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Abstract

Virtual commissioning enables early validation of manufacturing cells, reducing costs and risks associated
with the late integration of devices and systems. This paper proposes an incremental virtual commissioning
framework for ROS-based control systems applied to aircraft robotic manufacturing cells. The purpose is to
overcome some of the limitations that inhibits the use of ROS in aircraft industry. The approach progresses
from software-in-the-loop to hardware-in-the-loop configurations, allowing systematic verification of functional
and real-time requirements prior to final commissioning. The framework is evaluated through a case study
of a velocity-adaptive robotic cell where the material deposition in aircraft joints/gaps is compensated through
real-time velocity modulation using a 2D laser beam sensor. Preliminary results demonstrate stable simula-
tion—hardware integration and consistent execution.

Keywords: Aircraft manufacturing, Virtual Commissioning, ROS (Robotic Operating System), Simulation,
Verification and Validation

1. Introduction

In the development of manufacturing cells, the commissioning phase refers to the steps of installation,
integration, and testing of the cell’s control systems [1]. Traditionally, the ‘commission’ phase occurs
late in the development cycle when the infrastructure is in place and equipment is available. How-
ever, correcting errors in this phase is expensive and time-consuming [2]. In order to overcome this
challenge, the idea of a ’virtual’ comissioning was proposed around 2007, inspired by the concepts
of ’hardware-in-the-loop’ and ’software-in-the-loop’ from embedded systems development. Basically,
'virtual commissioning’ consists of using digital simulation models of the manufacturing cell to test,
validate, and improve a control system before it is physically built. Although the proposal of virtual
commissioning is not new, it gained momentum with the introduction of Industry 4.0 technologies
and the possibilities that arise from the evolution of the digital model into a digital shadow (the digital
model is automatically updated by data from the corresponding physical system, but cannot influence
the physical system in return) and a digital twin (the digital model is a dynamic representation that
both receives data from and sends data to the corresponding physical system) [3].

In this context, this paper proposes a framework to apply the concept of ’virtual commissioning’ to
the development of ROS-based control systems for aircraft robotic manufacturing cells. ROS (Robot
Operating System) is an open-source middleware framework that provides the software infrastructure
to build robot control systems. Among the advantages of ROS are modularity and reusability. The
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software is organized in independent nodes. Components can be developed, tested, and replaced
independently, facilitating reuse. Another advantage is the availability of routines and packages, de-
veloped by a large community of ROS users, for different robotic applications such as navigation,
SLAM, perception, among others. Finally, ROS provides hardware abstraction and portability to de-
vices of different manufacturers while maintaining vendor independence. Despite these advantages,
the adoption of ROS in aircraft manufacturing cells has not yet become a reality. The stricter require-
ments of aircraft industries, the certification and regulatory constrains, and the need for full traceabil-
ity and trustworthy verification and validation processes, especially for real-time applications, remain
significant challenges that have yet to be overcome.

Following an incremental virtual commissioning approach, this paper explores the use of a virtual
simulation environment to test and verify the functional and real-time requirements of robotic cells,
first using a software-in-the-loop configuration and subsequently through a hardware-in-the-loop test-
bench.

This paper is organized as follows. Section 2 introduces the proposed virtual commissioning ap-
proach. Then, Section 3 describes the aircraft manufacturing cell used as a case study to evaluate
the proposed framework. Section 4 presents preliminary results. Finally, Section 5 draws some
conclusions and discusses future work.

2. The Virtual Commissioning Approach

Considering a generic robotic cell composed of a) aircraft manufacturing parts, b) robotic systems
(including their controllers), c) end-effectors, sensors, actuators and other controlled devices, and d)
one or more control systems, the proposed virtual commissioning approach is organized into 4 steps,
as follows:

Step 1 — Model-in-the-loop

In this step, the designed robotic cell is modeled in a robotic simulation environment. This model shall
include items a), b) and c) from the above list. The controllers can be either simulated in the same
environment or modeled in an external tool, such as MATLAB/Simulink, that must then be integrated
with the robotic simulation environment. Examples of simulation environments are Coppelia Sim and
Gazebo.

Simulation Environment

Control

Figure 1 — Model-in-the-Loop (MiL) configuration: the control algorithm and the plant model run
entirely within the simulation environment, with no physical hardware involved.

A critical challenge at this stage is model fidelity. In the context of the robotics field, typical issues
include incorrect kinematic model parameters of a manipulator robot (e.g., Denavit-Hartenberg pa-
rameters, joint limits, and payload definitions), errors in the sensor signal generation pipeline and
inaccurate dynamic parameters of a robotic mobile base. Standard kinematic models account only
for geometric parameters; non-geometric factors such as joint compliance and backlash, which sig-
nificantly affect positioning accuracy under tool payload, are typically omitted [4} 5].

The simulation environment must also represent the dynamic behavior of the mobile manipulation
platform with sufficient accuracy, including the interaction forces between the mobile robot base and
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the floor, the compliance of the robot joints under tool payload, and the optical geometry of the laser
line scanner. This simplification tends to produce idealized outputs free of noise, drift, and occlusion,
causing the control algorithm to appear more robust than it will be in practice.

Simplified sensor models, in particular, exert a dual and opposing influence on algorithm validation.
An under-modeled sensor — one that omits realistic noise sources, drift, and surface-dependent arti-
facts — yields excessively clean outputs, causing the control algorithm to appear more robust than it
will be in practice [6]. Conversely, a sensor model that over-estimates noise intensity or introduces
artifacts inconsistent with the actual sensor behavior leads to unnecessarily conservative tuning,
masking real deficiencies that would only become apparent when the algorithm operates on data
from the physical sensor [7].

Similarly, the control algorithm, which in the final system runs on a dedicated embedded board, is
executed on a personal computer during this step. As a consequence, computational constraints
such as execution time overruns, memory limitations, and fixed-point arithmetic effects specific to the
target hardware are not observable at this stage.

Step 2 — Software-in-the-loop

In this step, the previously verified control routines are implemented in ROS and integrated with the
robotic simulation environment. Both the ROS controllers and the robotic simulation run in the same
computer, as independent processes.

ROS naturally adopts a modular architecture, where nodes run independent executable processes.
Topics and services provide communication mechanisms. The concept of Docker and containers
is used to package and run the ROS application with all its dependencies (ROS version, libraries,
drivers, configurations). The application itself can be organized in multiple containers, or in one
container hosting multiple nodes.

Finally, tests are run to evaluate functional requirements, synchronizations, and coordination of the
ROS components. This is the step that validates the integration between the control node, the sensor
processing node, and the robotic cell motion execution node.

The main challenges at this stage arise from the transition of the algorithm from a general-purpose
execution environment to a ROS-based architecture with explicit communication contracts. Message
serialization and deserialization introduce latency in the control loop that was absent in Step 1. As
ROS 2 documentation and related studies make explicit, some control systems require not only fast
execution but bounded release time and bounded computation time, since variable delay — rather
than fixed latency — acts as a time-varying phase lag that erodes the phase margin of the controller
and injects noise into derivative terms [8, 9]. High-frequency topics such as laser scanner point
clouds are particularly sensitive to queue overflow, which can cause silent data drops affecting the
application.

Furthermore, since the algorithm is still executed on the host machine rather than on the final embed-
ded board, architecture-specific behaviors — such as differences in floating-point handling between
x86 and ARM processors, or the absence of a real-time operating system — are not yet exposed [10].
Timing issues between the velocity command output and the robot’s motion execution, which are
critical for the continuous material deposition task, may therefore go undetected until the next step.
Step 3 — Hardware-in-the-loop

In this step, the ROS routines are progressively migrated to their final embedded target while remain-
ing integrated with the robotic simulation environment. Both functional and real-time requirements
are evaluated, as well and synchronizations and timing issues. Depending on the complexity of the
robotic cell, additional activities may include the gradual replacement of simulated robot, sensor, and
actuator models with their corresponding physical devices.

This is the most demanding step of the virtual commissioning process for the present case study, as
it directly exercises the constraints of the embedded board that runs the control algorithm. The mi-
gration of the ROS nodes running in a personal computer to the embedded target commonly reveals
execution time overruns in the control loop, caused by CPU limitations, competing interrupt service
routines, and thermal throttling of the embedded processor under sustained load [11].
Communication latency and jitter between the embedded board and the robot controller must be
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Figure 2 — Software-in-the-Loop (SiL) configuration. This step can run in the same computerﬁ or
on different computers [2b]

characterized and accounted for in the adaptive control law, as uncompensated delays directly impact
the accuracy of material deposition, particularly during gap transitions and intersections.

Integration with the physical robot controller (KUKA Sunrise OS) via its communication interface also
introduces constraints not present in the simulated environment, such as command cycle synchro-
nization and safety response times. Compatibility between different robot controller vendors and
simulation environments is a recognized challenge in virtual commissioning of robotic cells [12, [13].
Additionally, the real-time laser scanner data stream, when processed on the embedded target, may
not sustain the throughput achieved on the host workstation, requiring algorithm optimization or a
reduction in scan frequency [6].

Step 4 - Final commissioning

Final commissioning is the last step before a system is released for regular operation. It validates
that the fully integrated, real system meets all functional, performance, safety, and regulatory require-
ments in its actual operational environment.

This step typically surfaces residual discrepancies between the virtual models and the physical sys-
tem [14]. For the present case study, expected challenges include deviations in the robot’s absolute
positioning accuracy due to joint compliance under the weight of the dispensing tool and laser scan-
ner — a dynamic effect that simplified kinematic models do not capture [5, 4]. The omnidirectional
mobile base may exhibit floor-contact irregularities and wheel slippage not present in the simulation,
which can introduce positional drift during horizontal joint operations. Such non-systematic odometry
errors, originating from surface unevenness and wheel-contact conditions, are not possible to predict
or reproduce in a virtual model [13].

Electromagnetic interference generated by the robot joint drives may also affect the embedded board
and sensor cabling, producing spurious readings in the laser scanner output. It has been reported
that industrial robots can cause receiver sensitivity losses of up to 13 dB in nearby electronics,
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Figure 4 — Final commissioning configuration.

with DC-DC converters and connecting cables acting as unintentional antennas [16]. Finally, real
aerostructure panels introduce variability in surface reflectivity and gap geometry that synthetic simu-
lation environments cannot fully anticipate, requiring final calibration and robustness validation of the
gap estimation algorithm under operational conditions.

This work focuses on Steps 2 and 3. In the next section, it summarizes those steps for an aircraft
manufacturing cell.

3. Case-study: Aircraft Manufacturing Cell

The case study adopted in this work is that of a velocity-adaptive control of a mobile robotic system
that performs a continuous operation of depositing material in a gap or joint of aircraft components.
Examples of processes that fit into this description are the sealing of joints between aircraft structural
components or the welding of non-critical internal parts.

The main challenge is that, due to the variability of the gap/joint between the components or the
presence of intersections, the amount of material to be deposited must be controlled in real-time.
Despite the importance of these operations, they remain largely manual due to the difficult of dealing
with the process variability, which challenges conventional automated systems [17].

Traditional robotic approaches rely on continuous joint geometries and flow-based adaptation, which
increase system complexity and reduce flexibility [17, [18]. Recent works have explored vision-
and force-based monitoring for adaptive control [19, 20, 21} 22], demonstrating high precision but
requiring complex sensing and control hardware.

The solution explored in this work is based on the closed-loop control of the robotic arm (in the
case of vertical joints) or the mobile platform (in the case of horizontal joints) to compensate for the
process variability. The system uses the output of 2D laser sensor to estimate the gap and detect
discontinuities.

The robotic cell adopted as a case study is illustrated in Figure 5|

The experimental setup comprises a robotic manipulator (KUKA LBR iiwa 14) integrated with an
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Figure 5 — Simulated mobile manipulator performing velocity-adapted operation over a variable gap
in CoppeliaSim.

omnidirectional mobile base, forming a mobile manipulation platform. A simplified material flow dis-
pensing tool, augmented with a laser line scanner, is mounted on the flange as the end-effector. This
configuration enables autonomous high-precision gap measurement on the adjacent aerostructure
panel.

The manufacturing cell developed in this work integrates real-time gap area measurement to estimate
both the available fluid volume and the corresponding flow rate. These parameters govern the binary
activation logic of the dispensing end effector, operating under an on/off control scheme. Once ma-
terial flow is established, the system computes the optimal traversal velocity of the cell, ensuring that
the quantity of deposited material precisely matches the volumetric requirements of the gap geometry
to fill it adequately, as shown in Figure 6]

—>

Figure 6 — Empty gap before material deposition to filled gap after velocity-adaptive control pass.

At Figure [/| a fluxogram shows the logic behind the process. The robotic cell is initialized at the
origin of the designated filling path. Based on cross-sectional area measurements acquired through
onboard sensor data, the cell advances along the trajectory at a velocity inversely proportional to
the measured area, ensuring that the deposited material volume remains consistent until the cell
completes its pass, even if a variable gap is detected. If a vertical discontinuity is detected along the
path, as shown in the Figure 8] the control software records the spatial coordinates of the interruption
point. This positional data is subsequently utilized to schedule a return pass, during which the robotic
arm performs a corrective filling operation to restore geometric continuity at the identified location.
Compared to existing literature, the originality of this work lies in: (i) using velocity modulation rather
than flow or vision-based control for gap adaptation [17, 21, 22]; (i) applying ROS-
based microservices in aerospace manufacturing automation [23]; and (iii) providing a reproducible
simulation-driven framework bridging virtual commissioning and embedded systems.

4. Results

This section focuses on the application of Steps 2 and 3 of the virtual commissioning approach to the
aircraft robotic cell described in the previous section.

The system is implemented using ROS Noetic, organized as microservices deployed in containers
running in Docker 23]. Each functional layer—perception, trajectory planning, velocity adaptation,
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Figure 7 — Flowchart of the robotic cell control logic, illustrating the two-phase filling strategy: the
horizontal pass (left) regulating the flow deposition velocity while recording the coordinates of
discontinuities; the corrective vertical pass (right) that iterates over all stored locations, performing
targeted filling operations to restore geometric continuity.
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Figure 8 — Detail of a vertical discontinuity and gap variation detected by the 2D laser sensor during
the horizontal pass.

and actuation—is encapsulated in independent ROS nodes to ensure modularity and scalability.

As described at the end of the section|2.} this case study focuses on two steps of the virtual commis-
sioning approach: Software-in-the-loop and Hardware-in-the-loop. The development of each step is
described in the following subsections.

4.1 Software-in-the-loop

After the robotic cell is modeled in CoppeliaSim, the system is connected to ROS so the control rou-
tines can be integrated with the simulation environment. For a robotic system, this means developing
the application codes and then simulating the system with a simulation environment software — in
this case, CoppeliaSim. The ROS framework facilitates the implementation and integration of the
application developed with the hardware systems of these models for simulation and tests.

A complete virtual production environment has been developed in CoppeliaSim [25], as shown in
Figure including parametrized gap profiles and a vertical discontinuity, a simulated manipula-
tor, and an omnidirectional base. CoppeliaSim supports high-fidelity simulation of robot kinematics,
dynamics, and sensor feedback, suitable for digital twin validation [25].

Bidirectional real-time communication between ROS and the simulator has been verified, enabling
deterministic execution of velocity-adaptive trajectories.

The adaptive control law is described in Equation |1, where Q is the constant volumetric flow of
material and A is the area of the gap/joint, estimated from the width of the gap gap(¢) obtained from
2D laser beam sensor.

- 0
0= Alap(0)) 1)

The whole system runs in a general-purpose computer equipped with a 12th Generation Intel®
Core™ i5-12450HX processor, 16 GB of DDR5-4800 MT/s SODIMM memory, and an NVIDIA®
GeForce RTX™ 3050 6 GB GDDR®6 discrete GPU. The operating system used was Ubuntu 20.04
LTS (Linux).

To verify the speed control of the robotic cell with respect to gap variation, the following scenario was
constructed: the trajectory begins with a constant gap of 3 mm over 1 m, followed by a vertical step
discontinuity, introduced to assess the system response under such abrupt change, as illustrated in
Figure After the interruption, the gap increases linearly to 6 mm over the subsequent 1 m, then
decreases back to 3 mm over the final 1 m, yielding a total trajectory length of 3 m. The measured
gap profile and the corresponding robot velocity variation are presented in Figure[12]

The vertical discontinuity was deliberately introduced at y = 1.245 m, and its detection by the system
during execution was recorded at y = 1.257 m, representing a positional error of 12 mm, which is
deemed acceptable for the proposed case study. Upon discontinuity removal, the gap measurements
resume smoothly, and the corresponding modulation of the robot velocity can be clearly observed,
as presented in Figure[12]
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Figure 9 — ROS-based microservice architecture deployed in Docker containers. Each functional
layer (perception, trajectory planning, velocity adaptation, actuation) runs as an independent node,
communicating via ROS topics.
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Although the gap remains constant throughout the first meter, a considerable variation is observed
in the measurements acquired by the sensor modeled in CoppeliaSim, yielding a mean value of
g = 0.0049 £+ 0.0006 m, with a minimum of 0.0042 m and a maximum of 0.0052 m. This variation
is attributed to the simplified sensor model adopted in the simulation: the physical sensor is a 2D
laser with 640 points and a resolution of 19 nm, which was modeled as a 640 x 1 depth camera, since
implementing a full 640-laser model would impose an prohibitive computational load on the simulation
environment, rendering the tests infeasible. This simplification precludes a fully validated Software-
in-the-Loop (SiL) assessment of the actual sensor noise characteristics. Nevertheless, despite the
discrepancy between the modeled and the physical sensor, it can be observed from Figure (12| that
the robot effectively tracks the gap variation by modulating its velocity, as evidenced by the close
correspondence between the velocity profile and the gap variation profile.

4.2 Hardware-in-the-loop

In the context of the virtual commissioning framework presented in this work, two distinct HiL con-
figurations were investigated. In the first, the control stack was embedded on a Toradex computing
module and connected to the simulated plant environment, enabling the validation of the embedded
hardware and its real-time software behavior before full system integration. In the second configura-
tion, the ROS-based control algorithm was deployed on a general-purpose computer and interfaced
with the real robotic arm executing the target task, allowing the actual plant dynamics to replace the
simulated model. Together, these configurations allowed a progressive and structured transition from
simulation to reality, consistent with established virtual commissioning practices.
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Figure 10 — Complete virtual production environment in CoppeliaSim, showing the mobile
manipulator, the parametrised gap profile (including a vertical step discontinuity), and the simulated
aerostructure panel.

4.2.1 Controller HiL

This is the classic step for the Hardware-in-the-Loop. This first configuration, referred to as Controller
HiL, focuses on the validation of the embedded control hardware. In this setup, the ROS-based
control stack developed in the SiL was deployed on a Toradex computing module and interfaced with
the simulated plant in CoppeliaSim. The system is shown in Figure 13|

This arrangement preserves the virtual environment of the Software-in-the-Loop stage while introduc-
ing the actual computational constraints, communication interfaces, and real-time execution behavior
of the embedded hardware. The primary objective of this configuration is to verify that the controller
performs as intended when running on its final hardware target, before any interaction with the phys-
ical plant.

This step employs the same scenario presented in the Software-in-the-Loop phase, shown in Fig-
ure 10} as well as a new scenary including only a vertical path, shown in Figure [T4] The primary
objective of this test is to evaluate whether the system is capable of executing on the target em-
bedded device, in this case a Toradex Dahlia V1.1D. The processor of this board is considerably
more constrained compared to the general-purpose computer used during application development
and the Software-in-the-Loop phase; therefore, a significant increase in algorithm processing time
is expected. However, this degradation is not anticipated to be sufficient to compromise the overall
execution performance.

Two scenarios were simulated to compare the computational performance between the two devices:
the velocity control of the mobile robotic base for horizontal filling, and the vertical motion of the
robotic arm, which, due to the requirement of solving the manipulator inverse kinematics, entails a
significantly higher computational load. The data acquired from both tests are summarized in Table([i]
The processing times recorded on the general-purpose computer for the horizontal and vertical mo-
tions were 4.32 x 107 s and X s, respectively, whereas the embedded system required 3.70 x 10~ s
and Z s for the horizontal and vertical motions, respectively. A significant increase in execution time
is observed for the Toradex embedded system relative to the general-purpose computer, reaching
approximately one order of magnitude, with the embedded system being roughly 8 to 9 times slower.

10
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Figure 11 — Gap measurement for the test scenario for the velocity-adaptive control including a
vertical step discontinuity measurement.
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Figure 12 — Measured gap profile (blue) and corresponding robot velocity (red) along the trajectory.
Velocity modulation follows the gap variation.

Nevertheless, the execution times for the first scenario remain sufficiently small so as not to compro-
mise the intended operation of the system, and are therefore considered satisfactory for the proposed
application. The second scenario involves computationally intensive matrix operations, arising from
the continuous requirement of solving the manipulator inverse kinematics, which places a consider-
ably higher processing demand on the embedded board.

4.2.2 Plant HiL

For this second configuration, referred to as Plant Hardware-in-the-Loop, inverts the classic HiL rela-
tionship by replacing the simulated plant with the real robotic arm while the control algorithm contin-
ues to run on a general-purpose computer. This setup exposes the controller to the actual dynamics,
non-linearities, and disturbances inherent to the physical system - effects that are inevitably approx-
imated or neglected in simulation. The Plant HiL stage therefore, serves as a critical intermediate
step between virtual commissioning and full system deployment, providing empirical evidence of the
controller’s robustness under real operating conditions.

In this step, the fixed-base robotic manipulator used was a KUKA LBR IIWA 14, shown in Figure[15]
and the control runs in a general-purpose computer equipped with a 12th Generation Intel® Core™
i5-12450HX processor, 16 GB of DDR5-4800 MT/s SODIMM memory, and an NVIDIA® GeForce
RTX™ 3050 6 GB GDDRG6 discrete GPU. The operating system used was Ubuntu 20.04 LTS (Linux).
Similarly to the Hardware-in-the-Loop (HiL) test conducted for the controller, the plant HiL is also
evaluated to assess the feasibility of deploying the application on a real robot, examining how the
system handles variations introduced by physical sensors and actuators. In addition to the hardware
itself, the KUKA setup requires interaction between the software and the robot’s proprietary controller,
as well as its integration with the API responsible for bridging the KUKA LBR iiwa with ROS, enabling
its control. The APl employed in this work is an adaptation of [26], freely available on GitHub.

11
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Figure 13 — Controller Hardware-in-the-Loop (HiL) configuration: ROS-based control stack deployed
on the Toradex embedded computing module, interfaced with the simulated plant (CoppeliaSim). No
physical plant is used.

Figure 14 — Vertical-only test scenario for the robotic arm (manipulator) used in the Controller HiL
evaluation. The arm follows a vertical path to fill pre-recorded discontinuity points.

In this test, the elapsed time from the moment a motion command is issued to the manipulator until
the completion of its execution is evaluated. For comparison purposes, the same measurements
were performed in the CoppeliaSim simulation environment through a digital twin, as shown in Fig-
ure[T6] both with the same velocity, enabling a direct comparison between the physical and simulated
systems. Five independent runs were executed, each completing the proposed horizontal trajectory,
and the mean and standard deviation of the results are reported in Table [2|

The trajectory was discretized into 100 points, with the motion planning strategy consisting solely of
point-to-point displacement. As a consequence of this choice, both the physical IIWA and the simu-
lated arm were unable to execute a strictly straight-line motion in certain runs, requiring intermediate
repositioning maneuvers between consecutive points depending on the initial joint configuration —
the time associated with these repositioning motions was excluded from the execution time calcula-
tions.

A significant difference is observed between the execution times of the physical and simulated sys-
tems, and unlike the controller HiL test, this increase in execution time does impact the overall sys-
tem performance. Such discrepancy is likely attributed to the simplicity of the APl employed, which
proves insufficient for an application that must operate in real time, given the requirement of continu-
ously dispensing a fluid onto a surface. Furthermore, the need to adapt the simulated arm control to
operate under velocity control also contributes to this discrepancy, since the manipulator model effec-

12
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Table 1 — Execution time per control cycle (mean + standard deviation) for the horizontal (mobile base)
and vertical (manipulator) motions, comparing the general-purpose computer (Intel i5-12450HX) and
the Toradex embedded module.

Computer Toradex
Robotic Base | 4.32x 1072 +9.51 x10°° [ 3.70 x 10> +8.43 x 10>
Robotic Arm | 0.1002+2.3463 x 107 0.956+0.003

Figure 15 — Plant Hardware-in-the-Loop setup: the real KUKA LBR iiwa 14 robotic arm (fixed base)
is used as the physical plant, while the ROS control stack runs on the general-purpose computer.
The simulated environment is bypassed.

tively used during software development diverges from the physical system behavior — highlighting
the critical importance of adopting the most faithful possible plant model during the commissioning
phase.

5. Conclusions

This paper introduced an incremental virtual commissioning framework tailored to ROS-based control
systems for aircraft robotic manufacturing cells. The framework progresses from Software-in-the-Loop
(SiL) to Hardware-in-the-Loop (HiL) configurations, enabling the systematic verification of functional
and real-time requirements before final physical commissioning. The approach was evaluated on a
velocity-adaptive robotic cell that performs continuous material deposition in aircraft joints and gaps,
using a 2D laser sensor to modulate the robot speed based on the measured gap area.

The SiL stage confirmed that the ROS-based control logic, integrated with the CoppeliaSim envi-
ronment, correctly implements the velocity modulation law v(¢) = Q/A(gap(t)). The system reliably
detected a vertical discontinuity with a positional error of only 12 mm, which is acceptable for the
target application. However, the SiL results also revealed a known limitation: the simplified sensor
model (a depth-camera proxy for a 640-point laser scanner) introduces artificial noise and does not
fully replicate the behaviour of the physical sensor, reinforcing the need to progressively introduce

13
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Figure 16 — Schematic representation of the Plant HiL configuration. The control algorithm executes
on a general-purpose computer, communicating with the real KUKA manipulator via the API.

Table 2 — Comparison of trajectory execution time (mean + standard deviation) between the simulated
arm (CoppeliaSim digital twin) and the physical KUKA LBR iiwa 14 for the same horizontal path (100
point-to-point displacements, five independent runs).

CoppeliaSim | LBRIIWA 14
0.1502+0.0524 | 0.7709 +0.1206

real hardware.

The HiL stage was divided into two complementary configurations. In Controller HiL, the ROS stack
was deployed on a Toradex embedded module while still connected to the simulated plant. This
showed that the embedded processor is approximately eight times slower than the general-purpose
development computer. Nevertheless, the measured cycle times (0.00037 s for the mobile base and
approximately 0.96 s for the manipulator) remain well within process requirements for the mobile
base,

confirming that the embedded hardware is adequate for this case, but the robot arm presented
doesn’t meet those requirements due to the complex math required in the process, as well as waiting
for the arm to reach the point to perform this calculation. In Plant HiL, the real KUKA LBR iiwa 14
replaced the simulated plant. This exposed a substantial discrepancy in execution time: the phys-
ical arm took 0.77 s to complete the same trajectory that required only 0.15 s in simulation. This
difference is primarily attributed to the simplicity of the communication API and the lack of native
velocity-mode support in the simulated model, which forced point-to-point displacements. This result
reinforces a key lesson of virtual commissioning: the fidelity of the plant model and the emulation of
the real control interface are critical. An overly optimistic simulation can hide integration delays and
real-time bottlenecks that only become visible when the controller interacts with physical hardware.
Future work will address the remaining stages of the framework. The Final Commissioning stage
will integrate the full mobile manipulation platform — including the omnidirectional base and the
dispensing end-effector with laser line scanner — operating on real aerostructure panels. Key open
challenges include characterising non-systematic odometry errors arising from floor irregularities [15],
mitigating electromagnetic interference from robot joint drives on sensor cabling [16], and validating
the gap estimation algorithm under the surface reflectivity variability of actual aerospace materials. In
parallel, the communication interface with the KUKA Sunrise OS will be replaced by a lower-latency
solution to close the execution time gap identified in the Plant HiL experiments.
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