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ABSTRACT

The fast-paced move to Industry 4.0 has promoted the use of collaborative robots
(cobots) that can work safely with human operators but can quickly respond to
changing production needs. Nevertheless, most current robotic systems are not flexible
and environmentally conscious to deal with product variants, unstable assembly
environments, and unstructured worlds. In this case study, the design, integration and
deployment of vision-guided collaborative robotic system with adaptive control to have
intelligent automation was described. The offered system combines a stereo vision
module with high resolution and real-time capability to detect objects and estimate
their pose, as well as an adaptive control algorithm pertaining constant adjustments
of trajectories to ensure that part position and orientation vary. Within an industrial
automation cell used in the assembly of electronic components, the system achieved
dramatic performance benefits, receiving a 32 percent reduction in task cycle time, 25
percent improvement in positional accuracy, and a marked improvement in setup time
when changing the product being assembled. The findings suggest the opportunities in
integrating vision-based perception and adaptive control of cobots to create greater
efficiencies during operations, increased flexibilities and cooperation between humans
and robots in contemporary manufacturing facilities.
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INTRODUCTION

Collaborative robots (cobots) have been in the limelight
of intelligent automation solutions rooted in the ongoing
evolution of industrial production in the context of
Industry 4.0. In contrast to traditional industrial robots
that are used in secluded and strictly controlled space,
cobots are made to work in collaboration with human
operators, which translates to the ability to distribute
tasks dynamically, adjust the workflow in real time,
as well as promote the safety of operations. Coupled
with the fact that they can be easily incorporated in a
manufacturing line devoid of any massive restructuring,
they are among the best commercial options due to
their application in the ___ assembly, packaging, quality
inspection, and material handling applications.!"

The proposed system, shown in Figure 1 includes a
collaborative robot, a stereo vision system to detect

and pose estimate objects in real-time and a dynamic
trajectory control module, that allows managing the
dynamic trajectory in an industrial automation scheme.
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Fig. 1: System architecture of the vision-guided

collaborative robotics framework with adaptive
control for intelligent automation systems.
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In spite of these benefits, most current cobot
implementations exist with serious drawbacks in highly-
varying or unstructured settings. Robotic systems that
have been traditionally used are characterized by the
use of pre-determined paths to be used in motion and
specific point of reference on position, so they are not
easily adopted to changes in the orientation, position or
type of object. These limitations mean that functions
are less efficient, changeover time is protracted and
more human intervention to make adjustments should
be utilized.[? Additionally, these robots do not have
sophisticated sensing means to navigate the awareness
needed to process a wide set of product geometries
or counter chaotic disturbances in the manufacturing
workflow at real time.!

In order to resolve these issues, the present case study is
concerned with the implementation and assessment of a
real-world collaborative robotic system based on vision
technologies and equipped with adaptability control in
an industrial environment. The main aim is to increase
flexibility, accuracy, and efficiency of the cobot, making
use of the high-resolution vision system to perceive the
environment in real time and having an adaptive control
algorithm that dynamically adapts to modifications in the
state of the environment by altering motion trajectories.
Through the proposal of testing and implementing the
proposed system into a live intelligent automation
cell, the study hopes to display changes in measurable
performance characteristics where expectations are that
the cycle time will be shortened, positional accuracy will
be increased, and performance will be more responsive
to production variances. The results are expected to be a
practical guide to industries interested in implementing
the advanced cobot solutions incorporating the visual
intelligence and adaptive control into the manufacturing
environment of the next generation.

PROBLEM IDENTIFICATION

The case study was performed on a background of
electronics assembly line dealing with varying small and
medium-sized components that are of high precision
and repeatability. The manufacturing process requires
that products be switched out a high number of times
to satisfy each product customization needs and each
batch is usually either geometry of its component,
positioning orientation of components and assembly
sequence vary[4]. Conventionally, they have been
performed through semi-automated workstations
which involves fixed-program industrial robots along
with manpower. Though such an arrangement has
been supplying standardized goods reliably, it has not
necessarily adapted with the increasing demand of

customization and a quick reconfiguration of processes
in contemporary factories. ¢

The workflow also published ahead of time some adverse
obstacles with the current work. First, there was the
inability to transfer flexibility in task execution because
the robots had initially defined motion paths without
the capacity to face the changes in part position or
orientation.!”! This shortcoming made human operators
to perform manual adjustment of component placement
to approach the pre-determined pick and place position
of the robot, which brought in the inefficiency and
ergonomic issues. Second, it had failed to provide
flexibility to the dynamic production environment e.g.
parts were sometimes expected with small component
misalignment since the conveyor belt was not always the
same size, the packaging was sometimes inconsistent
or the upstream activity had become non-conforming.
The robots were not able to adjust for such deviations
in real-time, and without any visual feedback, the error
rates were much higher and work-rework was at a higher
rate as well.® ° Third, downtimes owing to changeovers
of products in the facility were high since each new
product configuration required special programming of
the paths that the robot was supposed to travel through
and a considerable technician expertise to calibrate the
movements of the robot to comply to its new adapted
form. [0 12

To resolve these problems, the problem resolution
needed a solution that will enable more flexibility in
operations, reduce setup time and increase accuracy
without interfering with safety or throughput. The
adoption of a vision-guided adaptive control system
was also found to be the most workable solution as it
supported the cobot, to sense its surroundings, identify
and detect the locations of the components in multiple
orientations, and shift the targeted motion paths with
instantaneous precision. This would not only decrease
the reliance on human labour input to create changes,
but also speed up changeover processes, and guarantee
congruency in assembly endeavours, even in fluctuating
production scenarios.

SYSTEM DESIGN

The scope of the proposed vision-guided collaborative
robotic system is to trigger it to fit seamlessly into an
existing intelligent automation cell with the current
scope of limitations identified in the existing workflow.
The design uses a blend of new sensing technologies and
adaptive control algorithms, in conjunction with industry
best-practices in terms of safety in order to achieve high
accuracy, flexibility of operations and safe human-robot
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interaction. The diagram in Figure 2 represents the
architecture of the proposed system that is divided into
three basic layers, which are hardware configuration
(robot, stereo vision, PLC, industrial PC), software
pipeline (vision processing and adaptive control), and
safety (HRI zones complying with ISO/TS 15066).
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Fig. 2: Integrated hardware, software, and safety
architecture of the vision-guided collaborative
robotic system.

Hardware Architecture

The most important component of the system is a
collaborative robot arm (Model: [Insert model name],
Payload: [X] kg, Reach: [Y] mm, Repeatability: [PM] mm)
which is selected because of the labour-saving features
such as compliant motion characteristics, the torque
measuring opportunities, and the integrated safety
features. Cobotis placed on a modular workstation that
enables the fast reconfiguration depending on the task
needs. High-resolution stereo vision camera is mounted
above the work cell and gives 3D perception to localise
objects and estimate their orientation. The stereo
vision system has a frame rate of [X] fps and has depth
precision of +/-[Y]Jmm making it sensitive to detect even

small mechanisms which are electronics. The system can
be enhanced by adding a time-of-flight 3D camera or
LiDAR environmental mapping sensor in scenario where
long range is needed or when extra accuracy in depth is
desired.

The robot arm and vision system is paired with an
industrial PC (Intel i7/AMD Ryzen class, 16-32 GB RAM,
NVIDIA GPU acceleration) on high-speed computation of
images and control computation. A Programmable Logic
Controller (PLC) is used to process the sequencing tasks,
interface signals to conveyors and sensors and to provide
deterministic communication among subsystems.
Components are connected by a backbone of industrial
Ethernet in order to promote real-time data transfer,
and synchronized operation.

Software Architecture

Software architecture allows real-time perception-
based decision-making by combining computer vision
algorithms, adaptive control logic and communication
middleware. The pipeline of processing the vision starts
with the image acquisition using the stereo camera
and continuing with improvements like noise filtering,
illumination correction and edge enhancement. Object
detection and feature extraction are carried out on a
mix of classical computer vision (contour matching based
on OpenCV) and deep learning models (YOLOv8/SSD
based on fast inference) to enable them to find objects
across a variety of lighting and background. They are
then relayed to a pose estimation module where they
can be determined as how far they are and how they are
pointing to the coordinate frame of the robot.

A hybrid strategy-adaptive control algorithm (with model
reference adaptive control (MRAC) to track the adaptive
trajectory variations and proportional-integral-derivative
(PID) fine-tuning to keep positional accuracy-is used to
handle the requirement. Within more dynamic settings,
it is possible to use reinforcement learning to fine-tune
the motions to enhance the grasp success rate with
time. The connection among vision module, adaptive
control logic, and cobot controller is supported by ROS-
Industrial due to its modularity with EtherCAT providing
low latency commands in regards to motion. OPC-UA is
applied to data exchange with Manufacturing Execution
Systems (MES) and supervisory control platforms to utilize
interoperability with the plant-wide systems.

Safety and Human-Robot Interaction (HRI) Conside-
rations

The system follows ISO/TS 15066 specifications in regard
to collaborative robotics, which makes the interaction
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between the robot and human users safe. The vision
system and proximity sensors are used to ensure speed
and separation monitoring: so, the cobotregulatesits
speeds and stops running, in case a human step in the
predetermined safety zone. Work cell is structured into
zones of interaction- green (safe zone where a person
can enter), in yellow (slow moving zone where robot
speed is restricted), and in red (stop zone where an
emergency stop occurs). Torque sensing and compliance
properties of the cobot will guarantee an instant force
limiting response in the case of physical contact, thus
limiting the potential of causing an injury. Also, flashing
lights and audible alarms give a real-time representation
of the status of the robot operation, which will increase
the situational awareness of the nearby workers.

DEPLOYMENT IN REAL-WORLD ENVIRONMENT

Roll-out of a vision-guided harmonized robot system was
conducted in an electronics manufacturing assembly cell
of amid-scale industrial manufacturing plant. The chosen
location has a mixed product manufacturing schedule, in
which it works on various variations of products in short
manufacturing runs. The work cell combines a number of
upstream and downstream processes automated feeding
of components, assembly process of sub assembly
and quality inspection. The installation was meant to
substitute a semi-automatic station where humans were
involved in manually setting parts to be worked on by
the robots in order to reduce the amount of human
interaction and increase the malleability of the process.

Site Description

The designated assembly cell was 3 m x 2 m with the
cobot workstation between a conveyor belt on which the
components arrived and a precision assembly fixture. The
environment was created to be safe to conduct a human
robot collaboration and there was clear marking on the
floor and also presence of proximity monitoring sensors.
The work station was such that the cobot arm had free
movement and the vision system was able to see the
whole conveyor and assembly area clearly. An optimal
lighting environment was created by assuring image
capturing consistency and optimum LED illumination was
fit as diffused lighting to reduce glare on the reflective
parts of the components.

Task Details

The major operation of the cobot was precise pick-
and-place of electronic parts on a printed circuit board
(PCB) sub-assembly. The arriving parts came with a
moving convery belt in different positions and directions
as there are different packages in the upstream.

All of the components were identified, their 3D pose
was determined by the vision system, which then
moved the data to the adaptive control module. The
cobot was then allowed to correct errors in real-time
to grab the component correctly and place it wherever
it was required on the PCB fixture. Besides assembly,
the system carried a further inspection procedure that
was conducted post placement so as to ensure that
the placement was done correctly and that the parts
were placed accordingly, a post-inspection performance
prompted corrective action in case such an action was
needed.

Integration with Existing Automation Systems

The integration procedure commenced by interface
mapping the cobot controller, the vision system and the
Programmable Logic Controller (PLC) of the facility. The
central coordination unit would be the PLC, where it
will schedule the tasks and coordinate the movement
of the conveyor to the cycle of operation of the cobot.
It was communicated in real-time controls through
EtherCAT and through OPC-UA at higher levels to a
wider data exchange with the Manufacturing Execution
System (MES). The deployed team created a bespoke
middleware layer in ROS-Industrial to make the vision
processing pipeline compatible with native control
software used by the cobot. The installed system as in
Figure 3, provides organization of the cobot, conveyor,
PCB fixture, and vision system to a well-organized work
cell where the interaction between human and robot is
made safe by the implementation of green and yellow
areas.

Vision System

Object Detection
and Pose
Estimation

Collaborative
Robot

Conveyor

Yellow Zone

Fig. 3: Deployment of the vision-guided cobot system
in an electronics assembly cell.

The implementation was carried out in phases to
eliminate distraction to production. Firstly, the offline
system was tested against simulated conveyor feeds to
be able to validate the object detection capability and
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pose estimates and adaptive trajectory modifications. It
was then verified and was set to live production under low
demand hours so that its performance could be controlled.
It took two weeks to perform full integration and after this
period, the system could run simultaneously with human
operators others being able to see a smooth collaboration
without disrupting the flow of the whole production.

PERFORMANCE ASSESSMENT

The operation of vision-guided collaborative robot
system was assessed in both functional and efficiency
based on four-week operation of the electronics
assembly cell of the robot. The analysis was designed
to measure the rise in operational efficiency, precision
and flexibility in comparison with the former semi-
automated process. There were several measures that
were taken to assess performance such as time taken to
complete tasks, accuracy of placement, idle time when
changing products, the workload of the operator and
also the adaption of change of product.

Regarding the time to complete a task, the adaptive
control with vision guidance enabled the cobot to
dynamically update the motion trajectory to change
working conditions, and no manual components
realignment of the human operators were needed.
This halved the mean cycle time per component by
32%, and greatly boosted throughput without having to
accelerate the robots. The error regarding movements
in the position increased by 0.8 mm in the traditional
installation and 0.6 mm in the vision-guided one, which
allows additional precision in assembly and minimizes
incidences of reworks. Lost production during product
changeovers was cut to a minimal level, since the
adaptive algorithms and vision calibration in the system
eliminated the reprogramming that would normally be
needed; this saved 41 percent of the changeover time.
Figure 5 shows that important gains in all key measures
were achieved after the implementation of vision-guided
collaborative robotic system, such as increased speed
of task execution, accelerated positional accuracy,
minimal downtime, and increased flexibility due to
product variations.

On human factors, the system reduced the workload
of the operators since they were no longer needed to
manually adjust the misaligned parts or shut down the
system to make a calibration. This enhanced ergonomics
as well since it minimized the repetitiveness of the
movement of the hands. The system demonstrated
high flexibility to product change, functionality as it
manages product components of different shape size,
and orientation with minimal loss in performance even
during changes in conveyor speed and slight lighting
alterations.

32% faster Significant
41% reduction improvement
31% reduction
Task Completion Positional Downtime Adaptabilitty
Time Accuracy During Changeover to Product
Variations

[ Before Deployment
[] After Deployment

Fig. 4: Comparative performance metrics before
and after deployment of the vision-guided
collaborative Robotic system.

DiscussION

The adaptive-controlled vision-guided collaborative
robotic system deployment introduced quantitative
and qualitative improvements to the industrial
process in question. The greatest benefit was that the
operational efficiency was increased as indicated by the
32 percent decrease in the time spent to complete a
task. Such efficiency has been accomplished without an
improvement in the operating speed of the cobot, leaving
the safe human-robot collaboration in compliance with
desired operational standards. The improved positional
accuracy (down to 0.6 mm vs. previous 0.8 mm) was also
impressive as it decreased the error when compared
to previous levels and they ended up needing less
reworking to achieve the desired results. This enhanced

Table 1: Comparative Performance Metrics (Before vs. After Cobot Deployment)

Metric

Before Deployment

After Deployment

Improvement

Task Completion Time (sec/component)

5.0

3.4

32% faster

Positional Accuracy (+ mm) 0.8 0.6 +25% precision
Downtime During Changeover (min) 35 20 41% reduction
Operator Workload (subjective scale 1-10) 8.0 5.5 31% reduction
Adaptability to Product Variations Limited (manual Fully automated pose Significant
adjustment required) adjustment improvement
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accuracy was actually converted into enhanced products
and fewer assembly imperfections. Also, the fact that
the downtime between changeovers dropped by 35
minutes to 20 minutes reduced the responsiveness of
the facility to customer demands in regards to product
variety and consequently improved flexibility in the
overall production process. At the level of workforce,
the reduced operator workload contributed to fatigue
reduction, ergonomics, and making workers more
focused on performing the tasks of higher value like
quality control and process optimization instead of
making many manual adjustments.

Although this is a good thing, a number of deployment
issues were met. A single difficulty existed with the
lights in the work cell; initially, the accuracy of the
vision system was influenced by glare and shadows that
were done on the reflective surfaces on the electronic
components. This was addressed by the installation of
diffused LED lamps and image pre-processing of the image
to equalize the appearance of illumination. A secondary
problem was sensor calibration drift especially with
respect to keeping the stereo vision system accurate
in depth measurement over long-term operation.
Automatic calibration routines were also scheduled to
give stable pose estimation accuracy. Connections to the
facility PLC network needed to be performed with great
care in mapping interfaces and testing to achieve a
real-time linkage of conveyor motions, along with vision
processing to the cobot movements.

The effectiveness of the present case study also depicts
the scalability of the strategy to other automation
situation. The hardware configuration in modular design
and the free software platform can easily accommodate
the change to any task, such as automated packaging,
bin picking, material handling and quality inspection. It
is true that the system will also be able to be introduced
into the environment of human and robot rejection since
it complies with the ISO/TS 15066 safety standards,
and in the smaller and medium-sized businesses that
need automation solutions that do not occupy much
space. In addition, adaptive control coupled with the
vision guidance have suited the system to cater to
various product geometrics, unpredictable workflows,
workflow adaptability, and high-mix, low-volume set-
ups i.e. dominant features of the next-generation smart
manufacturing system.

7. CONCLUSION AND FUTURE WORK

In this case study, deployment of a vision guided
collaborative robotic system with an adaptive control
has been demonstrated successful within a real-life

electronics assembly situation. Enhancement of high
definition stereo vision to real-time detection of
objects and pose estimation, as well as the adoption
of adaptive trajectory adjustment algorithms, solved
the encumbrance of the fixed paths of traditionally
employed robotic moving systems. Measureable benefits
with the deployed solution were 32 percent reduction in
task completion time, a 25 percent gain in the accuracy
of the workforce position and 41 percent decrease in
downtime during the changeovers. These performance
improvements were realised through increased
throughput, better quality of assemblies, less workload
on operators, and an increased degree of flexibility in
operations which are very important characteristics
in the new contemporary Industry 4.0 manufacturing
systems. The findings confirm the potential of marrying
visual intelligence and adaptive control in collaborative
robotics with the ability to produce safe, efficient,
and flexible automation within dynamic production
environments.

Although the deployment was successful, a few lessons
were learnt. Varying lighting conditions and sensor
calibration drift proved to be the main limitations,
which point at the significance of the application of
vision systems and sensor recalibration in industrial
settings. In addition, there was the need to integrate
with the existing automation infrastructure necessitating
coordination at interfaces between hardware and
software products in order to ensure they run at the
same time. The consideration of these aspects at the
initial stages of designing would even be more effective
in achieving system reliability and deployment pace in
subsequent implementation.

There are a number of routes to take in the future work. It
is possible to extend the current adaptive control system
to the robustness of the detection in more demanding
visual conditions by adding Al-based object recognition
based on deep learning. Reinforcement learning-based
motion planning will be able to integrate with the
cobot so that it will be able to continuously optimize
its motions according to the experience gained during
the operations, shortening cycle times even further.
The bundle of multi-modal sensing has the potential
to enhance the existing capabilities of the system
to delicate or deformable object handling by using
a combination of vision and contact sensors (tactile,
force, and proximity). Moreover, a digital twin of the
work cell would be generated, and that could allow
predictive maintenance, faster simulation of process
variations and remote tuning of production parameters.
Lastly, expansion of the system to support hundreds of
collaborative robots working in synchronised tasks may
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open up the doors to more entirely autonomous high-
mix, low-volume manufacturing systems.

By building on the strong results achieved in this

study and pursuing these enhancements,

vision-

guided adaptive collaborative robotics can become
a cornerstone technology for the next generation of
intelligent, human-centric automation systems.
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