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Featured Application: The proposed research aims to improve primary flight control servo-actuators
maintenance procedures using collaborative robotics. The ongoing research campaign highlights
how the implementation of a robot arm can lead to a better diagnostic of the faulty unit and to

the extraction of health features useful for prognostics purposes.

Abstract: Electro-Hydraulic Servo-Actuators (EHSAs) are mainly used to command primary flight
control surfaces in military and commercial aircraft. Since these devices are crucial for vehicle stability
and maneuverability, a correct assessment of their health status is mandatory. Within this framework,
a joint research project (HyDiag), held by Politecnico di Torino and Lufthansa Technik AG (LHT),
aims to provide a more efficient and reliable procedure to determine the operating conditions of the
EHSA. A smart and automatic sequence, able to extract several health features of the Unit Under Test
(UUT), has been developed and integrated. The present paper discusses the implementation of a
collaborative robot, equipped with a vision system and customized tools, for both health features
extraction, and maintenance tasks on unserviceable servo-actuators. The main challenges related to
the automation of such complex tasks in a real working environment are highlighted, togetherwith
the advantages brought by the proposed approach. The paper also presents the first results of
an ongoing experimental campaign. Specifically, it reports the enhancements of the maintenance
procedures using collaborative robotics and possible future developments.

Keywords: collaborative robotics; automatic maintenance; diagnostics; electro-hydraulic servo-
actuators; Industry 4.0

1. Introduction

Industrial manipulators were created to support human labour in repetitive and sim-
ple tasks. This technological development enables operators to focus on those roles that
require human skills. The growing implementation of robotics in the industry now requires
workers to oversee the production line, more than operating manual tasks [1]. However,
with the implementation of new sensors and algorithms, robots have been successfully
used in several additional industrial fields, such as manufacturing and logistics [2]. The
growing interest in process automation has also been driven by the development of collabo-
rative robots. These “cobots” can share their working environment with a human operator
without jeopardizing the workers’ safety. According to [3], such Human-Robot Collabora-
tion (HRC) had a positive impact, in particular, over Small-Medium Enterprises (SMEs),
allowing them to be more competitive in the global market. Nevertheless, as reported
in [4], current trends see collaborative robots more involved in assembly processes than
in maintenance applications. The reason behind this could be related to the complexity
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Nevertheless, since each unit requires different adjustments, additive manufacturing
has been adopted to build customized tools. Fused Deposition Modeling (FDM) has been
used to produce the camera, tool holders, and the tool head reported in Figure 3b, while
the adapters, which directly interact with the EHSA, have been purchased in metal. In
addition, due to the complexity and variety of the tasks required, it has been necessary to
equip the robot with a Force-Torque (FT) sensor and the In-Sight 7802 industrial 2D camera
from Cognex, both depicted in Figure 3b.

The faulty unit is mounted inside a test bench that provides the hydraulic pressure,
while an Industrial Measurement System (IMS) collects the measurements from the EHSA
through specific aeronautic cables. These data are transmitted to the Central Computer
(CC) inside which an algorithm controls the sequence of actions the robot must perform on
the servo-actuator. On the other hand, the industrial manipulator constantly exchanges
data with the FT sensor, the camera, and the signal light tower via TCP/IP communication
protocol [20]. The schematic of the main subsystems is reported in Figure 4.
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Figure 4. Overview of the communication network implemented to allow autonomous maintenance on electro-hydraulic

servo-actuators.

To improve software usability, a Graphical User Interface (GUI) has been developed.
To use the manipulator, the technician must only specify three parameters to launch the
robot feature extraction or the adjustments sequence:

e EHSA type: type of servo-actuator under test. Each model requires different test
procedures, so the Central Computer must know which sub-program to run;

*  Robot: necessary to define the proper static IP address of the manipulator with which
tests will be performed;

e Task: since the proposed algorithm is used both for maintenance and health fea-
tures extraction for Prognostics and Health Management (PHM) purposes, different
sequences can be launched by the operator.

Knowing this information, the central computer extracts, from configuration files, the
instructions to send to both the robot and the test bench. All the commands have been
defined in three main configuration files:

1. Macro sequencer: high-level sequencer which controls all the tests, adjustments, and
single actions to be commanded. This configuration controls both the test bench and
the UR10, taking into account the EHSA type and the task selected by the operator;

2. Robot sequencer: low-level sequencer in which are defined all the single robot
movements;

3. EHSA sequencer: low-level sequencer that sets the test bench and the unit under test
to desired levels of pressure, currents, ram positions, or voltages inputs.
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the objects detected on the servo-actuator has been taken. The correct coordinates of the
waypoints are then automatically stored inside the camera software. When the Central
Computer commands the robot to reach a component on the EHSA, the UR10 queries
the camera database for the updated coordinates of the waypoint and the movement is
correctly executed.

3.1.5. Workspace Restrictions

Due to the EHSA fixture, the mounting configuration of the camera, and the presence
of cables used for both the vision system and the force-torque sensor, the maximum rotation
allowed to the last joint of the manipulator is limited while loosening or fastening a screw.
In so doing, if the commanded rotation would be higher than the one allowed in a specific
configuration of the robot arm, it will be automatically split into multiple steps. In this
scenario, the force-torque sensor is fundamental to let the robot know when the screwdriver
is correctly inserted inside the screw head, assuring a proper rotation.

All the ranges, the thresholds, and the other information necessary to avoid any
collision, and to properly repair a servo-actuator, are defined while programming the
robot movement. On the contrary, the technician, who uses the robot in the test field,
only interacts with the GUI to select the EHSA type, the robot model, and the task to be
performed on the faulty unit. This has been done to avoid needing highly trained and
qualified personnel, with previous knowledge about robotics or programming, to execute
automatic adjustments on different servo-actuators.

3.1.6. Tool Jamming

Since the servo-actuators to be repaired are not in nominal operating conditions, it
is possible that some components, such as the safety screws, are slightly damaged. This
could lead to tool jamming, which could jeopardize the entire maintenance procedure. To
minimize this risk, when fastening a screw with specific torque, measured using the force-
torque sensor, and before the backward translation used to remove the screwdriver from
the safety screw, a counterclockwise rotation of 0.1° is commanded. In so doing, the torque
range with which the screw must be fastened is respected, while a slight gap between the
two elements is created, allowing a safe extraction of the screwdriver. Since the automatic
tool change has been designed with a magnetic coupling, in case of a damaged screw,
the friction between it and the screwdriver could be sufficient to overcome the magnetic
attracting force of the tool holder and the tool head, living the second one attached to
the EHSA.

3.1.7. Customized Tools Tolerances

Since EHSAs were not designed for automatic maintenance, there was not any pre-
vious knowledge about how to develop proper tools for this kind of activity. The high
complexity of the tasks to perform on the servo-actuator makes it challenging to define
a unique design of a tool and it requires a trial and error approach. Moreover, the FDM
technique used to manufacture them does not allow high resolution and precision, leading
to an intrinsic backlash.

Besides, because of production and mounting errors, it is possible that the tool is not
aligned with the rotation axis of the robot’s last joint along which the TCP has been defined.
This characteristic is not critical for short tools, but it can be a problem for longer ones,
since an unrestrained eccentricity could lead the robot to miss the desired waypoint.

3.2. Sensors-Related Challenges

As already mentioned, to enhance the robot capabilities, and to allow proper automatic
maintenance of a servo-actuator, it has been necessary to equip the robot with a force-torque
sensor and a camera. Even if the implementation of these two sensors was inevitable, it
came with a few drawbacks.
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3.2.1. Force-Torque Sensor Accuracy

To guarantee correct maintenance of the unit under test, the maintenance manual
also reports torques ranges to fasten the protective screws after an adjustment. To do
this, it is necessary to take into account the force-torque sensor tolerances and working
conditions. According to the manufacturer, changes in environmental conditions, such as
pressure, temperature or humidity, could negatively affect the sensor performance [22].
So, before every measurement, a command to reset the zero level is sent to the sensor to
remove possible offsets. Detailed analysis on the effects of the factors which can affect the
force-torque measurements is provided by [23].

3.2.2. Camera Calibration

The vision system adopted is a 2D monochrome camera that can perform fast and
accurate inspections on a wide range of mechanical components. Once a picture has been
acquired, it is possible to extract coordinates and angles of several elements in its Field
Of View (FOV). Through the camera software, these values are then used to compute the
actual coordinates of the waypoints on the servo-actuator, which are then stored inside a
database. However, the raw data provided by the vision system are in pixels, while the
robot operates according to the metric system. The conversion is achieved by using the
checkerboard sheet, reported in Figure 7b, through which the camera is calibrated. This
calibration step is required for all the distances between the sensor and the object of interest
on the servo-actuator. The results of all the calibration procedures are recorded inside the
camera software for later use. When the Central Computer commands the camera to take
a picture to locate the exact location of specific points on the faulty unit, it provides the
information about which pixels-to-meters mapping to use, leading to a proper conversion.

Moreover, to minimize the fisheye effect, it is crucial to place the L-shaped pattern in
the checkerboard, called fiducial, and the objects on the EHSA to be captured in the center
of the camera’s field of view. Otherwise, the image distortion could negatively affect the
pixels-to-meters conversion, leading to erroneous waypoints coordinates.

3.2.3. llumination

For the proper functioning of the computer vision, illumination must be taken into
account. Since the environmental conditions of the robot workspace can change in time
or with the application, the camera has been equipped with a blue internal illumination
system and a bandpass filter. This also reduces the image saturation and the high reflection
rate of the different metal items to be detected on the servo-actuator, such as screws or
grooves. In so doing, the camera better detects the parts illuminated by its own light only,
and the coordinates of the waypoints are properly updated. Moreover, since each screw
could have a different level of enlightenment, the exposure time and focus setting of each
picture have been experimentally determined to obtain a good quality of the image. The
exposure time has been varied, according to the environmental enlightenment and the
reflection properties of the target object, within the range of 0.6 and 1.5 ms.

3.3. Communication-Related Challenges

Due to the complexity of the tasks, and to assure that all the commanded actions
are correctly executed by the robot, asynchronous communication between the Central
Computer, the UR10, and the measurement system has been established. The control
algorithm has been designed to avoid queues by waiting for the current command to
be completed before sending a new one. This approach allows the Central Computer to
effectively control two systems (the collaborative robot and the hydraulic test bench) which
have entirely different dynamics. This control strategy assures that the correct sequence of
actions is respected, and it avoids the robot continuing to work if a specific task has failed,
minimizing time loss and the risk of damaging itself or the servo-actuator.
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4. Automatic Adjustments on an EHSA

The most complex task to command to the robot during the maintenance of an EHSA
is an adjustment. Since each unit has a different load history and health status, each repair
operation is different from another. In so doing, hard-coding an adjustment is impossible
since it is not known, a priori, if this procedure is necessary or not and, if yes, in which
direction, and how much, to regulate a specific component of the faulty unit. To do so, it
has been decided to structure the robot program with a series of functions, recalled by the
macro-sequencer, whose inputs depend on the signals coming from the IMS. The control
algorithm has been designed to adapt itself according to the values acquired through the
measurement system, and its working principle is schematized in Figure 9.
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Figure 9. Flowchart reporting the control logic used to perform an automatic adjustment on the servo-actuator.

To perform an adjustment, a specific movement, such as the rotation of the screwdriver
(Roty), is commanded to the robot. However, the magnitude and the direction of such
rotation is not preprogrammed, but calculated using a proportional control logic. So, the
Central Computer would command a higher rotation if the actual measurement (X;) is
further away from its target (Xtarcer), while more refined regulations are performed
when the actual value is closer to the desired one. The gain adopted for each task has
been defined through an experimental campaign to obtain a fast adjustment but, at the
same time, avoid any overshoot. On the other hand, the rotation direction is defined by
comparing the previous (X;_1) and the actual (X;) measures with the target value. If, as
reported in Figure 5b for the trail rotation, the controlled variable moves further away from
its target (| Xt Xtarcer | > X 1-Xrtarger ! ), the direction is reversed. This is done by
getting the sign of the previous rotation commanded to the robot (sign(Rot;_1)), and by
changing it only in the case the previous command led the actual value of X to be further
away from the desired one.

As an example, the adjustment procedure related to the Rotary Variable Differential
Transformer (RVDT), used to measure the servo-actuator ram position, is analyzed. In
Figure 10a, it is reported a view of the sensor and the three safety screws that have to be
loosened to regulate the RVDT orientation according to the value of the difference between
the voltages of its secondary coils (AU). As already mentioned, since the tools mounted on
the robot are prototypes, there could be a certain amount of backlash between them and
the EHSA components. For example, the one between the RVDT plate and the wrench,
estimated to be around 5°, is schematized in Figure 10b. This must be considered when
the RVDT rotation direction has to be reversed since there would be a delay between the
movement of the robot arm and the rotation of the sensor, similar to the one reported in
Figure 5b. Since the adjustment curve does not add any significant information, the time
series is not reported.
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5. Advantages and Disadvantages of the Proposed Application

Since each servo-actuator must be repaired according to precise instructions reported
on its maintenance manual, the tasks commanded to the robot are very similar to the ones
currently performed by the technicians in the test field. The goal of a partial automation of
the repair process is to increase the operators’ safety and to acquire more data to be used,
together with the ones obtained with the HyDiag entry and exit tests, for health features
extraction. With respect to standard manual procedures, the economic advantage of this
approach does not rely on repairing the single faulty unit with a robot, but on the better
estimate of its operating conditions. This leads to a better fault detection, a more reliable
maintenance of EHSASs, and a decrease in the number of times a servo-actuator must be
dismounted from the aircraft and repaired. By detecting the root cause of a failure, the
repair operations would be more efficient since the technician would know exactly which
component must be replaced. In addition, the implementation of prognostics algorithms
would help to identify elements of the unit that, even if still in nominal conditions, are
likely to fail soon. Replacing these components when the EHSA is already dismounted
from the aircraft would increase the Mean Time Between Failures (MTBF), eventually
preventing the occurrence of unanticipated failures.

The research campaign proved the feasibility of performing complex tasks, such as
repairing servo-actuators used to regulate the position of primary flight control surfaces,
with collaborative manipulators. The preliminary results suggest that, by using an indus-
trial manipulator, it is possible to have a more accurate adjustment of the servo-actuator.
The control algorithm is designed to bring a desired quantity within a specific threshold
and to reach the optimal target value. This is often a critical aspect in manual operations,
due to the high correlation between the control quantity and the adjustment in the rotation
of the regulation mechanism. As an example, in the case study of the RVDT sensor, the
difference between the voltages of its secondary coils must be within the range of +£15 mV.
However, since the dependency of the AU voltage with the orientation of the RVDT has
been estimated to be about 120 mV /°, to bring AU as close as possible to the center of
the acceptability interval would require exact actions. Using the proportional control
algorithm described in Figure 9, this is possible with a robot, while it requires high efforts
to a technician.

On the other hand, these components are not subjected to scheduled maintenance,
but they are only repaired when a failure occurs, and the root cause is often unknown.
Moreover, especially for old units, it can happen that a safety screw is stuck and so it
cannot be loosened by the robot, compromising its adjustment. Moreover, the EHSA has to
be manually prepared by the operator before launching the automatic adjustment. This
process comprehends tasks such as cutting the safety-wires, which assures the screws not
to be loosened, and mounting the unit on the fixture.

6. Conclusions

The present paper proves that a robot can be effectively used to execute complex tasks
and not to be limited to repetitive and straightforward applications. The proposed work
is part of a larger project of Politecnico di Torino and Lufthansa Technik AG, focused on
the development of an automatic, flexible, and reliable test and maintenance procedure for
electro-hydraulic servo-actuators for diagnostics and prognostics purposes. A collaborative
robot, equipped with a force-torque sensor, a 2D camera, and customized tools has been
used to extract data from the EHSA, that would otherwise be impossible to obtain through
manual maintenance procedures currently adopted in LHT facilities. These values are
properly combined to define health features able to better describe the overhaul status
of the EHSA, leading to optimized maintenance of the unit. Preliminary results showed
the effectiveness, and robustness of the proposed approach on devices not designed for
automatic maintenance and with hard-to-access sub-components.

The next steps of the research will be focused on running an extensive experimental
campaign on different servo-actuators in order to validate and improve the automatic
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adjustment procedures. Through this study, the time required to repair a faulty servo-
actuator will be reduced by optimizing the robot movements, the control algorithm logic,
and by designing more precise and effective tools to be mounted on the robot arm.

Author Contributions: Conceptualization, A.R., M.A. and EM.; methodology, A.R., M.A. and EM.;
software, A.R. and M.A ; validation, A.R. and M.A.; writing—original draft preparation, A.R., M.A.
and FM.; writing—review and editing, A.R., M.A., EM., G.J., G.W. and M.S,; supervision, EM., G.J.
and M.S.; project administration, EM., G.W., G.J. and M.S. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.
Data Availability Statement: Data is contained within the article.

Acknowledgments: The present work was supported by Lufthansa Technik AG. The authors would
like to acknowledge their contribution to the research campaign, in particular for providing the
experimental equipment used to prove that robots can be used to enhance diagnostics and prognostics
algorithms on electro-hydraulic servo-actuators.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. International Federation of Robotics. How connected Robots are Transforming Manufacturing; International Federation of Robotics:
Frankfurt, Germany, 2020.

2. International Federation of Robotics. Robots and the Workplace of the Future; International Federation of Robotics: Frankfurt,
Germany, 2019.

3. International Federation of Robotics. The Impact of Robots on Productivity, Employment and Jobs; International Federation of Robotics:
Frankfurt, Germany, 2017.

4. Matheson, E.; Minto, R.; Zampieri, E.G.G.; Faccio, M.; Rosati, G. Human-Robot Collaboration in Manufacturing Applications: A
Review. Robotics 2019, 8, 100. [CrossRef]

5. Parker, L.E.; Draper, ].V. Robotics applications in maintenance and repair. In Handbook of Industrial Robotics; Wiley: New York, NY,
USA, 1999; pp. 1023-1036. ISBN 9780471177838.

6.  Szrek,].; Wodecki, J.; Blazej, R.; Zimroz, R. An inspection robot for belt conveyor maintenance in underground mine-infrared
thermography for overheated idlers detection. Appl. Sci. 2020, 10, 4984. [CrossRef]

7. Lim, R.S.,; La, H.M.; Shan, Z.; Sheng, W. Developing a crack inspection robot for bridge maintenance. In Proceedings of the 2011
IEEE International Conference on Robotics and Automation, Shanghai, China, 9-13 May 2011; pp. 6288-6293. [CrossRef]

8.  Pistone, A.; Canali, C.; Gloriani, C.; Leggieri, S.; Guardiani, P.; Caldwell, D.G. Reconfigurable inspection robot for industrial
applications. Procedia Manuf. 2019, 38, 597-604. [CrossRef]

9. Gonzilez, ].C.; Martinez, S.; Jardon, A.; Balaguer, C. Robot-aided tunnel inspection and maintenance system. In Proceedings of
the 26th International Symposium on Automation and Robotics in Construction, Austin, TX, USA, 24-27 June 2009; pp. 420-426.
[CrossRef]

10.  Abdulkader, R.E.; Veerajagadheswar, P; Lin, N.H.; Kumaran, S.; Vishaal, S.R.; Mohan, R.E. Sparrow: A magnetic climbing robot
for autonomous thickness measurement in ship hull maintenance. . Mar. Sci. Eng. 2020, 8, 469. [CrossRef]

11. Mornacchi, A.; Vachtsevanos, G.; Jacazio, G. Prognostics and Health Management of an Electro-Hydraulic Servo Actuator. Annu.
Conf. PHM Soc. 2015, 7. [CrossRef]

12.  Autin, S; Socheleau, J.; Dellacasa, A.; De Martin, A.; Jacazio, G.; Vachtsevanos, G. Feasibility Study of a PHM System for
Electro-hydraulic Servo- actuators for Primary Flight Controls. In Proceedings of the Annual Conference of the Prognostic and
Health Management Society, Philadelphia, PA, USA, 24-27 September 2018; pp. 1-19.

13.  Gentile, R.; Bruno, D.; Jacazio, G.; Sorli, M.; Marino, F. Electro-hydraulic servoactuators failure identification: Health features
extraction through a high-fidelity physical model. Int. J. Mech. Control 2020, 21, 91-100.

14. Ritter, O.; Wende, G.; Gentile, R.; Marino, F,; Bertolino, A.C.; Raviola, A. Intelligent diagnostics for aircraft hydraulic equipment.
In Proceedings of the 4th European Conference of the Prognostics and Health Management Society, Utrecht, The Nederlands, 3-6
July 2018.

15.  Ritter, O.; Wende, G.; Marino, F; Raviola, A.; Gentile, R.; Bruno, D.; Jacazio, G.; Sorli, M. Automatization of Primary Flight
Control Actuators Maintenance Procedures Using Collaborative Robotics. In Proceedings of the AST2019, Hamburg, Germany,
19-20 February 2019; pp. 1-10.

16.  Rombola, F. Development of New Health Features and Automation of Tests for Primary Flight Control Actuators Using a
Collaborative Robot. Master’s Thesis, Politecnico di Torino, Torino, Italy, 2019.

17. Marino, F. Advanced Fault Detection and Classification on Primary Flight Control Actuators. Master’s Thesis, Politecnico di

Torino, Torino, Italy, 2017.



Appl. Sci. 2021, 11, 4929 16 of 16

18.

19.
20.

21.

22.
23.

International Federation of Robotics. Denystifying Collaborative Industrial Robots; International Federation of Robotics: Frankfurt,
Germany, 2018.

Vysocky, A.; Novak, P. Human-Robot collaboration in industry. MM Sci. ]. 2016, 2016, 903-906. [CrossRef]

Remote Control Via TCP/IP—16496. Available online: https:/ /www.universal-robots.com/articles /ur/interface-communication/
remote-control-via-tepip/ (accessed on 19 February 2021).

Universal Robots—Explanation on Robot Orientation. Available online: https://www.universal-robots.com/articles/ur/
application-installation /explanation-on-robot-orientation/ (accessed on 22 February 2021).

Robotiq, FT 300 Force Torque Sensor Instruction Manual; Robotiq Inc.: Bron, France, 2018.

Schwebler, T. Untersuchung der Einflussfaktoren bei der Drehmomentmessung mit Einem Leichtbau Industrieroboter am
Priifstand fiir Servoaktuatoren Sperrvermerk. Master’s Thesis, Technische Universitit Hamburg, Hamburg, Germany, 2020.



