 9 ms). But, after 
the necessary sequences of automated interac-
tions (e.g., handshakes and Domain Name 
System lookups), the effective time between 
operator action and feedback was measured 
to be 968 ms (with a standard deviation of 
57 ms). Thus, it is reasonable to expect that 
this would increase significantly across greater 
distances, on a global scale. Hence, direct 
remote control, where the operator com-
mands the position of the various DoF of the 
robot and closes the control loop, is not a via-
ble option with the current setup.

Therefore, the proposed solution is to use 
an HLC to define a machining path using 
operator inputs and to send a list of end-effec-
tor position commands to an LLC for execu-
tion, with the ability to request interruptions 
and further measurements. The LLC inter-
prets the task-space position commands and 
calculates the required actuator positions using 
the inverse kinematics of the robotic system 
(Figure 5).  Awareness of the status of the ro -
bot, the state of the sensors, and the network 
connection allows the LLC to autonomously 
send the HLC error notifications and status 
updates and, in the case of loss of signal, to retreat the robot 
into a safe position and await further instructions. By separat-
ing the path-generation tasks from the low-level control sig-
nals, the latency can be arbitrarily high without impairing the 
performance of the robot.

The proposed HLC is a computer (Figure 6) in a loca-
tion remote from the site of the repair and connected to 
the Internet. The purpose of the HLC is to serve as a high-
level user interface for the expert operator. Hence, all of 
the information that would be available to the operator if 
carrying out the repair in person must be represented in 
this interface. A number of windows across a few moni-
tors are used to display information relating to the in situ 
repair performed by the robot, according to the stage in 
the workflow. For the boreblending application (Figure 7), 
these include the following elements.

 ● A live video stream from external cameras mounted at the 
site of the repair: This stream allows the operator to oversee 
the installation of the robotic instrument on the engine 
inspection port and observe the repair environment.

 ● A live video stream from the robot’s onboard cameras: Once 
the robot is installed, this stream [Figure 7(b)] is used to 
oversee the tip navigation and aid in positioning the rotor 
correctly to acquire measurements of the affected area.

 ● A console for commanding the robot to move to the 
inspection, measurement, and repair positions: A similar 
interface can be used to remotely control the engine-
turning tool and move the rotor until the target blade is 
in the desired position.

 ● A 3D point cloud display of the affected area: This console 
[Figure 7(a)] allows the operator to view and reorient the 
object, select key measurements, and obtain information 
about the size and shape of the defect. The display is also 
used to select the points marking the bounds of the defect, 
which are used to generate the machining path. In Fig-
ure 7(a), these points are marked by red dots—the two 
points where the defect meets the blade edge and one at the 
deepest part of the defect.

 ● A console for machining-path generation: This allows the 
operator to define the geometry (e.g., the aspect ratio, size, 
and shape) of the stress-relief feature, depending on the 
level of damage on the blade [Figure 7(c)].

 ● A console for inquiring on the status of the robot’s subsystems, 
network connection, and actuators: This allows the operator 

Desired
Cartesian
Position

j = 0

j = j + 1

Desired
εmax

j > 100?

Determine Initial
Joint Space Guess

Calculate Forward
Kinematics

Calculate ε Calculate New
Joint Space Guess

Desired Position
Out of Reach

No
No

YesYes

Solution Found

ε < εmax?

Figure 5. An inverse kinematics calculation flowchart.

Figure 6. A skilled technician remotely operating the 
boreblending robot from a high-level control computer.
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to verify that all motors and sensors are working correctly 
before starting the repair task.

 ● A live simulation of the robot and the repair site environ-
ment: A rendered 3D model of the environment and 
the robot’s live position [Figure 7(d)] gives the operator 
an internal view that would otherwise be impossible, 
allowing the expert to safely navigate the robot.

●  A display of the current machining 
operation: This console shows the 
progress and current status of the 
machining task and allows the oper-
ator to interrupt the blend and take 
new measurements to verify that the 
robot is performing adequately and 
that the rotor blade has not moved 
away from the grinding tool.

●  Live sound from the repair site: 
The operator can communicate 
with the on-site ground crew and 
hear the grinding tool as it 
removes material, allowing the 
technician to sense changes in 
machining parameters, tool wear, 
and stalling. Microphones can be 
mounted on the actuation pack 
and worn by the technical staff.
The software running on the HLC 

(Figure 8) interprets the operator 
instructions and converts them into 
data packets containing information 
about the size, shape, and position of 
the tool path as well as such machin-
ing parameters as depth of cut and 
surface finish requirements. The data 
packets are then sent to the LLC to 
process the operation.

The proposed LLC is a portable 
computer with Internet access locat-

ed at the site of the repair and connected to the boreblend-
ing robot and other hardware required for the repair 
operation. The LLC has a minimalistic user interface, with 
a console for inquiring about the status of the robot’s sub-
systems, network connection, and actuators similar to the 
one on the HLC. The LLC interfaces with the following 
hardware modules:

Figure 7. The user interface for the boreblending robot, including (a) a point cloud map of the affected area, (b) a video stream from 
the onboard stereo camera, (c) a machining path-generation console, and (d) a real-time simulator.
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●  a turning tool controller (Olympus) that provides the posi-
tioning of the compressor rotor

●  two C-843 (Raspberry PI) precision linear actuator con-
trollers that drive the robot’s tendon stages and insertion 
actuator

●  a Gold DC Whistle (ELMO Motion Control) servodrive 
controller that drives the robot’s rotation stage

●  an M V-iQ stereovision measurement system (GE) that 
uses optical metrology to produce a point cloud of the area 
of interest

●  an iNET-400 data-acquisition system (Omega Engineer-
ing) that monitors the cable tensions for the flexible joints

●  a microcontroller (ATMEL) that operates a pneumatic 
valve to supply the air-spindle-driven grinding tool

●  an external camera for visualization of the repair environment.
The software running on the LLC (Figure 8) receives the 

size, shape, position, and depth-of-cut parameters from the 
HLC and calculates the necessary actuator positions using 
the Jacobian pseudoinverse method [11] for inverse kine-
matics. The trajectory is offset by the tool diameter (similar 
to the calculation of g-code) and discretized to a list of 
positions with increments of length .10 mn  The inverse 
kinematics calculations return a joint-space configuration 
that can be converted into tendon actuator displacement 
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using a modified version of (2). The LLC can navigate the 
robot to the correct inspection, measurement, and machin-
ing positions using stored safe-approach trajectories based 
on the environment geometry.

The LLC is intended to be self-diagnosing and self-pro-
tecting. Information from the load cells on the tendon stag-
es is used to detect unplanned collisions with the 
environment (abnormally large loads) or tendon failures 
(abnormally low loads) and report these back to the opera-
tor via the HLC computer. Should a collision occur, the 
LLC commands the actuators to retreat to the previous safe 
position and informs the operator. Should an unexpected 
tendon failure occur, the LLC commands the other tendons 
and stages to return to a known safe position (assuming the 
damaged stage is at angle °0 ) to prevent a chain-reaction 
failure. The HLC receives information about any failure of 
communication with sensors, valves, or actuators and ad-
dresses these on a case-by-case basis. Finally, in the event of 
a network failure, the LLC saves the last position and action 
in memory and retreats to a position where it is safe to be 
withdrawn from the engine; if the connection is restored, 
the operator can choose to continue the blend.

Proposed System Workflow
The remote boreblending process (Figure 9) starts by initial-
izing the communication between the HLC and LLC 
using the OnSight Connect application. Using voice com-
munication and site cameras, the operator instructs the on-
site technical staff to mount the robot to the appropriate 
inspection port and attach the engine-turning tool to the 
gearbox. Features such as the spacing and angle of bolts that 
attach the robot to the engine (the bolts used to plug the 
borescope access port during flight) are unique for specific 
ports. Concentric locating features on the robot ensure 
alignment with the port. It is therefore impossible to acci-
dentally attach the instrument to the incorrect port or in the 
wrong direction.

Once the robot is attached, the operator can instruct the 
robot to move into an inspection position (with the onboard 
camera within the gas stream) and use the turning tool con-
sole to move the engine shaft until the defective blade is in the 
correct position in the field of view. The stereovision mea-
surement system is then commanded to take a measurement 
of the defect and generate a point cloud, which is used by the 
operator to define the shape, size, and position of the blend.

After this, the robot is sent the 
machining data and instructions over 
the Internet to start removing material 
in small increments. The operator over-
sees the process in real time (with some 
latency), using the simulator screen on 
the HLC to reproduce the movement of 
the robot, and listens to the grinding 
tool with the audio stream. Any prob-
lems with the robot’s tendons or hard-
ware connections are independently 
handled and reported to the HLC. 
After some initial time, the operator 
can pause the operation and instruct 
the robot to take another measure-
ment, ensuring that no tool prob-
lems or unexpected misalignment has 
occurred. Misalignment can result 
from environmental factors, such as 
wind and temperature changes moving 
the rotors and blades, or be caused, 
to a smaller extent, by the contact and 
vibration of the grinding tool. Misalign-
ment can be identified by overlaying 
consecutive images from the onboard 
cameras. If a problem is identified, the 
operator can make corrections to the 
desired path based on the new point 
cloud and send new instructions to the 
LLC. If, based on experience, the opera-
tor identifies issues with surface quality 
or tool wear, the depth of cut can be 
modified for each pass to cut more or 
less aggressively.
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Figure 10. (a) The experimental setup and (b) the results of a repeatability study on a 
compressor test rig. The graph indicates the actual versus nominal cut profile.
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Once the blend is complete, the 
robot automatically moves to the 
inspection position to measure the 
repair for approval. If satisfied, the 
operator orders the robot to retract 
from the compressor and communi-
cates with the ground staff to remove 
it from the engine.

Process Validation
The system was demonstrated first using 
a representative test rig in a laboratory 
environment and then on an appropriate 
gas turbine compressor. To study the 
repeatability of the system, 11 compres-
sor blades were intentionally damaged 
on the leading edge with similar defects 
and mounted on a mockup compressor 
stage (Figure 10). The robot was inserted 
into the borescope port, and the defects 
were scanned using the embedded stereo 
measurement camera to identify the tar-
get area from the point cloud. Key ele-
ments of each point cloud were selected 
in the HLC user interface to generate a 
machining path with a predefined 
aspect ratio and shape. The operation 
was carried out in 30 passes, with a 
maximum depth of cut of 32 m.n

Once the blends were completed, 
each blade was scanned using a structured light 3D scanner 
(Artec Spider), with a quoted accuracy of .0 05 mm. The point 
clouds were compared to nominal simulated machining 
curves using the iterative closest-point registration method. 
The results showed a strong correlation between the point 
clouds and the nominal curves, with a median RMSE of 
64 mn  and a standard deviation between blades of 32 mn  
(Figure 10). Consistent dimensions were observed for all 
blades, confirming the repeatability of the measurement, man-
ual point selection, and machining.

Finally, the system’s capabilities were demonstrated on a 
production aeroengine (Figure 11) with a previously identi-
fied defect. The HLC was connected to the Internet using a 
Wi-Fi router, while the LLC was connected using a 3G mobile 
network device [Figure 11(a)]. This configuration of Internet 
devices was chosen as a realistic scenario with high likelihood 
of inconsistent network delay and command latency.

The robot was inserted through a borescope port [Fig-
ure 11(b)] and maneuvered for inspection. Measurements of 
the defect were made using the built-in probe, and the point 
cloud was analyzed to fit the correct scallop curve. The robot 
successfully machined the blade [Figure 11(c)], demonstrat-
ing that, despite the likely variability between the rotor posi-
tion in a laboratory setting and a real scenario, the point cloud 
selection methodology accurately aligns the curve with the 
blade edge. The robot was then retracted to the borescope 

port to be removed from the engine. After inspection by a 
trained professional, the shape, size, and finish of the scallop 
[Figure 11(d)] were deemed adequate for aerospace standards 
(the accuracy of the blend was comparable to that observed 
during the laboratory trials), demonstrating the practical 
application of remote robotic boreblending.

While the scenario chosen for demonstration is fairly spe-
cific, the approach is scalable to other in situ repair tasks usu-
ally carried out manually by highly specialized technicians 
and could be adapted to suit the maintenance needs of such 
industrial assets as turbines and compressors or key parts of 
hazardous hardware, such as nuclear reactors.

Conclusions
This work presented a novel strategy to remotely control in 
situ repair instruments for use in high-value industrial assets, 
such as aeroengines. Because of the high latency of worldwide 
network communications, a conventional remote-control sys-
tem using human inputs and direct feedback is not feasible. 
Hence, the proposed system architecture uses a high-level con-
trol computer to display the necessary information to a skilled 
operator and send commands to a self-sufficient low-level 
control computer connected to the robot.

An operator can use the HLC to view video streams from 
the repair site, identify the defect that needs to be repaired on 
a point cloud, oversee the repair operation with a rendered 
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Figure 11. A remote boreblending demonstration carried out on a training aeroengine: 
(a) the setup and establishment of an Internet connection, (b) ground support attaching 
the robot to the aeroengine, (c) the robot machining a compressor blade, and (d) the 
finished stress-relief blend.
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simulation of the environment, and verify the status of vari-
ous subsystems. The LLC receives position and machining 
commands and independently carries out the repair. The 
LLC uses sensors to identify unexpected problems and 
retreat to a safe location before alerting the operator. The net-
work communication uses a custom protocol (the compact 
RUDP) that combines reliable data and media transfer.

The system was put to the test by machining a number 
of stress-relief scallops on compressor blades with a shape 
RMSE of . .0 064 mm  The target defect was manually select-
ed from point cloud data on the HLC, and the shape, size, 
and position of the blend were streamed to the LLC for 
machining. The demonstration showed the ability of the 
remote-control system to produce consistent results despite 
human influence when defining the cut.

A successful demonstration was carried out on a production 
jet engine. A stress-concentrating defect was removed remotely 
under the supervision of a qualified technician, showing the sys-
tem’s ability to eliminate travel time for in situ repair and hence 
dramatically reduce the downtime caused by the operation.

This work presented an approach to tackle remote-control 
tasks for long-distance, in situ repair that is scalable and flexi-
ble. The resulting system architecture has been shown to pro-
vide value to industries with high-value assets and lays the 
foundation for remote, in situ repair.
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T
his article presents the overall architecture of the 
VIKINGS robot, winner of two competitions and 
one of five contenders in the ARGOS Challenge. 
The VIKINGS robot is an autonomous, or 
remotely operated, robot that inspects oil and gas 

sites and can assess various petrochemical risks based on its 
embedded sensors and processing. As described in this 
article, our robot is able to autonomously monitor all 
elements of a petrochemical process on a multistory oil 
platform, such as reading gauges, state of the valves, and 

proper functioning of the pumps, even while it faces many 
hazards, e.g., leaks, obstacles, or holes in its path. The goal of 
this article is to present the major components of our robot’s 
architecture and the algorithms we developed for certain 
functions (e.g., localization, gauge reading, and so on). We 
also present the methodology we adopted, which allowed us 
to succeed in this challenge.

Adapting Robotics to an Industrial Environment
Over the past several decades, the use of robotics in industri-
al environments has been confined to assembly lines to 
increase productivity and decrease costs. Recently, traceabili-
ty and flexibility have become major issues for our industry. 

©istockphoto.com/Alexlmx
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To meet these needs, mobile robotics and the connectivity of 
all the assembled parts (Industry 4.0) have become the key 
technologies [1], [2].

More precisely, regarding mobile robotics in an industrial 
environment, most work has focused on automated guided 
vehicles applied to warehouses [3] and sometimes in more 
complex environments such as dairies [4], but rarely in 
unstructured environments that combine the difficulties of 
indoor and outdoor industries, such as oil and gas sites. In the 
specific field of oil and gas, [5]–[7] show us that there are basi-
cally three kinds of robots:

 ●  pipe or pipeline inspection robots [with a maximum of 1 
or 2 degrees of freedom (DoF), it is difficult to classify 
them as mobile robotics]

 ● remotely operated (not autonomous) underwater vehicles 
 ●  flying drones that inspect the exteriors of large-scale struc-

tures without real interaction with their environment.
After several evaluations of commercial products in situ, 
Total, an international oil and gas company, came to the con-
clusion that nothing met its expectations: an offshore plat-
form inspection robot with a sufficient level of autonomy to 
help an operator in case of a serious problem on the premises.

As a result, Total, with the help of the French Agence 
Nationale de la Recherche, launched the Autonomous 
Robot for Gas and Oil Sites (ARGOS) challenge [8] in 2014 
to test the most advanced mobile robotics solutions in oper-
ational conditions. The main goal of ARGOS is to foster the 
development of autonomous inspection robots that increase 
the safety of oil and gas production sites. A video presenta-
tion of the ARGOS Challenge can be found at https://youtu 
.be/kdx-DFI1VuA.

From June 2015 to March 2017, three competitions were 
organized in a decommissioned gas dehydration unit in 

Lacq (Southwest France), the Unité Mise A Disposition 
(UMAD) site. Each level of the competition increased in dif-
ficulty, featuring more realistic and complex test scenarios. 
During these competitions, the robots were evaluated on 
various missions, such as 1) navigating with complete 
autonomy on multiple levels with stair negotiation in 
between, 2) reading and checking the values of pressure 
gauges, and 3) checking the state of valves and making ther-
mal measurements on pipes.

In addition to autonomous monitoring of the factory 
process, a robot must handle anomalies, such as gas or oil 
leak detection, unexpected heat sources, general platform 
alarms (GPAs), or cavitation noise detection in pumps and 
harsh environments (e.g., heavy rain, negative tempera-
tures, mist, or direct sunlight), while adhering to safety 
procedures involving human coworkers, factory equip-
ment, and itself (e.g., obstacle detection and negotiation, 
negative obstacles, tolerance to Wi-Fi loss, and safe behav-
ior in all conditions). The robot must remain operational 
and useful even in cases of emergency or major incident 
and maintain its ability to operate in degraded environ-
ments or with damaged parts.

Another major requirement of the robots competing in 
ARGOS was the atmosphères explosibles (ATEX) certifica-
tion of their systems, which is mandatory for this type of 
industrial application. Robots with this certification are able 
to withstand strong impacts on their mechanical and elec-
tric designs.

This article presents VIKINGS, the robot developed for 
the ARGOS Challenge by Institut de Recherche en Systèmes 
Électroniques Embarqués (IRSEEM) and Sominex. VIKINGS 
won the first two competitions and took second place in the 
final ranking.

Robot Description and Architecture
The VIKINGS project aims to propose an innovative and 
agile robotic platform for the autonomous monitoring of oil 
and gas sites. It was developed by a French consortium: 
IRSEEM, the lead partner responsible for system design and 
software development, and Sominex, responsible for 
VIKINGS’s mechanical design and manufacturing.

The system is built on a mobile base with two articulated 
caterpillar tracks and equipped with a telescopic mast, 
enabling the robot to perform routine surveillance rounds in 
operational conditions. Figure 1 shows the robot climbing a 
staircase during the final competition. The blue light on top of 
the mast indicates that the robot is in autonomous driving 
mode: the tracks are fully extended to increase its traction 
during this maneuver.

Mechanical Design
The robot’s mobility is based on a differential drive system 
that includes tracks and mobile flippers. The mobile base 
has a width of 43 cm and a length of 60 cm, making it 
compact and allowing for easy maneuvering in narrow 
corridors. When the flippers are fully extended, the track 

Figure 1. A VIKINGS robot climbing stairs in autonomous driving 
mode during the most recent competition in March 2017. (Photo 
courtesy of Total.)
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length in contact with the floor surface increases to  
101 cm, which provides stability for stair climbing. The 
mobile flippers are also used to overcome steps and other 
obstacles up to 25 cm. The mobile base and other subsys-
tems are detailed in Figure 2.

To perform measurements on difficult-to-reach areas, a 
telescopic mast was designed with a sensor head on top. This 
mast makes it possible to move the head from a low position 
of 70 cm above ground to a high position of up to 180 cm 
above ground.

Embedded in the sensor head are two main optical sen-
sors: a Sony color camera equipped with a motorized optical 
zoom and a Flir thermal camera. Both are used to assess the 
status of various systems in the factory, e.g., reading pressure 
gauges, determining valve positions, and measuring pipe tem-
peratures. The head is motorized along the pan and tilt axes 
with two Dynamixel servomotors controlled by the embed-
ded computer.

Sensors
To fulfill its missions, the robot is equipped with numer-
ous sensors:

 ● a Velodyne VLP16 lidar
 ● a Hokuyo UTM-30LX lidar
 ● an SBG Ellipse inertial measurement unit (IMU)
 ● a Sony FCB-EH3410 color camera with motorized zoom
 ● a Flir A35 thermal camera
 ●  two IDS UI-1241LE-C-HQ Universal Serial Bus (USB) 

cameras with fish-eye lenses
 ● an AXIS T83 microphone
 ● two Dodotronic ULTRAMIC384k ultrasound sensors
 ● four TMP107 internal temperature sensors

 ● a Eurogas infrared methane sensor
 ● encoders on tracks, flippers, mast, and “nodding lidar”
 ● a custom battery current and voltage sensor.

The VLP16 lidar is placed at the rear of the VIKINGS 
and used for localization, and the 16 lidar layers with 
high precision and range make the VLP16 well suited for 
this application. However, its minimum sensing range 
of 70 cm makes it useless for obstacle detection near 
the robot.

A custom-made nodding lidar sensor is placed at the front 
of the robot and used mainly for obstacle detection (positives 
and negatives) in the main direction of motion. This sensor 
uses a single-layer Hokuyo UTM-30LX lidar, animated with a 
nodding motion by a small dc motor. An incremental encod-
er on the axis of rotation measures the vertical angle of the 
lidar. This measurement is taken into account by the software, 
which builds a 3-D point cloud. Custom electronics handles 
dc motor regulation and synchronization between the lidar 
and the angle sensor. The Hokuyo lidar has a horizontal field 
of view of 270°, and the nodding motion gives a vertical field 
of view of 70°. This nodding lidar provides a complete scan 
(bottom to top) at 2 Hz.

A pair of fish-eye cameras (front- and rear-facing) is 
attached to the fixed part of the telescopic mast and allows for 
a wide-angle view of the surrounding area, mainly for opera-
tor assistance during remote operations. Two ultrasonic sen-
sors are installed to detect and locate various noises, such as 
compressed air or gas leaks. A standard microphone is 
installed to detect the GPA as well any malfunctions of elec-
tric pumps by performing sound analysis.

Other sensors installed in the robot’s main body include 
temperature probes to monitor various systems, an IMU used 

Flashlight

PTZ Head (ATEX)

Wide-Angle Rear Camera

Telescopic Mast (ATEX)

Emergency Stop

Infrared Gas Sensor
Flippers

Battery

Front Lidar [2-D Hokuyo With Tilted
Mechanical System (ATEX)]

3-D Lidar
Velodyne VPL16 360° (ATEX)

Wide-Angle
Front Camera

Lighted Handle

Thermal-Imaging Sensor

Night-and-Day Camera
Infrared Spot

Figure 2. An overview of the VIKINGS subsystems. PTZ: pan/tilt/zoom. (Image courtesy of SOMINEX and ESIGELEC.)
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for localization, and incremental encoders on actuators 
(motors, flippers, mast, and so on) for closed-loop control. A 
dedicated sensor measures the battery current and voltage, 
which provide an estimate of the remaining capacity and 
monitor power usage.

System Architecture
To facilitate programming, construction, and maintenance, 
we designed a simple and straightforward control architecture 
in which the embedded computer is directly connected to 
every sensor and actuator, as shown in Figure 3. The embed-
ded computer, with its integrated wireless network card, pro-
vides a remote connection to the control station through the 
factory network.

To power all of the electronics and actuators, a custom-
made lithium-ion (48.1 V, 168 Ah) battery pack is used, 
which is located at the front of the mobile base and can be 
easily replaced. The battery management system is inte-
grated into the robot to protect the battery against over-
loading, overcurrent, and undervoltage conditions. A 
special docking station is also used for autonomous charg-
ing of the battery.

A custom power supply board is used to power every 
internal part with the required voltage and protection. This 
power supply can receive commands from the main com-
puter to selectively enable each output, and power-hungry 
sensors and actuators can then be disabled (as necessary) to 
save energy.

The control station is a standard laptop computer with 
two USB joysticks that allow for complete control of the 
robot. One joystick is used to control the pan-tilt head, 
camera zoom, and height of the mast, while the other is a 
game pad with two ministicks that are used for locomo-
tion control, flipper control, and selection of the driving 
mode. On the control station human–machine interface 
(HMI), as shown in Figure 4, the data from all of the 
robot’s sensors are displayed, which provides full situa-
tional awareness.

Software Architecture
The software developed for the VIKINGS robot and its con-
trol station is built on the real-time multisensor applications 
(RTMaps) framework (https://intempora.com/products/
rtmaps.html). This framework was selected because of its 
high efficiency and ease of programming. Because each com-
ponent is a compiled dynamic library written in C++, there is 
very little overhead. Moreover, the data exchange between 
components relies on a shared memory approach, which is 
very efficient.

Data Architecture
The robot uses various files to describe its environment and 
the tasks it performs. These files are created for a specific site 
(a whole-factory or off-shore platform), stored in the robot’s 
internal hard drive, and automatically loaded when needed. 
The main data files are as follows:

 ● a localization map
 ● a route map
 ● a static map
 ● a mission list.

The localization map is automatically generated from a 
3-D scan of the environment and can be performed with a 
high-resolution survey lidar sensor or by manually con-
trolling the robot. This map, which contains a likelihood 
field, is used for positional and orientational estimation. 
The localization function is described in the “Localiza-
tion” section as well as additional information on the map 
data structure. 

The route map contains a set of 3-D positions, a direct-
ed graph structure to link these positions, and the check-
point data recorded in a single Extensible Markup Language 
(XML) document. This information is used to define the 
robot’s positions, i.e., the predefined pathways, corridor 
intersections, gauges, valves, and other checkpoint posi-
tions and data (including the expected pressure for a 
gauge, maximum temperature for a thermal measurement, 
and so on). This file is created manually using an XML 
editor; semiautomatic creation of this file is possible but 
has not been developed.

The static map is a 2-D map of each level of the environ-
ment and contains allowed and forbidden areas. The robot 
uses this map to check whether it can go to a specific posi-
tion, both in teleoperated and autonomous driving modes. 
These maps are created automatically from the 3-D scan of 
the environment, and the operator can manually add forbid-
den areas.

The mission list contains multiple definitions of a robot’s 
mission. Each mission is a set of measurements to perform 
and a definition of the various autonomous behaviors expect-
ed in case of a measurement error or anomaly detection (e.g., 
loss of Wi-Fi connection, GPA, gas leak detection, and so on). 
These behaviors are described using a domain-specific lan-
guage built on top of the Lua scripting language. This file is 
created manually and cannot be easily automatized because it 
contains instructions about the gas and oil site monitoring 

Figure 4. An overview of the HMI. The HMI is dynamic depending 
on the events encountered and the requests of the user. The 
operator can ask it to display the following in the central area: 
direct camera views, the localization map, the 3-D map, path 
planning, thermal image, and so on. (Image courtesy of ESIGELEC.)
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procedures. Still, this file is very short thanks to the domain-
specific language, in which a typical mission is described in 
approximately 20 to 30 lines of code.

Although mostly manual, creating the data files to deploy 
the robot on a new site can be quickly accomplished. We had 
the opportunity to display the robot in various exposition 
booths, and a typical setup can be performed in a few hours for 
a site of roughly 100 m2 and a dozen checkpoints. Semiauto-
matic software tools can be developed to ease the file-creation 
procedure and permit wider adoption of the robot. Moreover, 
these data files need to be updated only when a major modifi-
cation of the environment is performed because the algorithms 
are robust enough to handle small modifications.

Robotic Functions
VIKINGS is a complex robot, able to operate in various envi-
ronments, situations, and driving modes depending on the 
task to be performed. The following sections describe the 
generic functions developed for the ARGOS Challenge.

Autonomous
In this mode, the robot operates in complete autonomy. 
A mission plan is specified by the operator, with a 
sequence of measurements to perform and reactions to 
apply in case of incorrect readings or an emergency situa-
tion. Following the operator’s instruction to start the mis-
sion, the robot is fully autonomous and navigates to 
perform the requested gauge and valve readings. In case 
of default (incorrect reading on a gauge/valve) or emer-
gency (heat source detected, gas leak, Wi-Fi loss, and so 
on), the robot performs autonomous actions. At all times, 
the remote operator is able to modify the robot’s behavior 
and mission plan.

Rail Mode
In this mode, the robot is mostly performing autonomous-
ly, but the forward speed is manually controlled by the 
remote operator. This supports a very intuitive use of the 

robot for manual inspections. Every tedious and difficult 
maneuver (e.g., climbing steps or stairs, driving around 
obstacles, or finding a path to the next objective) is per-
formed automatically.

Manual Mode
This mode is intended for manual inspection and maneuvers, 
with all of the safety features still enabled. This allows for 
direct control of the robot but prevents all dangerous situa-
tions (collisions with structures or people, falling down stairs, 
and so on). Complex maneuvers can be safely performed in 
this mode because the operator has direct control of all of the 
actuators. However, this mode is challenging to use and 
requires a trained operator.

Unsafe Manual Mode
This final mode also gives full and direct control of each 
robot actuator, with all safety features disabled. It is 
mainly used to operate outside a known environment 
when maintenance of the robot is necessary or for 
interventions in a degraded environment. 

The transition between operating modes is designed to be 
as transparent as possible. During a routine inspection in 
autonomous mode, the operator can take manual control, 
move the robot to another position, make manual measure-
ments, and seamlessly resume the original mission plan. The 
robot autonomously performs pathfinding when necessary 
and keeps track of the checkpoints visited during the current 
mission. A mission ends when there are no more check-
points to control, in which case, the robot autonomously 
goes back to the docking station and reloads its batteries to 
prepare for the next mission.

Localization
Robot localization is a key function in autonomous robot 
deployment. The robot’s current position is mandatory 
input data used for path planning and trajectory control. 
Consequently, the robot should be able to precisely find its 

location despite the complexity of the 
environment. Navigating on an off-
shore platform requires climbing 
stairs, so the motion is not always on 
a flat surface; as a result, the current 
position state of the robot must be 
estimated using 6 DoF.

The layouts of offshore platforms 
differ from other industrial sites 
found in the literature. In fact, the 
storage warehouses or factories stud-
ied often have squarish shapes with 
machines, racks/shelves, and large 
gangways. A look at a facility’s blue-
print would reveal a well-organized 
structure. In offshore platform envi-
ronments, the area is crowded with 
equipment, as shown in Figure 5. 

(a) (b)

Figure 5. The environments targeted by the ARGOS Challenge. (a) A floating production 
storage and offloading boat and (b) the ARGOS Challenge test site at UMAD. (Photos 
courtesy of Total.)
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Gangways are narrow, and such facilities generally have 
several floors connected by staircases. The floor itself is 
composed of gratings, making it irregular. 

Most existing works that address robot localization in 
industrial facilities focus on simple, indoor, planar envi-
ronments. There are numerous approaches to solving 
localization in such environments, including magnetic or 
optic lines [9], [10] placed on the ground for the robot to 
follow. The robot’s motion, however, is constrained by the 
line, and it cannot avoid an obstacle on its trajectory. To 
allow for more freedom, a beacon-based localization can 
be used.

These approaches would be very costly in oil and gas 
facilities because, at all times, multiple beacons must main-
tain a direct line of sight to permit the robot to estimate its 
position. Consequently, a very large number of beacons 
must be installed on site. As mentioned in [11], localization 
based on the existing environment would expand autono-
mous robot applications to a larger set of situations and be 
useful in oil and gas sites.

The aim of localization is to determine the most probable 
state vector ,Xt  given a map ,M  our prior knowledge of the 
environment, and a sensor unit providing measurements Zt  
of this environment. The state vector Xt  is defined as

 ,x y zX T
t } i {=6 @  (1)

where , ,x y  and z  are the position in meters, and , ,} i  and {  
are the orientation in radians.

Localization methods aim to find the most likely state vec-
tor among several hypotheses. The likelihood function 
expresses the probability X| ,ZP M^ h of obtaining a mea-
surement ,Z  given a state X and our prior knowledge of envi-
ronment .M  The likelihood function uses the 3-D likelihood 
methodology presented in Figures 6 and 7. This method 
offers two main advantages.

Figure 6. A 3-D likelihood field map construction. (a) A 3-D point 
cloud from a complex industrial site mapping, (b) a 1-D likelihood 
lidar impact, (c) a 2-D cross section of a 3-D Gaussian, local-
likelihood lidar impact, and (d) a cross section of the resulting 
likelihood field. From the environment-mapping point cloud (see 
Figure 7), we use the lidar variance in (b) to compute a local 3-D 
likelihood field, as in (c), and merge all of them in a global-likelihood 
field, as in (d). (Images courtesy of ESIGELEC) 
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Figure 7. The memory consumption and processing time of 
the hybrid octree for 19.2 million points with respect to the 
3-D occupancy grid size. The best performance is achieved for 
occupancy grids of 4×4 or 8×8 elements. A regular grid map 
requires 248 MB and results in a point access time of 13.3 µs. 
The performance is measured on one core of an Intel i7-4700MQ 
at a 2.4-GHz central processing unit. 
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1)  As the lidar-impact probabilities are preprocessed in the 
map, the runtime computing cost is limited, enabling real-
time applications.

2)  As detailed in the “Obstacle Detection” section, it is possi-
ble to detect lidar impacts not belonging to the map with 
limited overhead for hole detection.
One drawback, however, is the memory size of the likeli-

hood field. To overcome this, a hybrid data structure was 
developed—an octree with regular 3-D arrays as leaves. The 
octree structure encourages the very efficient storage of 
empty spaces, while the regular 3-D arrays on the leaves 
make it possible to efficiently store the likelihood values. As 
the likelihood values are stored on 8 b [i.e., fewer than 
pointers (64 b)], this hybrid structure enables us to find an 
optimal balance between the density of the likelihood field 
and the number of pointers used to store the octree. Figure 6 
shows the storage performances of this hybrid data structure.

The localization performances were evaluated in our lab-
oratory (presented in the “Simulation” section), using our 
Vicon motion-capture system as ground truth [12]. For a 

complex 3-D trajectory 
with obstacle crossing 
and staircase climbing, 
the root-mean-square 
error positioning accura-
cy is 2.6 cm and 0.29°, as 
detailed in Table 1. More 
complete description and 
evaluation of this local-
ization method were pub-
lished in [13].

Obstacle Detection
Obstacle detection is 
another critical function 

necessary for a mobile robot to evolve in complex and manned 
environments, such as an oil platform. The VIKINGS robot is 
equipped with three detection systems based on a 3-D point 
cloud built in real time with the data from the two embedded 
lidars and merged in a common framework (see Figure 2).

The three obstacle detection systems are as follows.
1)  Positive obstacle detection: Using the likelihood field, once 

the current location of the robot has been processed, it is 
straightforward to define a threshold to classify lidar 

impacts as belonging to the known map or not. The lidar 
points lying outside of the known map are then clustered 
using density-based spatial clustering of applications with a 
noise algorithm [14].

2)  Negative obstacles (holes): This algorithm counts the num-
ber of lidar points in the area in front of the robot in the 
direction of its travel. The density of the lidar points is used 
to assess the presence of negative obstacles.

3)  Human detection: As a safety feature, the robot is asked to 
pause its current actions whenever a human is in the vicin-
ity (i.e., a radius of 1.5 m). To detect this condition, a spe-
cific algorithm that searches for vertically aligned circles 
representing the legs and torso was used. A random sample 
consensus and a temporal filter were implemented to avoid 
false positives. The circle-detection method in lidar point 
clouds is explained in more detail in [15].

These three types of obstacles are detected and stored in a local 
2-D map used by the path-planning function as input data.

Path Planning and Path Control
For safety reasons, the robot is required to use designated 
areas on pathways. To manage this, a two-layer path-planning 
algorithm was designed.

For the first layer, the global path planning uses a con-
nected graph representing the authorized parts of the 
walkways. This graph is created for the site with human 
supervision as part of the initial setup and specifically indi-
cates the path the robot should use. In this graph, the interest 
points for measurements and specific actions such as climb-
ing stairs are also included. A Dijkstra algorithm is used to 
quickly process the shortest path between the robot’s current 
position and the destination. The nearest point in the graph 
is taken as the entry point, and only permitted connections 
between pathways are followed. The global path planning 
ensures that the robot uses only the designated areas in nor-
mal conditions.

For abnormal situations, such as blocked pathways or 
obstacles, a second path-planning algorithm is used. This 
local path-planning algorithm dynamically creates a path 
between the current robot position and the nearest point 
in the global graph and may extend beyond designated 
areas on pathways for short distances. The path is pro-
cessed using a Dijkstra algorithm in a dynamically created 
graph and employs an occupational grid to overcome 
nearby obstacles.

When an obstacle in the trajectory of the robot is encoun-
tered, the robot stops, and an overcoming strategy is evaluat-
ed from among three options.
1)  New path: The robot completely avoids the blocked path-

way by finding another path to its destination.
2)  Drive around: The robot moves around the obstacle and 

continues on its current path.
3)  Cross over: The robot runs over the obstacle using its flip-

pers and continues on it current path.
Except in narrow pathways, the drive-around option is 

usually possible and so is the default option. If the obstacle is 

Table 1. Actual experimentation results in the  
350-m3 IRSEEM autonomous navigation laboratory, 
with 500 particles on a 22.5-m 3-D trajectory. 

Errors Mean (Standard) 
Root-Mean-
Square Error

Position error (m) 0.0236 (0.0113) 0.0261

Orientation error (°) 0.292 (0.162) 0.334 

When an obstacle in the 

trajectory of the robot is 

encountered, the robot 

stops, and an overcoming 

strategy is evaluated from 

among three options.
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large enough to prevent the robot from driving around it, the 
new-path option is executed. For safety reasons, the cross-
over option is available only with operator approval.

Specific Functions for Oil and Gas Environments

Reading Pressure Gauges and Valves
One of the main functions of the robot is the autonomous 
monitoring of factory chemical process using automatic 
readings of the installed sensors, i.e., the pressure manom-
eters and other gauges or fluid level indicators. Checking 
the orientation of manual valves and detecting a missing 
or modified sensor help to increase safety. To implement 
these functions, we used image-processing and computer-
vision techniques.

For each checkpoint, the sensor (gauge or valve) to be read 
is known; consequently, we have a reference image of it. The 
general procedure for processing a checkpoint is as follows. 
First, the robot goes to the registered reference position for 
this checkpoint and takes a picture of the scene using its pan/
tilt/zoom (PTZ) camera. We denote this picture as the “test 
image.” Secondly, we detect and localize the sensor in the test 
image by matching the image feature descriptors extracted 
from the reference image with the ones from the test image. 
In this way, the absence of a sensor can be detected when the 
number of matches falls below a predefined threshold. We 
then transform the detected local region of interest (ROI) to 
align it with the reference image. Finally, sensor-specific pro-
cessing is performed in the transformed ROI to read the value 
of the gauge or determine the state of the valve.

To increase robustness, we register multiple reference posi-
tions in the map for each checkpoint. If the image analysis 
module is unable to find the sensor for a given checkpoint at 
the first position, the robot will try the other reference posi-
tions previously registered until the sensor is found. Eventual-
ly, if the sensor is not seen in any of these positions, it is 
declared “missing” and appropriate actions will be taken (e.g., 
operator warning and reporting).

Pressure Gauges
To read the value of a gauge from its image taken by the PTZ 
camera, some a priori information is required:

 ●  a reference image of the gauge taken by a standard camera 
from the front view

 ●  the geometric relation (manually annotated) between the 
angle of the gauge’s needle and its corresponding value in the 
reference image. 

Specifically, we annotate the minimum and maximum values 
of the gauge and their corresponding needle angles in the ref-
erence image. Because the reference image is carefully taken 
from the front view, it is reasonable to assume a linear rela-
tion between the needle angle and its corresponding gauge 
value. In this manner, reading the gauge value is reduced to 
measuring the needle angle in the image.

Our method for reading the gauge dial in a checkpoint can 
be summarized in the following steps.

1) Place the robot in a position to access the checkpoint.
2)  Control the PTZ camera so that its point of view is oriented 

toward the gauge.
3) Perform image acquisition using the camera.
4)  Detect the gauge in the test image by scale-invariant feature 

transform (SIFT) [16] keypoint detection and descriptor 
matching.

5)  Perform image registration using homography between the 
reference image and the detected ROI.

6)  Extract the needle of the gauge in the transformed ROI 
using a Hough transform-based line detection [17] with 
geometric verifications.

7)  Compute the angle of the needle by calculating the slope of 
the detected line.

8)  Read the value of the gauge using the angle and the geo-
metric relation previously annotated.
At the end of the process, a confidence level of the result is 

calculated. If this confidence level is not high enough, the pro-
cess is repeated again from step 3 after adjusting the camera’s 
zoom. Figure 8 shows an example of a manometer value’s cor-
rect reading.

Some best practices we found useful for increasing the 
robustness of the gauge reading are the following.
1)  In step 4, when the gauge is small in the test image, the key-

point-based method may fail to detect it. Because the dial 
of the gauge is a circle, it becomes an ellipse in the test 
image under the camera projection. Therefore, we also 

Figure 8. An example of the detection of the sensor dial’s needle 
position. (Photos courtesy of ESIGELEC.)

Figure 9. Examples of correct needle detection in manometers in 
nonoptimal conditions. (Photos courtesy of ESIGELEC.)
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considered ellipse-detection methods [18] to complement 
detection of the gauge.

2)  In step 6, we need to binarize the transformed ROI image 
before applying the Hough transform to detect lines. 
Instead of using a fixed threshold for binarization, we used 
adaptive-thresholding methods, which have been observed 
to make the resulting binary image largely robust against 
noise and irregular lighting.

3)  In step 6, geometric verifications are helpful for 
rejecting false-positive detections of the needle. In our 
implementation, we considered several geometric con-
straints, i.e., the ratio of the length of the line with respect 
to the size of the reference image, the distance from the 
image center to the line, the aperture angle of the two 
ends of the line segment with respect to the image center, 
and so on. The needle is declared to be “detected” only 
when all of these geometric constraints are satisfied with-
in certain predefined thresholds.
All of these processes allow us to improve the robustness 

of the detection against disturbances such as direct sunlight 
and dirt on the instruments to be read. Figure 9 shows 
examples of correct needle detections in manometers during 
nonoptimal conditions.

Valve Positions
To read the valve positions, we developed two methods of 
image analysis using different features. The first is based on 
the color information of a given valve and was tested during 
the first competition; the second is based on machine learn-
ing with no assumption of color and was implemented for the 
second competition.
1)  Color-based method: The color-based detection of the state 

of a valve (open or closed) consists of two steps.
 ● localizing the valve in the image taken by the camera
 ●  determining the valve’s status by comparing the test 

image with the reference images.

The first step is based on detecting keypoints in the 
images and calculating descriptors at the location of these 
keypoints while supporting global localization of the 
object valve (not only the valve but the whole block asso-
ciated with it). The second step consists of processing 
based on color to precisely localize the valve itself and is 
first applied to two reference images, i.e., one of the 
valves in the open state and one in the closed state. Fig-
ure 10 shows one example of correct detection using the 
color method.
2)  Machine learning-based method: This second method is 

based on a learning step that helps the machine decide 
whether the valve is open or closed and is applied to gray-
scale images of the valves. The training set used is based on 
the image collection we gathered during the first competi-
tion; specifically, we extracted the histogram of the orient-
ed gradients [19] feature and trained a support vector 
machine [20] classifier for classification.
Although the results of the two methods can be different, 

the color method and the machine-learning method can gen-
erate their own results with corresponding confidence levels. 
For fusing the results, we employ a simple arbitration algo-
rithm to determine the final output based on the results’ con-
fidence levels. The entire process for determining the position 
of a valve is as follows.
1) Perform image acquisition by using the PTZ camera.
2)  Detect the valve by keypoint matching using SIFT 

 descriptors.
3)  If the detection is successful, use the detected ROI for the 

subsequent processing; otherwise, use the whole image.
4)  Process the test image from step 3 using the color method; 

obtain a first result using its confidence level.
5)  Process the test image from step 3 using the machine-

learning-based method; obtain a second result using its 
confidence level.

6)  Fuse the results of the two methods and determine the 
 following.

 ●  If the two results agree, use the result; the final confi-
dence level is the greater of the two methods with a 
small increase of the confidence level.

 ●  Otherwise, use the result with the greater confidence 
level; set the final confidence level to the greater one 
with a small decrease of the confidence level.

Detecting and Measuring Sensor Displacement
The position displacement of a sensor, e.g., a pressure gauge, 
can be detected by comparing the actual image of the scene 
with its reference image. The idea is to compensate for the 
global camera motion and then detect and measure the local 
gauge movement. Global motion is represented by a perspec-
tive transformation matrix, computed by point correspon-
dences in the two images. 

In most cases, point correspondences are achieved by 
optical flow if the motion is not intense or by keypoints 
detection and matching. After obtaining the transform 
matrix, we then transform the test image to align it with the 

(a) (b) (c)

Figure 10. Examples of detection of the position of a valve. (a) 
The reference image for the open position, (b) the reference 
image for the closed position, and (c) the result of processing on 
one image of the database, showing the detection of the valve. 
(Photos courtesy of ESIGELEC.)
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reference image. The local gauge movement is then detect-
ed by a subtraction operation between the reference image 
and the transformed test image. Next, the pixel displace-
ments of the gauge are computed from the subtracted 
images, and computation of the displacement distance is 
obtained as follows.

 ● Calibrate the camera to process the focal length .f  
 ●  Estimate the pixel displacement of the gauge in the sub-

tracted images .p
 ● Estimate the camera-to-gauge distance .L  
 ●  Process the displacement d  in the 3-D world by 

/ .d p L f#=

Validation Process
To evaluate the performance of the algorithms that read 
valves and gauges, an automatic test tool was set up using 
Jenkins, an open-source automation server that helps 
automate the software development process by using con-
tinuous integration. Each time a new build is uploaded, 
Jenkins runs automated tests on an image database to 
check whether new evolutions actually improve the read-
ing results and do not cause a crash on the whole database 
(robustness test). 

The database comprises 2,910 images of the different 
checkpoints that can be split into two sets, i.e., gauges and 
valves. The valve set is made up of 991 images containing a 
valve, annotated with its real state (open or closed); the gauge 
set contains 1,919 images of manometers, annotated with the 
real value indicated by the needle. The images of this data-
base were taken at all times of day and in different seasons 
(we enriched the database during each competition), which 
allowed us to test our algorithms in very different conditions. 
Furthermore, during the challenge, the gauges were deliber-
ately degraded by the jury using water drops, dirt, pen 
marks, and so on.

For quantitative assessment, we defined a threshold 
value to determine whether or not to take the result of the 
reading process into account (i.e., a minimal confidence 
level of 50%). Moreover, we defined a second threshold, 
that of a maximum error rate of 2% between the real value 
and the measured value. If the confidence level of the 
reading process is below the minimal confidence level, the 
measured value is declared to be “uncertain.” Otherwise, 
the absolute difference between the measured and real 
value is used to assess the result. Below the 2% threshold, 
the result is “true,” or else it is “false.” 

For the pressure gauges and with these evaluation criteria, 
we achieve 25.8% of uncertain readings and 97.4% of true 
results on the certain readings. Using the same evaluation cri-
teria for the valves, we obtain 19.4% of uncertain readings but 
83.5% of true results on the certain readings.

Temperature Detection and Measurement
For temperature detection and measurement, we integrated 
a FLIR A35 camera, the sensor of which is mounted at the 
top of the mast to allow for a 360° measurement around the 

robot. Using a geometric calibration of the thermal imaging 
sensor, any part of the structure can be targeted in the same 
manner as other sensors. Knowing the altitude of the PTZ 
head and using geometrical calibration of the thermal 
imaging sensor, the 3-D position of hot spots can be evalu-
ated in the same framework as robot navigation and obsta-
cle detection.

Sound Processing and Detection
The robot must address three types of sound processing: GPA 
detection, pump analysis, and gas leak detection.

GPA Detection
The GPA, a standardized intermittent signal of constant fre-
quency that the robot must detect, is a general alarm that 
alerts all staff members to go to their predetermined muster 
stations. This sound measurement is performed using the 
Axis microphone, and the processing is based on synchro-
nous detection using a pure sine wave as a model of the 
GPA sound.

Pump Analysis
Pumps must be monitored to determine whether their oper-
ation is normal or abnormal. When the robot moves close to 
the pump, an audio recording and analysis are performed. 
This sound measurement is carried out using the Axis 
microphone.

To set up our algorithm, we built a data set by mixing the 
two samples provided (i.e., normal and abnormal pumps) 
using various industrial noises. Harmonic separation consist-
ed of maximizing the total signal power while maintaining a 
fundamental frequency within a certain tolerance. Figure 11 
shows an example of normal and abnormal pump sounds. A 
harmonic descriptor was built taking into account the total 
power as well as the signal-to-noise ratio in a frequency band 
around each harmonic. This descriptor is linearly separable 
according to three classes: pump not present, normal, and 
abnormal behavior. The resulting algorithm was able to detect 
the presence or absence of a pump and verify its proper func-
tioning, with the resulting measurement accompanied by a 
confidence level.

Gas Leak Sound Detection
The robot is embedded with two ultrasonic microphones: an 
omnidirectional one for leak detection and a directional one 
for leak localization. The robot continuously listens for ambi-
ent ultrasonic sound and performs sound leak detection. Once 
a leak is detected, the robot is rotated to find the leak origin 
using the directional microphone, the ultrasonic sensors of 
which are sampled at 384 kHz. This detection method consists 
of measuring the spectral power between 25 and 100 kHz after 
mapping and subtracting the ambient ultrasound signal.

Autonomous Reactions
During operation, some events may trigger a specific reac-
tion from the robot. A list of the events that are continuously 
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monitored and their corresponding default actions are 
as follows:

 ● gas leak detection & locate the leak
 ● heat source detection & locate the source
 ● battery low & go to the docking station
 ● GPA & go to the safe area
 ● Wi-Fi loss & go to the safe area if the connection is not 

restored after a specified amount of time.
The operator is continuously informed about these 

events and can manually change the reaction. The robot’s 
default reaction depends on the current driving mode. In 
manual mode, the operator receives a warning and a pro-
posal to perform the action autonomously. The operator 
must select the reaction to enable the robot to switch back 
to autonomous mode and react. In autonomous or rail 
mode, the operator receives a warning and a proposal to 

abort the autonomous reaction; after a short time lapse, 
the robot reacts accordingly. In the unsafe manual mode, 
the operator receives a warning, but no action can be per-
formed autonomously because the robot is potentially in a 
dangerous position.

ATEX
The safety of our platform is based on the explosion-proof 
(Ex d) type protection mode, i.e., an extremely robust enve-
lope contains the explosion inside the device. A theoretical 
analysis of the platform was carried out using a simulation 
of an explosion resistance with a pressure of 15 bars. All 
components requiring intrinsically safe signals (e.g., micro-
phones, light-emitting diodes, and radio antennas) are 
powered by specifically designed circuits developed in 
compliance with IEC 60079-11.

The PTZ head is also protected by the Ex d protection 
mode. All of its moving parts (e.g., the mast, PTZ head, and 
caterpillar) are considered safe due to their very slow 
motion (a movement below 1m/s is considered safe in  
EN 134363-1).

Optical sensors (cameras and lidars) were installed in Ex d 
enclosures, the windows of which were made of polymer 
material. The main issue with encasing the lidar behind a 
window is the loss of sensitivity. Two enclosure shapes (cylin-
drical and prismatic) were tested, and neither resulted in 
deformation of the point cloud; however, 36% of the lidar 
points were lost with the cylindrical enclosure and 24.7% with 
the prismatic one.

The uniformity of the point cloud depends on its shape. 
With the cylindrical enclosure, the points are not evenly 
distributed, and there is almost no point on the ground, 
which makes it difficult to localize the robot along the 
Z-axis. The uniformity is not affected with the prismatic 
enclosure, which makes it a better choice regarding 
lidar disturbances.

Throughout the VIKINGS development process, we were 
accompanied by an ATEX expert who helped guide our 
technological choices. The result is a certifiable platform with 
a design folder including an ATEX certification readiness 
assessment, a protection mode checklist, a mechanical resis-
tance simulation, and the VIKINGS ATEX certification 
assessment. These elements make it possible to request the 
certification by an accredited organization, which was not 
requested in the competition. Moreover, because of the 
selected protection mode, the certification tests require the 
destruction of several robots.

Implementation, Tests, and Experiments

Software Development and Methods
One of the main aspects of the ARGOS Challenge is an annu-
al evaluation of the robot’s performance on a test field during 
the three consecutive years of the project. This level of organi-
zation required us to have a functioning system during 
each competition. To meet this requirement, we used 
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Figure 11. The sound frequency spectrum for (a) a normal and 
(b) an abnormal pump.
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state-of-the-art software-development methods and tools as 
well as a very realistic testing area with a layout similar to that 
of the competition site.

This section describes the development methods as well as 
the various tools we used to test the system before going to 
the competitions.

Continuous Integration
The source code is based on the RTMaps middleware. The 
source code was maintained under revision control with mer-
curial source control management, and a collaboration server 
based on Redmine was used to synchronize the repositories 
of each developer. The Jenkins automation tool was used to 
continuously build and test the various critical software com-
ponents, such as the computer vision components described 
in the “Validation Process” section. Using this approach, we 
were able to locate and correct numerous defects and regres-
sions of software components during the three years we 
worked on the project.

Simulation
For high-level functions, we developed a simplified simulator 
focused on the behavior of the robot; it provides a simplified 
2-D map of the robot location as well as numerous displays of 
internal states. This simulator is sufficiently comprehensive to 
enable the simulation of complete missions. The control sta-
tion software is able to connect to this simulator and control 
the simulated robot; however, it does not include 3-D and 
physical simulations. A simplistic simulator such as this one is 
a valuable tool to use when developing high-level functions, 
such as human–robot interaction, mission control, and 
autonomous behaviors.

Lab Tests
The main tool we used to test the complete system was a 
scaled-down version of the UMAD Lacq testing site. A realis-
tic reproduction of the competition environment was built 
using identical gratings, manometers, and valves as well as a 
realistic mock-up of pipes, pressure vessels, and other struc-
tural parts, as shown in Figure 12. To test all locomotion con-
ditions, our mini-UMAD test site has two floors and the same 
staircase as the one installed at UMAD.

This structure is installed in our autonomous naviga-
tion lab, a 15 10 5- - -mm# #  room equipped with a Vicon 
motion-capture system that allows us to accurately localize 
the robot and thus verify the embedded localization algo-
rithm performance.

Conclusions
The VIKINGS robot and its engineering team participated in 
the three competitions of the ARGOS Challenge with great 
success. Statistics regarding the robot and the project are pre-
sented in Table 2. Several videos of the robot in action can be 
found at https://youtu.be/wie3POxmbGI; https://youtu.be/
W5EyAL0cGLM; https://youtu.be/-6xLqWv2t_0; and https://
youtu.be/21lZvVej2IQ.

In their final report, the jury noticed that the VIKINGS’s 
mobility was the most promising demonstrated at the challenge 
with respect to the specifications of an oil and gas site (i.e., a good 
tradeoff between dimensions and weight to guarantee stability, 
very fast and smooth motions, very efficient and graceful crossing 
motion over steps, and outstanding low energy consumption).

Based on state-of-the-art sensors such as the Velodyne 
VLP16 lidar, powerful middleware (i.e., RTMaps), and the 
most advanced algorithms for 3-D perception, scene analysis, 
and 6-DoF localization, VIKINGS achieved a high level of 
performance in the autonomous missions of the ARGOS 
Challenge. Moreover, VIKINGS is likely the most cost-effec-
tive solution of the challenge.

VIKINGS was very successful; it won two competitions 
and ranked second overall at the ARGOS Challenge. Some of 
the functions developed for this robot are currently being 
improved for use in other projects. For example, the lidar-
based localization function is currently being used in autono-
mous car research.
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N
uclear facilities often require continuous mo 
nitoring to ensure there is no contamination of 
radioactive materials that might lead to safety 
or environmental issues. The current approach 
to radiological monitoring is to use human 

operators, which is both time consuming and cost in 
efficient. As with many repetitive, routine tasks, there are 
considerable opportunities for the process to be improved 
using autonomous robotic systems.

This article describes the design and development of an 
autonomous, groundbased radiologicalmonitoring robot, 
Continuous Autonomous RadiationMonitoring Assistance 
(CARMA), and how, when it was deployed in an active area 
at the U.K.’s Sellafield nuclear site, it detected and located a 
fixed a  source embedded into the floor. This deployment was 
the first time that a fully autonomous robot had ever been 
deployed at Sellafield, the largest nuclear site in Europe.

Expanding Efforts in an  
Increasingly Important Field
Monitoring nuclear facilities and rapidly identifying any 
spread of radiological materials is of global concern. 

©istockphoto.com/alexey_ds 

A Robot to Monitor 
Nuclear Facilities

By Benjamin Bird, Arron Griffiths, Horatio Martin, Eduardo Codres,  
Jennifer Jones, Alexandru Stancu, Barry Lennox, Simon Watson,  

and Xavier Poteau

Using  
Autonomous  

Radiation-Monitoring 
Assistance to Reduce 

Risk and Cost

Digital Object Identifier 10.1109/MRA.2018.2879755

Date of publication: 12 December 2018



36 •  IEEE ROBOTICS & AUTOMATION MAGAZINE  •  MARCH 2019

Worldwide, there are 448 operational nuclear reactors, with a 
further 61 under construction. In addition, there are 158 re 
actors in shutdown awaiting decommissioning as well as 

180 research reactors and 
critical assemblies also 
being decommissioned. 
Approximately 273,000 
tons of spent fuel from 
reactors are currently in 
storage—an amount that 
increases by almost 7,000 
tons per year [1]. Most, if 
not all, of these facilities 
will require some form of 
radiological monitoring, 
whether continuous, such 
as in operational nuclear 
plants, or periodic, as in 
waste storage facilities [2]. 
Current monitoring tech

nologies consider airborne/surface contaminants and worker 
dosimetry, and the sensors are either fixed point, handheld, or 
worn by operators.

There are three types of ionizing radiation that typically 
need to be monitored: alpha ( ),a  beta ( ),b  and gamma ( ) .c  
Alpha particles are the most ionizing and are generated by 
heavy elements, such as uranium, or transuranic elements, 
such as plutonium. They can be stopped by a sheet of paper 
and are only dangerous to humans if ingested. Beta radia
tion is more penetrative than a  and is generated by a range 
of radioactive elements, but it is less harmful and still 
straightforward to shield against. Gamma radiation is a 
higherenergy electromagnetic wave that is highly penetra
tive. It is the hardest to shield against, and personal dosime
ters worn by nuclear workers are used to measure exposure 
to it [3].

Perhaps surprising is that the detection of a  contamination 
presents the greatest challenge: a  radiation has low permeabil
ity in air, and so any detector must be placed within a few cen
timeters of the source for a short period of time to ensure 
reliable detection. This is both extremely time consuming 
when monitoring large areas manually and also relies heavily 
on operators being diligent during their surveys. Beta and c  
radiation, having greater permeability in air (b less than ),c  
can be detected at a distance, although the technology to iden
tify the precise location of any source materials is an important 
area of active research [4].

Case Study: Radiological Monitoring at Sellafield
The Sellafield site is the primary storage point for the United 
Kingdom’s nuclear waste. The country has 170 major nuclear 
facilities, all of which will be decommissioned over the next 
century. These facilities include legacy plants and laboratories, 
as well as interim storage areas. In these areas, monitoring 
known a  sources and b  and c  fields and identifying any 
spread of contamination are of considerable importance.

On the Sellafield site, radiological monitoring is under
taken by the Health Physics team as part of the Environ
mental, Health, Safety, and Quality group. The team’s role is 
to ensure that the As Low As Reasonably Practical policy is 
applied and that personnel are protected from the harmful 
effects of exposure to ionizing radiation. To ensure this, 
Health Physics personnel regularly monitor facilities and 
equipment for contamination. Areas are manually surveyed 
using approved commercial, offtheshelf handheld moni
tors. The areas surveyed can vary from roads and buildings 
to people and involve packages being transferred between 
active and nonactive areas.

Benefits of Autonomous Systems
Enhancing Health Physics’ capabilities by upgrading the cur
rent manual surveys to more autonomous methodologies 
would increase productivity and reduce risk and cost. In addi
tion to these general benefits, the use of mobile autonomous 
robots could provide more specific gains:

 ● Automating the collection of dose rate or spectrometric 
data would allow Health Physics personnel to complete 
other tasks, such as more complex surveys, data interpre
tation, and systems maintenance. CARMA has been 
designed to survey floor spaces in relatively simple envi
ronments, such as corridors and open spaces with limit
ed clutter. Laboratories, for example, represent a much 
more complex challenge, as they can require surveys at 
multiple heights, inspection of cupboards and drawers, 
and so forth.

 ● Automatic archiving of the results, with positional data, in 
a readily accessible format would enable any changes in 
radiological information (e.g., dose rate and species) to be 
identified quickly and clearly.

 ● Robotic systems can be designed to ensure that detectors 
are held at a fixed distance above the area being monitored, 
thus improving consistency in survey data. This is particu
larly important for the detection of a  contamination but is 
difficult to reliably achieve manually.

Mobile Robots for Nuclear Environments
Since the Fukushima Daiichi incident in 2011, the use of 
mobile robots for characterizing and monitoring radiologi
cal sites has increased significantly. The primary application 
areas for such systems are future incident response, gaining 
access to areas where human entry may be restricted 
because of safety concerns, and largescale monitoring of 
open spaces [5], [6].

The majority of mobile robots developed for radio
logical characterization of the Fukushima Daiichi 
facilities have focused on c  radiation inspections [7]. 
Robots such as the JAEA3 [6] and Quince [7] have been 
deployed in the Fukushima faci l it ies  to conduct c  
surveys. Although each of these robots has been tele
operated, their deployment into radiologically active 
environments has increased the nuclear industry’s confi
dence in robotic systems.

Since the Fukushima 

Daiichi incident in 2011, 

the use of mobile robots 

for characterizing and 

monitoring radiological 

sites has increased 

significantly.
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The use of remote, mobile radiologicalinspection robots 
is also being considered for more routine scenarios. The 
RICA [Robot d’Inspection pour Cellules Aveugles (blind 
cell inspection robot)] robot, which was developed by the 
French Alternative Energies and Atomic Energy Commis
sion and Cyberia in France, has been deployed into opera
tional nuclear facilities to conduct c  inspections [8]. A set of 
corobots has also been developed at the Georgia Institute of 
Technology to detect and localize c  and neutron sources 
embedded in floors [9]. However, no robots seem to have 
been developed for the autonomous detection of a  contam
ination [10].

This article describes the design and testing of a mobile 
robot that can be used for autonomous radiological inspec
tions. The CARMA robot was developed by the University of 
Manchester in direct collaboration with Sellafield Ltd. and is 
able to conduct a  and /b c  inspections. The platform was 
successfully used to survey facilities at the University of Man
chester as well as on the Sellafield site, where it was shown to 
be able to autonomously survey a facility and locate a known 
source of a  contamination.

The CARMA Platform
The CARMA platform was initially developed to conduct 
radiological inspections of floor areas within legacy and 
operational nuclear facilities. It is a proofofconcept 
robot that aims to showcase the use of autonomous robots 
in noncritical nuclear environments. It was designed spe
cifically to conduct shortduration scans (up to an hour) 
and to detect and locate spots of contamination within the 
scanned area. These scans require geometric and radio
logical maps to be generated with a resolution of approxi
mately 5–10 cm. The robot was developed to operate 
indoors in smooth, flat areas, such as corridors, offices, 
and laboratories. Figure 1 shows the robot, and Table 1 
presents the specifications.

The CARMA platform is a modified TurtleBot 2 
equipped with a sensor package containing an /a b  sensor 
(Thermo Fisher Scientific DP6) for -a source floor moni
toring and detection and two personal c  dosimeters (Ther
mo Fisher Scientific RadEye), which can be used as a 
highsensitivity c  radiation detection and dose rate mea
surement tool. These detectors were specified by Sellafield 
Ltd. and match the equipment it currently uses in its hand
held instruments.

The DP6 sensor is fixed at a height of 10 mm above the 
floor using a spring arrangement, which allows the sensor to 
move over uneven surfaces while maintaining the separation 
distance. One effect of not maintaining a fixed height above 
the floor is reduced accuracy for the estimated dose rate, 
which can be overcome by keeping the sensor over areas of 
interest for 20–30 s.

To ensure an accurate reading, the DP6 sensor head must 
be over a target area for at least 1  s. The sensor head has 
dimensions of ,160 80mm mm#  which means that the 
maximum forward velocity is restricted to between 0.1 and 

. ,0 2 ms 1-  depending on its orientation. The resolution of the 
measurements is an 80 80mm mm#  area, with a positional 
accuracy of 100 mm.!

The CARMA robot logs the data from the DP6 sensor, 
but the analysis is completed offline. The activitylevel 
thresholds for the identification of radiation contamination 
areas are preprogrammed by the operators. These can be 
varied depending on the operating environment and type of 
deployment. The target operational environments are areas 
where humans can already conduct manual monitoring, so 
the air dose rates are negligible. However, the characteriza
tion of some standard components with the effects of c  
radiation suggests they can withstand a total ionizing dose 
of up to 1,000 Gy [11].

A single 2D lidar (with a range of 4 m), a depth camera, 
and three infrared (IR) sensors were integrated onto the plat
form to enable autonomous navigation. CARMA uses the 
Robot Operating System (ROS), a widely used opensource 
middleware that simplifies the control of robotic systems and 
the integration of their subsystems. The ROS framework 
allows the robot to be operated in either manual or autono
mous mode.

2D
Lidar

Thermo RadEye
γ Radiation Detector

Thermo DP6
α /β Radiation

Detector

Figure 1. The CARMA platform. 

Table 1. The CARMA robot specifications. 
Parameter CARMA 

Base platform TurtleBot 2

Dimensions including 
 sensor tail ( )l w h# #

740 350 245mm mm mm# #

Ground clearance 12 mm

Maximum speed .0 7 ms 1-

/a b  sensors One Thermo DP6

c  sensors Two Thermo RadEyes

Navigational sensors One 4-m lidar, one depth camera,  
 three IR sensors

Battery life 3 h

Total cost US$10,000
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The operator interface for the robots is shown in Figure 2. 
The image was taken during a trial conducted at the Universi
ty of Manchester’s Dalton Cumbrian Facility using lowlevel 
thorium as an a  source. The display shows a 2D map of the 

environment constructed 
using the lidar. Radiation 
data are superimposed on 
the map using visual 
markers. When the robot 
is teleoperated, the oper
ator can avoid contami
nated areas. A significant 
issue that we is address 
in this article is the risk 
that, if the robot moves 
through movable contam
ination, it may spread 
material through the 
environment. Hence, 

autonomous techniques were designed such that areas of con
tamination are mapped but not entered.

The vehicle contains no radiation shielding, and no hard
ened electronics are used. Although the environment will con
tain c radiation (which can damage electronic components), 
only weak c sources are likely to be in the areas where CARMA 
will initially be deployed, and these sources are unlikely to affect 
the robot’s operation.

Autonomous Exploration, Localization, 
and Mapping
Autonomous exploration of an environment requires three 
components: a simultaneous localization and mapping 
(SLAM) algorithm (or only a localization algorithm if the 
map is pregenerated), an exploration algorithm for generating 
waypoints (points on the map that the robot must pass 
through), and a pathplanning algorithm. All of these compo
nents represent wellestablished areas of research in robotics 
[12], and a number of reliable techniques can be used. The 
primary contribution of the work presented here is the devel
opment of an exploration algorithm that allows radiation 
maps to be constructed while ensuring the robot does not 
enter any areas of contamination.

Localization and Mapping
A number of SLAM algorithms are widely used on mobile 
robots. One of the most popular is FastSLAM, which com
bines both a particle filter approach with an extended Kalman 
filter (EKF). This technique fuses data from the odometry 
system and the 2D lidar to construct a map of the environ
ment and localize the robot within it. It is widely used because 
of its higher efficiency and data accuracy compared to such 
methods as EKFbased SLAM algorithms [13]. The ROS 
Gmapping package is an implementation of FastSLAM and 
was implemented on CARMA.

In principle, if the environment is static, SLAM needs 
to be run only the first time the robot explores an area; 
after the map is generated, the robot is required only to 
localize itself within that map. This is also the case if the 
map is generated before the robot is deployed. In this sce
nario, a pure localization algorithm is needed. While a 
number of localization techniques are available, the Kull
backLeibler distancesampling Monte Carlo approach was 
utilized in CARMA because it has proved sufficiently 
accurate in the environments where CARMA is expected 
to be deployed [14].

Exploration and Path Planning
The two scenarios considered for the deployment of the 
CARMA platform assume either that there is no prior 
knowledge of the environment or that the space has already 
been explored and a map generated. In the first case, way
points need to be created to explore and map the area, while, 
in the second case, the robot needs to ensure complete cover
age of the known map. Extensive research has been done in 
the autonomous exploration of environments using single 
and multiagent mobile robot systems, and three general 
methods have been developed to generate the exploration 
waypoints used when planning a suitable path: random, 
frontier, and human directed [15].

The most widely used approach for waypoint generation 
in an unexplored environment is the frontier technique 
[16]. In general, a map is built up by exploring the 
unknown areas of the environment. The exploration goal at 
any particular moment is the boundary between the known 
part of the environment and the unknown. This is because, 
if the robot is repositioned to this boundary, its sensors will 
have a vantage point over unknown areas of the environ
ment; hence, the robot will be able to map those regions. 
The goal (the boundary between the unknown and known 
areas) should then be moved to allow for continued map
ping of the environment. These boundaries between the 
known and unknown portions are called frontiers [17] and 
are explored based on a distance cost function. Different 
approaches can be taken to calculate this distance, such as 
the Euclidean distance [18] or the distance traveled avoid
ing local obstacles [17]. Because of its widespread use, fron
tier exploration was selected for the CARMA robot and 
implemented in ROS using the obstacleavoidance cost 
function method [17].

External Camera
View

Geometric Map With
Radiation Data

Robot View

Augmented
Reality Overlay

Figure 2. The CARMA operator interface, with an augmented reality 
overlay of the radiological data on the point-of-view camera. The 
values of the radiation data below a set threshold are shown in 
green, and the values above this are displayed in red.

Radiation-avoidance 

navigation algorithms 

were developed for CARMA 

that allowed the robot to 

identify areas of radioactive 

contamination.
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When a map has been constructed, waypoints can be 
generated to ensure the total coverage of an area [19]. 
For CARMA, waypoints were overlaid onto the map in 
a grid, the dimensions of which can be specified by the 
user. The order in which waypoints are visited can be 
either random or systematic. During simulations, it was 
found that navigating to the waypoints in a randomized 
order provided superior coverage. However, for onsite 
deployment, the decision was made to adopt a systemat
ic approach, as this gave the end users confidence that 
the robot was exploring the environment in a sensible 
manner, thus improving their confidence in the robot
ic technology.

The last component required for autonomous exploration 
is a pathplanning algorithm. There are many welldocu
mented approaches to path planning [20]. The A* method, 
which uses shortestpath and heuristicbased searching to 
select the best first path, is the most utilized approach to path 
planning within the robotics community. For the types of 
environments that CARMA is to be deployed into, it was felt 
to be the most appropriate technique to use. A* planning was 
implemented on CARMA using the Adaptive MonteCalrlo 
Localization ROS package.

Radiation-Contamination Avoidance
To identify the location of a  sources within the environment, 
the CARMA robot must physically maneuver to them 
because the required detection distance to the source is 
approximately 0.01 m. The robot should, however, avoid trav
eling over or through the contaminated areas, so that the 
vehicle itself does not become contaminated or spread radio
active materials elsewhere.

To minimize the risk of spreading radioactive matter 
within the environment, once a contamination area is 
detected, the robot was designed to stop its exploration 
and return to a previous location known to be safe. 
While the initial CARMA platform, as shown in Figure 
1, must itself enter into a contaminated area before it is 
able to detect -a producing materials, it was anticipated 
that future designs of the vehicle would have a raised 
detector at the front of the vehicle that would allow a  
particles to be detected without the wheels of the vehi
cle having to enter into the contaminated area (the con
cern being that radioactive matter in the form of dust 
particles might adhere to the wheels and be spread to 
other locations).

If the contamination is spread across the entrance to a tar
get area, the robot will not be able to enter to complete its 
inspection. In this scenario, it is envisaged that a human oper
ator would make the decision as to whether the robot should 
cross over the contaminated area to continue the inspection, 
running the risk of further spreading the contamination, 
or whether the area has to be cleaned before the mission 
can continue.

Once the vehicle returns to a safe location, the map is 
updated to identify the locality of the radiation source, and 

the robot is prevented from exploring that area. This func
tionality is achieved by directing the robot to explore the 
list of waypoints determined by the frontier exploration 
algorithm, while monitoring the dose rate CARMA is sub
jected to. If the dose rate exceeds a userspecified limit, the 
robot will stop and return to the previous safe waypoint. 
Once the machine has returned to a zone with a safe dose 
rate, the obstacle avoidance map is edited to include an 
exclusion zone.

Creating an exclusion zone is achieved by blocking out an 
area of the map, as if it were a physical obstacle. The A* path
planning algorithm uses the map to generate a global path 
and the local obstacles as seen by the sensing equipment (in 
this case, the lidar) to determine a suitable local path as well as 
to conduct localization. This allows for both localization 
errors and map/realworld disparity to be dealt with. There
fore, if a section of the map is blocked off, the path planner 
will avoid that area, thus keeping the robot out of the radia
tion zone.

Figure 3 summarizes CARMA’s exploration routines in the 
form of flowcharts. Figure 3(a) assumes that the area is com
pletely unknown, while Figure 3(b) assumes prior knowledge 
of the area and a pregenerated map.

No Prior Map Pregenerated Map

Waypoint Generation
Using Frontier

Exploration

Waypoint Generation
Using Grid Allocation

Path Planning
Using A*

Path Planning
Using A*

Move Robot Move Robot

Map Generation
Using FastSLAM

Hotspot
Detected?

Hotspot
Detected?

Update Map With
Synthetic Obstacle

Update Map With
Synthetic Obstacle

No

No

Yes

Yes

(a) (b)

Figure 3. Flowcharts of CARMA’s exploration routines: (a) with no 
prior knowledge of the environment and (b) with a pregenerated 
map given to the robot.
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Simulation
To ensure that the proposed mapping and exploration tech
niques enabled the robot to function as required, the 
CARMA robot was simulated in Gazebo. Following this, lab
oratory testing was undertaken using a smallscale version of 
CARMA, based on a TurtleBot 3, that had similar characteris
tics to the actual CARMA robot. Simulations were conducted 
in the predefined house environment, shown in Figure 4(a). 
This environment was considered to be similar to those that 
the CARMA robot would be deployed into in the nuclear 
industry and requires a nontrivial path to travel between way
points. A premade 2D map of the simulated environment is 
illustrated in Figure 4(b). Using this simulation environment, 
it was also possible for the user to insert a synthetic radiation 
contamination area that the robot would need to detect, map, 
and avoid.

The simulated waypoint exploration based on the pregen
erated map algorithm from Figure 3 is presented in Figure 4. 
Figure 4(c) shows the 2D obstacle map. The robot is depicted 
navigating to the bottomleft waypoint marker. The figure 
shows the robot as it enters an area where the maximum safe 
radiation dose threshold is just exceeded. The waypoint the 
robot was initially navigating to is canceled, and the robot nav
igates back to the previous waypoint known to be safe. The 

Current
Lidar
Data

StartRobot

Safe DoseRobot PathGoal

Radiation Field

Previous
Safe

WaypointContamination
Area

Waypoint
Marker

G
oa

l

(b) (c)(a)

(e) (f)(d)

Figure 4. A depiction of CARMA’s waypoint exploration of the simulated environment with radiation contamination avoidance. (a) 
The predefined “house environment.” (b) A 2D map of the simulated environment. (c) The 2D obstacle map with the waypoint 
markers (blue) and simulated radiation field (orange). The robot’s global path (as it navigates to the bottom left waypoint 
marker) is shown as a black/red line (black is the total global path, while red is the global path within the range of the robot’s 
lidar), and the blue line is the robot’s local path, which takes into account the real-time lidar data. The latter are shown in red, 
surrounding the obstacles on the 2D map. The green dots placed behind the robot indicate the safe dosage in that xy location of 
the 2D map. (d) The blocking of the exclusion zone in the 2D map. (e) A later point in the simulation where the robot has visited 
waypoints that are around the exclusion zone, showing that the path planner can create global paths to avoid it. (f) The robot’s 
expansion of the exclusion zone.

Goals

Accessible
Frontiers

Inaccessible
Frontiers

Robot Location
(a) (b)

(c) (d)

Figure 5. A frontier exploration of the office environment with 
FastSLAM map generation: the (a) initial scan, (b) generation 
of new frontiers, (c) identification of inaccessible frontiers, 
and (d) completed map. The green spheres represent the 
waypoints, the blue lines are the frontiers the robot is able 
to explore, and the red lines indicate the frontiers the robot 
cannot explore because it cannot get to a vantage point to 
observe them. The single red frontier is a result of a small gap 
in the walls making up the environment. 
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exclusion zone in the 2D map is then 
blocked, as shown in Figure 4(d), so 
the global planner will no longer direct 
the robot to that location.

Figure 4(e) shows a later point in the 
simulation, where the robot has visited 
waypoints that are around the exclusion 
zone, showing that the path planner can 
create global paths that can avoid it. In 
Figure 4(f), the robot has expanded the 
exclusion zone when it tries to visit 
another waypoint in the radiation field. 
As before, the robot returns to a previ
ous safe waypoint before continuing 
with the navigation. Over time, the 
robot will block out all of the area sur
rounding the radiation field.

Physical Evaluation
A set of realworld experiments was conducted in which the 
algorithms were implemented on the simplified TurtleBot 
3based CARMA, which was deployed in an Eshaped office 
environment. The first set of tests was to validate that the 
SLAM and exploration algorithms operated as expected. Fig
ure 5 shows the exploration of the environment using Fast
SLAM and frontier search. This experiment was concerned 
only with map generation, so no synthetic contamination 
areas were used. 

Once the 2D obstacle map was generated, a second 
experiment was conducted that directed the robot to map 
the dose rate of the environment. A synthetic hot spot was 
generated, and the robot was tasked with finding and 
avoiding this radiation source. As shown in Figure 6, the 
robot was successfully able to identify the location of the 
hot spot and avoid navigating through the exclusion zone 
surrounding it.

Real-World Deployments
As a final proof of concept, the CARMA robot was successfully 
deployed twice into operational facilities within the Thermal 
Oxide Reprocessing Plant (THORP) on the Sellafield site. 
THORP takes spent fuel and separates the uranium and pluto
nium in preparation for future safe storage.

The purpose of the deployments was to gain confidence 
that a robotmounted radiation sensor could detect a con
tamination source autonomously. Both deployments took 
place in a facility where there was a known a  contamination 
source embedded in the floor. This contamination source 
was well understood and presented no physical danger to 
humans or to the robot. Because of the nature of the con
tamination, there was no risk of it being transferred to the 
robot, and, because of time restrictions during the real
world deployments and the inability to spread the contami
nation, it was decided not to implement the hotspot 
avoidance algorithm and to focus only on generating the 
radiation map.

The area to be inspected had a flat surface, with indus
trial equipment and pipework around the edges, as pic
tured in Figure 7. The inspections took approximately 
30 min to complete. Figure 8 shows the outputs from one 

Robot
(a) (b)

(c) (d)

Figure 6. The (a) waypoint generation in a pregenerated map, (b) addition of an 
exclusion zone for the simulated source, (c) path planning to avoid the exclusion zone, 
and (d) final paths for full exploration.

Figure 7. An augmented reality camera perspective for operator 
control and observation. The image has been modified to 
remove radiological threshold data. Areas of no contamination 
are represented in green, and the contamination hot spot is 
shown in red.

Areas of No
Contamination

Contamination
Location

Robot

Figure 8. A radiological map generated by CARMA at the THORP 
facility. Areas of no contamination are represented in green, and 
the contamination hot spot is shown in red.
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of the realworld deployments, which highlights that the 
robot was able to successfully construct a geometric and 
radiological map of the area. The location of the contami
nation source on the map correlated to its correct physical 
location in the real world. Quantification of the accuracy 
of the a  source location was not possible during the 
deployment. For these experiments, only a  radiation was 
of interest, and, consequently, no b  or c  measurements 
were recorded.

The CARMA robot can be maneuvered in both teleop
erational and autonomous mode. Figure 7 shows the aug
mented reality view from a camera on the front of the 
robot, which can be used for teleoperation or opera
tor observation.

Future Development
The CARMA robot was developed to operate in indoor envi
ronments free from clutter. While there are many areas where 
it could be deployed, a more robust platform is required for 
outdoor use or for areas where there are small obstacles, such 
as cables or pipework.

A secondgeneration CARMA robot, CARMA 2, is 
shown in Figure 9. CARMA 2 is able to survey both indoor 
and outdoor environments and maneuver in areas with 
uneven terrain and clutter. The CARMA 2 specifications 
are shown in Table 2. The robot utilizes the Clearpath Jack
al robot as its base platform and has been equipped with 
two Thermo Fisher Scientific DP6 sensors on a height
adjustable rig and three personal dosimeters. Its navigation 
suite consists of two 20m lidars, two 3D cameras (Orbbec 
Astra), and a camera that provides a bird’seye view for 
operator observation.

The next stage of autonomy development will be to 
implement the radiation contamination avoidance algo
rithms. One of the primary challenges to overcome is that 
the simulations assume that the radiation sensors have a 360° 
view around the robot and that the robot is holonomic. 

CARMA 2 is a nonholonomic platform, with the sensor 
package mounted at the front of the robot; consequently, fur
ther development is required.

There are no plans to develop the CARMA 2 robot to 
explore high -c dose environments. Experience gained from 
other groups deploying robots into high -c dose environ
ments at Fukushima Daiichi has shown that they are likely to 
fail, which has proven to be quite costly. The focus of future 
CARMA deployments will be in areas that people could 
access in environmental suits or where they perform repeti
tive monitoring operations.

The CARMA 2 robot is in the process of being commer
cialized, with further laboratory testing and onsite deploy
ments planned. The longterm vision is to have a fleet of 
CARMA robots continuously monitoring facilities like the 
Sellafield sites.

Conclusions
This article presented the CARMA robot, an autonomous 
platform for conducting radiological monitoring in nuclear 
facilities. The proofofconcept robot was successfully 
deployed in a radioactive facility on the Sellafield site, where 
it was able to autonomously locate a known a  source embed
ded in the floor and generate a geometric and radiometric 
map of the area. This was the first time an autonomous 
inspection vehicle had been deployed at the Sellafield site, 
which represents a major milestone in making the deploy
ment of autonomous robotic systems commonplace in the 
nuclear industry.

Radiationavoidance navigation algorithms were devel
oped for CARMA that allowed the robot to identify areas of 
radioactive contamination while minimizing the risk of enter
ing the area and potentially transporting radioactive materials 
to other locations within the environment.

A more rugged version of the CARMA platform 
(CARMA 2) is now in development. CARMA 2 is being 
designed such that it will be able to operate in a larger 

Table 2. The CARMA 2 robot specifications. 
Parameter CARMA 2

Base robot Clearpath Jackal

Dimensions including sensors and cameras 
( )l w h# #

,830 044 1 030mm mm mm# #

Ground clearance 65 mm

Maximum speed 2 ms 1-

/a b  sensors Two Thermo DP6s

c  sensors Three Thermo RadEyes

Navigational sensors Two 20-m lidars,  
two 3D cameras, one webcam

Battery life 3–4 h

Total cost US$35,000

Bird’s-Eye
Camera

Lidar and
3D Camera

Radiation
Sensors

Figure 9. The CARMA 2 platform, 
currently under development. 
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range of both indoor and outdoor nuclear environments 
or scenarios.
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T
his article proposes a novel docking system 
design for unmanned aerial vehicles (UAVs) 
that provides measurements of the robot’s 
position at high frequency. These measurements 
are used to control the aerial robot, enabling it 

to hover while it performs any kind of manipulation task 
in GPS-denied industrial environments without causing 

the UAV to drift or putting at risk the platform and its 
environment. The novel tool is designed as an arm end 
effector, preventing the aerial manipulator from colliding 
while in operation. A cascade controller is proposed to 
close the position loop. An additional use case for the 
docking system is described in the “Experimental Vali -
dation” section; it consists of performing position-based 
servoing (PBS) of a second manipulator using the position 
provided by the docking tool and the manipulator’s 
kinematic model.
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The prototype system is 3D-printed in acrylonitrile buta-
diene styrene (ABS). This article presents outdoor experimen-
tal results. The accuracy of the system is evaluated against 
GPS, a state-of-the-art visual algorithm, and a laser total sta-
tion as ground truth. The measurements obtained from the 
docking tool exceed a frequency of 1,000 Hz, which overtakes 
common localization algorithms.

Recent Reviews of UAVs 
In recent years, interest in aerial robots has increased. Their abil-
ity to move freely within a space allows robots to work in several 
situations. Montambault et al. [1] reviewed multiple civil and 
industrial applications with UAVs. Notably, applications for 
inspection and maintenance tasks in factories and power sta-
tions are on the rise. In particular, robots’ ability to access high-
altitude locations, which can be dangerous for human operators, 
has made them very popular for  pertinent applications, even 
though their use is generally only for location and inspection. 

Large-scale industrial facilities, such as factories or energy 
power stations, require intensive and costly labor inspection 
and maintenance. Innovative solutions use robots to automate 
such tasks in situ. Stokkeland et al. [2] employed  a combina-
tion of line and feature detection to locate wind turbines for 
inspection purposes. Addabbo et al. [3] used thermal images 
to locate and inspect solar panels in photovoltaic plants.

However, extra effort needs to be made if robots are to per-
form maintenance or repair tasks. To enable UAVs to interact 
with industrial facilities, recent research provides them with 
manipulators. Orsag et al. [4] pointed out the key challenges for 
controlling UAVs with embedded manipulators. Lippiello and 
Ruggiero [5] implemented an impedance control to improve the 
robot’s actuation against external disturbances produced by the 
arm and applied the control algorithm in simulations. In [6], the 
authors proposed a multilayered control that takes into account 
the movements of the built-in arm to improve the control of the 
UAV. Another approach can be found in [7]; here, the authors 
described an adaptive sliding-mode controller.

Korpela et al. [8] developed an aerial robot equipped with a 
pair of manipulators for actuating valves. They studied the 
forces applied to the robot resulting from turning the valve and 
showed experiments in an indoor controlled environment. 
Another dual-arm system for UAVs was developed in [9]. In 
this study, the authors focused on the torque effects on the 
UAV due to the movement of the pair of arms while hovering. 
Typically, built-in arms are articulated for robots, and work in 
[10] uses a parallel manipulator at the bottom of the UAV.

Parra-Vega et al. [11] analyzed the forces exerted on a 
UAV in contact with stiff environments, such as a wall, in 
simulations. With a similar purpose, the authors in [12] 
designed a device that measures forces in contact with stiff 
surfaces. They used that information to control the position 
of the aerial robot and the force exerted by it.

Nevertheless, most studies perform the experiments at 
indoor testbeds using a motion-capture system such as OPTI-
TRACK or VICON. These localization systems provide accu-
rate and fast measurements of the positions of the robots. 

They are useful for validating algorithms but are not realistic 
assumptions for outdoor applications.

Several studies about positioning robots are based on vision 
sensors, such as color cameras;  red, green, blue plus depth cam-
eras; and lidars. In these cases, the location of the robot is tackled 
following a simultaneous localization and mapping (SLAM) 
procedure. Algorithms such as ORB-SLAM [13], Real-Time 
Appearance-Based-MAP [14], lidar odometry and mapping 
[15], and many others have proved to be good general-purpose 
solutions. Nonetheless, they rely on visual landmarks and high-
cost computational operations, which must be performed in 
the onboard computers. Additionally, the algorithms can 
become “lost” due to occlusions or lack of landmarks.

Other visual methods, called visual odometry estimators, are 
based on computing an estimation of the position of the robot. 
Forster et al. [16] proposed semidirect visual odometry, a visual 
algorithm based on the exploitation of the gradients in intensity 
to compute an estimation of the position of the robot. Sun et al. 
[17] proposed an algorithm that fuses the odometry computed 
from visual features with the multirotor’s inertial measurement 
unit (IMU) to provide a robust estimation of its pose.

The main contribution of the current study is the design 
of a novel tool, henceforth referred to as the docking tool, that 
allows aerial robots to remain in flight close to a target posi-
tion in outdoor environments without requiring any other 
external device. This device has the advantage of providing a 
high rate of robot position measurements with few computa-
tional costs; thus, the computer’s remaining power resources 
can be used for other tasks or even to carry a smaller com-
puter without compromising the platform’s payload. 

Low-Cost Docking System
This section describes the hardware design of the novel tool. 
Developing tools for aerial robots is usually more con-
strained than for in-ground systems due to payload limita-
tions and stability issues. In this article, the following 
assumptions are adopted:

 ● Perturbations produced by wind are relatively small.
 ●  The UAV has a low-level controller that inputs the 

desired speed in Cartesian coordinates and outputs 
motor speed.

To accomplish the first assumption, the system was tested 
in low-wind conditions. For the second assumption, the 
robot was equipped with a PIXHAWK [18] autopilot that 
uses px4 software [19].

The aerial robot has two built-in arms, each with a differ-
ent tool. The right arm is provided with a gripper to perform 
various manipulation tasks. The docking tool is attached to 
the left arm and provides the position of the UAV relative to 
its attachment base. These measurements are used for stabi-
lizing it close to the manipulation space. Figure 1 shows the 
aerial robot with all the tools.

Docking Tool Model
This section describes the model of the docking tool, which 
consists of a passive multilink arm with sensors in the joints 
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to measure the angles between the links. The main criteria 
during the design of the tool were to minimize the total 
weight and the friction in the joints, thus reducing the torques 
exerted on the arm and subsequently on the UAV. To reduce 
the weight, the structural parts are designed to be thin and 
hollow. The components are 3D-printed using ABS, making 
the tool lightweight and easier to replace. Furthermore, the 
production costs are lower than when using aluminum or 

carbon fiber, and the components do not need to be built, 
machined, or postprocessed.

The tool is not actuated, i.e., it does not need any motor, mak-
ing it lighter and eliminating the battery weight. Figure 2 shows 
the CAD model of the tool. Bearings have been placed in the 
joints to minimize friction. These are made of acetal plastic, which 
makes them 10 times lighter than common metal bearings.

The tool is composed of five joints. The base joint (or 0i ) 
provides a rotation on the z-axis. The following two joints 
( 1i  and 2i ) make up a two-link arm that gives the robot free 
3D movement within the work zone. Joint 3i  is set to provide 
an extra degree of freedom (DoF), allowing the robot to remain 
parallel to the floor independent of the position of the two-link 
section. Finally, the last joint ( )4i  adds to the robot another 
DoF, making it able to maintain the heading effortlessly.

The kinematic model is shown in (1):
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The docking tool system has 5 DoF for the drone’s movement. 
An additional joint in the axis of the last bar has also been 
considered to provide free rotation related to the roll of the 
UAV. However, this rotation is significantly small due to the 
assumption of small perturbations, so the joint is not included 
in the final design.

The joints of the tool are provided with potentiometers 
that are used for measuring the angles. The voltage signals 
from the potentiometers are measured by an electronic 
device connected to the onboard computer. Then, the sig-
nals are mapped to the angles because the voltage in the 
resistances changes linearly; the mapping of variables is a 
linear map.

The sensors are wired using internal holes on the joints, as 
shown in Figure 3(c). This minimizes the forces exerted by 
the cables on the joints.

The angles measured from the potentiometers are used to 
estimate the current pose of the UAV. Together with the infor-
mation about  the arms, these measurements are used to close 
the loop of the control system described in the “Control 
Loop” section. Figure 4 shows a 3D virtual visualization at dif-
ferent times of real experiments.

(a)

(b) (c)

Figure 1. (a) A dual-arm aerial robot with a gripper and a 
docking tool. (b) and (c) The quick-release system for attaching 
different tools, i.e., the gripper or the docking tool.

θ3

θ4

θ2

θ1

θ0

Figure 2. The CAD model of the docking tool with a base for 
attaching pipes to joint edges.
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Furthermore, the base of the docking tool is provided 
with two additional components, shown in Figure 5. The 
first is a three-axis accelerometer; the second is a servo that 
locks the rotation of the base during flight to improve the 
coupling phase.

The use of the accelerometer is essential to guarantee that 
the 6D pose of the end effector can be used to control the 

UAV. Because the arm that holds the docking tool remains 
parallel to the horizontal plane of the platform, it is important 
to know the orientation of the base of the docking tool to 
properly compute not only the position but the full pose. If, 
during the attachment, the base is not entirely parallel, for any 
reason this will lead to a rotation in the end effector.

The second component, the servo, has been integrated to 
prevent the base from rotating while the platform is flying. As 
the joints are not actuated, the base tends to rotate, making the 
docking stage difficult. The purpose of the servo is to lock 
until the platform has docked. More detailed specifications of 
the docking tool components are summarized in Table 1.

Finally, Figure 6 shows the workspace of the docking tool’s 
end position and the quality of each position. Quality is evalu-
ated using the distance of the joints to the saturation points. 
This distance is mapped to a value within 0 and 1, and all the 
values are multiplied, obtaining a single bounded value. Con-
sequently, if one of the joints gets close to a saturation limit, 
the overall quality of the position decreases. The values are 
represented using a heat-map scale, with blue being the best 
value and red the worst. These values are intended to be used 

(a) (c)(b)
zx
y

Figure 3. (a) An image of the component exploded. (b) The part of the joint sliced to see the internal holes and the components 
assembled. (c) The wiring system, passing through the holes seen in (a) and (b). 

Figure 4. Two images that show the virtual visualization of the 
aerial platform with the docking tool during the experiments.  

(a) (b) (c)

Figure 5. (a) The accelerometer placed in the base joint to 
measure the orientation of the base while it is docked. (b) and (c) 
The servo that locks the base of the docking tool until it is placed. 

Table 1. The specifications of the low-cost docking 
tool. 
Device/Characteristic Value

Potentiometer  resistance (KW) 20 

Potentiometer angle range (°) 270 

Operating voltage (V) 5 

Power consumption (W) 0.25 

Servos SG90 Pro 9g 

Accelerometer L3GD20H and 
LSM303D Carrier

Longitudes (m) I0 0.071

I1 0.105

I2 0.155

I3 0.07 

I4 0.075

Total weight (g) 150 

Base material Plastic ABS 
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in future work to perform smarter control while trying to 
keep the position of the docking tool in a well-conditioned 
volume of the workspace.

The Arm Model
Each arm is composed of three rotation joints and a general 
purpose end-tool socket with an extra rotation in the direc-
tion of the arm. The first rotation is in the z-axis, and the two 
remaining rotations compose a two-link arm.

Hence, each arm has 4 DoF. The end effector has a quick-
release system that makes it easy to replace any tool, as shown 
in Figure 1(b) and (c). The arms are part of the open source 
project Hecatonquiros (https://github.com/bardo91/hecaton-
quiros) developed by the Group of Robotics, Vision, and Con-
trol at the University of Seville, Spain. This project aims for a 
cheap and easy-to-use framework for aerial manipulation.

In the “Experimental Validation” section, a use case for the 
docking tool proposed in this article is described. The position 
provided by the tool is used to estimate the relative pose of the 
second arm’s end effector regarding the attached position. 
Based on this information, it is possible to perform a PBS algo-
rithm to keep the end effector in a fixed point or location.

The robot manipulator is defined by n joints, with the sca-
lar variables , , n1 fi iH=  describing their values. Having 
the geometric design of the arm, each link has a position 

, , .S s sn1 f=  Using Denavit–Hartenberg parameters [20], it 
is possible to determine each DHi  matrix, which transforms 
between link i 1-  to ,i  i.e., forward kinematics.

To perform the position-based visual servoing (PBVS), 
the system needs to compute an adequate set of joints H  
that place the end effectors (a gripper, in this case) on a tar-
get location ,Tt  i.e., inverse kinematics. However, this prob-
lem is not straightforward when using complex 
manipulators. Iterative methods [21] and/or sampling meth-
ods [22] offer a good solution to this problem and fit well 
for the PBVS. The forward kinematic functions ( )S7H H  
are .RR 3

7  These functions can be linearly approximated 
using Jacobian  matrices in the current state ;H  velocities can 
be expressed as

( ) ( ) ( ) .S J J s.
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In this article, the right arm is controlled using the infor-
mation from the docking tool and applying a Jacobian 
damped least square gradient descent method [23], [24] that 
is more robust to inverse and pseudoinverse methods [24] 
close to singularities and instabilities in the Jacobian matrices:
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where Xk  and Qk  are the target poses of the gripper at instant 
,k  ki  is the joint angle, JX  and JQ  are the position and orien-

tation Jacobians at ,k  and m  is the damping coefficient to 
reduce the issues related to the inversion of the matrix.

Control Loop
A cascade control system is proposed for positioning the aerial 
robot. Figure 7 shows the controller structure. The inner loop 
corresponds to the internal controller provided by the px4 soft-
ware. It consists of Cartesian speed control that translates from 
the desired velocity to the corresponding actuation on the 
motors. The outer loop uses the position obtained by the dock-
ing tool to produce a target speed to control the robot.

The outer controller is a proportional–integral–derivative 
(PID) tuned to provide quick responses to the perturbations 

on the UAV and the drifts of the inter-
nal controller (generally due to errors 
in the internal estimators of the px4 
software: GPS errors, IMU drifts, and 
so on). The position of the docking 
tool is compared against a target posi-
tion to compute an error ( )[ ] .e t m  This 
error in position feeds the controller, 
which produces at the output a control 
signal ( ),u t  i.e., a  reference speed in 
[ ]ms  that feeds the autopilot.

While the tool is docked, it throws 
measures of the relative position from its 

P×4
Controller

Inner Loop
Outer Loop Perturbation

Aerial Robot

Internal
Measures

Reference
Position PID

+ +
+

+

– –

Figure 7. The scheme of the cascade control system. 
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base. The error that feeds the control loop is computed by the dif-
ference in the current position and a reference position. To 
smooth the state of the robot, the data obtained from the tool are 
filtered using an extended Kalman filter [25].

The PID was coded with an antiwindup block to avoid 
large oscillations due to the integral factor. Additionally, the 
output speeds are saturated to prevent abrupt control signals 
due to the derivative terms. Table 2 presents the PID parame-
ter values that were tuned from the 
experiments, starting from a controller 
flying freely in the air and then tuning 
the parameters with the information 
from the docking tool.

Experimental Validation
This section presents the experiments 
performed to validate the tool.

Experimental Setup
In addition to the components described 
in the “Low-Cost Docking System” sec-
tion, the aerial robot needs other devices 
to perform the experiments. Figure 8 
shows all system components. The arms 
are actuated using the pulsewidth modu-
lation ports of an Arduino Mega ADK 
microcontroller. The potentiometers on 
the joints of the docking tool are connect-
ed to the analog inputs of the microcontroller as well. The Ardu-
ino microcontroller is connected to an onboard Intel NUC 
computer, which is used as the main computer. Here, the sen-
sors’ lectures are gathered to produce the control signals sent to 
the autopilot (PIXHAWK). The autopilot receives the target 
speed and controls the multirotor.  Additionally, a power supply 
system is added to feed each device at appropriate voltages.

A set of practical conclusions were obtained during the 
first stages of the development process:

 ● To increase the arms’ operation range and prevent internal 
collisions, a foldable landing gear was built in.

 ● It was observed that the potentiometers’ signals saturate 
before reaching the mechanical extremes. This reduces the 
tool workspace. In particular, the mechanical range is 170°, 
and the signal range is 150°. For this reason, it is good to keep 
the UAV in a position where the joints are not in the limits.

 ● The docking tool joints are not actuated. During the experi-
ments, the tool hangs until it is docked. In particular, the base 
joint can rotate. For this reason, that joint is locked with a 
micro servo, which unlocks the joint once the tool is placed.

Test-Bench and Tool Characterization
A static experiment was performed in a testbench. The purpose 
is to measure two variables: the accuracy and frequency of the 
measurements. The data provided by the docking tool are com-
pared against a ground truth obtained by a Leica Total Station 
MS502 (https://leica-geosystems.com/products/total-stations). 
It uses a laser that locates a prism within an error of 0.3–0.4 mm.

The docking tool is placed on a table, and the prism is 
attached at the end of the positioning system, as shown 
in Figure 9.

Figure 10 shows the results in the testbench. The end 
position of the tool is moved to describe a 3D cross, as it 
attempts  to perform the movements over each axis inde-
pendently. Figure 10(a) shows the end position of the tool; 
the solid line is the position measured by the docking tool, 
and the dashed line is the position measured by the total sta-
tion taken as ground truth. Figure 10(b) shows the differ-
ence between both measures. 

The mismatch in the z-axis, within time counts 2,375 
and 2,675, corresponds to the fact that the values of the 

Table 2. PID parameters.

Kp Ki Kd Antiwindup
Signal 
 Saturation (m/s)

x 0.8 0.01 0.7 10 2 

y 0.8 0.01 0.7 10 2 

z 0.3 0.03 0.7 10 1 

Onboard Computers and Control Aerial Platform

PositionerDual-Arm System

Power Supply

Power Adaptor

Figure 8. The components of the autonomous docking system.

Figure 9. A testbench with a laser system for measuring the 
accuracy of the docking tool.
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potentiometers saturate when going down. The joints ex-
ceed the allowed range, which leads to bad angle measure-
ments. Similar effects can be seen at the limits of the 
movements in the x- and y-axes, but, in these cases, the ef-
fect is only slightly noticeable. This happened intentionally 

in this experiment to show the saturation effect. Neverthe-
less, because the workspace and the closeness of the joints to 
the saturation limits are known at any time, this effect can 
be mitigated while flying.

GPS Positioning Characterization
The first outdoor experiment was executed using GPS to 
obtain the position reference for the control loop. This experi-
ment was shown to characterize the magnitude of typical 
errors using this common positioning device and comparing 
it with our positioning system. The real position of the robot 
is measured with the total station. Figure 11 shows the error 
in the position of the UAV according to a fixed set point mea-
sured with the total station. The experiments were performed 
using the hardware specified in the “Experimental Setup” sec-
tion on a clear day with very low wind conditions.

In this experiment, it was observed that the errors can be 
large in some situations. Moreover, these experiments were 
performed outdoors on a clear day. Thus, there could be 
worse conditions, such as noise or GPS denial that would 
induce larger errors and put the platform and the environ-
ment in danger. This inaccuracy exceeds the workspace of 
the arms, making any kind of inspection or manipulation 
task in the target zone difficult.

Docking and Autonomous Control
During the experiment (https://youtu.be/Vk9G7lb_r6I), the 
UAV takes off and moves to the target position to attach the 
docking tool. Then, it starts measuring the relative position of 
the robot and performs the autonomous control. The position 
of the UAV is also acquired using the total station as the 
ground truth. Figure 12 shows snapshots of different experi-
ments of the robot docked to a pipe.

Additionally, a camera is attached to the docking tool to 
compare the results with a monocular vision system (ORB_
SLAM2 [13]). In Figure 13, the data recorded during an 
experiment using the docking system can be observed. Fig-
ure 13(a)–(c) shows the difference between the current posi-
tion and the reference position measured by the different 

localization systems. The solid line repre-
sents the difference in position by the 
docking tool. The dashed line is the one 
measured by the total station, and the 
solid line with dots is the one measured 
by the vision algorithm. Figure 13(d) 
shows the control signals produced by the 
PID and generated by the outer loop of 
the cascade controller from the error in 
the position obtained by the docking tool.

Table 3 compares the errors and devi-
ations of the different localization sys-
tems studied against the docking tool 
during the experiments at each axis. It is 
evident that relying solely on GPS is 
unsafe for the platform. Both the visual 
algorithm and the docking tool provide 

Figure 11. The position of the UAV measured by the total station during a hovering test 
using GPS as a position estimator.
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similar measures, with the docking 
tool slightly less accurate. However, the 
visual localization algorithm consumes 
significant computer resources, and 
it gives the location of the robot up to 
25 Hz. Conversely, the measurements 
obtained from the docking system 
achieve a frequency of 1,200 Hz, which 
overtakes the vision speed. Moreover, 
the computer vision approach depends 
strongly on the lighting conditions.

Position Servoing of the Second 
Manipulator Fed With Docking 
Tool Measurements
A final experimental setup has been 
proposed to enhance the usefulness of 
the docking tool. As mentioned previ-
ously, the aerial platform has two 
built-in manipulators. The purpose of 
the docking tool is to provide the aeri-
al platform with a robust position esti-
mation from the attaching point so 
that it is then able to perform any task 
with the second arm. In the experi-
ment described in this section, the 

(a) (b)

(c) (d)

Figure 12. (a)–(d) Snapshots of the robot docked to a pipe during different experiments. 
The joints of the docking tool passively adapt to the UAV position, which can vary due to 
external perturbations. 

Figure 13. (a)–(c) A comparison of the errors between the current UAV position and a reference position measured from the docking 
tool (solid line) and the total station (dashed line) and the vision system (solid line with dots) in the three axes. (d) The speed 
control generated for the outer loop of the cascade controller.
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second manipulator is commanded to 
place its end effector to a predefined 
location (Figure 14). The goal is to 
perform PBS to minimize the error 
between the end effector’s real posi-
tion and the target position.

To measure the end effector’s real 
position, a reflector prism, detected by 
the total station, has been added. Using 
the docking tool and the control loop 
proposed in the “Control Loop” sec-
tion, the arm tries to fix the position of 
the end effector in the target pose.

The expected relative position from 
the attachment point computed by the 
docking tool has been compared 
against the reference position obtained 
by the total station. Figure 15(a) shows 
the positions obtained. Additionally, 
the results of the manipulator’s joint 
state, based on the PBS algorithm to 
move the arm toward the target point, 
are shown in Figure 15(b). The dashed 
lines represent the target joints of the 
manipulator, and the solid lines are the 
actual joints at each instant.

Conclusions and Future Work
A low-cost and low-weight in-flight 
docking system was proposed for a dual-
arm aerial manipulator. It was shown 
that the tool provides a high rate of accu-
rate measurements for the aerial robot’s 
relative position from a target zone. This 
tool allows the robot to operate even in 
GPS-denied conditions. Autonomous 
control of the UAV in contact with a 
fixed object was achieved. Moreover, the 
tool is cheap and easy to replace.

The system is still a prototype, and 
two aspects are  identified for future 

Table 3. The errors and standard deviations during 
the test experiments.

GPS Vision Docking Tool

n v n v n v

( )x m 0.164 0.079 0.022 0.027 0.034 0.032

( )my 0.153 0.123 0.012 0.032 0.036 0.028

( )mz 0.179 0.085 0.023 0.026 0.040 0.039

Average 
speed (Hz)

10 25 1200

Figure 14. Two snapshots showing experiments with the PBS of 
the manipulator using the position given by the docking tool. 

Figure 15. The results of the PBS algorithm. (a) The end effector’s position is indicated 
by the solid lines and the target location by the dashed lines. (b) The values of the joints 
during the operation.
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work. First, the optimization of the number of joints and 
their placement will be studied. As mentioned in the “Dock-
ing Tool Model” section, the positioner has 5 DoF, lacking 
the one that corresponds to the roll of the drone. This extra 
DoF has been skipped to reduce the weight of the tool and 
simplify its construction. However, it is considered for later 
versions. Second, the lengths of the bars are chosen to cover 
a wider range of space and reduce, as possible, the deadlocks 
of the tool. Nonetheless, these lengths can be mathematical-
ly optimized to fit specific applications and better avoid crit-
ical angles of the joints. Furthermore, the accuracy of joint 
angle measurements can be improved by using more expen-
sive devices, such as high-resolution encoders.

Currently, we are working on the active placement of the 
docking tool aided by the second manipulator. Additionally, 
during the experiments, the arm that holds the docking tool 
remained at the same position. In future work, the arm will 
move actively to increase the working volume of the robot.
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U
nmanned aerial vehicles (UAVs) are capable of 
entering hazardous areas and accessing hard-
to-reach locations at high altitudes. However, 
small-scale UAVs are inherently unstable 
when exposed to challenging environments. 

Additionally, their ability to accurately interact with 
infrastructure is limited by the need to stabilize the vehicle 
precisely in flight.

To address these challenges, this article introduces a 
new aerial robotic system with an integrated lightweight 
Delta manipulator and a kinematics-based approach that 

allows it to compensate for fluctuations of the quadrotor 
platform due to wind or flight imprecision. With integrat-
ed onboard visual-inertial (VI) odometry-aided naviga-
tion, the system can perform in various operation modes, 
including hovering in windy conditions.

The end-effector accuracy of the integrated aerial robot 
is analyzed and compared with the flight accuracy of the 
quadrotor platform using a 3D motion-capture system for 
ground truthing. In VI odometry-aided tests with 1-m/s 
wind along the y direction, the results reveal that the aerial 
robot’s end effector achieved a maximum root-mean-square 
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error (RMSE) decrease of 76.4%, 44.1%, and 35.8% in the x, 
y, and z directions, respectively. In the same tests, the maxi-
mum fluctuations de  creased by 52.8%, 46.9%, and 33.6% in 
the x, y, and z directions.

To demonstrate the utility of this stabilized manipula-
tor, we present the design of an onboard extrusion system 
that can deposit two-component LD40 polyurethane (PU) 
foam for precise spot repairs. We selected LD40 foam as 
the amorphous repair material because of its substantial 
expansion rates after deposition, which allows for effective 
area coverage with little material carried onboard. We then 
demonstrate a complete aerial repair mission for sealing 
cracks and holes on a section of a standard oil pipe by 
autonomously depositing the two-component foam on the 
damaged areas. This work will enable a number of poten-
tial applications, including aerial repair at high altitudes, 
where access is difficult for ground vehicles and dangerous 
for human workers.

Emerging Demands for UAV Capabilities 
Multirotor UAVs are already used in many real-world appli-
cations [1]–[3], such as aerial photography, infrastructure 
inspection, delivery, smart agriculture, and surveillance. 
With ever-growing market demand for multirotor UAVs, 
significant advances in flight controllers, communication 
and navigation systems, and other smart features have been 
achieved  in recent years. Unlike ground robots [4], multiro-
tor UAVs still have very limited capabilities to hold a spatial 
position precisely in windy conditions or close to infra-
structure elements. This dramatically limits their usefulness 
in applications such as aerial manipulation and repair. To 
expand current capabilities to applications that require pre-
cise aerial station holding, these issues must be addressed. 
An ongoing research theme is equipping flying agents with 
additional degrees of freedom (DoFs) by integrating robotic 
manipulators [5]–[8].

Given most aerial robots’ limited 
payload, particularly that of multirotor 
UAVs, low-complexity and lightweight 
grippers were developed for grasping 
[9]–[11], perching, and transporting 
payloads [12]. Because of these grip-
pers’ low complexity, a relatively simple 
system can be effective for manipulator 
control. As the grippers in these exam-
ples are mounted directly onto the 
UAVs, they cannot compensate for 
undesired movement of the aerial 
platform. Therefore, UAVs require 
extremely precise flight control for 
accurate operations.

In comparison with rigid connec-
tions, the addition of a serial manipu-
lator between the gripper and the 
UAV platform allows the gripper to 
be controllable and relatively flexible 

[13]–[15]. However, the position and orientation of each 
joint on the aerial serial link cause substantial disturbance 
to the dynamics of the UAV because of the out-of-balance 
masses. In contrast to serial manipulators, parallel manipu-
lators in general have a high power-to-weight ratio and can 
drive the end effector at high velocity and acceleration [16], 
[17]. Errors in the joint positioning of this type of manipu-
lator become averaged rather than accumulated in serial 
manipulator cases. Therefore, this type of manipulator can 
yield better accuracy than serial manipulators [18]. Fur-
thermore, the actuators for a parallel robot are fixed at its 
base, which can be mounted directly on the UAV frame, 
reducing disturbance to the dynamics of the UAV. An inte-
grated parallel manipulator can enable new applications for 
UAVs, such as aerial object manipulation [19] and aerial 
repair [20], [21]. 

Focusing on the implementation of high-precision tasks 
for parallel manipulators in real-world aerial repair applica-
tions, this article presents a new aerial robotic system that 
integrates a Delta manipulator [22], [23] and a quadrotor 
UAV (Figure 1). We propose a control architecture for the 
integrated aerial robotic system and verify that the control 
algorithm is effective for autonomous aerial repair. We quan-
titatively analyze the controller performance with experimen-
tal results obtained using a motion-capture system for ground 
truthing, showing that the proposed aerial robot is capable of 
performing high-precision operations with the integrated 
Delta manipulator and extrusion system. The contributions of 
this article are the following:

 ●  To the best of our knowledge, this work presents the first 
aerial robot capable of depositing liquid expansion foam 
using a high-precision and lightweight Delta manipulator 
with 3 DoF for aerial repair work.

 ●  We characterize the end-effector accuracy and the im -
provement that is achieved by compensating for quadrotor 
fluctuations with the Delta manipulator.

DJI M100
Localization and Navigation With Vicon

Tracking System or Intel RealSense ZR300

Delta Manipulator

End Effector

PU Foam Extruder

Intel NUC i7

Figure 1. The autonomous aerial robot with an integrated Delta manipulator for aerial 
repair tasks.
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 ●  We develop a lightweight system for extrusion of liquid 
expansion foam for aerial repair.

 ●  We demonstrate an aerial repair using VI odometry-aided 
navigation. 

System Description of the New Aerial Robot  
With Integrated Delta Manipulator

The Matrice 100 Platform
We used a DJI Matrice 100 (M100) as the quadrotor plat-
form; it has a curb weight of 2.431 kg with a TB48D battery, 
a maximum takeoff weight of 3.6 kg, a diagonal wheel base 
of 650 mm, and a hovering time of 16 min with a 1-kg pay-
load when the TB48D battery is in use. This allows for 
1.169 kg of payload before the UAV reaches its maximum 
takeoff weight. The detailed specification and a CAD 

model of the M100 qua -
drotor are documented 
and available from the 
official website.

The Delta Manipulator
The Delta manipulator, 
which is capable of 3 DoFs 
pure translational motion, 
is one of the most used 
parallel robots in produc-
tion. The parallel robot has 
three identical limbs (Fig-
ure 2) and uses only rev-
olute joints. The revolute 

joints connecting the three limbs to the base and platform 
are located at Bi  and Di  ( , , ),i 1 2 3and=  which are verti-
ces of the two virtual equilateral triangles and define the 
geometric parameters of the base and platform, respec-
tively. Each limb contains an upper arm, ,B Ci i  and a 4R 
(revolute joint) planar parallelogram quadrilateral lower 
arm, .C Di i

The base and platform are defined by the circumradii, R 
and r, of the virtual equilateral triangles B B B1 2 39  and 

.D D D1 2 39  The design parameters for the upper and lower 
arms are denoted by L and l , as illustrated in Figure 2. The 
three revolute joints connected to the base at point Bi  are 
actuated by three servos, and the angular inputs ii  are mea-
sured from the base plane to the upper arm, .B Ci i

A coordinate frame A" , for the Delta manipulator is 
set with its origin, A, attached to the geometric center of the 
base. The xA- and zA-axes are located in the base plane, 
with the zA-axis parallel to line B B2 3  and the yA-axis per-
pendicular to the base plane, forming a right-handed coor-
dinate frame.

Forward Kinematics
The forward kinematics of the Delta manipulator can be 
solved using a geometric method [24]. Because the base and 
end effector always remain in the same orientation, the end 
effector can move only in translational motion. The point 
Ci  of each limb traces a virtual sphere, with the center locat-
ed at Di  and a radius of l. By offsetting these spheres toward 
the center of the manipulator, in the same plane defined by 
its upper and lower limbs, we get three spheres at known 
centers and radii. The intersection point, ( , , ),E x y zt t t0  can 
be found by solving three intersecting quadratic sphere 
equations given by

 ( ) ( ) ( )x x y y z z lt i t i t i
2 2 2 2- + - + - = , (1)

where , ,i 1 2 3=  and ( , , )y zx i ii  is the center of ith sphere, 
and l is the length of the lower arm (i.e., parallelogram 
4R linkage). 

All of these spheres intersecting tangentially yields one 
solution. However, if these spheres do not intersect, then they 
yield no solutions. Geometrically, a system of three intersect-
ing spheres can yield two solutions. Because the end effector 
of the Delta manipulator in Figure 2 is always positioned 
below its base, solutions that give the end-effector position 

above its base are eliminated.

Inverse Kinematics
The inverse kinematics of the Delta 
manipulator derive the angular inputs, 

,ii  from the position of a given end-
effector configuration. In each limb of 
the Delta manipulator, the parallelo-
gram 4R linkage, together with the two 
revolute joints at points Ci  and ,Di  is 
equivalent to a universal joint chain. 
This implies that point Ci  is moving 
on a sphere with center Di  and radius 
l, as illustrated in Figure 2(b). With 
this geometric property of the Delta 
manipulator, a geometric method [25] 
is used to solve the inverse kinemat-
ics. The angular input, ,1i  required to 
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Figure 2. (a) A 3D model of the Delta manipulator, which has three limbs (b) with 
identical kinematic structure.

The Delta manipulator, 

which is capable of 

3 DoF pure translational 

motion, is one of the 

most used parallel robots 

in production.



57MARCH 2019  •  IEEE ROBOTICS & AUTOMATION MAGAZINE  •

configure the end effector to a given position vector 
[ , , ] ,E x y zt t t0

T  is calculated by

 ( ) / ( ),z y yarctan c b c1 1 1 1i = -  (2)

in which , ,z yc b1 1  and yc1  are the elements of the position 
vector of points B1  and C1  in the reference frame 
A x y z1 1 1-  and can be derived by solving

 ( )z L y Rc c1
2 2

1
2= - +  (3)

and

 ( ( )) ( ) .l x y y r z zc c
2 2

1 0
2

1 0
2

0- = - - + -  (4)

The other two angular inputs, 2i  and 
,3i  can also be calculated indepen-

dently using the same method.

Reachable and  
Executed Workspaces
With this outlined solution for kine-
matics, the reachable workspace of the 
Delta manipulator is analyzed with the 
design parameters and then deter-
mined by enabling the Delta manipu-
lator to compensate for the fluctuation 
of the aerial platform with the M100. 
Given the errors between the refer-
ence and actual trajectories of the 
M100 during autonomous flight as 
reported in [26], the reachable work-
spaces with various values for design 
parameters are analyzed and com-
pared to the trajectory fluctuations of 
the M100 and the selected values for 
the parameters R = 37 mm, r = 20.5 mm, L = 101.5 mm, and 
l = 150.5 mm. With these values selected for the design 
parameters, Figure 3 illustrates both the reachable workspace 
computed for forward kinematics and the executable work-
space to compensate for the UAV’s fluctuation.

Inverse Kinematics-Based Method  
to Compensate for the UAV’s Fluctuation
As illustrated in Figure 1, the Delta manipulator base is 
fixed to the floating UAV frame, and the end effector is 
capable of 3-DoF translational motion with respect to the 
UAV frame. A simplified schematic model of the system is 
illustrated in Figure 4. The body frame, ,O" ,  of the aerial 
robot is attached at the geometric center of the UAV, with 
the x-axis pointing in the UAV’s forward direction (the 
z-axis perpendicular to the UAV frame) and the y-axis 
pointing to the left-hand side to form a right-handed 
frame. The local frame, ,A" ,  of the Delta manipulator is 
parallel to the body frame, ,O" ,  with its origin attached at 
the center, A, of the Delta manipulator base. The offset 

between the two centers O and A is denoted by b. At the 
other end of the Delta manipulator, the end effector with 
center T is directly mounted underneath the Delta manip-
ulator’s moving platform, and the distance between centers 
E and T is denoted by f.

With the coordinate systems in Figure 4, a unit-vector 
quaternion representing rotation from the world frame, 

,W" ,  to the body frame, ,O" ,  of the UAV is given by 
[ , , , ] [ , , , ] ,w x y z 1 0 0 0QO o o o o

T T= =  in which wo  is the 
real part, and ,x y zando o o  are the vector parts of the qua-
ternion. To position the center T precisely at a target 
point, the optimized solution is to hover the UAV directly 
above that point so that ET is vertically aligned with the 
z-axis. However, a flying UAV in real-world scenarios is a 
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floating platform with both translational and orientational 
offsets from the optimized solution. In such cases, the 
Delta manipulator’s moving platform must move corre-
spondingly with respect to the body frame, ,O" ,  to allow 
the center, T, of the end effector to be at the target point, 
thereby compensating for the offset of the UAV platform.

When the UAV platform drifts to the position at Ol 
(Figure 4) with a purely translational offset, the position 
vector of center A in the frame Ol" ,  is expressed as 

[ , , ].O A b0 0= -l l  With further orientation offset of 
the UAV frame at position ,Ol  center A moves to point .Am  
The point Ol  is given by a unit-vector quaternion, 

[ , , , ] ,w x y zQO o o o o
T=l l l l l  that represents the rotation of the 

body frame from O" , to Ol" ,. The new position vector, 
,O Al m  is calculated as

 ,O A O A  Q QO O=l m l ll l  (5)

where QOl is a conjugate of quaternion .QOl

The capability of the moving platform’s pure translation 
with respect to the base of the Delta manipulator derives

   .E T ETQ QO O=m l l  (6)

Thus, the vector A Em m  is calculated as

 ,A E A O O O OT TE= + + +m m m l l m  (7)

in which OOl  is the position vector of the UAV, and OT  is 
the position vector of the center of the nozzle tip with respect 
to the coordinate frame .O" ,

To control the motion of the moving platform with respect 
to the base of the Delta manipulator, the position vector 
A Em m  must be expressed in its local frame at position ,Am  
which can be calculated as

 .A E A E  Q QA O O=m m m mm l l  (8)

By using the kinematics solver and the position vector A Em m  
as derived, we can compute the required input angles of the 
servos for the Delta manipulator. With the computed input 
angles, the end effector of the Delta manipulator position at 
the target point can compensate for the UAV’s offsets. This is 
a novel approach to compensate for the UAV’s offset in flight 
using the advantages of a dexterous Delta manipulator.

Control Architecture of the Integrated  
Aerial Delta Manipulator

M100 Control Architecture
We chose the Robot Operating System (ROS) as our robotic 
middleware framework because of its widespread adoption 
in the robotics community, the features available, and its ease of 

use. All of the packages mentioned are either open source ROS 
packages or packages that we implemented in ROS.

The M100 comes with a DJI onboard software develop-
ment kit (SDK) that allows users to communicate with its 
flight controller. In addition, we implemented a model pre-
dictive controller (MPC) package from [26] to enable high-
precision position control of the quadrotor UAV. A 
multisensor fusion package from [27] has been used for the 
state estimation of the quadrotor UAV. This can follow posi-
tion updates as input from either the motion-capture system 
or the robot’s onboard VI odometry [28], then outputting 
the position, orientation, velocity, angular velocity, and lin-
ear and angular accelerations of the quadrotor UAV 
required by the MPC.

The motion-capture system can generate a fixed inertial 
frame so that a fixed-pose (position and orientation) set 
point can be used as the reference for the MPC position 
controller. However, when using VI odometry, the inertial 
frame shifts over time due to the lack of an online loop clo-
sure, so that, when a fixed set point is published to the MPC, 
the quadrotor UAV still drifts slightly in its ground truth. To 
improve this, we used ARTag, a fiduciary marker system 
that supports augmented reality. An ARTag tracker package 
[29] was integrated to keep updating the ARTag position 
and orientation within the inertial frame. A trajectory pub-
lisher package was additionally implemented to update the 
pose set points that keep sending a constant position vector 
to the ARTag, enabling the ARTag to act as an anchor to 
stop the drift of the M100.

Control System for the Delta Manipulator
The control flow diagram of the aerial robot with integrated 
Delta manipulator is illustrated in Figure 5. Two ROS nodes 
have been programmed, one for inverse kinematic computa-
tion to control the lightweight Delta manipulator, described 
earlier in the “The Delta Manipulator” section, and the other 
for transmitting/receiving data packets with servo motors 
used in the joints of the Delta manipulator. We have imple-
mented a modified Dynamixel SDK software system based 
on [30] to serve this purpose. To compensate for the UAV’s 
offset from a desired trajectory, the real-time pose of the UAV, 
either from the external motion-capture system or VI odome-
try, and its trajectory command references are fed into the 
ROS node for inverse kinematics computation. The controller 
for the Delta manipulator runs alongside the MPC controller 
for the UAV.

Control System for the Extrusion Mechanism
In the extrusion system, an actuator is implemented to con-
trol the extrusion speed. The chosen motor (Dynamixel 
XL320) is a lightweight smart servo with features and charac-
teristics suitable for performing as a joint in the Delta manip-
ulator. However, it does not have a speed controller feature 
directly available. A closed-loop proportional-integral-deriva-
tive (PID) speed controller based on the encoder position 
data has been developed to resolve this issue.
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Prototypes and Experimental Validation  
of Enhanced Stability

Hardware Setup
We used an M100 quadrotor platform carrying an Intel 
NUC7i7BNH (Intel Core i7-7567U processor, 16-GB ran-
dom-access memory, and 250-GB solid-state drive) run-
ning Ubuntu 16.04 and ROS Kinetic. The robot also carries 
the repair kit and the custom-made Delta manipulator. The 
total mass of the system, including liquid repair material, is 
3.5 kg; the masses of the individual components are listed 
in Table 1. A Vicon motion-capture system was used to 
provide 6-DoF pose feedback at 100 Hz for objects of inter-
est within the flight arena. The PU foam extrusion system 
was controlled with a 2.4-GHz remote control link. A 
Dynamixel XL320 smart servo was chosen for the joints in 
the Delta manipulator because of its light weight (16.7 g 
each), its reliable digital communication rather than the 
traditional pulsewidth modulation signal, the ease of its 
wiring for connection within a daisy chain, and the PID-
tunable position control mode. The XL320 has also been 
used as the actuator for the extrusion mechanism and 
linked up to the daisy chain with servo motors in the Delta 
manipulator. Internal Dynamixel servo parameters have 
been fine-tuned to suit our applications.

Material Deposition Accuracy
We aim to be able to perform aerial repair work with end-
effector positioning accuracy, including a maximum fluctua-
tion in the z-axis of 20 mm or lower to prevent the end 
effector touching the repair surface. This is because the 

repairing nozzle head needs to be positioned in proximity to 
the repair surface to fully utilize the downwash windshield 
against the turbulence flow from the UAV propulsion system. 
Positioning in the x- and y-axes will benefit from improved 
accuracy; however, the required accuracy will depend on the 
size of the damaged area. Regardless, improving positioning 
accuracy means that the required LD40 PU foam volume will 
be minimized and deposited only near the area of interest. 
The LD40 PU foam has a large volume expansion ratio. With 
a mixture capable of a 20× expansion ratio, 0.02 ml of the 
mixture will generate a half-sphere model with a radius of 
about 5.7 mm, which is close to the average size of a single 
expanded foam droplet from empirical tests. This number 
will be used as a guideline for our x- and x-axis RMSE accura-
cy evaluation, to characterize whether or not the aerial mate-
rial deposition can perform reliably at a given task.

Localization

Delta Manipulator

UAV Current
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Position
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Inverse Kinematics

Dynamixel SDK Dynamixel SDK

DJI SDK

MPC

UAV Control

Extrusion Control

Receive Required Extrusion Speed

Acquire Current Position
and Compute Current Speed

Power Control With PID

Trajectory Command Generation

Predefined Paths ARTag-Based PositioningMotion-Capture System VI Odometryor or

Figure 5. A control diagram for the complete aerial robot with integrated Delta manipulator, material extrusion mechanism, and VI sensor. 

Table 1. The weight of each onboard component.

Component Weight (g)

DJI M100 quadrotor (with battery) 2,350 

Repair kit (without material) 250 

Intel NUC i7 processor 300 

Intel RealSense ZR300 80 

Delta manipulator module 220 

Liquid expansion foam 35 

Other accessories 235 

Total 3,500 
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UAV Offset Compensation With  
the Delta Manipulator
A series of autonomous flight tests was conducted to dem-
onstrate the system’s ability to position its end effector accu-
rately at a target point. To assess the performance of the 
end-effector stabilization by the Delta manipulator, we test-
ed the aerial robot both in still air and in a 1-m/s windy con-
dition. The wind was created by exposing the robot to a 

drum electric fan generating a 5,500-ft3/min air flow, direct-
ed at the robot while it hovered at spot [ , , . ]0 0 1 5 T m in the 
world frame.

The test results of the aerial robot while it hovered in still 
air are given in Table 2. As illustrated in Figure 6, with the 
compensation function of the Delta manipulator, the aerial 
robot is capable of decreasing both RMSE and the maximum 
end-effector fluctuations in all directions. The RMSEs 
decreased 68.5%, 53.8%, and 81.4%, and the maximum fluc-
tuations decreased 54.9%, 53.0%, and 74.4% in the x, y, and z 
directions, respectively.

The test results of the hovering aerial robot in a 1-m/s 
windy condition, with y-direction wind generated by a drum 
electric fan, are given in Table 3 and illustrated in Figure 7. 
The results show that the Delta manipulator is able to com-
pensate for the fluctuations of the quadrotor platform and 
decrease both RMSEs and maximum end-effector fluctua-
tions in all directions. As shown in Table 3, the RMSEs 
decreased 63.8%, 76.5%, and 75.6%, and the maximum fluc-
tuations decreased 48.7%, 77.6%, and 67.6% in x, y, and z 
directions, respectively.

We further assessed the performance of the aerial robot 
using VI odometry-aided navigation, first with it hovering in 
still air and then in a windy environment. The Vicon motion-
capture system was used to obtain the ground truth of the end 
effector and quadrotor platform positions. The test results of 
the aerial robot hovering in still air are given in Table 4 and 
illustrated in Figure 8. In this operating scenario, the end 
effector implemented improved accuracy: the RMSEs 
decreased by 47.4%, 25.9%, and 41.9%, and the maximum 
fluctuations decreased by 43.4%, 14.7%, and 41.2% in the x, y, 
and z directions, respectively.

The results of the aerial robot exposed to y-direction 
wind generated by the drum electric fan are given in Table 5. 

Table 3. The performance of the aerial robot in Vicon spot hovering with 1-m/s wind along the y-axis.

Axis

RMSE (mm)

Decreases (%)

Maximum Fluctuation (mm)

Decreases (%)M100 Delta Arm M100 Delta Arm

x 7.78 2.81 63.8 15.94 8.18 48.7

y 22.12 5.19 76.5 52.07 11.67 77.6 

z 13.99 3.4 75.6 29.26 9.47 67.6 
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Figure 6. The fluctuations from the command reference levels 
of the quadrotor platform and the end effector of the integrated 
aerial robot in Vicon-based spot hovering mode.

Table 2. The performance of the aerial robot in Vicon spot hovering.

Axis

RMSE (mm)

Decrease (%)

Maximum Fluctuation (mm)

Decrease (%)M100 Delta Arm M100 Delta Arm

x 5.52 1.74 68.5 10.84 4.89 54.9

y 4.94 2.28 53.8 11.82 6.56 53.0 

z 10.43 1.94 81.4 22.32 5.72 74.4 
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In this case, the end effector also demonstrated im -
pro  ved accuracy (Figure 9): the RMSEs decreased by 
76.4%, 44.1%, and 35.8%, and the maximum fluctuations 
decreased by 52.8%, 46.9%, and 33.6% in x, y, and z direc-
tions, respectively.

Across these four flight test scenarios, and in terms of the 
targeted accuracy of z-axis maximum fluctuation of 20 mm 
and x- and y-axis RMSEs of 5.7 mm, the aerial Delta manipu-
lator is able to pass the performance criteria in Vicon spot 
hovering, Vicon spot hovering with 1-m/s wind along the 
y-axis, and VI odometry spot hovering.

Aerial Repair: Precise Sealing With Amorphous 
Construction and Repair Materials
We designed an extrusion mechanism (Figure 10) for depos-
iting amorphous repair materials, such as LD40 PU foam, to 
effectively seal leaking spots, including cracks and holes. 
Using two-component PU foam has the advantage that its 
material properties can be easily modified.

The Extrusion Mechanism for Material Deposition
LD40 is a general-purpose, two-component PU foam used in 
a wide range of applications. It was adopted in this application 

Table 4. The performance of the aerial robot in visual-inertial spot hovering.

RMSE (mm)

Decrease (%)

Maximum Fluctuation (mm)

Decrease (%)Axis M100 Delta Arm M100 Delta Arm

x 7.01 3.69 47.4 15.01 8.5 43.4

y 7.18 5.32 25.9 16.08 13.71 14.7 

z 8.28 4.81 41.9 17.46 10.27 41.2 
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Figure 7. The fluctuations from the command reference levels 
of the quadrotor platform and the end effector of the integrated 
aerial robot in Vicon-based spot hovering mode with 1-m/s wind 
along the y-axis
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Figure 8. The fluctuations from the command reference levels 
of the quadrotor platform and the end effector of the integrated 
aerial robot in VI odometry-aided spot hovering in still air.

Table 5. The performance of the aerial robot in visual-inertial spot hovering with 1-m/s wind along the y-axis.

RMSE (mm)

Decreases (%)

Maximum Fluctuations (mm)

Decreases (%)Axis M100 Delta Arm M100 Delta Arm

x 27.1 6.39 76.4 39.5 18.65 52.8

y 26.46 14.77 44.1 78.14 41.52 46.9 

z 24.96 16.03 35.8 47.91 31.79 33.6 
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for its expansion rate of approximately 20× its original vol-
ume. This relatively large volume change is advantageous for 
sealing purposes because the expansion can alleviate potential 
imprecision in the application process.

The extrusion mechanism consists of two 20-ml syringes 
for storing the two-part liquid components, a 3D-printed 
mounting frame, and laser-machined spur gears for the 
power transmission. The syringes were modified by fixing 
the rubber plunger to the front tip of a lead screw running 
through the center of the syringe. The lead screw was fixed 
with a captive nut embedded in the spur gear. The Dynamixel 
servo XL320 was selected to drive the spur gear train that 
would extrude the two components of the foam with the 
lead-screw motion-transmission mechanism.

A shortened epoxy mixer nozzle, with 15 acetal mixing 
elements and a total volume of 2.86 ml, was connected to 
two flexible tubes with a Y-junction, as shown in Figure 10. 
A 3D-printed conical windshield was attached to the mixer 
nozzle to prevent downwash wind, which would affect the 
foam flow. A control algorithm was then implemented to 
extrude materials and estimate the flow rate based on the 
angular velocity of the servo. Reversing the rotating direction 
of the servo allowed the mechanism to refill the syringes with 
liquid PU foam material.

Characterization of the LD40 PU Foam  
for Autonomous Deposition
To facilitate autonomous control of material deposition using 
the extruding mechanism and also complete the aerial repair 
mission in a hard-to-reach position, we analyzed the perfor-
mance of the mixed foam quantitatively with experimental tests.

Given the volume of the nozzle, ,Vnozzle  used in the mecha-
nism, the continuous flow rate, Q, through the nozzle is cal-
culated by / .V tnozzle  To maintain this flow rate, the angular 
speed of the servo is derived as
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Figure 9. The fluctuations from the command reference levels 
of the quadrotor platform and the end effector of the integrated 
aerial robot in VI odometry-aided spot hovering with 1-m/s wind 
along the y-axis.
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Figure 10. The repair kit with a two-part PU foam material 
extruder and a static mixing nozzle. 

Figure 11. The flowability of the mixture at various depositing 
flow rates on a pipe surface. (a) The length of the flow per test 
spot. (b) The average length of the flow per extruding speed. 
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 ,
tlD

V2
m 2

syringe

nozzle~
r

=  (9)

in which Dsyringe  is the inner diameter of the 20-ml syringe, t 
is the time required to drive the material out of the nozzle, 
and l is the lead of the screw thread.

The cream time of LD40 PU foam is approximately 13–18 s, 
as given in the technical datasheet [31]. Therefore, the materi-
al should remain no longer than 18 s in the nozzle to drive the 
mixture out of the static mixing nozzle with little force. Dur-
ing this time, we can assume that there is no significant 
change in the viscosity of the mixture in the nozzle.

Substituting numerical values in (9), we derived a reference 
angular velo city of 32 r/min for the servo. With a reduction in 
the angular velocity, the flow rate of the two-part foam materi-
al slows down, and the mixture will become creamy within the 
nozzle. This further reduces the flowability of the mixture when 
it is deposited on an inclined surface.

To analyze the flowability of the mixed LD40 foam at vari-
ous depositing flow rates, we controlled the servo at different 
angular velocities, starting from 32 r/min, and continued to 
deposit material at spots on top of a standard steel pipe (D = 
168 mm) for 2 s at each spot. We then reduced the servo speed 
by equal decrements of 4 r/min until the mixture did not flow 

down. The length of the flow down the pipe surface after set-
ting was measured and is reported in Figure 11. The results 
reveal that the mixture deposited on top of the pipe will not 
flow down while the servo turns at fewer than 20 r/min.

The power driving 
the PU foam out of the 
mechanism is provided 
by the Dynamixel servo. 
The mechanical power 
available from the gear-
box output shaft is calcu-
lated by ,x~  where x  is 
the output torque and ~  
is the angular velocity. 
Both the applied torque 
and real turning speed 
of the servo are readable 
with the control algori -
thm. For extruding tests 
at different extruding speeds without the static mixing nozzle, 
there were no significant changes for the required average 
torque output percentage, as shown in Figure 12. After we 
added the mixing nozzle, the results reveal that maintain-
ing a depositing flow rate with the servo turning at 32 r/min 

A series of autonomous 

flight tests was conducted 

to demonstrate the 

system’s ability to position 

its end effector accurately 

at a target point.
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requires an increase of 20% torque output. These results also 
show that the lowest turning speed at 20 r/min requires an 
average 15% torque output increase because of the higher vis-
cosity of the mixture.

Based on these experimental results, we can systematically 
control the servo velocity and increase the mixture’s flowability 
by increasing the extruding flow rate, resulting in a larger flow 
distance on the pipe surface. Conversely, a slower servo veloci-
ty leads to a mixture with higher viscosity and lower flowabili-
ty, resulting in a creamier foam immediately after deposition.

Leaking Site Sealing Tests With Autonomous Flight
This preliminary experimental test was designed to implement 
aerial repair with the robotic system presented in this article. 

In the test, a section of steel oil pipe 
with a diameter of 168 mm was used 
as a sample, on which a 15-mm 
straight-line crack and another two 
10-mm-diameter leaking holes were 
assumed as repair targets.

The locations for the start and 
endpoints of the straight-line cracks 
and the centers of the two holes were 
obtained using the Vicon system 
before printing. Knowing these posi-
tion vectors as key points in the coor-
dinate frame of the Vicon system, we 
then designed a trajectory for auton-
omous flight, considering the max-
imum speed of the M100 and the 
distance between the tip of the 
nozzle and the pipe to avoid physi-
cal collision. Given the fluctuation 

range of 0.0114 m in the vertical direction of the Delta 
manipulator’s end effector, a minimum distance of 0.02 m 
is set between the tip of the nozzle and the pipe as a buffer 
zone. After a number of flight tests to calibrate the practical 
flight trajectory, the distance between the mass center of 
the drone and the surface of the steel pipe was established 
at 0.38 m.

To implement the repair task, the aerial robot took off 
from the side close to the starting point, ,Ps  and flew up to  
1 m over the pipe. It then moved to the top of point Ps  
and consequently descended to the desired printing 
height, as shown in Figure 13(a). We adjusted the 
velocity of the robot to match the required material-
depositing velocity, enabling optimum repairing quality. 

Figure 14. The reference and implemented trajectories of the M100 and the Delta manipulator’s end effector in the pipeline repair 
process. (a) The decomposed trajectories of the whole repair process along the x-, y- and z-axes. (b) The 3D trajectory of the planned 
repair process.
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After sealing the straight-line crack, the robot flew to 
points Ph1  and Ph2  and subsequently hovered over them 
to fill the two holes. After finishing the repair, the robot 
flew away from the work site and landed on the right side 
of the pipe. Materials accumulated along the straight-line 
crack and holes on the pipe after the repair are shown in 
Figure 13(b)–(d).

During this test, the implemented trajectories of the 
M100 and the Delta manipulator were recorded in the 
motion-capture environment and plotted with respect to 
their trajectory references, as shown in Figure 14. A VI 
odometry-aided aerial repair work process is demonstrat-
ed in Figure 15(a). In this repair process, the ARTag was 
placed in front of the repair target, and a reference vector 
was calculated so that the target position of the M100 was 
on the top of the repair target. The M100 first flew to the 
standby position, where the ARTag was in view of the 
ZR300 camera; then, the M100 began to track the ARTag 
and, with it, maintain the constant reference vector. Once 
the target position was reached, the Delta manipulator 
started to stabilize the end effector, and the liquid expan-
sion foam was extruded onto the repair targets precisely, as 
illustrated in Figure 15(b).

Conclusions
This work presents a new concept for precise aerial repair, 
including sealing and filling of cracks. An integrated, light-
weight 3-DoF Delta manipulator and closed-loop position 
controller allowed high-precision end-effector positioning 
on a UAV platform, showing higher precision than when 
positioning the end effector with the UAV alone. Quantita-
tive experimental data demonstrated that the integrated 
3-DoF Delta manipula-
tor is capable  of com-
pensating for both the 
translational and rota-
tional offset of the UAV 
frame, thereby achieving 
improved accuracy in 
all directions in the four 
no-wind and windy test 
scenarios. We present 
experimental demon-
strations of pipeline re -
pair and f l at - su r f a c e 
spot sealing by extrud-
ing LD40 PU foam from 
the autonomous aerial robot. These tests verified the con-
cept of using the proposed system for the repair of tar-
gets with different geometric shapes. This can enable 
potential ap  plications including accurate aerial inspection 
and repair for infrastructures in challenging environments, 
such as nuclear or petrochemical plants. This work initiates 
a framework for implementing repair tasks at high altitude. 
The potential of using this system to autonomously identi-
fy and repair a fault using the onboard camera will be fur-
ther investigated.
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An Empirical 
Evaluation  
of Ten Depth 
Cameras

By Georg Halmetschlager-Funek, Markus Suchi, Martin Kampel, and Markus Vincze

Bias, Precision, Lateral Noise, Different Lighting 
Conditions and Materials, and Multiple Sensor 
Setups in Indoor Environments

O
ver the last few years, novel color and depth sensors have pushed 
the boundaries of robot perception significantly. Today, several 
new depth-sensing products are replacing the earlier, well-
examined red-green-blue-depth (RGBD) sensors, which have 
reached the end of their product life cycle and are no longer 

available. The properties of the new sensors have not yet been investigated, and 
it is unclear how they will compare to earlier RGBD sensors.

In this article, we evaluate ten different RGBD sensors that represent the three 
main sensor technologies: structured light, active stereo, and time of flight (ToF). 
Our work considers  the influence of different target materials, different lighting 
conditions, and interference from other sensors in a multisensor setup. First, we col-
lect 510 data points using ten different sensors in a robot setup to perform four 
experiments per sensor. We then evaluate the sensors by comparing five different 
metrics: bias, precision, lateral noise, behavior under different lighting conditions 
and materials, and the applicability of multiple sensor setups. Based on our results, 
we conclude with recommendations regarding which sensor to use for a given appli-
cation.

RGBD Sensors
Since the 2010 introduction of Microsoft’s affordable Kinect depth sensor [1], 
RGBD sensors have become an essential component in many methods and applica-
tions that use machine vision, especially in the field of robotics. RGBD sensors are 
used in robotics applications such as three-dimensional (3-D) simultaneous local-
ization and mapping (SLAM)  and navigation, reconstruction, object recognition 
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and tracking, human recognition and following, and hand 
gesture analysis. The Kinect and similar sensors provide not 
only two-dimensional (2-D) color data, but also depth mea-
surements for each pixel. The transition from 2-D to 2.5-D 
opened up new opportunities for researchers to develop more 
sophisticated algorithms. Since then, a clear majority of lead-
ing research articles in the field of RGBD data processing 
exhibited a close relation to the Microsoft Kinect or its direct 
replacements, the Asus Xtion [2] or Primesense [3] RGBD 

sensor series.
Now, seven years af  -

ter their release, those 
sensors have reached the 
end of the product life 
cycle. Fortunately, their 
popularity has led to sev-
eral successor systems 
from different manufac-
turers that use similar 
or different technologies 
to provide RGBD data. 
New sensors using ToF 
or active stereo promise 
to offer similar or even 

improved depth-sensing results and different characteris-
tics for robotics applications (Figure 1). However, sensor 
manufacturers provide no, or very limited, information 
regarding the sensors’ noise behaviors [2], [4]–[12]. To 
our knowledge, a comprehensive overview that quantita-
tively evaluates these new sensor systems, including their 
noise characteristics in the robotics context, has not yet 
been published.

Many of the algorithms operating on RGBD data incorpo-
rate the specific noise characteristics of these sensors. For 
instance, SLAM algorithms include a model of the decreasing 
precision and bias of the measurements to determine the reli-
ability of the measured data, which directly results in better 
performance [1]. The same applies, but is not limited to, 

object recognition, segmentation, 3-D reconstruction, and 
camera tracking [13]–[16]. Hence, knowing the correct noise 
models leads to better and more reliable results in various 
fields of robot vision.

This article contributes a comprehensive evaluation and 
comparison with respect to 1) different depth sensors and 2) 
different metrics. To be more precise, we analyze ten different 
sensors in terms of bias and precision as defined in [1], [17], 
and [18] under various conditions. We focus on indoor sce-
narios because sensors that rely on projected infrared patterns 
to obtain depth data are not designed to deal with incident 
sunlight. Our experiments are tailored to extend the results of 
[1] and provide a comprehensive and general overview with-
out focusing on specific applications. Therefore, we designed 
several experiments to incorporate different distances, mate-
rials, and lighting conditions. We also investigate interference 
induced by other sensors, which is of special interest in robot-
ic and multirobotic systems.

The ten sensors cover both near- and far-range devices, as 
well as three different sensor technologies: ToF, structured 
light, and active stereo. ToF sensors transmit light pulses to 
measure the time required for the pulses to travel from the 
light source to an object and back to the sensor. This duration 
determines the distance to the object. Structured light sensors 
project a (dot) pattern onto the observed surfaces and extract 
the depth information using the principal of triangulation. 
Active stereo cameras combine the idea of an active projector 
and a passive stereo camera pair. In contrast to classic stereo 
cameras, active stereo cameras additionally project their own 
texture. Thus, they are able to gather information even on 
low-textured surfaces.

Our comparison includes seven wide-range sensors—
the Asus Xtion Pro Live [2], Orbbec Pro [5], Structure IO 
[4], Kinectv2 [6], RealSense D435 [7], RealSense ZR300 
[8], and RealSense R200 [9]—as well as three near-range 
sensors: the RealSense SR300 [11], RealSense F200 [10], 
and Ensenso N35 [12]). Table 1 provides an overview of 
the key specifications of the sensors.
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Figure 1. (a) A robot used for sensor integration. Depth data gathered with (b) a Kinectv2 sensor [5] and (c) an Orbbec 3-D sensor [6].  
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A comprehensive statistical analysis using 40 experiments 
evaluating more than 50,000 images guarantees an impartial 
comparison of the different sensors. This work is focused on 
robotic-related machine vision systems; therefore, we inte-
grate all sensors on a robot [Figure 1(a)] and evaluate the per-
formance of the sensors using their standard configurations. 
This analysis is of particular interest for several robot percep-
tion tasks, i.e., those in which modeling the sensor noise 
increases the performance of the algorithms. This includes 
tasks for navigation, manipulation of objects that use RGBD 
reconstruction, and object detection and recognition.

Related Work
Nguyen et al. [1] investigated different noise characteristics 
of a Kinect sensor; to our knowledge, theirs is the most 
important work regarding RGBD sensor noise. The authors 
here proposed a 3-D noise distribution for Kinect depth 
measurements in terms of axial and lateral noise. Their 
work described in detail all of the experiments and metrics 
they used to quantize sensor noise in the context of recon-
struction and tracking.

Han et al. [19] evaluated the potential of RGBD sensors 
for enhanced computer vision tasks. They reviewed the 
vision methods of data preprocessing, object tracking and 
recognition, human activity analysis, hand gesture analysis, 
and indoor 3-D mapping. They also considered the impact 
the Kinect RGBD sensor has had in terms of research and 
new technical challenges and demonstrated the importance 
of low-cost depth-sensing devices for the field of computer 
vision. Moreover, the article offers a short introduction to 
the technology used by RGBD sensors.

Andersen et al. provided a detailed analysis of the first 
Kinect sensor [20]. Their experiments used sequences of 

depth images, which allowed a statistical evaluation of bias, 
precision, resolution, influence of other sensors, and lateral 
noise. This approach was also used by Smisek et al. [21] and 
Pramerdorfer [22]. The main difference of [20] compared 
to our work is that the evaluation uses only an original 
Kinect sensor. Furthermore, the authors considered only one 
(or, at most, three) distances, depending on the experiment, 
and measured the influence of a single additional sensor. 
There was no evaluation 
of the sensor performance 
for different materials and 
lighting conditions.

An evaluation of sensor 
behavior with respect to 
multiple materials, includ-
ing precision measure-
ments on four materials, 
was performed by Berger 
et al. [23]. There were no 
other evaluation metrics 
presented in their work.

The idea of including 
different materials to eval-
uate Asus Xtion sensors 
for usability in fall-detec-
tion scenarios was also 
presented in the work of 
Pramerdorfer [22], which 
included a detailed des -
cription of the experiments conducted to evaluate resolution, 
lateral resolution, precision, sensor influence by adding one 
additional sensor, and bias. This work and [1] were the main 
inspirations for designing our own experiments. However, we 

Sensor Xtion Pro Live [2] Structure IO [4] Orbbec Pro [5] Kinectv2 [6] RS D435 [7] 

Manufacturer ASUS Occipital, Inc. Orbbec Microsoft Intel 

Sensor type RGBD D RGBD RGBD RGBD 

Technology Infrared pattern Infrared pattern Infrared pattern ToF Active stereo 

Depth resolution 640 × 480 640 × 480 640 × 480 512 × 424 1,280 × 720 

Range [m] 0.8–3.5 0.4–3.5+ 0.6–8 0.5–4.5 0.2–10 

Interface USB 2 USB 2 USB 2 USB 3 USB 3

Sensor RS ZR300 [8] RS R200 [9] RS F200 [10] RS SR300 [11] Ensenso N35 [12]

Manufacturer Intel Intel Intel Intel Ensenso 

Sensor type RGBD RGBD RGBD RGBD D 

Technology Active stereo Active stereo Infrared pattern Infrared pattern Active stereo 

Depth resolution 628 × 468 640 × 480 640 × 480 640 × 480 1,280 × 1,024 

Range (m) 0.55–2.8 0.51–4 0.2–1.2 0.2–2 0.47–1.1 

Interface USB 3 USB 3 USB 3 USB 3 Ethernet 

USB: universal serial bus.

Table 1. The analyzed sensors and their specifications given by the manufacturers.
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extended the experiments with nine new sensors and six dif-
ferent materials and substituted the metric for lateral resolu-
tion in [22] with a similar measurement for lateral noise, as 
proposed in [1]. This resulted in a total of 510 data points for 
five different metrics.

Evaluation Metrics
This section describes the metrics used to evaluate the differ-
ent sensors; keeping in mind robotics applications such as 
navigation, object detection, and human machine interaction, 
we propose five metrics. These metrics cover different aspects 
of noise and bias, reflection properties, the response to ambi-

ent illumination, and 
sensor interference. We 
first introduce the met-
rics and then outline how 
they capture the ap  pli -
cation requirements in 
an objective and measur-
able way.

Metrics 1 and 2, bias 
and precision: Bias [In -
ternational Organiza-
tion for Standardization 
(ISO) 5725-1: trueness] 
describes the deviation 
between the mean dis-
tance estimated by the 
sensor and the ground-

truth distance. Precision quantizes the standard deviation of 
the depth measurements. Our definition of bias and preci-
sion follows the official definitions of trueness and precision 
according to ISO 5725-1 [24]. We use two discrete values to 
cover the full statistics of our measurement. 
1)  The bias is defined as

 | |,d dbias l o dn= - -  (1)

where dl  is the measurement of the laser device and do  
is the fixed distance offset between the mounted laser 
device and the tested sensor. Here, dn  is the average depth 
defined as

 ( , ),
N n

I u v1
· ,

d i
u v

n

i

N

2
1

n =
=

//  (2)

where N  is the number of measurements, n is the size of 
the measured region, and (u, v) is the corresponding coor-
dinate in the 2-D depth-image Ii . 

2) The precision is defined as
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where Iiu  is the corrected fronto-parallel depth image and 
dnu  is the average depth of Iiu  using (2).

Metric 3, lateral noise: This metric quantizes the lateral 
noise around a vertical depth edge as a function of depth. We 
use the maximum distance of the image pixels around a depth 
edge to quantify the noise in pixels:

 ( ) ( , ) ,arg maxd p llatnoise
p P

D=
!

^ h  (4)

where p is an instance in the set of detected edge pixels P  
within a selected region (using Canny edges [25]), l  is the 
least-mean-squares fitted line representing the edge, and (.)D  
is the pixel-line distance function.

The lateral noise may be transformed into a lateral resolu-
tion using a sensor’s depth, lateral noise in pixels, and calibra-
tion parameters together with its projective geometry. In other 
words, this metric evaluates the precision of the sensor to 
quantize spatial expansions of objects and scenes in the image 
space (while the pixel value gives the depth measurement).

Metric 4, lighting and materials: This metric evaluates the 
precision depending on the reflectivity and absorption behav-
ior of different materials in combination with the influence of 
ambient light. It indicates the performance of the sensor for 
different materials and under different lighting conditions.

Metric 5, multiple sensors: This metric quantizes the preci-
sion of a sensor in a multiple-sensor setup and the number of 
invalid values in relation to the full-sensor resolution (nan 
ratio). It is motivated by the fact that sensors using the same 
measurement technology tend to interfere with one another 
[11]. In other words, this metric measures the ability of the 
sensor to deal with multisensor setups, which occur in the 
field of robotics on a regular basis.

Why do these metrics capture the requirements of SLAM 
or reconstruction? SLAM and reconstruction algorithms 
include a model of the decreasing precision and bias of the 
measurements to determine the reliability of the measured 
data and incorporate the noise characteristics (incorporat-
ing a noise model results in better performance [1]). In -
corporating the noise characteristics also improves the 
performance of the object recognition, segmentation, 3-D 
reconstruction, and camera tracking [13]–[16]. Although 
the main contribution of this article is an extensive evalua-
tion of ten different sensors, we highlight the relevance of 
our results by showing the preliminary qualitative results of 
the reconstruction algorithm introduced in [26] incorporat-
ing our parametric error model.

Experimental Setup
Various publications are available regarding sensor calibration 
and depth offset compensation methods [27], [28]. We 
directly benchmark the sensors and not the underlying cali-
bration methods; therefore, we use the raw sensor data 
together with the factory calibration. However, it should be 
noted that this article is primarily related to sensor calibration. 
Most calibration methods rely on information regarding the 
noise characteristics of raw sensor data to adapt the underly-
ing noise and/or error model. This work provides the neces-
sary information.

We directly benchmark 
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underlying calibration 

methods; therefore, we 

use the raw sensor data 

together with the factory 
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The data are gathered using a mobile platform equipped 
with the Robot Operating System (ROS) along with publicly 
available ROS wrappers for the sensors (Figure 2). The 
ground-truth measurements are obtained using a laser-range 
measurement device. Additionally, a luxmeter and a strong 
construction light are used to evaluate the sensors’ capabilities 
under different lighting conditions.

Experiments 1 and 2:  
Bias, Precision, and Lateral Noise
Our gathered data for far-range sensors starts from the short-
est distance at which the sensor is able to gather depth infor-
mation and continues up to the farthest distance (~7 m) using 
a step size of 0.5 m. For near-range sensors, the measurements 
are conducted from approximately 0.3 m to 2 m with a step 
size of 0.1 m. The distances are validated using a laser mea-
surement device. The depth offset between the sensor and the 
laser measurement device is determined manually and taken 
into account for the experiments. The sensor is positioned par-
allel to a planar surface. For each measurement, a region of 20 
× 20 pixels on the target is recorded for 100 frames to make 
sure temporal noise is included in our evaluation. The ground-
truth laser measurement is subtracted from the mean distance 
value obtained from the 100 frames to calculate the bias.

To determine precision, we fit a plane to the target area to 
compensate for the nonexact parallel alignment of the sensor 
to that area. This achieves a fronto-parallel sensor image. The 
obtained standard deviation gives a new data point for deter-
mining the precision of the sensor at the current distance.

For both bias and precision, we fit the parametric error 
model as follows:

 ( ) · · ,f d p p d p d0 1 2
2= + +  (5) 

where d  represents the depth and , ,  p p pand0 1 2  are the 
coefficients of the quadratic error model. The determined 
error models for every sensor and the collected numerical 
data are publicly available on our webpage, https://www.acin.
tuwien.ac.at/rgbd-sensor-tests/.

Similar to [1], we determine the lateral noise using the 
sharp vertical edge of the target. First, we manually select a 
region of the depth map containing the target’s vertical edge. 
Second, we detect that edge using Canny edges [25] and fit a 
line model to the obtained pixels using least mean squares. 
This enables us to determine the distance of each edge pixel to 
the edge.

Experiment 3: Lighting and Materials
In this setup, six different materials under four different light-
ing conditions (4, 36, 277, and 535 lux) at distances 0.7 m 
(near range), 1 m, and 1.5 m (far range) are tested. The differ-
ent lighting conditions are achieved by adding three light 
sources, one after the other, consisting of two ambient office 
lights and one strong spotlight.

The materials are chosen to cover a wide variety of reflective 
characteristics, including aluminum, black plastic, blue shiny 

plastic, foam, paper, and textile. The sensor is placed parallel to 
the objects. For each distance, object, and lighting condi-
tion, a region of 20 × 20 pixels is measured on the objects for 
100 frames. The schematic of the experimental setup is depict-
ed in Figure 3.

Experiment 4:  
Multiple Sensors
The simulation of interference by additional sensors is achieved 
by placing one additional sensor at a distance of 2 m and an 
angle of 60° and another at a distance of 1.1 m and an angle of 
45° to the object (Figure 3). The interference measurements are 
conducted by adding one sensor after another. Each measure-
ment, consisting of 100 frames, is taken from a planar surface 
parallel to the sensor.

Results
This section provides a comprehensive overview of the re -
sults achieved by our experiments, including interpretations 
and explanations.

Figure 2. The robotic system used for testing purposes. 
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Bias
While the Kinectv2 offers low bias over the whole range, we 
observe a significant increase of the bias for sensors using struc-
tured light starting from d>3 m. While all three structured light 
sensors and the two active stereo cameras (ZR300 and D435) 
offer a lower bias than the Kinectv2 for distances d<1 m, three 
sensors (ZR300, Orbbec, and Structure IO) offer an even lower 
bias for depth values d<2.5 m. We observe a quadratic increase 
of the bias for all sensors [full range: d = 0–8 m, Figure 4(a); 
zoom in: d = 0–3 m, Figure 4(b)]. The near-range sensors, 
F200 and SR300 [Figure 4(c)], show a slightly higher bias than 
their far-range counterparts, while the Ensenso N35 provides a 
low bias over the whole measurement range.

Precision
A quadratic decrease of precision is found in all far-range 
sensors [full range: d = 0–8 m, Figure 5(a); zoom in: 
d = 0–3, m, Figure 5(b)], but the structured light sensors 
differ in scale compared to the Kinectv2. Overall, the R200 

and ZR300 sensors have the worst performance, while the 
Structure IO and Orbbec sensors perform very similarly. 
We observe that, at distances d<2 m, all structured light 
sensors generate less noisy measurements than the Kinec-
tv2. Moreover, the D435 is able to gather more precise 
results than the Kinectv2 at distances d<1 m. We observe 
that the precision results for the D435 are more scattered 
than for the other sensors. The near-range sensors [Figure 5(c)] 
experience noise levels up to 0.0007 m. In the ranges speci-
fied by the manufacturers, we are able to obtain precision 
values under 0.004 m.

Lateral Noise
The analysis of lateral noise shows similar results for the three 
far-range structured light sensors and distances. For d<3 m, 
the noise level is independent of the distance, with three pixels 
for the structured light sensors and one for the Kinectv2 
(Table 2). Two active stereo sensors (D435 and ZR300) offer a 
low lateral noise level similar to that of the Kinectv2. The 

R200 achieves a lower lateral noise of 
two pixels for distances closer than 
2 m. In the near-range sensor, the 
Ensenso N35 achieves the highest 
lateral noise value.

Materials
A total of 384 data points is gathered 
to determine how the sensors’ preci-
sion is influenced by the reflection 
and absorption properties of six dif-
ferent materials in combination with 
four different lighting conditions 
from 4.2 to 535.75 lux (Figure 6). 
Figure 3 depicts the test setup.

The tests reveal that the Structure 
IO sensor best handles the varying 
object reflectances and lighting con-
ditions. Although it has a lower pre-
cision compared to the other sensors 
for distances of d>1.5 m, it is able to 
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gather information for high-reflective surfaces, such as alumi-
num, and under bright lighting conditions. While the Struc-
ture IO sensor gives a dense depth estimation, the Xtion is 
not able to determine a depth value. It is also notable that 
the Orbbec completely fails to gather depth information for 
four of the six surfaces under bright lighting conditions. 
The Kinectv2 fails  to gather reliable depth data for alumi-
num at distances of d = 1 m and d = 1.5 m and under bright 
lighting conditions. The F200 and SR300 sensors have a 
significantly lower precision for bright lighting conditions. 
During the setup of the experiments, we expected the 
active stereo cameras (Ensenso and R200) to be able to 
handle different lighting conditions better than the struc-
tured light sensors due to the nature of their technology; 
this expectation was partially fulfilled.

Additional Sensors
Our results (Figure 7) reveal that the far-range structured light 
sensors can handle noise induced by one and two additional 
sensors. An exception occurs when the distance to the target is 
d = 1.5 m and two additional sensors are introduced to the 
scene. We did not observe a similar effect for the Kinectv2. 
The sensor gives stable results for precision independent of 
one or two additional sensors. The near-range sensors F200 
and SR300 are significantly less precise with an additional sen-
sor, and the Ensenso N35 is only slightly affected by a third 
observing sensor. At this point, we note that the high nan ratio 
for the close-range devices can be partially derived from our 
setup. Half of the scene is out of the sensor’s range (Figure 8).

To summarize, the first experiment with one sensor pro-
vides a baseline for the measurements with two and three 
sensors observing the scene. The first differences are already 
visible if only one sensor is added. In particular, the SR300 
and F200 sensors have a significant increase in the nan ratio if 
another Realsense device is added to the scene. For a closer 
analysis, we show the corresponding depth images. In Fig-
ure 8, it is clear that the depth extraction is heavily influenced 
by an additional sensor. The Ensenso and Kinectv2 sensors 
are nearly unaffected by the additional sensors.

Use Case
Schreiberhuber et al. [26] develop a scalable reconstruction 
method that uses a mesh to represent surfaces. In their work, 
they incorporate our error model for the precision of the 
RGBD sensor. As an outcome, they show a significant quality 
improvement of the reconstruction (Figure 9).

Discussion
The three far-range sensors using structured light show simi-
lar results for bias, precision, lateral noise, and noise induced 
by additional sensors. Their precision differs for different 
object properties and under varying lighting conditions. 
While the Structure IO sensor gathers valid depth data under 
all lighting conditions for all materials, it shows a slightly 
lower precision than the other sensors. The Orbbec sensor 
fails to gather data under bright lighting conditions for four of 
the six materials at a distance of 1 m. The difference in perfor-
mance under bright lighting conditions may be related to the 
built-in infrared cameras, their dynamic range, and the per-
formance of the auto exposure.

Lateral Noise (Pixel)

Sensor d = 0–0.7 m d = 0.7–3 m d = 3–5 m

Asus Xtion — 3 2

Structure IO — 3 2

Orbbec 3-D — 3 2

Kinectv2 — 1 1

D435 1 1 2

ZR300 — 0.5–1.2 —

R200 — 2–3 —

F200 1.5 — —

SR300 2 — —

Ensenso 3 — —

Table 2. The lateral noise.

0

0.05

0.1

0.15

0.2

0
0.005

0.015

0.025

0.035

0.01

0.02

0.03

0.04

0
1

2

3

4

5

7

6

P
re

ci
si

on
 (

m
)

P
re

ci
si

on
 (

m
)

P
re

ci
si

on
 (

m
)

Distance (m)
(a)

0 2 4 6 8
Distance (m)

(b)

0 1 2 3
Distance (m)

(c)

0 0.5 1.51 2 2.5

Orbbec
Structure
Xtion
R200
Kinectv2
D435
ZR300

Orbbec
Structure
Xtion
R200
Kinectv2
D435
ZR300

F200
SR300
Ensenso

× 10–3

Figure 5. The precision results for near- and far-range devices (lower is better). (a) The precision of far-range sensors (d = 0–8 m), (b) 
the precision of far-range sensors (zoom in), and (c) the precision of near-range sensors. 



74 •  IEEE ROBOTICS & AUTOMATION MAGAZINE  •  MARCH 2019

F200 (0.7 m)

T
ex

til
es

A
lu

m
in

iu
m

P
la

st
ic

 (B
la

ck
)

F
oa

m
P

ap
er

P
la

st
ic

 (
B

lu
e)

0

0.002

0.004

0.006

0.008

0.01

0.012

P
re

ci
si

on
 (

m
)

T
ex

til
es

A
lu

m
in

iu
m

P
la

st
ic

 (B
la

ck
)

F
oa

m
P

ap
er

P
la

st
ic

 (
B

lu
e)

0

0.002

0.004

0.006

0.008

0.01

0.012

P
re

ci
si

on
 (

m
)

0

0.002

0.004

0.006

0.008

0.01

0.012

P
re

ci
si

on
 (

m
)

0

0.002

0.004

0.006

0.008

0.01

0.012

P
re

ci
si

on
 (

m
)

T
ex

til
es

A
lu

m
in

iu
m

P
la

st
ic

 (B
la

ck
)

F
oa

m
P

ap
er

P
la

st
ic

 (
B

lu
e)

T
ex

til
es

A
lu

m
in

iu
m

P
la

st
ic

 (B
la

ck
)

F
oa

m
P

ap
er

P
la

st
ic

 (
B

lu
e)

T
ex

til
es

A
lu

m
in

iu
m

P
la

st
ic

 (B
la

ck
)

F
oa

m
P

ap
er

P
la

st
ic

 (
B

lu
e)

0

0.002

0.004

0.006

0.008

0.01

0.012

P
re

ci
si

on
 (

m
)

T
ex

til
es

A
lu

m
in

iu
m

P
la

st
ic

 (B
la

ck
)

F
oa

m
P

ap
er

P
la

st
ic

 (
B

lu
e)

0

0.002

0.004

0.006

0.008

0.01

0.012

P
re

ci
si

on
 (

m
)

0

0.002

0.004

0.006

0.008

0.01

0.012

P
re

ci
si

on
 (

m
)

0

0.002

0.004

0.006

0.008

0.01

0.012

P
re

ci
si

on
 (

m
)

T
ex

til
es

A
lu

m
in

iu
m

P
la

st
ic

 (B
la

ck
)

F
oa

m
P

ap
er

P
la

st
ic

 (
B

lu
e)

T
ex

til
es

A
lu

m
in

iu
m

P
la

st
ic

 (B
la

ck
)

F
oa

m
P

ap
er

P
la

st
ic

 (
B

lu
e)

T
ex

til
es

A
lu

m
in

iu
m

P
la

st
ic

 (B
la

ck
)

F
oa

m
P

ap
er

P
la

st
ic

 (
B

lu
e)

0

0.002

0.004

0.006

0.008

0.01

0.012

P
re

ci
si

on
 (

m
)

T
ex

til
es

A
lu

m
in

iu
m

P
la

st
ic

 (B
la

ck
)

F
oa

m
P

ap
er

P
la

st
ic

 (
B

lu
e)

0

0.002

0.004

0.006

0.008

0.01

0.012

P
re

ci
si

on
 (

m
)

0

0.002

0.004

0.006

0.008

0.01

0.012

P
re

ci
si

on
 (

m
)

0

0.002

0.004

0.006

0.008

0.01

0.012

P
re

ci
si

on
 (

m
)

T
ex

til
es

A
lu

m
in

iu
m

P
la

st
ic

 (B
la

ck
)

F
oa

m
P

ap
er

P
la

st
ic

 (
B

lu
e)

T
ex

til
es

A
lu

m
in

iu
m

P
la

st
ic

 (B
la

ck
)

F
oa

m
P

ap
er

P
la

st
ic

 (
B

lu
e)

T
ex

til
es

A
lu

m
in

iu
m

P
la

st
ic

 (B
la

ck
)

F
oa

m
P

ap
er

P
la

st
ic

 (
B

lu
e)

0

0.002

0.004

0.006

0.008

0.01

0.012

P
re

ci
si

on
 (

m
)

T
ex

til
es

A
lu

m
in

iu
m

P
la

st
ic

 (B
la

ck
)

F
oa

m
P

ap
er

P
la

st
ic

 (
B

lu
e)

0

0.002

0.004

0.006

0.008

0.01

0.012

P
re

ci
si

on
 (

m
)

0

0.002

0.004

0.006

0.008

0.01

0.012

P
re

ci
si

on
 (

m
)

0

0.002

0.004

0.006

0.008

0.01

0.012

P
re

ci
si

on
 (

m
)

T
ex

til
es

A
lu

m
in

iu
m

P
la

st
ic

 (B
la

ck
)

F
oa

m
P

ap
er

P
la

st
ic

 (
B

lu
e)

T
ex

til
es

A
lu

m
in

iu
m

P
la

st
ic

 (B
la

ck
)

F
oa

m
P

ap
er

P
la

st
ic

 (
B

lu
e)

SR300 (0.7 m) Ensenso N35 (0.7 m) R200 (0.7 m)

Xtion (1 m) Xtion (1.5 m) Structure IO (1 m) Structure IO (1.5 m)

Orbbec (1 m) Orbbec (1.5 m) D435 (1 m) D435 (1.5 m)

ZR300 (1 m) ZR300 (1.5 m) Kinectv2 (1 m) Kinectv2 (1.5 m)

4.2 Lux 36.3 Lux 277.4 Lux 535.75 Lux

Figure 6. The precision ratios for different materials and lighting conditions (lower is better). A precision of zero indicates that the 
sensor is not able to gather any depth information. 



75MARCH 2019  •  IEEE ROBOTICS & AUTOMATION MAGAZINE  •

The RealSense R200 achieves a similar bias compared to 
the structured light sensors, while the ZR300 shows a 
smaller bias than the structured light sensors for d<2 m. 
However, the ZR300 appears to be less precise than the 
structured light sensors, independent of the target material. 
Moreover, they fail to gather depth data under bright light-
ing conditions.

The Microsoft Kinectv2 sensor behaves significantly dif-
ferently compared to the other sensors. It outperforms all sen-
sors regarding bias, lateral noise, and precision for d>2 m. For 
the range of 0.7 m<d<2 m, the Kinectv2 is less precise than 
the structured light sensors. Overall, the data provided by the 
Kinectv2 are less smooth and generate inferior surface repre-
sentations for midrange depths.
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The D435 sensor gives scattered results for the precision 
and the bias. For some distances, it achieves a similar bias 
and precision as the Xtion sensor. However, for other dis-
tances we observe large outliers. Due to the nature of the 
used active stereo technology, the D435 is not influenced by 
additional sensors.

For the near-range devices, our experiments reveal that 
the F200 and SR300 sensors are not able to handle noise 
induced by additional sensors. Their precision and nan 
ratios are significantly influenced if a second sensor is 
added to the scene. In terms of precision, the F200 and 
SR300 are superior compared to the Ensenso N35 active 
stereo system. For all other metrics, the Ensenso N35 out-
performs the two sensors.

Conclusions
This work evaluated ten different depth sensors using five 
metrics, aiming to achieve representative and comparable 
results to benchmark the sensors. Therefore, we semiauto-
matically collected 510 data points, each based on 100 depth 
frames. The results provided valuable information about 
state-of-the-art depth sensors for research in robotic percep-
tion and related applications.

Our investigation suggests the use of far-range structured 
light cameras for any application in which the quality of the 
surface representation is more relevant than the bias of the 
depth measures. This can include common robot tasks such 
as object modeling and recognition within the robot’s manip-
ulation distance, i.e., distances fewer than 2 m for approach-
ing and handling an object. Moreover, the Asus Xtion and 
Structure IO sensors were able to gather data under all tested 
lighting conditions for all materials. Hence, they are especially 
useful for robots operating under uncontrolled conditions. 
Other comparisons revealed the following.

 ●  The ZR300 sensor offered a low bias for <4 m but may 
fail to gather depth data under bright lighting condi-
tions. Applications in which the bias was more relevant 
than the precision of the measurements fit the domain 
of this sensor.

 ●  The D435 provided a remarkably wide range, from 0.2 to 
7 m, and performed especially well for depth ranges <1 m. 

However, it failed during our experiments to gather depth 
measurements under bright lighting conditions and had 
scattered results for precision and bias.

 ●  For large distances >4 m, the tested ToF sensor (Kinectv2) 
gathered the most reliable measurements, even under 
bright lighting conditions.

 ●  The Ensenso active stereo camera offered the lowest bias 
within its narrow range of 0.5–1 m. It satisfied applications 
requiring low-biased measurements from a sensor that can 
be used out of the box.

 ●  The RealSense ZR300, R200, and D435 sensors offered 
various parameters for adapting the sensor properties to 
the scene. During our experiments, we used the factory 
presets for high-accuracy measurements without adapta-
tion to the current lighting and materials.
Because experiments 1 and 2 (bias and precision) are easy 

to reproduce, we suggest that users with new sensors gather 
data in a similar way to 1) benchmark their sensor against our 
results and 2) apply the previously introduced easy-to-use 
error model. 

Future work should evaluate the different sensors under 
outdoor lighting conditions and add new sensors, as they are 
continuously entering the market. Furthermore, the experi-
ments regarding precision, bias, and lateral noise could be 
extended for different viewing angles. The setup may be mod-
ified by replacing standard drivers with more advanced meth-
ods. For example, [29] implements a method to calculate a 
disparity map for structured light sensors, and [30] adds a fil-
ter to the Freenect2 driver to extend the sensor range, which 
may be of relevance to robotics applications.
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Figure 9. The reconstruction method from [26]. The two RGB images: (a) and (b) show the same location observed from different 
distances and (c) and (d) show the reconstruction results of the highlighted region (red circle), (c) without and (d) with our 
error model.
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C
urrent market demands require an increasingly 
agile production environment throughout many 
manufacturing branches. Traditional automation 
systems and industrial robots, on the other hand, 
are often too inflexible to provide an economically 

viable business case for companies with rapidly changing 
products. The introduction of cognitive abilities into robotic 
and automation systems is, therefore, a necessary step toward 
lean changeover and seamless human–robot collaboration. 

In this article, we introduce the European Union (EU)-
funded research project SMErobotics (http://www.smerobotics 
.org/), which focuses on facilitating the use of robot systems 
in small and medium-sized enterprises (SMEs). We analyze 
open challenges for this target audience and develop multi-
ple efficient technologies to address related issues. Real-
world demonstrators of several end users and from multiple 
application domains show the impact these smart robots 
can have on SMEs. This article intends to give a broad over-
view of the research conducted in SMErobotics. Specific 
details of individual topics are provided through references 
to our previous publications.
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Robots in SMEs
SMEs, i.e., companies with fewer than 250 employees, form 
the backbone of European industries, with over 1 million 
SME-level enterprises in the manufacturing domain [1]. They 
represent more than 99% of all businesses in the EU. In the 
past five years, they have created approximately 85% of all 
new jobs and provided two-thirds of total private-sector 
employment. The European Commission considers SMEs 
and entrepreneurship as key factors for ensuring economic 
growth, innovation, job creation, and social integration in the 
EU. It promotes entrepreneurship and supports SMEs 
through the Programme for the Competitiveness of Small 
and Medium-Sized Enterprises, which started in 2014 and 
will run until 2020, with a planned budget of €2.3 billion.

The International Federation of Robotics estimates that, 
for the major robot markets (apart from China), i.e., Japan, 
the United States, South Korea, and Germany [2], there are, 
on average, six robots per 10,000 employees in manufactur-
ing SMEs. The average for all manufacturing industries is 
246, with an average of 1,225 for the automotive sector [3]. 
These numbers indicate the huge market potential for 
industrial robots in manufacturing SMEs, which has not yet 
been adequately addressed. The products of manufacturing 
SMEs typically are very diverse. They employ a multitude of 
different technologies (e.g., welding) and different kinds of 
shape forming (milling, grinding, bending, and so on) and 
industrial assembly. But they share a common secret: the 
success of SMEs in Europe is  based significantly on versatile 
production, close customer relationships, and the resulting 
ability to quickly react to changing demands in the market, 
as well as the ability to adapt to indi-
vidual customer requests. 

SMEs in contract manufacturing are 
characterized by frequent product 
changes and a broad range of product 
variants. Today’s industrial robots have 
been designed for a different scenario: 
large-scale, high-throughput manufac-
turing systems that produce one specif-
ic product (or a small set of quite 
similar variants) at very high quantities 
and with constant quality.

This discrepancy in manufacturing 
requirements hinders the introduction 
of industrial robots into manufactur-
ing SMEs. Matters are complicated by 
the fact that SME production, due to 
the need for flexibility and versatili-
ty, is less structured than, e.g., a fully 
automated car manufacturing line. 
Another complication is that small 
enterprises (with fewer than 30 em -
ployees) often lack a dedicated IT 
department that is able to maintain 
robotic workcells. Instead, they have a 
very lean business administration and 

a workforce almost exclusively composed of highly skilled 
craftsmen and product engineers. Therefore, SMEs require 
highly versatile robots that are able to work symbiotically with 
skilled human workers. Robots must learn from their own 
experiences and benefit 
from their human cowork-
er’s domain knowledge. 
They must be manageable 
without profound exper-
tise in robotics (Figure 1).

Challenges and 
Requirements
The Danish Technological 
Institute, a member of the 
SMErobotics consortium, 
interviewed 825 chief 
executive officers (CEOs) of manufacturing SMEs during 
2015 and found that 89% of Danish companies with fewer 
than 34 employees have basically no automation at all [5]. 
This is despite Denmark having the world’s fifth-highest robot 
density in the manufacturing domain [2]. Fifty-six percent of 
the CEOs felt that robots could not be used in their context, 
and 41% felt that their production volume was too low to 
warrant automation.

In another study of 846 manufacturing companies, the 
Danish Society of Engineers revealed that the major reasons 
for investing in automation were lower production costs 
(84%), fewer errors in the product (76%), and less waste 
(68%) [6]. The main barriers to automation were considered 

Figure 1. Automating complex manufacturing tasks necessitates managing the required 
technologies and associated costs. Uncertainties, e.g., deviations in the geometries of the 
work pieces or a drift in process parameters, counteract these management efforts. To cope 
with such issues, cognition and learning strategies are required on the robot side and the 
human side. Human operators need support through suitable software tools and wizards.
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to be lack of time to obtain investment finance and imple-
ment changes in production processes and lack of knowledge 
and technical expertise among both managers and employees. 
A more considerate analysis of the study suggests that the 
main challenges preventing the use of industrial robots in 
SME manufacturing include the following:
1)  Current robot programming techniques are not suitable for 

frequent changes of often highly customized products 
manufactured in small batches.

2)  Tool-centered manufacturing processes require investment 
in robot-suitable tool replacements.

3)  Classical robot cells with fences take up more space than 
comparable manual workspaces.

4)  Formalizing implicit production knowledge into engineer-
ing specifications or robot programs is a difficult task.

5)  Operating industrial robots is complex and requires expert 
knowledge in robotics.

6)  Decision makers in SMEs lack expertise in robotics: they 
cannot properly assess the capabilities of robot systems or 
predict associated costs.
These findings are echoed in the euRobotics Multi- 

Annual Roadmap (MAR) [7]. The euRobotics MAR is a joint 
document created and continuously updated by the European 
robotics industry and various research organizations. It states 
that the main requirements of SMEs include the need to 

design systems that are intuitive to use and cost-effective at 
low lot sizes. This means that robot systems must be easily 
adaptable to changes in products or processes without the 
need to rely on extensively trained employees. As the total 
cost of ownership for an industrial robot is dominated by 
operational costs, e.g., for training of employees or for exter-
nal programmers (Figure 2), such robot systems can help to 
effectively reduce overall costs.

SMErobotics Solutions
Overcoming the economic and technological challenges 
requires a new set of enhanced robot technologies that focus on 
intuitive human–robot interaction (HRI) and robust automatic 
operation. In the SMErobotics initiative’s approach, HRI and 
robustness complement each other to form a cognitive robot 
system that addresses the main challenges described in the pre-
vious section. Intuitive HRI interfaces can improve the reliabili-
ty of the system through human-in-the-loop decision making. 
The developed methods for uncertainty-aware robust automa-
tion not only enable the robot to perform more challenging 
tasks; they also increase the level of abstraction of decision 
making, further improving intuitive HRI.

These concepts are built on top of a set of underlying prin-
ciples, i.e., awareness of the environment and manufacturing 
context, knowledge- and sensor-based uncertainty handling, 
and efficient communication. The combination of these tech-
nologies within an integrated tool chain results in a cognitive 
system that complies with the needs of SMEs.

The following sections give a brief summary of the key 
approaches taken by the SMErobotics consortium and the 
technologies that have been developed by its members.

Investment Decision Support Tool
As observed during our user studies (see the “Challenges and 
Requirements” section), a major barrier that keeps SMEs 
from applying robotics technology is the uncertainty about 
costs. To mitigate this obstacle, we developed the web-based 
Robot Investment Tool (https://www.robotinvestment.eu/; 

Figure 3), which assumes that users do 
not know much about robots but do 
know their product: how much it 
weighs, how far it needs to be moved, 
and its overall shape and composition. 
Users know what kind of task they 
want to automate, e.g., arc welding, 
spot welding, grinding/finishing, 
painting, assembly, handling, packag-
ing, or palletizing. They are aware of 
how many employees are required for 
the current manual process and the 
associated costs. Given an educated 
guess about how many employees will 
be needed to manage the automated 
workstation and the expected change 
in productivity, the SME receives an 
assessment of its business case. The 

Figure 2. The distribution of total cost of ownership for a 
human–robot cooperation workcell [4]. Typical of such workcells 
is the dominance of operational costs in the overall balance 
compared with the actual investment.

Operation
63.4%

Investment 27.7%

Initiation 4.3%
Quality 3.0%

Maintenance and Repair 1.1%
Disposal 0.5%

Figure 3. An example calculation of the SMErobotics Robot Investment Tool for the 
assembly domain.
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minimum, maximum, and most likely payback times are 
automatically calculated to estimate the range of investment 
depending on the exact system chosen. The calculation is 
based on figures from a number of system integrators, who 
have entered prices for software, hardware, installation, and 
person hours. Additionally, system integrators provide infor-
mation about the robot type they recommend for various 
processes, reach, and payload.

The Robot Investment Tool enables SMEs to quickly and 
easily access knowledge about relevant robot installations and 
their estimated costs, while system integrators benefit from a 
higher visibility.

Seamless Integration of Production Knowledge
A key factor for cognitive automation solutions for SMEs 
is the integrated access to relevant data, such as process 
and product knowledge, hardware/software components 
and their capabilities, and workcell layout. In today’s 
SMEs, production knowledge is often not formalized in a 
way that is suitable for interpretation by cognitive systems. 
In contrast to this, SMErobotics provides solutions for 
encoding and reusing knowledge to support the human 
operator in programming and handling robot systems.

Modeling Hardware/Software Components
Due to advances in sensor and tool technologies together 
with decreasing costs, more devices are constantly being 
added to robotic workcells, both to improve the manufactur-
ing process through sensor-based adaptation and to facilitate 
easier programming of robots. To achieve this in an efficient 
way, an automatic or semiautomatic reconfiguration of the 
system is required.

Augmenting hardware and software components with 
semantic descriptions of their interfaces and functionalities 
enables self-describing systems. Connected devices can be 
automatically detected, and the resulting set of capabilities can 
be derived whenever a new component is added or removed. 
A model-based approach with a loose coupling of compo-
nents and a semantic description of these components 
increases interoperability; i.e., it minimizes the required effort 
when combining hardware and software components from 
different suppliers.

Product–Process–Resource Technology Model
We have developed a model-based architecture for SME-suit-
able production systems that extends the well-known product–
process–resource modeling approach [8] with a technology 
model [9] (Figure 4) that provides specific knowledge about 
manufacturing technologies, e.g., the optimal orientation of a 
welding torch relative to a work piece or parameters such as the 
typical voltage or wire feed speed for the given materials. In 
SMErobotics, these models are either serialized to Automation-
ML [9] for higher compatibility with existing automation solu-
tions or represented in a semantic description language (see the 
following section), which allows logical reasoning on the repre-
sented models to be conducted.

Explicit Semantics
Separating knowledge from program code is a key motivation 
and design principle in our work. We create detailed models 
with explicit semantics for common-sense knowledge as well 
as domain-specific knowledge via ontologies [10]. Our 
semantic description language is based on the Web Ontology 
Language (https://www.w3.org/TR/owl2-primer/). Generic 
ontologies about common-sense knowledge such as data 
types or units are already standardized, e.g., the QUDT 
ontologies (http://www.qudt.org/). Basic ontologies for 
the robotics domain have 
been defined [11], but 
they do not consider the 
specific requirements of 
SMEs and their individual 
domains. We aug ment 
our base ontologies with 
domain-specific knowl-
edge to create cognitive 
robotic systems special-
ized for a domain. Our 
semantic object model captures information such as mass, 
dimensions, materials, and boundary representation as well as 
their polygon triangulation [12].

Uncertainty-Aware Skills
In fully automated production lines, a major effort is required  
to minimize the location uncertainties of robots, tools, and 
workpieces. Robots are calibrated with an accuracy that is less 
than 1 mm and are typically rigidly fixed to the ground. The 
engineering costs required to achieve this are quite high.

Inaccuracies stem from inaccurate fixtures, the localiza-
tion inaccuracy of active or passive mobile robot systems, 
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Figure 4. The extended product–process–resource modeling 
approach. Various types of models are created and (re)used for 
integration in an industrial automation solution. Process models 
reuse technology models to reduce the effort in parameterizing 
process steps. Process models refer to product properties and 
resources used in manufacturing the product.
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uncertainty about costs.
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or even inaccurate work pieces, e.g., bars that are manually 
cut to length. Robot programmers have to envisage the 
resulting uncertainties and their implications. The costs are 
then shifted from engineering to programming but still 
remain high.

The SMErobotics initiative’s approach is to encapsulate the 
uncertainty handling within so-called skills, which can be 
parametrized and reused in different applications [13]. This 
reduces the programming effort for such tasks and relaxes 
accuracy requirements of part positions in the workcell.

Skills are basic operations that can be combined to form 
complex tasks. Depending on their reusability, skills can gen-
erally be divided into the following groups:
1) universally applicable skills
2) common skills for a certain application domain
3) specific skills for a range of products/single product.

Universal skills such as handling, picking, or placing 
objects (Figure 5) are relevant not only for assembly but for 
most other domains as well. A challenging and well-known 
problem is the peg-in-hole assembly operation, where a peg 
has to be inserted into a narrow hole via force control [14]. 
After implementing the skill once, it can be reused for a range 
of pegs and holes by adapting the parameters of the skill.

Learning-Based Cycle-Time Minimization
For automated machining processes, expenses can be greatly 
reduced by decreasing the cycle time of desired tasks. This 
can be achieved by adapting the machining feed rate in 
combination with intelligent path planning of the machin-
ing task. Path planning is a complex task, especially for 
woodworking operations, due to the nonisotropic properties 
of the material. We developed a learning-based approach for 
milling to effectively minimize the cycle time independent 
of a priori knowledge of the machining process [15]. Differ-
ent coverages of the milling tool in different directions result 
in varying behavior because of the nonsymmetry of the 
tool’s teeth and the material’s properties. The milling strate-
gy is determined such that it minimizes the time to mill and 
return to the starting side of the milling operation. It consid-
ers the effects of tool coverage and feed rate as well as the 
cutting direction of the tool. Figure 6 shows the learned path 
for a pocket milling task.

Anomaly Detection and Error Handling
A human-friendly robot system must be designed keeping in 
mind the possibility of faults and mistakes caused by either 
the robot or the user. From an operator’s perspective, clear 
indications of (suspected) faults, their causes, and possible 
responses are crucial.

We combined Bayesian networks and extended Markov 
chains to automatically learn the nominal execution of a given 
process based on related sensor data and to detect deviations 
thereof [16], as shown in Figure 7. On detection of a fault, the 
system may use one or multiple modes of communication to 
indicate the problem, depending on the available hardware 
and the type of fault.
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Figure 5. A graphical skill specification tool developed within the 
SMErobotics project. The displayed pick skill consists of a sequence of 
individual steps with conditional branches.

Figure 6. The learned milling path for pocket milling using an 
auto-training algorithm. Dashed black lines represent transitions 
between pockets. Each color represents a different milling path 
for an individual pocket.
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Fault indications give general information like “Failed to 
grasp object X” and explanations of the faults’ causes, e.g., 
“Object is out of reach” or “Gripper has failed to actuate.” The 
user’s responses are automatically learned by the system and 
stored in the form of updated probabilities and/or structural 
changes in the Bayesian networks. If previously learned, the 
system may suggest suitable recovery actions.

Product-Centric Instruction of Robots
Classical robot-centric programs define a sequence of func-
tions that achieve a specific purpose, in the form of either 
text-based programs or graphical function blocks. Program-
ming environments may combine this with CAD models of 
the workcell to use geometrical information in path defini-
tions. In these approaches, the semantic context of the process 
is not encoded.

In service robotics, on the other hand, users specify the 
desired goal rather than manually program individual steps. 
In a similar fashion, we enable shop floor workers to 
instruct a robot in their domain language. The product-cen-
tric paradigm focuses on an abstract process definition that 
can be deployed on different workcells with matching capa-
bilities without the need to adjust the process specification. 
Using our system’s knowledge representation (see the 

“Seamless Integration of Production Knowledge” section), 
the process is structured into a sequence of tasks that are 
mapped to a set of workcell-specific skills (see the “Uncer-
tainty-Aware Skills” section) [13]. The system is provided 
with common knowledge, e.g., colors, units, and locations, 
as well as domain-specific knowledge, e.g., the types of tasks 
in a particular domain such as assembly or welding and 
their relevant task parameters.

We provide end users with domain-specific interfaces 
[17] that enable them to design their manufacturing process 
[10] with a direct connection to the semantic models of 
involved objects (Figure 8). To some extent, task parameters 
are automatically inferred from the selected object and the 
current context. Based on the requirements of the process 
and the capabilities of the workcell, the system uses logical 
inference and planning to generate a feasible task sequence 
for a particular workcell. In case of errors, the high-level task 
taxonomy is exploited to generate human-understandable 
feedback for the user (see the “Anomaly Detection and Error 
Handling” section).

Product-Driven Program Generation for Assembly
In contrast to large-scale automation with no variations, man-
ual specification of robot programs or process instructions 
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Figure 7. Given detected anomalies, the Bayesian network can infer the most likely causes. If response strategies have been modeled, 
these can be automatically executed with or without the involvement of the user.
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is no longer viable with a shift in market demand (e.g., indi-
vidualized goods and other variants) leading to mass cus-
tomization, thus affecting the manufacturing company itself 
and its production facilities, system architecture, and pro-
gramming. paradigm.

For the domain of mechanical assembly, we developed an 
automatic assembly planner capable of exploiting product 
knowledge, i.e., using the 3D model of the desired assembly 
(Figure 9) as an alternative to a manual process specification 
[18]. The planner automatically generates multiple pairwise 
disassembly relations that, combined with information about  
forces and connectivity, lead to the creation of an AND/OR 
graph describing possible assembly sequences. A tight integra-
tion between the grasp and motion planner ensures that the 
subassemblies can be grasped and executed in the robot work-
cell. The grasp planner considers information concerning con-
straints and possible collisions with the environment as well as 
the assembly process and the joining action itself, while mini-
mizing a desired objective function, e.g., the torque exerted on 

the gripper. Based on this process, appropriate nodes of the 
AND/OR graph are pruned, resulting in a sequence of valid 
steps to produce the desired assembly [19].

To efficiently analyze the reachable workspace for a given 
robot, we further developed a motion capability representa-
tion. Feasible goal locations are precomputed offline and effi-
ciently stored in a capability map [20]. As a result, the map 
can be efficiently queried online to determine the reachability 
of end-effector poses.

Evaluation in Real-World Demonstrators
A major objective of the SMErobotics initiative is to push its 
scientific and technological advances into actual production 
companies within a variety of industries.

To ensure this transfer toward real applications, four core 
demonstration partners tied to four major European robot 
manufacturers have been involved since the early stages 
when the core technological and scientific objectives were 
specified. Supplemental demonstration partners joined the 
project at a later stage via open calls [21] to evaluate the 
adaptability and versatility of the developed technologies in 
applications that were not precisely known during the speci-
fication phase.

SMErobotics results have been validated in real industrial 
settings through eight demonstrators covering three applica-
tion domains: mechanical assembly [Figure 10(a)–(f)], weld-
ing [Figure 10(g) and (h)], and woodworking [Figure 10(i)].

Mechanical Assembly Domain

Dual-Arm Assembly With Product-Centric Instruction
In this demonstrator, a dual-arm Comau RML robot with two 
parallel grippers was used to perform a high-precision assem-
bly of a mechanical gearbox [Figure 10(a)]. The workcell was 

Figure 9. The desired assembly of aluminum profiles connected via brackets that are fixed by multiple screws and nuts. The CAD 
models serve as an input to the assembly planning component: (a) the exploded view of assembly and (b) the connectivity graph.

<profileT, nutslot3>

<profileM, nutslot1, nutslot2>

<angle-bracket2>

<screw3>

<screw2>

<screw1>

<angle-bracket1>
<profileB, nutslot4>

<screw4>

(a) (b)

Figure 8. The intuitive web interface for industrial assembly tasks. 
The depicted example shows the first steps of a gearbox assembly 
process [Figures 10(a) and 11] on a virtual assembly table.
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Figure 10. Demonstrators used to evaluate new technologies in the SMErobotics project: the (a) assembly of a gearbox, (b) assembly 
of a latch valve, (c) riveting for the assembly of custom grippers, (d) assembly of aluminum profiles, (e) assembly of high variants 
of valves, (f) subassembly of energy converters including tightening screws, (g) smart welding with automatic sensor-based path 
correction, (h) intuitive teaching of welding tasks, and (i) construction of a wall for a wooden house. [Part (b) courtesy of Tecnalia, 
Spain; part (c) courtesy of Kuka, Germany; part (d) courtesy of DLR Oberpfaffenhofen, Germany; part (f) courtesy of DTI, Denmark; 
part (g) courtesy of Fraunhofer IPA, Germany; and part (h) courtesy of INESC-TEC, Portugal.] 

(a) (b)

(c) (d) (e)

(f) (g)

(h) (i)
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equipped with a camera for object recognition and a projector 
for highlighting detected parts on the work table. A high-level 
description of the assembly steps is shown in Figure 11.

For use in our product-centric instruction approach, we 
modeled a constraint-based assembly task based on a seman-
tic description language (see the “Product-Centric Instruction 
of Robots” and “Explicit Semantics” sections). In this repre-
sentation, valid assembly poses are represented by a set of 
geometric constraints between individual vertices, edges, or 
faces in the CAD models of two objects. Using an intuitive 
touch interface, the operator can instantiate the task for a par-
ticular pair of objects and input the required constraints (Fig-
ure 8). This approach is easier for workers to understand, 
compared with raw coordinates and Euler angles. The final 
process description consists of a sequence of tasks that is 
independent of a particular hardware setup. In a second 
phase, the process is deployed into a specific workcell. As our 
workcells are semantically described as well, we can use auto-
matic reasoning techniques to check the compatibility of the 
process and workcell and infer additional tasks required for 
establishing this compatibility.

To evaluate our approach, we conducted a preliminary 
user study (https://youtu.be/B1Qu8Mt3WtQ) [10] that com-
pared the time required to implement the assembly of the 

gearbox using our intuitive interface 
and using a teach pendant. The results 
are summarized in Table 1. Using our 
product-centric approach, we were able 
to achieve an 80% reduction in pro-
gramming time.

Compliant Assembly of Loosely 
Supplied Parts
Our target application in this demon-
strator is the assembly of 228 variant 
hydraulic valve sections consisting of 
the main body, spool, positioner, 
spring, O rings, and other parts [Fig-
ure 10(e)]. Due to the small tolerances 
allowed in this application, assembly 
strategies must rely on contact-based 
motions and the robot’s programma-
ble virtual stiffness. To handle the 

high number of variants, we implemented reusable skills, 
e.g., a force-enabled peg-in-hole skill that, in combination 
with the robot’s compliance, enabled the system to success-
fully assemble the valve sections (https://youtu.be/IE9l-
0rAMOiY; see the “Uncertainty-Aware Skills” section).

While the end user estimated that a cycle time of 5 min 
per valve section must be achieved for economic operation, 
the system was only able to achieve a cycle time of 15–20 min 
due to nonvalue-adding operations such as the preparation 
steps for loosely supplied parts, tool changes, and/or handling 
and clamping of components. However, the production quali-
ty was improved compared with manual assembly, resulting 
in fewer rejects. With an additional investment for dedicated 
screwdriver tools and feeder devices, the final production cell 
was able to achieve a cycle time lower than 5 min [22].

Automatically Planned Assemblies
Our use case in this demonstrator is the automated construc-
tion of different structures from aluminum profiles, brackets, 
slot nuts, and screws (Figure 9). Two compliant Kuka LBR iiwa 
robots are equipped with parallel grippers that can pick up an 
electrical screwdriver as needed. The individual parts are sup-
plied through dedicated fixtures.

The desired product configuration has to be provided 
through either a 3D model of the final assembly or a demon-
stration by the operator (https://youtu.be/2jYhdmk-pMg). 
The assembly sequence planner then uses geometrical rea-
soning on the contained parts to generate a suitable sequence 
of operations that leads to the final product (see the “Product-
Driven Program Generation for Assembly” section). After-
ward, an algorithm maps the required sequence to executable 
robot skills. For this, we implemented a pick-and-place skill as 
well as force-enabled robot skills, e.g., for inserting the slot 
nuts into the aluminum profiles (see the “Uncertainty-Aware 
Skills” section). Complex operations such as the insertion of 
brackets require a coordinated, dual-arm skill, with one robot 
holding the profile and the other robot inserting the bracket.

Figure 11. The assembly of the core element of a gearbox is based on four parts and 
performed in three steps. The first two steps are independent of each other, and the third 
step needs to be executed after the first two have been completed.

Table 1. Evaluation of time (in minutes) taken for 
an assembly process.

Programming 
 Assignment

Robotics Expert: 
Our System

Robotics Expert: 
Teach Pendant

Teaching new 
 assembly task 8 48

Adapting to new 
object poses 0 23

Reordering 
 assembly steps 2 5
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Reliable Assembly and Screw Tightening
This use case deals with the assembly of a frequency converter 
[Figure 10(f)] in a workcell featuring a compliant robot arm, a 
flexible tool (consisting of a parallel gripper, screwdriver, and 
hand camera), and our Robot Co-Worker [23] skill editor 
(https://youtu.be/sgulAxn5-_o).

We implemented uncertainty-aware skills for snap-fitting 
parts and inserting screws (see the “Uncertainty-Aware Skills” 
section). The snap-fitting skill adjusts the robot’s motion 
based on measured external forces on its end effector. For 
using the screw insertion skill, we need only specify the  
location of screw holes with a sufficient tolerance (in this  
case, only 0.5–1.0 mm). The compliant features of the robot 
arm, coupled with the torque control of the automatic screw-
driver, enable reliable screw insertion using this coarse speci-
fication. In addition, we can automatically detect anomalous 
execution and use the operator’s help to recover from it (see 
the “Anomaly Detection and Error Handling” section). Before 
each execution of a skill, the relevant object is detected using 
the robot’s eye-in-hand camera.

Welding Domain
The two welding demonstrators share a similar setup. They 
both feature a 3D sensor for localizing parts and provide 
equipment for metal active gas welding. While the Reis robot 
[Figure 10(g)] has a 3D sensor mounted on its end effector, 
the Comau RML-based demonstrator [Figure 10(h)] has a 
sensor statically mounted in the workcell. The latter workcell 
additionally provides a laser line projector that is used to give 
feedback to the operator.

Uncertainty-Aware Welding Operations
Welding operations in SME-like manufacturing often face 
issues such as heat-induced bending of parts and large part 
variations due to the manual tack-welding of subassemblies. 
Errors in part localization or in the calculation of robot 
trajectories are also very common. To cope with these uncer-
tainties, different solutions have been implemented for the 
two workcells.

Augmented Reality-Supported Welding
In this approach, we provide feedback to the user to vali-
date upcoming welding operations before their actual exe-
cution. This validation can save a significant amount of 
rework. Based on the workcell’s laser projector, we devel-
oped an augmented reality system that supports the user in 
intuitively programming the robot and validating before-
hand the welding operations (see the “Product-Centric 
Instruction of Robots” section). The system highlights 
detected parts and related weld seams (Figure 12), allowing 
the user to adjust positions or alignments before the opera-
tion is executed.

Automatic Adaptation to Part Deviations
To automatically cope with geometric uncertainties, it is essen-
tial to accurately localize relevant parts and detect potential 

deviations of these parts from their ideal CAD models. For 
this, we implemented a welding skill that matches CAD data 
with point clouds from a 3D scan (see the “Uncertainty-
Aware Skills” section). Like the correction of the robot path, 
the welding parameters can be adapted according to the 
detected deviations [24], e.g., in case of gaps, in the joint 
geometry. Figure 13 depicts the resulting weld seams with and 
without the compensation of assembly deviations.

Product-Centric Instruction of the Robot
In this experiment [Figure 10(g)], 13 weld seams on a previ-
ously tack-welded steel work piece had to be programed using 
our object-centric paradigm (see the “Product-Centric 
Instruction of Robots” section). The weld seams had lengths 
ranging from 90 to 480 mm. The evaluation of the required 
programming time for two test subjects—an SME shop floor 
worker and a robotics expert—indicate an increase in effi-
ciency compared with a regular robotic welding cell (Table 2).

Woodworking Domain
Two experiments in the woodworking domain are based 
on an existing robot cell used by an SME to produce walls 
for wooden houses. The robot is a 6-degrees of freedom gan-
try system [Figure 10(i)]. Its workspace covers approximately 

Figure 12. The augmented reality interface using a laser line 
projector to highlight (a) recognized objects and (b) features 
such as potential weld seams.

(a) (b)

Figure 13. A welded workpiece (a) without compensation and 
(b) with compensation of assembly deviations.

(a) (b)
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30 × 4 m. Two robot-attachable tools can be automatically 
exchanged via a tool changer. The first tool consists of a 
rectangular vacuum gripper for picking wooden panels 
and an integrated nail gun, while the second tool is 

a circular saw. The workcell also 
fea  tures a dedicated measurement 
station that can be used by the robot 
to very accurately identify the ori-
entation of a picked panel.

Product-Centric Instruction  
of the Robot
Based on our product-centric teaching 
paradigm (see the “Product-Centric 
Instruction of Robots” section), an 
expert in traditional robot program-
ming was asked to instruct the robot 
to perform a specific task, as described 
in Figure 14. The expert has multiple 
years of experience in programming 
robots via a combination of teach pen-
dant and CAD software but was a first-
time user of our instruction approach. 
We compared the time required for 
creating the process description with 
the effort required to implement the 
same process on the teach pendant 
[10] (https://youtu.be/bbInEMEF-
5zU). The results are presented in 
Table 3. The product-centric instruc-
tion ap  proach yielded a 70% reduction 
in programming time.

Besides the constraint-based as -
sembly task from the assembly do -
main (see the “Dual-Arm Assembly 
With Product-Centric Instruction” 
section), we introduced additional 
types of tasks to our framework: a nail-
ing task, a sawing task, and a task for 
measuring the exact orientation of 
picked panels. Based on these tasks, 
the robot can be programmed on an 
abstract level for which the user defines 
instances of tasks that are inherently 

connected to the selected objects.
Exploiting the logical formalism behind our knowledge-

based instruction approach, automatic reasoning is used to fill 
in gaps of underspecified process descriptions (see the 
“Explicit Semantics” section). For instance, specific actions 
such as the measuring of the position of picked panels are 
inserted automatically to ensure their exact placement.

Learning-Based Process Adaptation
For this experiment, we integrated additional sensors into the 
workcell to improve the sawing operations in terms of quality 
and cycle time (see the “Learning-Based Cycle-Time Minimi-
zation” section).

While sawing, the wear of the sawing blade and the path 
speed affect the quality of the cut. As the wear of the sawing 
blade gradually increases over time, the operator typically 

Figure 14. The assembly of a wall of a wooden house is based on a frame and two 
panels and is performed in five steps. The process involves picking the panels and 
placing them onto the frame. Subsequently, they are nailed to the frame, and the panels’ 
overhang is removed through a sawing operation.

Table 3. Evaluation of time (in minutes) taken to 
program a woodworking process involving the 
construction of a wall.

Programming 
 Assignment 

Robotics Expert: 
Our System

Robotics Expert: 
Teach Pendant

Teaching new pro-
cess (Figure 14)

13 47

Change order of 
process steps 

0.2 1.6

Table 2. Evaluation of time (in minutes) taken to program  
individual steps of a welding process.

Process Step 
Robotics Expert: 
Our System

SME Worker: 
Our System

SME Worker: 
Teach Pendant

Coarse teaching of welding 
poses including collision 
avoidance

0 0 117

Fine teaching of welding 
poses including collision 
avoidance 

8.5 10 23

Parameter tuning due to false  
end-effector positioning 

0 0 50

Calibration due to collision 
during programming 

0 0 10

Total (without fixturing time) 8.5 10 200

Localization/fixturing of 
workpiece 

2.5 4.5 n/a

Total 11 14.5 200 + fixturing 
time
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lowers the path speed of blunt blades to achieve an acceptable 
quality. We evaluated several sensor modalities (audio, power, 
and accelerometer) to offer assistance in selecting the optimal 
path speed and determining when the blade is too blunt and 
needs to be replaced. By combining the different types of sen-
sors, the developed wear-assessment component can distin-
guish between a reduction of the sawing blade’s sharpness and 
the blade being warped due to extensive use. The latter condi-
tion could still occur after a blunt blade was resharpened [25].

Open Issues and Future Work
Introducing smart robots with cognitive abilities into robotic 
and automation systems is a highly challenging task and 
beyond the scope of a single project, especially for the agile 
production environments typically found in SMEs. Within 
SMErobotics, we identified the main challenges that current-
ly impede the use of robots in SMEs and developed several 
solutions beyond the state of the art that lead to an increase 
in productivity and quality. Through eight diverse demon-
strators, we showed that the solutions noted in the “SMEro-
botics Solutions” section are relevant and applicable across 
several domains.

Knowledge integration based on semantic models facili-
tates the formal description of relevant aspects of automation 
systems. Enhancing these models to fully encode the knowl-
edge of a particular domain and the integration of more 
domains will be an important task in the future. Being able to 
handle uncertainties on multiple levels is essential in unstruc-
tured SME-like environments. Uncertainty-aware skills can 
provide the flexibility and adaptability required to realize pro-
cesses previously deemed infeasible to automate. The use of 
the skill-based programming paradigm is slowly increasing in 
the industry, as indicated by a recent draft by the German 
Mechanical Engineering Industry Association (VDMA) of 
standardized sets of skills. These so-called VDMA compan-
ion specifications cover various domains, such as robotics or 
integrated assembly solutions. Our initial evaluations have 
shown that reducing the complexity of programming indus-
trial robots is essential for financially viable small-lot produc-
tion. More comprehensive evaluations must be conducted in 
the future to ensure that our concepts are suitable for a larger 
target audience.

Feedback from end users at the Hanover and Automatica 
trade fairs in 2014 and 2016 as well as the data from our 
Robot Investment Tool (see the “Investment Decision Sup-
port Tool” section) indicates a great interest in the topics of 
our project. To further facilitate the transition from tradition-
al production paradigms to digital and robot-based facilities, 
EU-funded Digital Innovation Hubs are expected to provide 
easier access to technological facilities, expert knowledge, and 
educational and business support.
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C
ollaborative robots are increasingly present in 
our lives. The KUKA LBR iiwa, equipped with 
the KUKA Sunrise.OS controller, is one ex 
ample of a collaborative/sensitive robot. This 
tutorial presents the KUKA Sunrise Toolbox 

(KST), a MATLAB toolbox that interfaces with KUKA 
Sunrise.OS. KST contains functionalities for networking, 
soft control in real time, pointtopoint motion, parameter 

setters/getters, general purpose, and physical interaction. 
It includes approximately 100 functions and runs on a re 
mote computer connected with the KUKA Sunrise control 
ler via Transmission Control Protocol/Internet Protocol 
(TCP/IP). The potentialities of the KST are demonstrated 
in nine application examples.

A Motivation and Related Work
Collaborative robots have been extensively studied and are 
increasingly safe, intuitive to use, and robust. KUKA Sunrise.
OS equips the KUKA LBR iiwa and the mobile platform 
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KMR iiwa. However, because of its functionalities (advanced 
programming, planning, and configuration), it is expected 
that the Sunrise.OS will be available for other KUKA robots 
in the future. These robots are being used in several projects 
for advanced applications, such as the ColRobot, EURECA, 
and CogIMon projects [1], [2], with possible implementa
tions in other domains, as demonstrated by the KUKA inno
vation awards. In these applications, the robot works side by 
side with the coworker, providing assistance in an intuitive 
and safe manner.

In the robotics field, several MATLAB toolboxes have been 
introduced. One of the most popular is the Robotics Toolbox 
for MATLAB [3]. This toolbox includes functionalities for 

robotic manipulators, 
such as homogeneous 
transformations, forward 
and inverse kinematics, 
forward and inverse dy 
namics, and trajectory 
generation. The Dynamics 
Simulation Toolbox for 
industrial robot manipula
tors can be used to simu
late robot dynamics in 

addition to other functionalities [4]. The DAMAROB Toolbox 
allows kinematic and dynamic modeling of manipulators [5]. 
The KUKA control toolbox is dedicated to the motion control 
of KUKA manipulators equipped with the KUKA robot con
troller [6]. JOpenShowVar is a Javabased opensource plat
form used to interface KUKA industrial robots equipped with 
the controller KRC4 and KRC2 [7].

Recently, KUKA launched the LBR iiwa series of manipu
lators [8], a commercial version of the KUKADLR light
weight robot [9]. The LBR iiwa is a lightweight, sensitive 
robot with seven axes (redundant). Each axis contains multi
ple sensors allowing position and impedance control. These 
robots are programmed with KUKA Sunrise.Workbench, the 
programming environment for KUKA Sunrise. Input–output 
(I/O) connectors and an EtherCAT interface are available in 
the robot flange.

From an external computer, the user can interface with 
Sunrise.OS using the Fast Robot Interface (FRI) [9] and 
Robot Operating System (ROS) [10]. The FRI is a platform 
for controlling the KUKA iiwa remotely from a personal 
computer (PC), allowing hard, realtime control at rates of 

up to 1 kHz. ROS is popular within the research community 
because it allows users to use an external PC to interface 
with robotic systems. The iiwa_stack [11] is one of the most 
commonly used packages for interfacing Sunrise.OS with 
ROS. This package is built on the SmartServo interface only; 
as such, it provides soft, realtime control capability, allow
ing the user to control iiwa with the ROS on the fly. As an 
alternative, KST is the unique MATLABbased interface for 
Sunrise.OS (Table 1), and it is a plugandplay solution that 
requires no special configuration in the controller and cov
ers a wide range of Sunrise.OS features, especially for 
human–robot interaction capabilities.

Compared with the iiwa_stack, KST also includes extra 
functionalities for handguiding, precision handguiding, 
nonblocking motion calls, conditional motion calls, and 
pointtopoint motion calls (arcs, lines, and ellipses), among 
others. In addition, KST provides numerous examples, rang
ing from simple tutorials on the straightforward implementa
tion of its functions to more complex examples that involve 
robot control based on external hardware/sensor inputs. KST 
can be used in education, research, and industry. Thanks to its 
MATLAB interface, KST facilitates the development of appli
cations for KUKA Sunrise.OS. Moreover, it makes the devel
opment of robot applications accessible to people with basic 
MATLAB skills, even if they are not programming experts.

The KUKA Sunrise.OS controller is programmed using 
Java, which allows implementation of complex algorithms in 
the robot controller. Due to communication delay, the use of 
an external computer to interface with the robot has a negative 
impact on realtime execution of the robot’s commands. In 
KST, tests revealed a 3 to 4ms communication delay when 
sending commands to and receiving commands from the 
robot, as detailed in the extended version of this tutorial in the 
supplemental multimedia material. In this scenario, the use of 
an external computer is advantageous in several cases:
1) when interfacing with multiple external devices
2)  when easy integration of external software modules and 

hardware devices is needed
3)  when complex algorithms (image processing and machine 

learning, among others) requiring high computational 
power are being implemented 

4)  when the number of computations involved is relatively 
high so that performance is limited by the robot controller 
hardware (unlike the robot controller, the computer hard
ware can be easily upgraded).

Original Contribution
KST contains more than 100 functions and presents mul
tiple advantages.
1)  Easy and fast interaction with the robot is possible from an 

external computer running KST, which is an opensource 
solution provided under Massachusetts Institute of Tech
nology license.

2)  KST integrates diverse functionalities including, among 
others, kinematics, motion definition, and precision 
handguiding [the latter refers to robot handguiding at 

Table 1. The iiwa_stack (ROS) and KST interfaces.

iiwa_stack KST

Operating system Linux Linux, Windows, Mac

Programming languages C++ or Python MATLAB

Required knowledge ROS MATLAB

3-dimensional simulator gazebo v-rep

Collaborative robots have 

been extensively studied 

and are increasingly safe, 

intuitive to use, and robust.
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the endeffector level (translations and rotations for pre
cision positioning) [12], which is different from KUKA’s 
offtheshelf hand guiding at the joint level].

3)  The toolbox can accelerate the development of 
advanced robot applications in MATLAB. Complex 
algorithms and advanced mathematical tools supported 
by MATLAB (e.g., matrix operations and data filtering) 
can be implemented in an external computer. Existing 
software modules/toolboxes (vision, machine learning, 
statistics, etc.) can also be integrated, extending applica
tions with new functionalities.

4)  KST makes the KUKA LBR iiwa manipulators accessible to 
a wide variety of people from different backgrounds and 
opens the door of collaborative robotics to many potential 
new users for academic, educational, and industrial appli
cations. MATLAB is widely used to accelerate the process 
of research implementation.

5)  KST runs inside MATLAB, so it can be used on different 
operating systems: Windows, Linux, and macOS.

KST
KST functions are divided into seven categories:
1)  Networking: establishes (and terminates) connection with 

the robot controller.
2)  Soft real-time control: activates/deactivates soft realtime 

functionalities for motion and impedance control. In such a 
case, the robot’s path can be updated online from external 
sensor data with simultaneous control–feedback capability. 
These functionalities are built on the DirectServo and 
SmartServo from KUKA.

3)  Point-to-point motion: allows pointtopoint motion in 
joint space as well as in Cartesian space. This category also 
includes nonblocking and conditional/interruptible 
motion functions.

4)  Setters: set parameter values in the robot controller 
(e.g., robot poses, lightemitting diodes, and I/O con
nectors).

5)  Getters: obtain parameter values from the robot controller 
(joint angles, endeffector position, endeffector orientation, 

force/moment acting on the end effector, joint torques, 
I/O connectors).

6)  General purpose: calculates forward and inverse kinemat
ics, the mass matrix, the Coriolis matrix, and the Jacobian 
matrix.

7)  Physical interaction: activates/deactivates handguiding, 
precision handguiding [12], and double tap detection.
KST runs on an external/remote computer and communi

cates with KUKA Sunrise via TCP/IP through an Ethernet 
network using the robot’s X66 connector (Figure 1). KST 
implements a TCP/IP client that communicates with the Java 
server (KST Server and KST Main) running on Sunrise.
OS. Both KUKA iiwa ma 
nipulators (KUKA iiwa 
7  R800 and KUKA iiwa 
14 R820) are supported.

The main functions of 
KST are detailed and 
illustrated with imple
mentation examples in 
the extended version of 
this tutorial in the multi
media material available 
in IEEE Xplore. The KST 
toolbox can be freely 
down  loaded from the GitHub repository at https://github 
.com/Modi1987/KSTKukaSunriseToolbox provided under 
MIT license.

Application Examples
The robot, with a pen mounted on the flange, draws a circle 
on the top of a white box. This task is achieved by KST point
topoint functionalities that support arc motion. An illustra
tive example/algorithm is given in Algorithm 1.

This task can also be achieved with the inverse kinematics 
solver and the soft, realtime control functionalities. The end
effector circular path is calculated while the robot is moving. 
The inverse kinematics solver is used to calculate the joint angles 
of the robot from the circular path. The calculated angles are 

Computer

MATLAB Application

KUKA Sunrise Toolbox

KUKA Sunrise Cabinet

KUKA Sunrise.OS
KUKA

LBR iiwaKST Server

KST Main

Networking || Real-Time Control
Point-to-Point Motion
Setters || Getters
General Purpose
Physical Interaction

TCP/IP

Figure 1. The KST architecture and communication scheme. The KUKA Sunrise cabinet is the physical robot controller.

In these applications, 

the robot works side by 

side with the coworker, 

providing assistance in an 

intuitive and safe manner.
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relayed to the Sunrise controller through KST such that the 
robot end effector executes the circular path. Figure 2(a) illus
trates the control scheme flowchart, and Figure 2(b) is a snap
shot of the robot drawing a circle. Because robot motion is 
being generated online using KST’s soft, realtime control 
functionalities the path can quickly be adjusted to change veloc
ity or stop the motion, if desired. The example code can be 

found in the MATLAB 
file KSTclass_Tutorial_
drawCircle.m.

KST was also used to 
implement a practical use 
case in which a human 
coworker and the robot 
share workspace and sub
tasks related to the assem
bly of two parts joined by 
screws. As such, KST was 

used to implement a human–robot collision avoidance sys
tem based on the wellknown potential fields method [13]. 
The screwing operation (Figure 3) for a single screw is divid
ed into three subtasks.

First, the human coworker approaches the work piece to 
place the screw into the hole while the robot moves away to 
avoid collision. In this phase the coworker rotates the screw 
(1–2 turns) and leaves the area. The collision avoidance sys
tem is able to adjust the offline preplanned paths smoothly 
and on the fly to avoid collisions with the dynamic coworker 
[Figure 3(a)–(c)].

Next, the robot automatically returns to the preplanned 
path to tighten the screw. It approaches the screw head from 
the top, while the tool attached to the robot end effector 
starts rotating. When a given torque is reached, the tool stops 
rotating, and the robot moves up. In this phase, when the 
robot reaches a predefined distance until it moves up from 
the screw head, collision avoidance is deactivated. In this sce
nario, the robot velocity is relatively reduced, limiting the risk 
for the human coworker [Figure 3(d)–(f)].

Finally, the human approaches the work piece to 
apply a final manual tightening with adequate pressure. 

Initial Position Time

Online Path Generation
in Cartesian Space 

Inverse Kinematics
Solver (KST Functionality)

Update Robot Motion
(KST Real-Time Control) 

Loop Until
the Circle Is Complete

(b)(a)

Figure 2. Example 1. (a) A flowchart of the MATLAB script. (b) 
The robot drawing a circle.

Algorithm 1: Drawing a circle (MATLAB Code)

 % Instantiate the KST object
 ip = ‘172.31.1.147’; % IP of the robot controller
 arg1 = KST.LBR7R800; % Robot type/model
 arg2 = KST.Medien_Flansch_elektrisch; % Flange type/model
 Tef_flange = eye(4); % End-effector to flange transform
 iiwa=KST(ip,arg1,arg2,Tef_flange); 
 % Connect to the robot controller
 iiwa.net_establishConnection();
 % Define circle radius and robot velocity
 r = 50; vel = 150;
 % Define the center of the circle as the current end-effector position
 Cen = iiwa.getEEFPos();
 % Define sPoint as the starting point of the circle
 sPoint = Cen; sPoint{1} = sPoint{1}+r;
 % Move the end-effector to the starting point of the circle
 iiwa.movePTPLineEEF(sPoint,vel);
 % Specify the parameters of the arc, namely the angle theta
 % subtended by the arc at the center of the rotation and the
 % XY coordinate of the center of the arc
 theta = -2*pi;
 c = [Cen{1}; Cen{2}];
 % Move the end-effector to perform the arc motion
 iiwa.movePTPArcXY_AC(theta,c,vel);

Easy and fast interaction 

with the robot is possible 

from an external computer 

running KST.
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The robot moves away to avoid collision [Figure 3(g) 
and (h)].

In this system, a magnetic tracker captures the human’s 
pose around the robot. Each magnetic tag provides position 
and orientation data, which are used as inputs to compute 

the minimum distance between the human and the robot, 
both geometrically approximated by capsules. The robot 
motion is controlled with the soft, realtime control func
tions provided by KST. We conducted a quantitative analysis 
by recording the human–robot minimum distance, robot 
velocity, and robot joint angles (Figure 4). This analysis 
focused on the first subtask and the beginning of the sec
ond subtask [Figure 3(a)–
(e)]. At the start, the robot 
is stationary. When the hu 
man coworker ap  proa  ch 
es the work piece, the 
human–robot minimum 
distance decreases to 0.3 m 
(minimum), and t h e 
robot reacts to avoid colli
sion (Figure 4). After this 
process, when the cowork
er is placing the screw, 
the minimum distance is 
stable, and the robot is 
stopped, keeping a given 
safe distance. When the human moves away (second sub
task), the robot returns back to the work piece. The sample 
video and another collision avoidance example with addi
tional detail are provided in the extended version of this 
tutorial in the multimedia material in IEEE Xplore.

Nine application examples on a KUKA iiwa 7 R800 ma 
nipulator demonstrate the performance and easy use of 
KST for drawing geometries, DirectServo control, human–
robot collision avoidance, teleoperation, handguiding and 
teaching, interfacing Sunrise with vrep, and controlling 
iiwa using a graphical user interface. The application 
examples also include two practical use cases, one for 
assembly operation using screws and the other for pick
andplace operation. These examples are detailed in the 

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 3. (a)–(h) The robot smoothly avoids collision when the human coworker approaches to perform the screwing operation.

The collision avoidance 

system is able to adjust the 

offline preplanned paths 

smoothly and on the fly to 

avoid collisions with the 

dynamic coworker.
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extended version of this tutorial in the multimedia materi
al in IEEE Xplore . 

Conclusions
According to users’ feed
back (students, researchers, 
and industry engineers), 
the proposed toolbox is a 
useful and intuitive tool to 
interface with KUKA Sun
rise.OS and, in particular, 
to speed up the develop
ment and implementation 
of robot applications. KST 
functionalities are ad 
vantageous for the im 

plementation of advanced robot applications. KST also 
facilitates integration of external hardware, data process
ing, and implementation of complex algorithms using exist
ing toolboxes.
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Automation Technologies 
for Sustainable Production

By Andrea Matta

S
ustainability has become a ma 
jor component of competition 
among manufacturers worldwide. 
Approximately onethird of the 

energy consumed in the United States 
is used for manufacturing. Sustain 
able production is the top concern for 
manufacturers and consumers because 
generating greenhouse gases and 
harmful emissions and disposing of 
waste generated during the manu 
facturing processes could pollute the 
environment. Therefore, production 
system design, analysis, and control play 
key roles in providing cleaner energy 
and reducing emissions, waste, and 
pollution, as well as minimizing the 
impact of climate change and con 
serv  ing natural resources and energy 
during the product’s entire life  cycle. 
Therefore, sustainable production 
automation (SPA), which involves de 
signing, structuring, and engineering 
operations and products, is a significant 
part of manufacturing.

The technical committee (TC) on 
SPA promotes the idea of developing 
innovative algorithms, models, heu
ristics, hardware, and software in 
broad areas. This approach focuses on 
designing, analyzing, and managing 
the processes involved in the prod
uct’s life cycle—from design to deliv
ery to return—to have only a mini
mally negative impact on society, 
including environmental, economic, 
and social impacts. Figure 1 high
lights some developments in various 
industry sectors.

The main goals of the TC are to
 ● establish an SPA community 

 ●  foster theoretical development in 
promoting sustainable products 
and processes 

 ●  advance the theoretical understand
ing of the complexity of SPA

 ●  offer innovative and efficient solu
tions for realworld problems in 
sustainable production 

 ●  demonstrate the practical and relevant 
aspects of the developed methods.
The TC began in 2012 and currently 

has more than 150 members from more 
than 15 countries in North America, 
Europe, Asia, and the Pacific region. 
Members include both earlycareer and 
senior researchers who share a common 
interest in the latest technological and 
scientific advancements achieved in the 
field of automation technologies for 
sustainable production. In the broad 
area of sustainability, the TC launches 
initiatives continuously, ranging from 
organizing workshops and special ses
sions during the major IEEE Robot
ics and Automation Society (RAS) and 
nonRAS conferences (Figure 2) to 
editing books and organizing special 
issues in prestigious scientific journals. 
Our TC members are very active, win
ning various awards (Figure 3) and re 
search recognition.

Research Activity Highlights
SPA makes production systems more 
green, or energy efficient and environ
mentally friendly. This vision stems 
from the perspectives of both manufac
turing of green technology products, 
such as renewable energy and clean 
technology products, and the design and 
control of traditional manufacturing 
processes to address energy and envi
ronmental concerns, such as minimiz
ing energy usage, recycling, and reusing 

waste. It will contribute not only to the 
rapidly growing clean energy sector 
but also to society as a whole. In recent 
years, numerous opportunities and 
challenges have arisen based on how 
rapid technology developments and the 
economy have reshaped sustainability 
and automation and expanded the 
scope of research. You can find more 
details in [1].

Research in battery manufacturing 
has attracted attention because it relates 
to the increasing demand for alternative 
energy sources for hybrid and electric 
vehicles [4]. To satisfy diverse demands, 
batterymanufacturing systems need to 
be smart enough to respond rapidly to 
production disruption and make timely 
decisions on the factory floor. Addi
tionally, rapid development in battery 
technology and the unique features of 
battery products have introduced 
enormous challenges in manufactur
ing. The manufacturing industry has 
been eagerly seeking effective solu
tions to manage production difficul
ties. The national Advanced Manufac
turing Partnership recognizes that 
highfidelity modeling methods, as 
well as effective theory and algorithms 
for smart manufacturing process con
trol, are needed to fill highpriority 
gaps in manufacturing. These tech
niques must take into account the 
main specificities of battery manufac
turing systems, such as the complexity 
of quality issues in the process or the 
transient behavior of systems that 
never reach their steady state due to 
continual changes. Such techniques 
can be applied to manufacturing other 
renewable energy products as well, 
such as fuel cells, biofuel, and solar 
energy products [5]–[7].

Digital Object Identifier 10.1109/MRA.2019.2892313
Date of publication: 12 March 2019
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Minimizing the acceleration of in 
dustrial robot systems reduces energy 
consumption by up to 30% while retain
ing production times. Energy savings 
occur by optimizing robot motions to 
reduce acceleration and deceleration, as 
well as the time the robot is at a stand
still, because standstills also consume 
energy. A basic idea of the proposed 
optimization concept is to let a robot 
move more slowly, instead of waiting for 
other robots to catch up, and then carry 
out the next operation sequence. The 
optimization also determines the order 
in which various operations are carried 
out, to minimize energy consumption 
without reducing the total execution 
time. The result is an energyoptimal 
schedule that can include all robots (and 
other moving resources and machines) 
in the optimization procedure. The opti
mal solution still maintains a desired 
production time, which is crucial to win 
industrial acceptance; reduced produc
tion capacity rarely is a satisfactory 
solution. Additionally, it is necessary to 
preserve the robots’ paths. Only velocity 
profiles and waiting times should be 
adjusted in the optimization, which 
means that the original robot path plan
ning is maintained. Detailed energy 
models are included in mathematical 
optimization models.

Similar to robotmanufacturing sys
tems, research on improving energy 
efficiency when using machine tools is 
also underway. To improve energy effi
ciency, it is crucial to make better use of 
any energy that would otherwise be 
lost. Indeed, machine auxiliary equip
ment, i.e., suppliers, can easily require 
more energy than is necessary, because 
they need power during nonproductive 
machine states. These systems must be 
available when production has to 
resume, generating an overabundant 
supply that we could reduce by switch
ing the machine state according to an 
appropriate control strategy. 

The control of machine states is one 
of the most promising measures at the 
machine level. This state control reduces 
the energy demand when the machines 
are idle by using start/stop features to 
switch the machine on or off according 
to predetermined rules. The popularity 

of remanufacturing, an industrial pro
cess to restore discarded products/com
ponents back to their useful lives, has 
surged recently. As a result, there are 
many publications on this topic, and 
more work will continue to appear. This 
problem is generating a good deal of 
interest due to its complexity and the 
various associated challenges.

Remanufacturing, compared to 
manufacturing, is more complicated in 
that 1) the timing and quantities for the 
supply of returned products is unpre
dictable, 2) the quality and composition 
of returned products vary, and 3) the 
process routings are not necessarily 
fixed but adapt to the condition of 
actual products/components instead. 
From a logistical perspective, the new 
set of product recovery and remanufac
turing operations close the loop (known 
as reverse logistics) to a conventional 
supply chain flow. This addition brings 
two distinct characteristics to system 

modeling: analysis and control. A sto
chastic, autonomous inbound item 
flows, and two alternative supply options 
(i.e., recovered products and new prod
ucts) fulfill demands. Because the vari
ability is highly uncontrollable with 
respect to production conditions, it is 
worthwhile to implement the inspec
tion and sorting of returns in the system 
as a way to identify product quality and 
organize necessary activities for their 
recovery and remanufacturing (i.e., 
products with recoverable quality) or 
reuse (i.e., products with good quality).

Future Directions
Sustainable manufacturing has been a 
critical element in manufacturing 
strategies for at least a decade. Earlier 
efforts focused on environmental ini
tiatives, such as GE’s Ecomagination 
(2017) or IBM’s Smarter Planet (2017) 
to enhance resource productivity and 
reduce the environmental impact. 

Tenure Track Position in 
Mechatronics Engineering

The Department of Mechanical 
and Industrial Engineering 
(https://www.ryerson.ca/mie/) 
in the Faculty of Engineering & 

Architectural Science at Ryerson University invites applications for a 
tenure-track position at the rank of Assistant Professor in Mechatronics 
Engineering, effective July 1, 2019, subject to final budgetary approval. 
Candidates must hold a Ph.D. degree (or be near completion) in 
Mechatronics Engineering, Mechanical Engineering, Electrical 
Engineering or a related field. Postdoctoral experience is an asset. 
The selected candidate must be eligible to register as a professional 
engineer (P.Eng.) in the province of Ontario by the date of appointment. 
Candidates must have a demonstrated commitment to uphold the values 
of Equity, Diversity, and Inclusion in teaching, research and service. 
This includes the ability to foster creative and collaborative intellectual 
inquiry by bringing diverse knowledge, experiences and perspectives to 
learning activities and research projects. Candidates must demonstrate 
well-developed research and teaching abilities in Mechatronics 
Engineering, with expertise in robotics, controls, autonomous systems, 
or other relevant areas. Candidates must hold a strong research profile 
(e.g., evidence of an emerging scholarly record, ability to establish and 
maintain an independent, externally funded research program), evidence 
of high-quality inclusive teaching and student training, and a capacity 
for collegial service.

For the full job posting, including qualifications and how to apply, please 
refer to the Ryerson Career Opportunities website: https://www.ryerson.
ca/jobs/
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These initiatives have typically had one 
of three objectives: 1) decreasing the 
manufacturing cost by reducing energy 
and waste, 2) enhancing corporate rep
utation as part of companies’ corporate 
social respon sibility efforts, and 3) 
complying with governmental regula
tions. While these initiatives continue to 
be important, four disruptive technolo
gies will dramatically influence the 
future of sustainable manufacturing. 
First, smart manufacturing (or digital 
manufacturing) technologies will be 
integrated into a realtime factory and 
supply chain opti  mization, allowing 
companies to make instantaneous trad
eoffs among energy consumption, pro
ductivity, quality, fulfillment, and cost. 
Second, the models that aid these opti
mality tradeoffs will be driven by the 
Internet of Things, artificial intelli
gence, and cognition. In other words, 
the models will continuously learn 
from realtime data that humans and 
machines in the factory generate, as 
well as similar machines in other facto
ries and also simulations [8], [9]. Third, 
additive manufacturing will completely 
change not only the design of products 
but also the structure of supply chains 
through decentralized flexible produc
tion, volumeindependent cost, and 
zerocost customization. Finally, dra
matic cost reductions will enable com
panies to use renewable energy that is 
generated onsite, reducing the energy 
cost and C02 emissions, and becoming 
significantly more sustainable.

Overall, we believe that sustainable 
manufacturing (as well as remanufactur
ing) will become as commonplace as 
lean manufacturing, because companies 
will have to embrace it to survive. Grow
ing government regulations will increase 

the speed of its adoption. The disruptive 
technologies discussed will provide 
incredible opportunities for both in 
dustrial and academic researchers to 
contribute to the success of sustainable 
manufacturing and a sustainable planet.

(a) (b)

Figure 2. The SPA TC organized special sessions in various conferences: (a) IEEE SMC 2017 and (b) IEEE CASE 2016.
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Figure 3. A presentation during the 2017 IEEE International Conference on Automation 
Science and Engineering, 20–23 August 2017, Xi’an, China.

from the guest editors (continued from page 9)

and trimming setups to fit the required 
applications. The development of inno
vative robotized solutions for in situ 
interventions is critically important to 
ensure safe and economical operation 
of strategic industrial sectors.

In this context, this special issue of 
IEEE Robotics and Automation Magazine, 
through a selection of carefully selected 
peerreviewed articles, draws the atten
tion of both roboticists and industry 
specialists to the importance of develop
ing bespoke, but versatile, robotic solu
tions that can have a significant impact 
on robotic innovation as well as provide 
economic and societal benefits.

The articles in the issue report on 
recent innovative developments in the 
onsite repair of aeroengines and in 
autonomous radiological monitoring 
of nuclear facilities. Two articles 
describe innovations in in situ inter
ventions using aerial robots, and 
another article emphasizes the contri
bution competitions make to robotic 
in situ interventions. We hope this 
special issue will serve as a catalyst, 
bringing robotics researchers and spe
cialists closer to the exciting chal
lenges offered by in situ inspection 
and repair in restricted/hazardous 
industrial environments.
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An Overview of the United Nations  
High-Level Panel on Digital Cooperation

By Edson Prestes

e are witnessing the rise 
of a world driven by di 

gital technologies. Un 
derstanding the potential of 

these technologies, several nations now 
are racing to assume leadership of 
the artificial intelligence (AI) world. 
One of the main problems is we, as a 
global community, do not clearly 
understand the im  plications behind 
this race. At the same time that digital 
technologies bring many benefits, such 
as raising the standard of living and 
quality of life of people around the 
globe, they also can deepen inequalities 
and undermine human rights.

Currently, we can easily find exam
ples of systems violating our privacy [1] 
and, consequently, our right to a private 
life; providing unequal opportunities 
based on gender [2], consequently vio
lating the right for gender equality; 
degrading or having the potential to 
degrade the environment [3], violating 
the right to a decent standard of living; 
discriminating against minorities [4], 
[5], violating access to justice and the 
right to a fair trial; and so forth [6]. 

Specifically regarding the AIrelated 
domain, we need to be aware, despite 
all the hype involved, that AIbased 
systems are just computational systems, 
far from being as intelligent as humans. 
This will help to shape the conversa
tion and preserve human agency and 
decisionmaking abilities, especial 
ly in scenarios that may pose risk to 
human life.

We comprehend that onesizefits
all solutions are not adequate to address 
the potential issues related to techno 
logy. Any solution should take into 
account the social, economic, and cul
tural diversity that exists across the 
globe. Therefore, it is urgent to have a 
worldwide conversation; consequently, 
cooperation is necessary to address all 
potential unintended outcomes and 
avoid a dystopian future. We need to 
make a joint effort to try to understand 
how digital technology can impact our 
lives so as to understand our own role  
regarding its limitations and potentiali
ties to reap all possible benefits. This 
implies ascertaining the effects on our 
basic needs, values, and rights as indi
viduals and as a society as a way to pre
serve our rights and agency while 
diminishing existing gaps (infrastruc
ture, educational system and social bar
riers, and so forth) rather than creating 
new ones.

On 12 July 2018, United Nations 
(UN) SecretaryGeneral António Gu 
terres established the HighLevel Panel 
on Digital Cooperation. This panel 
aims to propose ways to strengthen 
cooperation at a global level in the digi
tal realm to ensure a safe and inclusive 
digital future for everyone, following 
the premise that no one gets left behind. 
This panel is chaired by Melinda Gates, 
cochair of the Bill and Melinda Gates 
Foundation, and Jack Ma, executive 
chairman, Alibaba Group. It is com
posed of 20 independent experts from 
government, industry, civil society, aca
demia, and the technical community. 
I’m deeply honored for being invited to 

join this panel together with very distin
guished members that include Vinton 
Cerf, Google vice president and Turing 
Award recipient; Jean Tirole, Nobel 
Prize laureate in Economic Sciences; 
Mohammed Al Gergawi, minister of 
cabinet affairs and the future, United 
Arab Emirates; Nikolai Astrup, minister 
of international development, Norway; 
and Isabel Guerrero Pulgar, past World 
Bank vice president (Figure 1).

The first inperson meeting took place 
on 24–25 September 2018 at UN head
quarters in New York, where we dis
cussed inclusive technology, trade, and 
development; principles, mechanisms, 
and approaches to digital cooperation; 
capacity building and closing the digital 
gap; data as a transfor  mative resource; 
human rights and human agency in the 
digital age; and digital security. 

In particular, I gave a speech on 
human rights and human agency in the 
digital age, discussing our global scenar
io with current examples of human 
rights violations from technology mis
use. In addition, I advocated in favor of 
how our domain can create a bright and 
inclusive world based on the responsi
ble development of robotics and auto
mation (R&A) innovations. As R&A is 
my “alma mater,” I sincerely believe 
the field has the potential to positively 
transform our society, bringing many 
benefits to humanity, such as universal 
access to health systems, an increase 
in human wellbeing, creation of new 
businesses, equality of opportunities, 
environmental sustainability, and oth
ers that are also aligned to the UN’s sus
tainable development goals.
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At the end of the second day, we 
decided to focus our attention on val
ues and principles, methods and mech
anisms, and illustrative action areas, 

aiming to answer such questions as 
the following.

 ●  What are the key values that individ
uals, organizations, and countries 
should support, protect, foster, or pri
oritize when working together to 
address digital issues?

 ●  What are the priority areas for im 
proved cooperation among stakehold
ers? How do we enable cooperation? 
What methods and mechanisms of 
cooperation are we missing?

 ●  What are successful examples of 
cooperation among stakeholders in 
these areas? Where is additional co 
operation needed?
Currently, we have delegations 

gathering inputs from governments, 
the private sector, civil society, inter
national organizations, and techni
cal  and academic communities 
worldwide, through visiting capital 
cities, attending or hosting inper
son events, convening discussions, 
and launching open calls for contri
butions. All inputs collected will 
be evaluated by the panel, which will 
produce a report for the UN Secre
taryGeneral with key findings and 
actionable recommendations. This 
report is planned for release in 
mid2019.

Our most recent inperson meeting 
was held at the UN office at Geneva, 
Switzerland, the Palais des Nations, 
21–22 January 2019. If you want to 

know more about our work, please 
visit https://digitalcooperation.org.
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Figure 1. At center (from left): Melinda Gates, António Guterres, and Jack Ma. Edson Prestes, IEEE Robotics & Automation Society 
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A Journey Toward the Convergence  
of Robotics and Life Sciences
By Eugenio Guglielmelli

standards

Results of the IEEE RAS Standards  
Strategy Meeting
By Craig Schlenoff

O
n 30 September 2018, the 
Industrial Activities Board 
(IAB) of the IEEE Robotics 
and Automation Society 

(RAS) organized a Standards Strategy 
Meeting in conjunction with the In 
telligent Robots and Systems con 
feren  ce in Madrid, Spain. The goal of the 
meeting was to review and refine the 
overall robotics standards landscape to 
determine areas of robotics standards 
development that RAS should focus on 
and areas in which the Society should 
partner with other standards de 
velopment organizations. Attendance 
was limited to 15 people (due to room 
size and the desire to make it a focused 
meeting). Attendees included many of 
RAS’s working group chairs; re 
presentatives from the International 
Organiza  tion for Standardization 
(ISO), Robo tic Industries Association 
(RIA), and American Society of 
Mechanical Engineers (ASME); and 
experts in various robotics fields 
including autonomous vehicles and 
industrial robotics (Figure 1). 

The meeting started with presenta
tions by the participants to provide con
text and then moved on to a discussion 
of RAS’s role. A summary of the presen
tations (in the order in which they were 
presented) follows.

 ●  “Welcome/Overview/IEEE CORA 
Standard”
•	  Presenter: Craig Schlenoff, asso

ciate vice president of standard
ization in RAS

•	  Summary: This presentation pro
vided an overview of the meeting’s 
goals, the agenda, a description 
of existing IEEE RAS standards, 
and a detailed description of IEEE 
Standard 1872, Core Ontologies for 
Robotics and Automation (CORA). 
Key characteristics of CORA are:
•	 standardized in April 2015
•	  developed by 175 members re 

presenting a good cross section 
of industry, government, and 
academia

•	  won the IEEE Standards Asso
ciation (SA) Emerging Tech
nology Award and was men
tioned in President Obama’s 
“The National Artificial Intel
ligence Research and Devel
opment Strategic Plan.”

 ●  “IEEE P1872.1 Robot Task Repre
sentation”
•	  Presenter: Stephen Balakirsky, 

P1872.1 Working Group chair
•	  Summary: This presentation de

scribed the P1872.1 Robot Task 

Representation Working Group’s 
efforts, which started in Febru
ary 2017. The goal is to develop 
a knowledge representation that 
addresses robot task structure, 
decomposed into subclasses, cate
gories, and/or relations. It includes 
attributes, both those common 
across tasks and those specific to 
particular tasks and task types. 
With this, one would be able to 
provide a common means of rep
resenting tasks across domains 
and subdomains, addressing both 
the relationships between tasks 
and platforms and the relation
ships between tasks and users.

 ●  “IEEE P1872.2 Autonomous Robot
ics Ontology”
•	  Presenter: Veera Ragavan, P1872.2 

Working Group member
•	  Summary: IEEE Standard P1872.2, 

Autonomous Robotics Ontology, is a 
logical extension of IEEE Standard 
1872, which focuses on autono
mous robotics, including general 
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ontological concepts and specific 
axioms as well as use cases. The 
group has already addressed the 
development of an underlying ar
chitecture and the definition of 
key vocabulary terms, and it is in 
the process of developing onto
logical concepts to formally define 
the vocabulary.

 ●  “IEEE P2751 3D Map Represen
tation”
•	  Presenter: Francesco Amigoni, 

P2751 Working Group chair
•	  Summary: The presentation de

scribed the existing IEEE Stan
dard 1873, Robot Map Data Rep-
resentation for Navigation, which 
provides a specification for rep
resenting XMLbased 2D metric 
and topological maps to facilitate  
the exchange of map data among 
robots, computers, and other de
vices. It also described the new 
P2751 3D Map Data Representa
tion Working Group, which is ex
tending IEEE Standard 1873 to fo
cus on 3D maps, including point 
clouds, grids such as voxel maps, 
and polygonal meshes.

 ● “Ethics in Technology”
•	  Presenter: Ali Hessami, chair 

and technical editor of the IEEE 
P7000 standards

•	  Summary: This presentation pro
vided an overview of ethics as a 
whole and described the IEEE 
P7000 standards. The purpose 
of these standards is to create 
a shared mission around values, 
value priorities, and value harms 
that should be avoided as well 
as to ensure valuebased system 
engineering by building a bridge 
between the value mission and 
the actual development of a sys
tem. A working group draft was 
expected in October 2018.

 ●  “IEEE RAS/SA 7007—Ontological 
Standard for Ethically Driven Robotics 
and Automation Systems”
•	  Presenter: Sandro Fiorini, vice chair 

of the IEEE 7007 Working Group
•	  Summary: This presentation 

described the IEEE Standard 
7007 effort focusing on ethical 
ly driven robotics. The standard 

establishes a set of definitions 
and their relationships that will 
enable the development of ro
botics and automation systems 
in accordance with worldwide 
ethics and moral theories, with a 
particular emphasis on aligning 
the ethics and engineering com
munities to understand how to 
pragmatically design and imple
ment these systems in unison. 
The standard describes what is 
meant when one says that some
thing is “ethical” or “not ethical.”

 ● “Intro to P2730”
•	  Presenter: Tamas Haidegger, IEEE 

RAS IAB associate vice president
•	  Summary: This presentation de

scribed IEEE Standard P2730, 
Classification, Terminologies, and  
Definitions of Medical Robots, 
which RAS is cosponsoring with 
the IEEE Engineering in Medi
cine and Biology Society. RAS 
joined this effort in September 
2018. The standard specifies the 
categorizing, naming, and defini
tion of medical robots. The group 
is in the process of changing its 
name to Medical Electrical Equip-
ment Employing Robotic Technology 
Terminology and Classification.

 ●  “ISO and RIA Efforts in Standard
ization”
•	  Presenter: Roberta Nelson Shea, 

global technical compliance of
ficer at Universal Robotics, ISO 
Technical Committee (TC) 299 
Working Group 3 convenor, ISO 
TC299 Study Group 1 convenor, 
and American National Stan
dards Institute (ANSI) Robotics 
Industry Association (RIA) stan
dards chair emeritus

•	  Summary: This presentation de
scribed ISO TC299 (Robotics), 
whose goal is to develop high
quality standards for the safety of 
industrial and service robotics to 
enable innovative robotic prod
ucts to be bought onto the mar
ket. These standards are mostly 
harmonized standards for Eu
rope, North America, and Asia. 
They tend to have very good glob
al acceptance and are used for 

asserting conformity in a variety 
of regions around the globe. Spe
cific efforts include Study Group 1 
(Gaps and Overlaps), Working 
Group 1 (Vocabulary and Char
acteristics), Working Group 2 
(Personal Care Robots), Work
ing Group 3 (Industrial Safety), 
Working Group 4 (Service Ro
bots), joint Working Group 5 
(Medical), and Working Group 6 
(Modularity for Service Robots). 
ANSI/RIA efforts were also dis
cussed, including R15.06 (Indus
trial Robots and Robot Systems) 
and R15.08 (Mobile Robots). The 
scope of ISO TC299 excludes toys 
and defense (military).

 ● “ASME Robot Standards Efforts”
•	  Presenter: Angel Guzman Rodri

guez, Standards and Certifica
tion project engineer, Standard
ization and Testing Department

•	  Summary: This  presentation 
gave an overview of ASME and 
described the robotics field as 
one of the five core technologies 
that ASME wants to focus on in 
the future. Specific efforts will 
explore robot arms under the 
Standards Committee on Manu
facturing and Advanced Manu
facturing. They also have a new 
committee on mobile unmanned 
systems for inspection, monitor
ing, and maintenance of indus
trial facilities and power plants. 
A few other related efforts were 
also described.

 ●  “Robot Standardization: Personal 
Care, Medical, and Modularity”
•	  Presenter: Gurvinder Virk, tech 

nical director, InnotecUK (among 
other affiliations)

•	  Summary: This presentation des 
cribed the changing world of ro 
botics, from industrial to servi  ce 
to modular ity, as well as the 
growing safety requirements for 
closer human–robot  interaction 
and the growing  international 
standardization efforts for emerg
ing robots. It also described how 
robots are changing from tools 
to assistants to servants and, most  
recently, to companions. Because 
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of this, even the definition of ro-
bot is evolving. Finally, it described 
the various working groups in 
the ISO, filling in some areas that 
were not fully covered in Roberta 
Nelson Shea’s talk.

 ●  “Thoughts on Autonomous Vehicle 
Robot Standards”
•	  Presenter: Chris Debrunner, 

Lock  heed Martin autonomous 
systems fellow

•	  Summary: Dr. Debrunner led 
a discussion on autonomous ve 
hicle technology and what is 
needed. The focus was on vali
dation of autonomous systems 
(especially those that learn) and 
interoperability among vehicles 
and between vehicles and the en
vironment. He described some 
autonomous vehicle work per
formed at Lockheed Martin that 
was built on the Robot Operat 
ing System.

 ● “A Perspective on Robot Standards”
•	  Presenter: Henrik Christensen, 

director of the Contextual Ro
botics Institute

•	  Summary: This presentation 
gave a highlevel overview of the 
standardization process, with a 
focus on answering the follow 
ing questions:
•	  Why are we standardizing? (It 

is all about money.)
•	  Who are the players? (Indus

trial companies, trade organi
zations, etc.)

•	  When can we standardize? 
(Tech  nology maturity, incen
tive, longevity.)

Some of the main takeaways were the 
need to leverage technology road maps 
where they exist, create a clear business 
case, and ensure collaboration among 
mature organizations. The presentations 
can be found at http://www.ieeeras.org/
industrygovernment/standards/ 
standardsstrategymeeting.

After the presentations, a discus
sion ensued to determine the areas in 
which RAS could have the biggest 
impact on the robotics standards com
munity while complementing the 

efforts of the other standards organi
zations. A few key areas were identi
fied, including the following (in no 
particular order):

 ●  Harmonization of terminology among 
the various standards organizations: 
The same term can be defined dif
ferently in different standards orga
nizations and even among different 
groups within the same standards 
organization. RAS could play a va 
luable role in harmonizing these 
definitions.

 ●  Interoperability standards: RAS has 
already started down this path with 
the CORA and Robot Map Data Rep-
resentation for Navigation standards. 
No other standards organization 
appears to be focusing on this area. 
This would involve clear terminol
ogy definition and, possibly, inter
face standards.

 ●  “Under the Cover” standards: ISO/TC 
299 is working in the here and now. 
Forwardlooking activity is not 
focused on the far future because 
standards are written to address 
known demand and need. Partici
pants tend to be weighted toward 
industry representatives, manufac
turers, integrators, and users. In 
contrast, the IEEE appears to focus 
more on the research side, with 
close ties to R&D and academia. 
A partnership could be mutual 
ly beneficial.
•	  Electronic,  electrotechnical, 

software, and hardware tech
niques and innovations could 
be leveraged for commercial ap
plications. Roberta Nelson Shea  
mentioned that ISO/TC299 
Work  ing Group 3 does not dic
tate how to design or implement 
a solution; instead, the standards 
state the required end goal of 
the performance.

 ●  Verification of autonomous systems: 
This is a growing research area, es
pecially focusing on systems that 
learn. RAS could be a good home 
for standards and performance 
metrics to help verify autonomous 
system performance.

 ●  Robot agility performance metrics: 
Because robots must adapt to ever
changing environments, metrics 
and test methods are needed to 
assess their agility performance 
when confronted with unexpect 
ed situations.

 ●  Human–robot interaction perfor-
mance metrics: As human–robot 
collaboration becomes more prev
alent, metrics and test methods are 
needed to assess the interaction 
between the human and the robot, 
considering human factors and the 
transfer of information. (Note that 
this is distinct from robot–human 
contact and the topic of biome
chanical limits, forces, speeds, and 
similar areas, which are already be
ing addressed in ISO/TC199.)
As a direct result of the meeting, 

two study groups were proposed and 
accepted. The 
first will focus 
on verification 
of autonomous 
systems (led by 
Signe Redfield 
from the Naval 
Research Labora
tory, Washington, 
D.C.); the second 
will focus on ro 
bot agility perfor
mance metrics 
(led by Anthony 
Downs from the National Institute of 
Standards and Technology, Gaithers
burg, Maryland). 

Both study groups will hold meet
ings at the 2019 International Confer
ence on Robotics and Automation 
(ICRA2019) in Montreal, Quebec, 
Canada. In addition, a followup 
meeting is planned on the day before 
ICRA2019 (Sunday, 19 May 2019) to 
further the discussion that occurred 
during the standards strategy meet
ing. If you are interested in attending 
any of these meetings, please contact 
Craig Schlenoff at craig.schlenoff@
nist.gov.
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hether students are build 
ing ground vehicles with 

autonomous navigation or 
flying drones for captur  ing 

panoramic pictures and videos, a 
common challenge we experience is 
how to translate a robot control system 
to embedded algorithms. Many college 
students face the same question when 
they start their first robotics project: 
how should my robot be coded to 
achieve its best performance? Without 
the expertise of modeling the robot 
dynamics or developing simple in 
structions that can map the robot 
sensor readings to a respective action, 
a student could cer  tainly struggle to 
achieve the desired robot behavior 
or may not have the abi  lity to im 
prove a robot’s functionality based on 
standard methods. For an en  gineering 
student organization, it is important 
to motivate its academic community 
to work on challenging pro  blems in 
robotics and, at the same time, succeed 
on specific project goals. 

So how can we inspire college stu
dents to tackle important robotics prob
lems while providing a simpleto 
organize and fun experience? Although 
many great ideas can emerge from 
such a question, the IEEE Robotics and 
Automation Society (RAS) Student 
Chapter at Michigan State Univer
sity (MSU) decided to create a mini
competition called the Robot Racing 
Challenge (RRC).

The RRC was held during the week 
of IEEE Day 2018 at the MSU College 
of Engineering building in East Lan
sing, Michigan. The minicompetition’s 
goal was to run a small wheeled robot 
with reflectance sensors (m3pi, Pololu) 
through a racing track autonomously 
with as short a lap time as possible. This 
activity was presented over three days, 
so students could participate accord
ing to their availability. Because no 
hardware modification was required, a 
student could simply stop by the com
petition booth and program or test a 
new code at any given time, in an on
thego manner. The robot lap time for 
each participant was recorded in a 
ranking system during all competi
tion dates.

A set of instructions was provided 
to all competitors with a sample code 
that could be uploaded straightaway to 
the robot for speed testing as well as a 
guide on how to improve the robot’s 
performance by applying a feedback 
control algorithm using a propor
tionalintegralderivative controller. In 
addition to encouraging interaction 
between students and an easytouse 
robotic platform, this activity also pro
moted the application of math skills 
learned in the classroom to potential 
robotic challenges faced in the real 
world. As an additional incentive, the 
competition awarded multiple prizes 
for first, second, and third places. With 
this activity, students were exposed 
to many robotics concepts, such as 
embedded programming, mechatron
ics systems, and classical controls 
(see Figure 1).

This event was organized by the 
executive board of the RAS Student 
Chapter at MSU, which is composed 
of undergraduate and graduate engi
neering students. The Student Chapter 
chair, Thassyo Pinto, is a Ph.D. student 
in electrical engineering with research 
interests in soft robotics and evolu
tionary robotics. He is also the RAS 
Regional student representative for 
Regions 1–7. The vice chair, Maria 
Castano, is a Ph.D. student in electri
cal engineering with research interests 
in nonlinear controls and underwater 
robotics. Pooja Panguru (secretary) is 

Robot Racing Challenge  
at Michigan State

By Thassyo Pinto
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Figure 1. (a) The racing field with the 
wheeled robot and (b) the competition 
winners.
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an undergraduate student in computer 
science, and Ryan Aridi (treasurer) is 
an undergraduate student in electrical 
engineering (see Figure 2). Given the 
success of the event, the Student Chap
ter plans to organize future events 
with the intention of introducing ad 
vanced robotics topics at all student 
levels and encouraging new robotics 
projects at MSU.

The RAS Student Chapter and the 
Strength Augmenting Robotic Exo
skeleton Team at MSU have been col
laborating on the development of a 

robotic exoskeleton system for fire
fighting and rescue applications. The 
team participated in a nationwide 
competition in 2018, and the mem
bers are currently building the sys
tem’s second generation. In addition, 
the MSU Department of Electrical 
and Computer Engineering has a top
tier research program and an innova
tive learning environment, with 
distinctive programs in communica
tions and signal processing; computer 
engineering; control, robotics, and 
power; electromagnetics, electronic 

materials, and devices; microelectro
mechanical systems; and plasma sci
ences. The department currently has 
57 faculty mem
bers, including 
two National 
Ac a d e m y  of 
E n g i n e e r i n g 
me mb e rs , 16 
IEEE Fellows, 
14 National Sci
ence Founda
tion CAREER 
awardees, three 
DARPA Young 
Faculty award
ees, and one Air 
Force Office of Scientific Research 
Young Investigator awardee. It has 
strong representation in both the BEA
CON Center for the Study of Evolution 
in Action and the Fraunhofer USA 
Center for Coatings and Diamond 
Technologies and has made contribu
tions toward the MSU Mobility Studio 
and the Connected and Autonomous 
Networked Vehicles for Active Safety 
research initiatives to develop inte
grated systems of communication and 
controls for autonomous and con
nected vehicles and their environment.

The RASMSU website is at http://
www.ieeeras.org/students. 

 

Figure 2. The RAS Student Chapter executive board members (from left): Pooja Panguru, 
Ryan Aridi, Maria Castano, and Thassyo Pinto.
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Society NewS

Congratulations and welcome 
to the following newly orga
nized IEEE Robotics and Au 
tomation Society (RAS) Chapters.

Region 6
 ● United States
•	  IEEE San Diego Section RAS  

Chapter.

Region 8
 ● Jordan
•	  Jordan University of Science and 

Technology RAS Student Branch 
Chapter 

 ● Turkey
•	  Istanbul Medipol University RAS  

Student Branch Chapter.

Region 9
 ● Bolivia
•	  Universidad Catolica de Bolivia La 

Paz RAS Student Branch Chapter
 ● Honduras
•	  IEEE Honduras Section Joint Chap

ter RAS/IEEE Communications 
Society/IEEE Computer Society. 

Region 10
 ● Bangladesh
•	  Bangladesh University of Engi

neering and Technology RAS Stu
dent Branch Chapter 

•	  Chittagong University of Engi
neering and Technology RAS Stu
dent Branch Chapter 

 ● India
•	  University College of Engineer

ing–Osmania University in the 
Hyderabad Section

•	  Prathyusha Institute of Tech
nology and Management College 
RAS Student Branch Chapter in 
the Madras Section

•	  Dayananda Sagar College of 
E n g i n e e r i n g  R AS  Student 
Branch Chapter in the Banga
lore Section.

Welcome 10 New IEEE Robotics and 
Automation Society Chapters
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C ongratulations to the IEEE 
Robotics and Automation 
Society members who were 
recently elevated to Senior 

Member status by the IEEE Ad 
mission and Advancement Senior 
Member Review Panel. To be eligible 
for application or nomination, can 
didates must

 ●  be engineers, scientists, educators, 
technical executives, or originators in 
IEEEdesignated fields

 ●  have experience reflecting profes
sional maturity

 ●  have been in professional practice 
for at least 10 years (with some credit 
for certain degrees)

 ●  show significant performance over a 
period of at least five of their years in 
professional practice.
The names and affiliations of the 

new Senior Members are as follows:
 ● Marcelo Ang

National University of Singapore
IEEE Singapore Section

 ● Thomas Bak
Aalborg University
IEEE Denmark Section 

 ● Richard Byrne
Intel Corporation
IEEE Princeton/Central Jersey Section

 ● Nevin Darwish
Cairo University
IEEE Egypt Section

 ● Marcio De Queiroz
Louisiana State University
IEEE Baton Rouge Section

 ● Thomas Doney
Nestle Development Center, Inc.
IEEE Columbus Section

 ● David Elata
 Technion–Israel Institute of Tech
nology
IEEE Israel Section

 ● Ponciano Escamilla-Ambrosio
National Polytechnic Institute
 IEEE Toluca Subsection

 ● Peng Fang
 Shenzhen Institutes of Advanced 
Technology
IEEE Guangzhou Section

 ● Aleksandra Faust
Google Brain
IEEE Santa Clara Valley Section

 ● Sami Hajjaj
Universiti Tenaga Nasional 
IEEE Malaysia Section

 ● Marco Huber
University of Stuttgart
IEEE Germany Section

 ● Jan-Erik Kallhammer
Veoneer Sweden AB
IEEE Sweden Section

 ● Jens Kober
Delft University of Technology 
IEEE Benelux Section

 ● Kolja Kuehnlenz
 Coburg University of Appl i e d 
Sciences
IEEE Germany Section

 ● Dong Soo Kwon
 Korea Advanced Institute of Science 
and Technology
IEEE Daejeon Section

 ● Mihai Micea
Politehnica University of Timisoara
IEEE Romania Section

 ● Rajesh Panakala
 PVP Siddhartha Institute of Tech
nology
 IEEE Vizag Bay Subsection

 ● Mozasser Rahman
International Islamic University
IEEE Malaysia Section

 ● David Reinkensmeyer
University of California, Irvine
IEEE Orange County Section

 ● Daniel Roesler
 Applied Research Consulting 
Inc.
IEEE Cedar Rapids Section

 ● Muhammad Salehuddin
 Universitas Multimedia Nusan
tara
IEEE Indonesia Section

 ● Hitesh Shrimali
 Indian Institute of Technology 
Mandi
IEEE Delhi Section

 ● Asgeir Sorensen
 Norwegian University of Science 
and Technology
IEEE Norway Section

 ● Jun Ueda
Georgia Tech
IEEE Atlanta Section

 ● Gentiane Venture
 Tokyo University of Agriculture and 
Technology Campus
IEEE Tokyo Section

 ● Matthew Walter
 Toyota Technological Institute at 
Chicago
IEEE Chicago Section

 ● Xiufen Ye
Harbin Engineering Univ.
IEEE Harbin Section

IEEE Robotics and Automation  
Society Congratulates Recently  
Elevated IEEE Senior Members
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Congratulations to the six IEEE 
Robotics and Automation 
S o c i e t y  (RAS) m e m b e r s 
elected by the membership to 

serve a threeyear term on the RAS 
Administrative Committee (AdCom), 

beginning 1 January 2019. We wish 
the newly elected members success 
and thank all the candidates for their 
willingness to serve and for permit 
ting their names to be included on 
the ballot.

We would also like to thank Jaydev 
Desai, who will serve the remainder of 
Seth Hutchinson’s term on the RAS 
AdCom since Seth has moved to the 
RAS Executive Committee as presi
dentelect. 

IEEE Robotics and Automation Society 
Announces Its Newly Elected 2019 

Administrative Committee Members
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RAS New AdCom Members
The newly elected members began a three-year term on 1 January 2019.

Jaydev Desai 

Gianluca Antonelli,
Italy

Kenji Suzuki,
Japan

Kaspar Althoefer,
United Kingdom

Fumihito Arai,
Japan

Megan Emmons,
United States

Richard M. Voyles,
United States
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Seth Hutchinson will serve as the 
IEEE Robotics and Automation 
Society (RAS) presidentelect for 
2018–2019. During the 6 October 

2018 meeting in Madrid, Spain, the RAS 
Administrative Committee (AdCom) 
elected Hutchinson to operate under 
President Wolfram Burgard before 
assuming the Society presidency in 
January 2020. He is an IEEE Fellow 
and has served the RAS on the AdCom, 
as editorinchief of IEEE Transactions 
on Robotics, as a member of the In 
ternational Conference on Robotics 
and Automation Conference Editorial 

Board, and on numerous 
other RAS committees 
and conferences.

Hutchinson is a profes
sor and KUKA chair in 
robotics at the School of 
Interactive Computing, 
Georgia Institute of Tech
nology, Atlanta, where he 
also serves as the associate 
director of the Institute 
for Robotics and Intel
ligent Machines. H i s 
research in robotics spans the areas 
of planning, sensing, and control. He 
has published more than 200 papers 
on these topics and is coauthor of the 
books Principles of Robot Motion: The-

ory, Algorithms, and Im -
plementations, published 
by MIT Press, and Robot 
Modeling and Control, 
published by Wiley. 

Hu t c h i n s o n  is an 
emeritus professor of 
electrical and computer 
engineering (ECE) with 
the University of Illinois 
at Urbana–Champaign, 
where he was a professor 
of ECE until 2018 and 

served as associate head for under
graduate affairs from 2001 to 2007. He 
received his Ph.D. degree from Purdue 
University, West Lafayette, Indiana, 
in 1988. 

The IEEE Robotics and Automation  
Society Announces Its 2018–2019  
President-Elect 
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President-Elect Seth 
Hutchinson

2019 IEEE Robotics and Automation  
Society Fellow Class Announced

Congratulations to the following 
IEEE Robotics and Automa 
tion Society (RAS) members 
who were elevated to IEEE 

Fellow effective 1 January 2019! No 
minees for IEEE Fellow must hold the 
grade of Senior Member or Life Senior 
Member to qualify for elevation to 
Fellow status.

2019 IEEE Fellows  
Evaluated by RAS

 ●  Hyouk Ryeol Choi, Sungkyunkwan 
University, for contributions to 
robotic interactive sensing

 ●  Kerstin Dautenhahn, University of 
Waterloo, for contributions to so 
cial robotics and human–robot 
interaction

 ●  Emilio Frazzoli, Massachusetts Insti
tute of Technology, for contributions 
to motion planning and control of 
autonomous vehicles

 ●  Anibal Ollero Baturone, University of 
Seville, for contributions to the develop
ment and deployment of aerial robots

 ●  Evangelos Papadopoulos, Nation
al Technical University of Athens, 
for contrib u t ions  to space and 
field robotics

 ●  Jan Peters, Technische Universität 
Darmstadt, for contributions to robot 
learning of dexterous motor skills

 ●  Hong Qiao, Institute of Automation, 
Chinese Academy of Sciences, for 
contributions to robotic manipula
tion and biologically inspired robo 
tic cognition

 ●  Carme Torras, Institut de Robòtica i 
Informàtica Industrial, for contribu
tions to learning algorithms for 
robot perception, planning, and 
manipulation

 ●  Robert Wood, Harvard University, 
for contributions to smallscale and 
soft robotics

 ●  Eiichi Yoshida, National Institute of 
Advanced Industrial Science and 
Technology, for leadership in the 
development of modular reconfigu
rable robotic systems.
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2019 IEEE Fellows Evaluated by 
Other IEEE Societies

 ●  Evaluated by the IEEE Computation
al Intelligence Society: ZengGuang 
Hou, Institute of Chinese Academy of 
Sciences, for contributions to neural 
network optimization and control for 
rehabilitation

 ●  Evaluated by the IEEE Computation
al Intelligence Society: Fuchun Sun, 
Tsinghua University, for contribu
tions to neural network control of 
nonlinear systems with applications 
to robotic manipulators

 ●  Evaluated by the IEEE Communica
tions Society: Robert Fish, NETovations, 

for application of visual com  muni 
cations and networking

 ●  Evaluated by the IEEE Control Sys
tems Society: Santosh Devasia, Univer
sity of Washington, for contributions 
to feedforward control of nonmini
mumphase systems

 ●  Evaluated by the IEEE Control Sys
tems Society: KeumShik Hong, 
Pusan National University, for contri
butions to adaptive estimation and 
brain–computer interface techniques

 ●  Evaluated by the IEEE Control Sys
tems Society: Min Wu, University of 
Maryland, for contributions to control 
and automation for complex systems

 ●  Evaluated by the IEEE Engineering 
in Medicine and Biology Society: 
Jose Luis Contreras, University of 
Houston, for contributions to brain–
machine interfaces and wearable 
exoskeletons

 ●  Evaluated by the IEEE Systems, Man, 
and Cybernetics Society: Xiaoping 
Peter Liu, Carleton University, for 
contributions to system identification 
and networked teleoperation

 ●  Evaluated by the IEEE Systems, Man, 
and Cybernetics Society: Naiqi Wu, 
Guangdong University of Technolo
gy, for contributions to discreteevent 
production systems.

e extend heartfelt con 
gratulations to Zexiang Li 

and Frank Wang, the re 
cipients selected for the 

prestigious 2019 IEEE Robotics and 
Automation Technical Field Award in 
recognition of their “contributions to the 
development and commercialization of 
civilian drones, aerial imaging technology, 
robotics engineering advancement, 
innovation, and entrepreneurship.” The 
two will receive their award at the 2019 
IEEE International Conference on 
Robotics and Automation in Montréal, 
Canada, 20–24 May 2019.

Li and Wang’s aerial technology inno
vations are fueling one of the most signif
icant robotics developments of the past 
decade—the rise of drones and their 
increasing impact on society. Wang and 
Li were the first researchers to dispel the 
stereotype that useful aerial robots are 
expensive and unwieldy, shifting the per
ception of drones from that of luxurious 

toys to practical tools. They 
cofounded DaJiang Inno
vations (DJI), the world’s 
largest consumer drones 
and aerial imaging technol
ogy company. Their flight 
control systems provide 
robotics researchers with 
platforms for research in 
visual navigation, collective 
robotics, simultaneous 
localization and mapping, 
and object detection and tracking. DJI’s 
many innovations include drones 
designed specifically for agricultural 
applications, autopilot drones for search 
and rescue, and camerastabilization 
technology that achieves moviegrade 
aerial footage for the motion picture and 
film industry.

An IEEE Fellow, Zexiang Li is a pro
fessor with the Department of Electrical 
and Electronic Engineering, Hong 
Kong University of Science and Tech
nology, Clearwater Bay, China.

An IEEE Member, Frank Wang is 
the founder and chief executive officer 

of SZ DJI Technology Company Ltd., 
Shenzhen, China. 

The IEEE Board of Directors estab
lished the IEEE Robotics and Automa
tion Technical Field Award in 2002. It is 
presented for contributions in the field of 
robotics and automation and includes, 
but is not limited to, manufacturing 
automation, robotics and automation in 
unstructured environments, sensor 
design, integration and fusion, robot 
design, modeling, planning and control, 
and methodologies for robotics and 
automation. The IEEE Robotics and 
Automation Society sponsors this award.

2019 IEEE Robotics and Automation  
Technical Field Award Recipients
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T he IEEE Robotics and Au 
tomation Society welcomes 
two new IEEE Robotics and 
Au  tomation Magazine associate 

editors, Xiang Li and Perla Maiolino. 
Fabio Bonsignorio will move from 
associate editor to editor of repro  du
cible research.

The IEEE Robotics and Automation  
Society Welcomes New Editors
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Xiang Li,
The Chinese
University of Hong Kong 

Perla Maiolino,
University of Cambridge 

Fabio Bonsignorio,
Universidad
Carlos III de Madrid.

The IEEE Robotics and Auto 
mation Society (RAS) Member 
Activities Board (MAB) awards 
a limited number of Chapter 

Initiative Grants to local RAS Chapters 
for professional development, edu 
cational outreach, and other programs. 
The MAB will review grant proposals 
at its meeting in Montréal in late May 
2019 and will award up to US$2,000 
on a competitive basis. The deadline 

for proposals is 15 April 2019. For 
submission details, please visit https://
w w w.ieeeras .org /membership/
chapters/supportforchapters.

Deadline for the IEEE Robotics and  
Automation Society Local Chapter  
Initiative Grants
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In the past year, the IEEE Robotics 
and Automation Society (RAS) 
Member Activities Board (MAB) has 
significantly overhauled the RAS 

Distinguished Lecturer Program 
(DLP). MAB has completely revamped 
and streamlined the program to make 
it highly accessible and easy to use.  
The DLP is a great vehicle for RAS 
to provide outreach to local RAS Chap 
ters as well as allow a relatively large 
pool of Distinguished Lecturers (DLs) 
to act as brand ambassadors for the 
RAS mission.

Brief History
The previous DLP process was as fol
lows. If a local Chapter wanted a DL to 
visit, it would send a request to the DL 
coordinator (DLC) for a DL from a par
ticular technical committee (TC). The 
DLC would then send a request for DL 
nomination to the TC chairs, who then 
asked the DL if he or she was available. 
If the DL was not available, the process 
would repeat until the DLC and the 
local Chapter could agree on a DL. Due 
to its rather diffuse structure, the pro
gram was very underutilized over the 
past several years, which made restruc
turing the DLP imperative. 

The New DLP
The revamping of the DLP began in 
March 2018. A tentative outline of the 
new program was presented to the RAS 
MAB and IEEE Technical Activities 
Board (TAB) at the 2018 International 
Conference on Robotics and Automa
tion (ICRA) in Brisbane, Australia, in 
May 2018. The proposal was also placed 
before the RAS Administrative Com mittee at the same conference. After 

gaining the approval of these commit
tees, the new program was imple
mented over the next several months 
and formally unveiled at the 2018 

IEEE International Conference on 
Intelligent Robots and Systems (IROS) 
in Madrid, Spain, in October 2018. 
The salient features of the program are 
as follows.

The New IEEE Robotics and  
Automation Society Distinguished  

Lecturer Program
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Dr. Toshio Fukuda participated as an RAS DL during the XIX IEEE International Autumn 
Meeting on Power, Electronics, and Computing (ROPEC 2017), which was held  
8–10 November 2017 in Ixtapa, Mexico. The Instituto Tecnologico de Morelia RAS 
Student Chapter is part of the IEEE Centro Occidente Section and was involved in the 
ROPEC 2017 organizing committee.

Dr. Raj Madhavan speaks to students at the Rose-Hulman Institute of Technology, Terre 
Haute, Indiana.
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The DL Nomination Process
Each RAS TC nominates three DLs, 
one for each of the TC’s three RAS 
geographical Regions. When TCs nom
inate DLs, they are encouraged to con
sider including underrepresented 
groups, such as women and younger 
“rising star” researchers.

DLs will serve twoyear terms, which 
may be renewed once. After serving 
two consecutive terms, an individual 
should sit out at least two years before 
he or she is considered as a DL again. 
Each nominee will provide a curricu
lum vitae, biographical sketch (suitable 
for posting online), link to a webpage in 
English, and abstracts of at least one 
presentation that he or she would be 
willing to give as an RAS DL.

An approval committee including 
representatives from MAB, TAB, and 
RAS leadership will review the nomi
nees. The committee will be chaired by 
the RAS DL coordinator and include 
the MAB vice president, TAB vice presi
dent, RAS president, RAS junior past 
president, RAS senior past president, 
and RAS presidentelect.

The DL Request Process
The approved DLs, along with their bio
graphical sketches, laboratory websites, 
and presentation abstracts, will be post

ed on the RAS DL webpage. The term 
of the DL and previous DLs will also 
appear on this website. In addition, each 
TC microsite will include the DLs asso
ciated with that TC.

The DL webpage includes informa
tion about how RAS Chapters, and 
others, can request a DL. The biggest 
change is that the Regional Chapter  
can directly approach its chosen DL 
and, if an agreement can be reached, 
will forward the travel request to the 
DL coordinator. This matching pro
cess will be significantly easier than in 
the past because Chapters will have a 
much larger pool of DLs from which 
to select, and the process is much 
more streamlined, which makes 
approving requests relatively straight
forward. Using the program’s virtual 
option, a DL can present a lecture to 
the local Chapter remotely via Skype 
when traveling to the Chapter is not 
feasible. Moreover, the possibility of 
having TED talktype lectures from 
the DLs in an openly accessible digital 
repository is also being explored.

DL Program Visibility
The DL program is also working with 
the IEEE Student Activities Committee   
to identify Regional Chapters that could 
request a DL when the major confer

ences such as the ICRA, IROS, and 
IEEE International Conference on 
Automation Science and Engineering 
(CASE) are held 
in their Region. 
The DLs may be 
encouraged to 
tour the relevant 
local Chapters 
in the Region, 
thereby giving 
RAS more visi
bility. A poster 
of the current 
RAS DLs will be 
maintained and 
can be used to 
publicize RAS 
DLs at the major 
RAS conferenc
es (ICRA, IROS, and CASE) and other 
RAS and IEEE events.

Please consider taking advantage of 
this program, designed to bring some 
top RAS researchers to visit your Chap
ter and make a presentation. TCs should 
actively participate in this program to 
get more people interested in their 
respective technical areas. This is a great 
opportunity for the DLs to disseminate 
their research broadly while acting as 
ambassadors for the RAS mission. Vive 
le DLP! 

In the past year, 

the IEEE Robotics 

and Automation 

Society Member 

Activities Board 

has significantly 

overhauled the 

RAS Distinguished 

Lecturer Program. 

Want to collaborate and get involved

with the IEEE? Use social media!

Follow and engage with the

IEEE on YouTube, LinkedIn,

Facebook, and Twitter!

For a list of registered IEEE sites,

visitvisit www.ieee.org/about/social_media.
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2019
26–28 March
WeaRAcon 2019: The Wearable Robot-
ics Association Conference. Scottsdale, 
Arizona, United States. http://www 
.wearablerobotics.com/wearracon-19/

3–5 April
ISMR 2019: International Symposium 
on Medical Robotics. Atlanta, Georgia, 
United States. http://www.ismr.gatech 
.edu/

14–18 April
RoboSoft 2019: IEEE International 
Conference on Soft Robotics. Seoul, 
Korea. http://www.robosoft2019.org/

15–18 April
WF-IoT 2019: IEEE Fifth World 
Forum on Internet of Things. Limerick, 
Ireland. http://wfiot2019.iot.ieee.org/

20–24 May
ICRA 2019: IEEE International Con-
ference on Robotics and Automation. 
Montréal, Canada. http://icra2019.org/

11–14 June
ICUAS 2019: International Confer-
ence on Unmanned Aircraft Systems. 
Atlanta, Georgia, United States.  http://
www.uasconferences.com/

1–5 July
MARSS 2019: International Confer-
ence on Manipulation Automation 
and Robotics at Small Scales. Helsinki, 
Finland. http://marss-conference.org/

22–26 July
Third Summer School on Singulari-
ties of Mechanisms and Robotic 
Manipulators. Barcelona, Spain. http://
www.simero.org/

29–31 July
ICINCO 2019: International Confer-
ence on Informatics in Control, Auto-
mation, and Robotics. Prague, Czech 
Republic. http://www.icinco.org/Home 
.aspx

9–12 July
WHC 2019: IEEE World Haptics Con-
ference. Tokyo, Japan. http://www 
.worldhaptics2019.org/

22–26 August
CASE 2019: IEEE International Con-
ference on Automation Science and 
Engineering. Vancouver, Canada. 
http://case2019.hust.edu.cn/index.htm

3–8 November
IROS 2019: IEEE/RSJ International 
Conference on Intelligent Robots and 
Systems. Macau, China. http://www.
iros2019.org/

9–13 December
IEEE RAS Summer School on Deep 
Learning for Robot Vision. Santiago and 
Rancagua, Chile. http://robotvision2019 
.amtc.cl/

2020
13–15 January 
SII 2020: IEEE/SICE International 
Symposium on System Integration. 
Honolulu, Hawaii, United States. http://
www.si-sice.org/SII2020/

31 May–4 June
ICRA 2020: IEEE International Con-
ference on Robotics and Automation. 
Paris, France. http://icra2020.org/
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2019 RAS ADCOM 
ELECTION  C A L L  F O R  N O M I N A T I O N S 

The IEEE Robotics and Automation Society membership will elect six new members of the Administrative 

Committee in 2019, each to serve a three-year term beginning in January of 2020. The AdCom is the governing 

body of the Society. 
 

RESPONSIBILITIES OF ADCOM MEMBERS 

AdCom members must attend two formal meetings each year, one in conjunction with ICRA and the other usually 

in October/November in conjunction with another major conference. Each AdCom member is expected to serve on 

at least two of boards and/or committees of the Society. 
 

ELIGIBILITY 

Any higher-grade member of the Society is eligible to serve and all higher-grade members plus graduate students 

may nominate candidates and vote. 
 

TO NOMINATE A CANDIDATE 
To nominate a candidate or offer yourself as a candidate, contact the Society at ras@ieee.org by 1 May 2019. 
 

PETITION CANDIDATES 

Candidates may also petition to be on the ballot. All persons who, by the deadline, submit petitions with valid 

signatures and IEEE member numbers with at least 2% of the year-end voting membership will be placed on the 

ballot. 
 

Only original signatures on paper or electronic signatures submitted through the RAS petition website will be 

accepted. Faxed or emailed signatures are NOT acceptable. Contact RAS at ras@ieee.org to obtain a paper petition 

form or to set up an electronic petition. Completed petitions must be submitted by 1 May 2019 to be placed on the 

ballot. 

 

SELECTION OF FINAL BALLOT 

The Nominations Committee will consider all nominations and petitions and select the candidates to be placed on 

the ballot. 
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IEEE Spectrum’s new ROBOTS site features more  
than 200 robots from around the world.  

•  Spin, swipe and tap to make
     robots move.

•  Read up-to-date robotics
     news.

•  Rate robots and check  
     their ranking.

• View photography, videos
    and technical specs.

•  Play Faceoff, an interactive
     question game.  

Check out 
Robots.ieee.org 
on your desktop, 
tablet, or phone now!

The World’s 
Best 
ROBOTS 
GUIDE 
Is Here!

ROBOTS.IEEE.ORG
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