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Abstract

The inspection, analysis, and modification of robot programs in series production processes is a challenging recurring task in the
automotive industry. Especially the holistic analysis of detected defects and the subsequent derivation and application of corrective
measures to the underlying robot program is a complex task requiring extensive knowledge in multiple fields. Existing scientific
literature has demonstrated that the utilisation of Augmented Reality (AR) assisted robot programming systems (ARRPS) improves
programming efficiency as well as intuitiveness when compared to traditional programming methods. However, the accuracy
especially of mobile AR devices limits the applicability of AR in industrial applications. We propose to leverage the iterative nature
of the optimisation process common in series production and utilise the visual capabilities of the human worker to define corrective
measures based on the inspected real process result. This mitigates the impact of limited tracking accuracy as the optimisation is
based on the visual perception of the user and thus decoupled from the accuracy of the employed AR device. We implemented our
system based on the requirements of a sealing workstation of the Mercedes-Benz Group in Germany. A conducted experiment
validates the functionality and indicates that the presented strategy of iterative AR assisted robot programming enables
optimisations with a similar accuracy as the Teach-In programming as well as a significantly reduced programming time. This
suggests that utilising an ARRPS can be highly beneficial in the inspection, analysis, and modification of sealing applications
common in automotive series production processes. As the presented iterative AR assisted robot programming is neither limited to
sealing nor to the automotive sector it can be adapted for various robot-automated applications like path-welding, gluing, or painting
and can extend its utility to related sectors such as aviation or the marine industry.
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1. Introduction

The production of a car is a highly automated multilayered process involving various trades and technologies. In
particular, protection against corrosion is an elementary requirement. Sealing is an important robot automated process
in which corrosion vulnerable areas like metal joints are coated with a sealant material, preventing the contact with
water and other media thus inhibiting corrosion. However, as the quality of each sealing seam is highly dependent on
both the process parameters of the sealing process as well as the gap dimensions of the prior car body construction it
is prone to errors. Due to its importance, each seam is inspected in a subsequent process. Detected defects are
documented and manually corrected. The documentation is then utilised to analyse and optimise the underlying robot
programs to increase the overall process stability. The defect analysis, derivation, and application of optimisations by
reprogramming the involved robots is a challenging task, that requires high-level expert knowledge in multiple fields
[1,2]. With the ongoing demographic change aggravating the persistent shortage of skilled workers, methods to
simplify or restructure the present programming process of industrial robots in series production processes are highly
sought [3].

A potential solution could involve the utilisation of Augmented Reality (AR). While various definitions exist, we
view AR as a medium that seamlessly combines digital three-dimensionally registered interactive content with the
basic human perception of reality to create highly immersive user interfaces [4-6]. Existing literature has already
shown that AR assisted robot programming systems (ARRPS) excel in the areas of efficiency and intuitiveness, when
compared to traditional programming methods like Teach-In or offline programming (OLP). However, featured
ARRPS are often only tested under laboratory conditions and especially the integration into existent industrial
infrastructures is not adequately explored [7,8]. In addition, especially mobile AR devices like the Microsoft HoloLens
without an additional external setup of tracking hardware, often lack the accuracy needed in applications beyond
simple trajectory planning and pick-and-place applications [9].

Hence, the goal of this paper is the development, implementation, and experimental evaluation of an ARRPS to
improve the efficiency and intuitiveness of robot automated sealing in the automotive industry. The paper is structured
as follows: Firstly, an overview of the different stages of a common car manufacturing process and the involved robot-
automated processes will be given. Afterwards the sequence of defect detection, analysis and optimisation of the
sealing process will be presented and specific requirements for an ARRPS will be derived. Secondly scientific
literature covering ARRPS in adjacent applications will be discussed and a system design for an ARRPS will be
created. Thereafter, the implementation and experimental evaluation will be described. Finally, the acquired key
findings and the potential of the developed ARRPS in the field of series production processes in the automotive
industry will be highlighted and necessary future steps as well as research directions will be given.

2. Iterative Robot Program Optimisation in the Automotive Industry

Due to high requirements on quality, plannability, and productivity the automotive sector pioneered in the
introduction of robotic automation. Today, in addition to fully automated workstations and purely manual
workstations, the proportion of collaborative robots increases [10].

Fig. 2 illustrates an exemplary linear manufacturing process as well as commonly automated tasks like part-
handling, riveting, welding, sealing, and painting. Depending on the process, usually two different types of
workstation setups are common. In Stop-And-Go workstations the car is mounted onto a skid, which is then moved
into a workstation and fixed by a clamp. The exact position is then calculated by e.g., a camera-based 3D-Measurement
and a corresponding position correction is given to the partaking industrial robots. The robots then execute their
specified tasks. After the process is complete, the skid is released and automatically transported to the next
workstation. Stop-And-Go workstations are commonly used in processes like welding, riveting, or sealing. An
alternative, often used for painting, is a Line-Tracking workstation. This type steadily moves the skid at a low velocity
and relays the current position to the employed robots. The robots, that are usually mounted on external axes, then
move in coordination with the skid.
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Fig. 1. Simplified overview of the different production steps during a sequential car manufacturing process. Based on [10].

An additional differentiation needs to be made between point- and path-wise applications. For point-wise
applications like spotwelding, riveting or cavity-conservation, the accuracy of the pose of the tool-centre-point (TCP)
and the process parameters generally define the quality of the automated process. However, path wise applications,
like gluing, painting, or sealing are more complex, as the process parameters, e.g., material flow interdepend with the
movement of the TCP [11]. Sealing is a crucial task for corrosion inhibition of the car body. Even though methods
like cathodic-dip-coating offer a certain level of protection, vulnerable areas like welded joints are additionally
protected by sealing seams [12].

Fig. 2. Schematic presentation of a sealing seam coating two sheets (a); Slitted sealing seam in the wheelhouse of a car (b).

Fig. 2 presents a schematic sketch (a) and a real slitted PVC sealing seam (b) located in the wheelhouse of a car
body. The quality of the seam depends on its position relative to the joint area and its shape. The position of the seam
is determined by the relative position and orientation of the gun during application. This in turn is defined by the
position and number of path points as well as movement parameters like movement-type, zone, acceleration, and jerk.
The shape of the seam is influenced by gun orientation, gun distance, speed, acceleration, jerk, material flow, material
temperature, and material pressure. While the partly interdependent parameters define the trajectory and thus have a
major effect on the applied seam, prior production processes like body construction as well as the boundary conditions
of the application (material temperature, material pressure, material viscosity, room temperature, room humidity)
influence the achieved result. After all seams have been applied, the car is moved into an oven for curing. After curing
each seam is inspected for defects. Detected defects are documented and then manually corrected. In a subsequent
step the documentation is then analysed and depending on type, severity, and quantity of the documented defects
corrective measures, e.g., necessary optimisations for the underlying robot programs are derived, and executed.

Each phase has specific challenges. During the inspection phase, it is necessary to identify any defects, extract
relevant information such as defect type, severity, and associate seam. In addition, the documentation is paper-based,
hence a short but precise description is required. Given that sealing typically involves a sequence of automated
workstations, pinpointing the responsible robot and program causing the defective seam can be a complex task during
the analysis phase. In addition, as the information density of the paper-based documentation is limited, analytical
experts are often required to inspect the physical car itself to fully understand each defect. Moreover, as the cause of
a defect is heterogeneous, the derivation of an optimal modification is challenging. Modifications are therefore applied
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iteratively and then reassessed after the next production cycle. Depending on the nature of the modification even
online executed Teach-In programming might be necessary, which in turn requires a production stop and thereby
causes an increase in production costs and additional stress to the responsible workers. Hence, the core challenges
during modification phase are minimisation of production down time and stress of the executing worker.

In order to address the challenges inherent in the current inspection, analysis and modification process, an ARRPS
needs to fulfil the following requirements:

e Increase of information density of defect documentation and simplification of defect-program allocation.
Simplification of process analysis by visualising trajectory as well as relevant parameters.
Simplification of optimisation by utilisation of tools to directly modify priorly visualised programs.
Analytic tools to simulatively evaluate the effect of changes (trajectory- and cycle time calculation).
Secure production-parallel commission of modified programs.

3. Related Work

The scientific literature presents a variety of different ARRPS. As the design space of an AR application is defined
by its setup e.g., the combination of devices to realise visualisation, interaction and tracking, AR solutions can be
tailored based on the specific requirements of the individual use case.

Lambrecht et al. focused on the intuitiveness of natural robot programming. They developed a programming
paradigm based on human gestures, that are captured by a tablet computer. Gestures are interpreted and used to create
or modify robotic paths, that are displayed as trajectories overlayed on the real three-dimensional environment. Using
standardised interfaces, programs can be exchanged with connected industrial robots. A user study demonstrated that
for basic pick-and-place applications the presented natural robot programming is beneficial in terms of intuitiveness
as well as programming efficiency when compared to methods like Teach-In and OLP [13].

This work showcases the designability of AR applications and the potential to create highly intuitive user interfaces
that open access to robot programming even to lesser skilled workers. However, even though intuitive interfaces are
to be aspired the current industrially established process is centred around the procedures of shopfloor near OLP as
well as online Teach-In programming and an iterative optimisation. Hence, a more coherent approach that does not
alter the current industrially established process like the AR-Teach-In of Chacko et al. might be more applicable [14].
In this work a basic and cost-efficient smartphone-based AR application was used to simplify the creation of robot
programs on a planar surface. The application uses iterative addition or removal of path points. With AR the end-
effector, trajectory as well as the respective path points are displayed. A user study conducted in accordance with ISO
9283 compared the developed AR application to a Hand-Gesture programming paradigm [15]. In the study four
different paths were created and a pointwise mean accuracy ranging from 3.65 to 4.11 mm as well as an increased
programming speed, when compared to the Hand-Gesture programming was observed.

While the presented application is limited to path points on a planar surface the pointwise modification of programs
as well as the visualisation of the end-effector can potentially simplify the analysis and optimisation process necessary
in our aspired scope. However, the achieved accuracy does not suffice as even in rough areas like the underbody seam
applications require an accuracy below one millimetre, hence an additional approach to ensure accuracy is necessary.

To engage the issue of limited accuracy in ARRPS, Ong. et al. present a system utilising an externally tracked
stylus. Combined with a head-mounted-display (HMD), that visualises additional information, path points can be
created and combined to a trajectory. However, unlike other approaches, the stylus is not used to directly define the
trajectory of the weld path but is used to create a touch motion plan. The employed robot automatically approaches
each path point and then decreases the distance between end-effector and object surface, until contact is made. The
resulting pose is used to define the actual position of the surface, to then mathematically derivate the position of the
seam and calculate the correct position of the corresponding weld application point. In a user study the creation of
weld paths with the presented AR system has been compared to a Teach-In approach. The results show an overall
accuracy below one millimetre and a reduced working time, when compared to the Teach-In method (47 to 434
seconds) [16].

The methodology presented by Ong et al. is of particular interest, as it demonstrates the partial decoupling of the
weld seam's quality from the tracking accuracy of the utilised stylus. This distinguishes their approach from other
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scientific and industrial implementations like for example Skillreal!, who employ powerful but expensive LIDAR
sensors within specialised AR workstations to achieve submillimetre accuracy. Hence the goal of this paper is the
transformation of the decoupled programming strategy presented by Ong. et al. to the specific boundary conditions of
the presented series sealing process in the automotive industry. This is advantageous, as benefits, such as mobility,
flexibility, and cost efficiency that AR devices with less accuracy like the Microsoft HoloLens or tablet computers
offer, might be harnessed in industrial applications even though their absolute accuracy is limited.

4. Concept

In the scope of series sealing in the automotive industry, a similar degree of decoupling as demonstrated by Ong et
al. may be achieved by leveraging the iterative nature of the modification process. As users inspect the physically
applied seam, corrective measures can be derived relative to the real process result rather than to the digital content
visible in AR. As each modification is grounded in the physical examination of the actual seam, its quality is decoupled
from the accuracy of the displayed AR content. Thus, the ARRPS assumes the role of an assisting medium, that on
one hand, provides additional insights into complex elements like the trajectory, robot configuration or application
parameters and on the other hand provides intuitive tools to directly modify the underlying robot program based on
the inspection and analysis of the real seam.

Fig. 3. AR trajectory overlaid on real seam (a); AR robot at path point (b).

Fig. 3 a presents a robot trajectory displayed in AR and overlaid on a physically applied sealing seam. The displayed
content increases the understanding of the underlying robot program as position and type (blue = movement; orange
= application point) of the different path points are indicated visually. Fig. 3 b displays an AR representation of the
associated industrial robot when arriving at a specific path point, thus offering additional insight into the configuration.
In addition, the user needs access to a sufficient user interface not only to analyse the status quo, but directly modify
the underlying program. To offer further assistance simulative capabilities, e.g., movement and cycle time analysis
are required to directly evaluate the effect of a potential modification. However, to enable such a workflow displayed
AR content has to be accurate enough to ensure a correct allocation of the digital trajectory to the physical seam.
While we assume that slight deviations are acceptable, an accuracy in a similar range as displayed in Fig. 3 a is aspired.
In the context of the present iterative optimisation of sealing applications, it is noteworthy that the user can
continuously assess the accuracy of the registration through visual means. If the displacement of a digital seam
prevents an unambiguous allocation, the user must be able to quickly re-register the AR device. As the user
continuously evaluates the quality of the registration, he assumes the role of a controlling unit, able to mitigate
inaccurate tracking based on his own specific perception.

To enable this procedure, the registration and re-registration must be flexible and easy to use. In addition, measures
to stabilise the displayed AR content as much as possible must be utilised. Moreover, to display and modify the
underlying robot program in AR, access to the production database e.g., robot memory or program storage and a
capable simulation model of each workstation is required.

! https://www.skillreal.com
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Fig. 4 Administered application sequence.

Based on the requirements the application workflow sketched in Fig. 4 was derived. After curing each seam is
inspected for defects. If defects are detected, the user initiates the ARRPS and selects the corresponding car-type. The
respective digital models and relevant positioning information are then imported from the connected digital database.
Subsequently, the relevant programs are imported from the production database and displayed as visible trajectories
superimposed directly onto the physical car body. The user then engages in a comprehensive, seam-specific
examination of each defect. Depending on the particular seam being addressed at that moment, additional AR content
like the associated robot is displayed. Moreover, the ARRPS offers capabilities to fully modify the underlying robot
program. In addition to modifying the trajectory by moving, creating, or deleting path points additional parameters
like zone, speed, acceleration, and point type are adjustable as well. Additional features include the calculation of
movement simulation and cycle time measurement. After modification and evaluation in AR, the now optimised robot
program can be pushed to the production database to be utilised in the next production cycle. The user then works
likewise for any other defect.

5. Implementation

To gain insights on the applicability of the proposed workflow, it was implemented in an experimental setup in a
sealing station of the automotive original equipment manufacturer Mercedes-Benz in Germany. As foundation for the
implementation we reused our AR specific system architecture already presented in [17]. It utilises dependency
injection as well as modularisation to decouple the separate AR-specific tasks (visualisation, input, and tracking) and
use-case specific tasks (simulation and plant communication) into independent microservices that are orchestrated via
a network-accessible server-side broker. It is based on the principles of the “clean software architecture” philosophy
explained in [18]. The broker and thereby the entire application is managed by a use-case specific application running
on a separate network accessible server. Each microservice operates independently from each other. Fig. 5 a outlines
the general structure of the architecture and maps the subsystems used for implementation.

a b
Implemented with Registration
Visualisati Microsoft HoloLens 2 manual
isualisation —
Ing Microsoft GamePad LERISUBUON
put
) - marker based
Tracking Microsoft HoloLens 2 Rt
Shimuikitom - registration
r— Process Simulate CAD based
KuKa krc2 kr30L16 registration

Fig. 5 Employed system architecture (a); Position of car frame relative to an exemplary car body in Process Simulate (b).?

The inspection and analysis of applied sealing seams require a certain level of mobility as well as the ability to
handle additional tools or open elements like the bonnet, doors or hood. Hence, we employed a Microsoft HoloLens

2 Asno permission for full visualisation of the examined car body was given, a different digital model is used for visual representation.
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2. This HMD, while limited in its absolute accuracy as well as field of view, fulfils these stated requirements. In
addition, it has various sensors and cameras enabling the employment of SLAM and camera-based tracking. The
visualisation was implemented utilising the game engine Unity? version 2019.4f. We chose Unity as it offers access
to different AR development frameworks, is well documented and easy to use.

To increase the flexibility and enable different approaches we developed three independent strategies for
registration. The core element for our registration process is the position of the work object, in our case, the car body.
The position is represented by the working frame depicted in Fig. 5 b. This working frame serves as the general
reference of our three registration methods and AR content is always displayed relative to this frame.

Manual Registration: The user manually aligns a displayed AR car body with its real counterpart. A Spatial
Anchor is then created. A Spatial Anchor is a HoloLens-specific feature, that represents a relocatable point in the real
environment. It is used to increase the stability of displayed AR content. The benefit of this variant is its quick and
intuitive utilisation. The drawback is the dependence on the visual perception and positioning accuracy of the user.

Marker-based Registration: In this approach we utilise the camera of the employed HoloLens 2 and the ArUco
marker tracking algorithm to automatically detect and calculate the position of known two-dimensional markers in
the working field and place our AR content accordingly [19]. The user visually supervises the positioning of content
and can manually pause the localisation if a proper alignment has been achieved. The main benefit of this approach is
the high accuracy as well as repeatability. However, the accurate positioning of each used marker has to be ensured.

Model-based Registration: This approach uses the camera as well as the capabilities of the Vuforia SDK* to
automatically track the position of defined CAD-elements in the real environment. It is similar to the marker-based
approach but as no effort in placing the marker has to be made it is easier to use. However, the position calculation is
more expensive in terms of computing power, than the marker-based approach.

The interaction is implemented with a wireless Microsoft controller. Due to its origin in the gaming industry, it is
easy to use and robust enough for prolonged use. We created a simple WebSocket application that grabs the input of
a controller, transmitting it to the server-side broker. The input is generalised and dynamically interpreted depending
on the context of the current application.

The offline programming system Process Simulate (PS) is used as the basis for program processing and simulation.
PS has access to a variety of robot programming tools and robot controllers of common manufacturers required for an
accurate movement, application, and cycle time simulation. As PS offers an extensive API, we integrated it into a
server-side webservice accessible via HTTP and WebSocket connection. In PS, the necessary data of the individual
workstation is provided in so-called studies. Each study contains the respective car, individual robots and additional
elements like external axes or tools. For our experiment we simplified the present workstation as depicted in Fig. 6.

Fig. 6: Digital workstation in Process Simulate: side view (a) and top view (b).

The study consists of a single Kuka kr30L16 with a KRC2 controller that is mounted on a rail. The robot has a 3D
sealing gun with three independent nozzles mounted at 0°, 45°, and 90° to the mounting frame of the end effector.

To manage import and export of programs from the active production a plant communication service, that utilises
the existing plant network was developed. Depending on the manufacturer of the connected robot, different routines

3 https://unity.com/
4 Vuforia: https://developer.vuforia.com
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can be used. Currently we have only implemented the communication with Kuka robots with the controller type KRC2
and KRC4 by using the standardised interfaces of KUKA Server.

6. Experiment

To evaluate the applicability of our implementation we conducted a proof-of-concept experiment. The task at hand
was the modification of a defective sealing program utilising both our ARRPS as well as the traditional Teach-In
programming. To increase realism, we used a productive robot program that applies sealing seams in the wheelhouse
of the car. However, we deliberately added an error and displaced one seam, which consists of five path points, by 25
mm. Fig. 7 a compares the displaced (red) and original (green) program in PS. Fig. 7 b presents both displaced and
original seam applied on the wheelhouse.

! 'Y
Fig. 7: Displaced program (red) and original program (green) in Process Simulate (a); Applied seams in the real car body (b).

The experiment was conducted by a professional robot teacher who is also versed in the utilisation of our ARRPS.
As metrics we compared both the programming duration as well as the achieved accuracy of the real robot after
modification. The employed user repeated the modification ten times for each method in an alternating order. Prior to
modification the user measured the positional deviation of the applied sealant seam and calculated a displacement of
25 mm orthogonal to the application direction.

\

d) path editor visualisation

¢) seam visualisation and selection in AR

h) result after applying modified program g) path after optimisation f) sequence editor in use e) transformation editor in use

Fig. 8. AR assisted analysis and optimisation of a deficient sealing seam. Sequence is read clockwise (a-b-c-d-e-f-g-h).

Fig. 8 presents the workflow when utilising the ARRPS. Initially, the user manually selects the car type and initiates
the registration. In Fig. 8 a the three different registration methods are depicted. During the experiment the model-
based registration was used. After registration a Spatial Anchor is created to increase stability of the AR content. The
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user then proceeds to examine the car to localise defects. If a defect, as shown in Fig. 8 b, is identified the user utilises
the ARRPS to assist analysis and modification. Therefore, based on the car type associated robot programs are
imported from the production database and displayed as blue seams (Fig. 8 c). Due to the registration, a visual
allocation of defect to digital seam and thus program is possible. The user then manually selects the digital seam to
enter the AR path-editor and gain access to additional information and tools (Fig. 8 d). Parallelly the server-accessible
instance of PS loads the study associated with the selected robot program and necessary components like robot, gun
and external axes are imported to the AR device. The program is then displayed as a trajectory consisting of singular
path points. Movement points are displayed in blue and application points are displayed in orange. Each path point is
connected by a line with a cone indicating the sequence. The user can then utilise various tools grouped in editors
such as the transformation editor in Fig. 8 ¢ to modify the position and orientation of the individual path points or the
sequence editor in Fig. 8 f to add or remove path points and modify underlying parameters like acceleration, speed or
zone. Furthermore, the simulative capabilities of PS are utilised to calculate movement and cycle time of the modified
trajectory based on the digital model that are then displayed in AR. Fig. 8 g depicts the resulting trajectory after
modification. The modified program can then be pushed to the connected workstation. To simplify comparison, the
real robot reruns the application with the modified program on the same car. The result is presented in Fig. 8 h.

For comparison both, position of the modified path points as well as the required programming time were taken.
Similar to [14], we utilised ISO 9283, displayed in equation 1, to calculate the position accuracy of each path point
PAl'

PA = [ = 5 )4 (i = 7o) 4= 7 1)

X;, y; and Z; are the mean coordinates for the same point optimisation repeated ten times. x.,, y.,, and z; are the
coordinates of the desired pose. We then averaged the accuracy over all path points and experiments. The mean
programming time, mean accuracy and respective standard deviations are displayed in Table 1.

Table 1: Mean programming time, mean accuracy and respective standard deviations calculated with ISO 9283.

Method Mean Programming time (s) Standard Deviation (s) ~ Mean Accuracy (mm) Standard Deviation (mm)
AR 24.6 4.5 0.12 0.32
Teach-In 92.9 14.5 0.11 0.09

Based on the result of Chacko et al. [14], we expected a significantly reduced working time as well as a significantly
decreased accuracy, when comparing our AR assisted robot programming with the Teach-In method. Hence, two
independent sample t-test with an alpha value of 0.05 were conducted. In case of programming time, a Levene’s test
showed the homogeneity of variances and thus an independent samples t-test with homogeneous variances was
conducted. In case of programming accuracy, a Levene’s test showed the inhomogeneity of the variances and thus an
independent samples t-test with inhomogeneous variances was conducted. The results of the t-tests indicated a
significant difference in programming time and a non-significant difference in accuracy.

7. Discussion, Conclusion and Outlook

The presented ARRPS can be utilised to assist the inspection, analysis, and modification of an automotive sealing
application, thus demonstrating the applicability of ARRPS’s in the field of series industrial robot programming. The
results of the conducted experiment, despite being limited by the number of participants, indicate that our iterative
AR assisted robot programming enables relative modifications in a similar tolerance field as the traditional Teach-In
programming while using significantly less programming time. Hence, the discussed strategy of leveraging the
iterative nature of the optimisation enables the use of less accurate mobile AR devices in industrial robot programming.
Thus, increasing the range of available devices and simplifying the introduction of AR to industrial applications. In
addition, as our general application design is neither limited to sealing nor to the automotive sector, it can be adapted
for various robot-automated applications like path-welding, gluing, or painting and can extend its utility to related
sectors such as aviation or the marine industry.
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Although confined in scope, the conducted experiment serves as a proof of concept paving the way for subsequent
studies. In the future we will extend our research by conducting additional studies with a larger cast of participants as
well as more diverse categories of defects and modification tasks.
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