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ABSTRACT

Robotic depalletization in high-mix manufacturing environments presents significant challenges due to variations in
product geometry, irregular object positioning, and strict production cycle-time requirements. Conventional vision-
guided robotic systems often rely on predefined object locations or expensive three-dimensional sensing technolo-
gies, limiting their applicability in cost-sensitive industrial environments. This paper presents the development and
industrial validation of a low-cost 2.5D robotic guidance system for the automatic depalletization of enameled iron-
cast pots in an existing enameling production line. The proposed system integrates a six-axis industrial robot, an in-
dustrial vision camera, a laser distance sensor, and a custom-designed end-of-arm tool developed through three iter-
ative design stages. A novel zone-based inspection strategy is introduced, in which the pallet is divided into overlap-
ping inspection regions, enabling reliable object localization despite positional deviations caused by manual pallet-
izing and transportation. The laser distance sensor provides height compensation, while the optimized vacuum grip-
ping system improves handling reliability for products of different masses and intermediate cardboard separators.
Experimental validation was performed across 210 depalletization cycles under real industrial operating conditions,
with 100 cycles dedicated to the final system. The proposed system achieves an average cycle time of 7.6 £ 0.4 s, and
achieves the grasping/object localization success rate of 98%.
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1. INTRODUCTION

Industrial automation has become an essential component of modern manufacturing systems, driven by the increas-
ing demand for higher productivity, improved product quality, and reduced dependence on manual labor. Among
the numerous material-handling operations performed in manufacturing environments, palletizing and depalletizing
remain particularly challenging due to the variability of product arrangements, object positioning uncertainties, and
the need to maintain short production cycle times. While robotic depalletization has become common in highly
standardized production environments, its implementation in high-mix manufacturing remains considerably more
complex because conventional robot programming assumes fixed object locations and repeatable operating condi-
tions.
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The application of machine vision significantly improves the flexibility of robotic depalletization systems by enabling
automatic object localization prior to grasping. Depending on the application requirements, robotic guidance sys-
tems typically employ either two-dimensional (2D) vision, three-dimensional (3D) sensing, or hybrid approaches. Alt-
hough 3D vision systems provide accurate spatial information, they are often associated with high acquisition costs,
increased computational complexity, and more demanding integration requirements. In contrast, low-cost solutions
combining conventional industrial cameras with complementary distance sensors can provide sufficient spatial in-
formation for many industrial applications while maintaining lower implementation costs. Such systems are com-
monly referred to as 2.5D vision systems, where two-dimensional image information is supplemented with depth
measurements obtained from an independent sensor.

There are several challenges that limit the applicability of conventional vision-guided robotic solutions in industrial
process. Iron-cast pots are manually palletized, resulting in significant variations in object position and orientation
between pallets. Additional positioning errors are introduced during pallet transportation, while reusable cardboard
separators of varying thickness generate uncertainties in the vertical position of each pallet layer. Furthermore, the
production operates under high-mix, low-volume conditions involving six different pot geometries, eighteen size
variants, and approximately 150 product configurations. At the same time, the robotic system must satisfy a produc-
tion cycle time of 9 + 1s without modifying the existing enameling line.

To address these challenges, this paper proposes a low-cost 2.5D robotic guidance system for automatic depalletiza-
tion of enameled iron-cast pots. The proposed system combines a six-axis industrial robot, an industrial camera, a
laser distance sensor, and a custom-designed end-of-arm tool developed through several design iterations. In con-
trast to conventional approaches relying on predefined object locations, the proposed method introduces a zone-
based inspection strategy, in which the pallet is divided into overlapping inspection regions that enable reliable ob-
ject localization despite significant positional deviations. Laser-based height validation is integrated with vision-
based localization to compensate for variations in pallet height while maintaining low hardware complexity and in-
dustrially acceptable cycle times.

The proposed solution was implemented and experimentally validated in an operating enameling production line.
Three successive End-of-arm-tooling (EOAT) design iterations were evaluated with respect to cycle time, localization
robustness, Z-axis validation, and gripping reliability. Experimental results demonstrate that the final system satisfies
the industrial cycle-time requirements while providing reliable depalletization under the positional variability char-
acteristic of high-mix manufacturing environments.

The remainder of this paper is organized as follows. Section 2 provides a literature review in this area. In section 3, the
research methodology is given. Also, Section 3 presents the architecture of the proposed robotic guidance system
together with the iterative development of the end-of-arm tooling and the proposed zone-based localization strat-
egy. Section 4 presents the experimental results, while section 5 gives conclusions and discusses future research di-
rections.

2. LITERATURE REVIEW

This section reviews the state of the art in robotic depalletization. Subsection 2.1 covers industrial automation and
HMLV production; Subsection 2.2 examines vision-guided depalletization approaches and their trade-offs; Subsec-
tion 2.3 identifies the research gap addressed here.

2.1. Industrial automation and robotic depalletization

The continuous demand for higher productivity, improved product quality, and increased manufacturing flexibility
has accelerated the adoption of industrial robotics across a wide range of production sectors.

Material handling operations, including palletizing and depalletizing, represent a significant portion of repetitive
manual labor in manufacturing environments and are therefore among the first candidates for automation [1],[2].
Besides improving production efficiency, robotic depalletization contributes to enhanced workplace safety by reduc-
ing repetitive physical tasks and minimizing operators' exposure to ergonomically demanding working conditions
(31, [4].

Although robotic depalletization has become a mature technology for standardized products, its implementation
remains challenging in manufacturing environments characterized by frequent product changes, irregular object
placement, and variable packaging configurations. Such conditions are particularly common in high-mix, low-volume
(HMLYV) production, where conventional robot programming based on predefined pick positions is often insufficient
to ensure reliable operation [5]. Under these conditions, conventional robot programs based on predefined pick po-
sitions become increasingly unreliable, requiring adaptive perception algorithms capable of handling positional un-
certainty and product variability.
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Traditional robotic depalletization systems typically rely on predefined pallet layouts and fixed robot trajectories,
making them highly effective in mass production environments where product placement remains consistent. How-
ever, such approaches exhibit limited robustness when applied to production systems characterized by irregular ob-
ject placement, varying product geometries, and frequent product changeovers.

The emergence of Industry 4.0 has accelerated the adoption of intelligent automation technologies capable of in-
creasing manufacturing flexibility, productivity, and resource efficiency [6]. Modern production systems increasingly
rely on the integration of industrial robots, machine vision, smart sensors, and real-time data acquisition to enable
autonomous decision-making and adaptive process control. While large-scale manufacturing has widely adopted
highly automated production systems, small and medium-sized enterprises often face significant challenges associ-
ated with the cost and complexity of implementing advanced robotic solutions. Consequently, there is growing in-
terest in low-cost, easily deployable robotic systems that can be integrated into existing production lines without
extensive modifications while maintaining the flexibility required by high-mix manufacturing environments.

Several recent studies have addressed robotic manipulation in flexible manufacturing environments using machine
learning, deep neural networks, and Al-based object detection methods [7], [8], [9]. While these approaches have
demonstrated promising localization performance, they generally require extensive training datasets, high compu-
tational resources, and specialized hardware, making industrial deployment more demanding.

2.2. Machine vision guidance

To improve operational flexibility, recent research has focused on integrating machine vision into robotic depalleti-
zation systems. Vision-guided robots are capable of locating workpieces directly on the pallet, thereby reducing the
dependence on precise pallet positioning and improving adaptability to production variations [10]. Conventional 2D
vision systems are widely used due to their relatively low cost and ease of integration; however, they generally require
accurately controlled object positioning and provide limited information about object height. Consequently, their
applicability decreases when products exhibit significant positional deviations or when pallet height varies during
the depalletization process [11]. Nevertheless, they provide only planar information and therefore require additional
methods for estimating object height or compensating for variations in pallet layers [12].

To overcome these limitations, many researchers have adopted three-dimensional sensing technologies, including
structured-light cameras, stereo vision systems, and laser scanners. Such approaches provide accurate spatial infor-
mation that enables reliable pose estimation even under complex object arrangements. Nevertheless, 3D vision sys-
tems often involve considerably higher hardware costs, increased computational requirements, and more demand-
ing calibration procedures, which may limit their applicability in small and medium-sized manufacturing companies
or when retrofitting existing production lines [13], [14]. More recently, deep learning and artificial intelligence tech-
niques have been successfully applied to robotic grasp planning and object detection [15]. Convolutional neural net-
works and transformer-based vision models have demonstrated remarkable robustness against object occlusions and
varying illumination conditions. However, these approaches typically require large annotated datasets, powerful
computing hardware, and extensive model training before deployment, making their implementation difficult in in-
dustrial environments where production changes frequently and commissioning time is limited [16].

Consequently, recent research has increasingly focused on hybrid vision solutions that combine multiple sensing
modalities. By integrating conventional industrial cameras with complementary depth sensors, these systems offer a
compromise between the simplicity and low cost of 2D vision and the improved spatial awareness of full 3D sensing.
Such approaches have demonstrated promising results in industrial pick-and-place applications while maintaining
relatively simple system architectures and short processing times [17], [18], [19]. Sensor fusion between industrial
cameras and laser distance sensors has proven particularly effective in robotic handling applications where accurate
height estimation is required but complete three-dimensional scene reconstruction is unnecessary. Such approaches
reduce hardware costs while maintaining sufficient positioning accuracy for industrial manipulation tasks [20].

2.3. Research gap

Despite the considerable progress reported in the literature, relatively few studies address robotic depalletization
under high-mix, low-volume production conditions where multiple product geometries, manually palletized objects,
reusable packaging materials, and strict production cycle times must be handled simultaneously. Existing solutions
frequently assume predefined object arrangements, rely on expensive 3D sensing technologies, or require computa-
tionally intensive vision algorithms that are difficult to integrate into existing industrial production lines.

Furthermore, limited attention has been devoted to low-cost robotic guidance systems capable of compensating
simultaneously for horizontal object displacement, vertical positioning uncertainty caused by varying pallet layer
heights, and gripping variability introduced by different product geometries and packaging conditions. These chal-
lenges become particularly significant when retrofitting robotic systems into existing manufacturing processes,
where production interruptions and hardware modifications must be minimized.
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3. METHODOLOGY

The objective of this paper was to integrate an industrial robotic manipulator into an existing iron-cast pot enameling
production line, replacing the manual depalletization process previously performed by a human operator. The robot
was required to unload enameled iron-cast pots from pallets measuring 1200 x 800 x 2000 mm (length x width x
height) and place them onto an intermediate conveyor buffer supplying the enameling machine. Since the produc-
tion line was already operational, the robotic system had to be integrated without modifying the existing manufac-
turing process or reducing its throughput.

A major design constraint was the required production cycle time, which ranged between 9 + 1s s depending on the
dimensions of the pot. Smaller pots required shorter enameling times and therefore imposed the most demanding
cycle-time requirement of approximately 8 s per pick-and-place operation. Consequently, the robotic depalletization
system had to perform object detection, height estimation, grasp planning, and material handling within the availa-
ble production time while maintaining reliable operation. An additional challenge originated from the high-mix man-
ufacturing environment. Different pot geometries, varying product masses, cardboard separators between pallet lay-
ers, and unavoidable positional deviations caused by manual pallet loading prevented the use of conventional fixed-
position robotic programs. Therefore, the proposed system required a robust guidance strategy capable of reliably
locating and handling products despite significant variations in their position and geometry.

Figure 1 illustrates the proposed research methodology adopted in this study. The research process begins with the
analysis of the industrial problem and the definition of the system requirements imposed by the existing enameling
production line. Based on the identified challenges, a low-cost 2.5D robotic guidance system was designed by inte-
grating an industrial robot, a industrial camera, a laser distance sensor, and a custom-developed end-of-arm tool. The
system was refined through three iterative development stages, where each iteration addressed the limitations iden-
tified during experimental evaluation. Finally, the proposed solution was validated under real industrial operating
conditions by evaluating cycle time, object localization reliability, Z-axis compensation, and gripping performance,
demonstrating its suitability for high-mix manufacturing environments.

Proposed Research Methodology
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3.1. Challenges of the Depalletization Process

The integration of a robotic depalletization system into the existing enameling production line introduced several
technical challenges that influenced both the mechanical design of the end-effector and the development of the
robot guidance strategy.

3.1.1. Robot Reach

The working envelope of the industrial robot did not allow access to the entire pallet without repositioning the pallet
itself. Consequently, pallet replacement operations were required after the accessible portion had been emptied, in-
creasing the overall lead time. To minimize production interruptions, the conveyor buffer was designed to temporar-
ily store up to six pots, providing approximately 40-60 s for pallet replacement without stopping the enameling pro-
cess. Depending on the product dimensions and the corresponding production rate, pallet replacement intervals
ranged from approximately 10 minto 1 h.

3.1.2. Pallet Packing Strategy

Originally, pots were palletized manually in alternating upright and inverted orientations without a predefined ar-
rangement (Figure 2.).

Figure 2: Worker manually depalletizing pots

Such an arrangement was unsuitable for reliable robotic handling and therefore required modification. A standard-
ized palletizing strategy was introduced in which pots were stacked according to predefined layouts and separated
by cardboard sheets measuring approximately 1150 x 750 mm with thicknesses ranging from 3 to 6.5 mm. While this
significantly simplified robot operation, it introduced additional challenges related to cardboard handling and height
compensation.

3.1.3. Positioning Uncertainty

One of the most significant challenges was the variability in pot positioning. Since palletizing was performed manu-
ally, the position of individual pots varied from pallet to pallet (Figure 3.a). Additional positional deviations were in-
troduced during pallet transportation through the production facility. Furthermore, repeated reuse of cardboard sep-
arators caused permanent deformation, resulting in lateral displacement of pots as well as variations in stack height.
Consequently, the nominal robot positions could not guarantee successful grasping, making adaptive vision-based
localization and laser-assisted height estimation essential.

Figure 3: Pallet packing arrangement(a), and cardboard disposal addon(b)
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3.1.4. Cardboard Handling

After completing the depalletization of each pallet layer, the intermediate cardboard separator had to be removed
before processing the next layer. Due to its large dimensions and limited stiffness, reliable manipulation of the card-
board within the confined pallet space proved impractical. To simplify this operation, the rear side of the pallet was
modified with a dedicated opening that allowed the robot to push and dispose of the cardboard sheets without com-
plex manipulation (Figure 3.b).

3.1.5. High-Mix, Low-Volume Production

The production line operates under high-mix, low-volume manufacturing conditions. The robotic system was there-
fore required to handle six different pot geometries and eighteen size variants, corresponding to approximately 150
individual product types. This large product diversity significantly increased the complexity of the vision system, grip-
ping strategy, and robot programming, requiring a flexible guidance approach capable of adapting to varying object
dimensions and positions without mechanical reconfiguration.

To address these challenges, this paper proposes a low-cost 2.5D robotic guidance system for automatic depalletiza-
tion of enameled iron-cast pots in a high-mix manufacturing environment. The proposed solution combines a six-axis
industrial robot, an industrial vision camera, a laser distance sensor, and a custom-designed end-of-arm tool devel-
oped through three iterative design stages.

3.2. System Architecture

The proposed robotic depalletization system consists of a Mitsubishi RV-7FLL six-axis industrial robot equipped with
a custom-designed EOAT, a SICK Inspector83x camera, and a SICK DT20 laser distance sensor. The EOAT incorporates
four vacuum suction cups used for handling both enameled iron-cast pots and intermediate cardboard separators
placed between pallet layers. The EOAT was developed through several design iterations aimed at improving posi-
tioning accuracy, reducing cycle time, and increasing operational robustness under high-mix production conditions.
Each iteration addressed limitations identified during experimental deployment.

3.2.1. Initial EOAT Design

The initial EOAT design relied on predefined nominal pot locations stored in the robot program. During each pick
cycle, the robot first approached the expected pot position, where the industrial camera performed object localiza-
tion. Since the camera was mounted perpendicular to the tool flange, the robot was required to rotate the tool by
approximately 10° about the tool Y-axis to obtain an appropriate viewing angle (Figure 4). After image acquisition
and pose estimation, the robot returned to its original orientation before executing the pick-and-place operation.

Figure 4: Initial EOAT Design: Extended EOAT Dual-Vacuum + Camera+ laser distance sensor

Although this approach enabled successful object localization, the additional rotational motion increased the overall
cycle time beyond the allowable limit required to synchronize with the enameling production line. Height compen-
sation between pallet layers was performed using a laser distance sensor mounted at an inclined angle. In practice,
the sensor occasionally measured the side wall or edge of the pot rather than its bottom surface, producing underes-
timated or invalid distance measurements. Consequently, incorrect Z-axis offsets were calculated, preventing the
suction cups from establishing reliable contact with the workpiece.

The vacuum system consisted of two vacuum generators supplied through a single 8 mm pneumatic hose, with each
generator serving two 6 mm suction cups. While this configuration was adequate for lighter products, it provided
insufficient holding force for heavier pot variants and low-quality cardboard separators. Furthermore, larger devia-
tions between the expected and actual pot positions occasionally exceeded the search range of the vision algorithm,
causing object localization failures and requiring manual operator intervention.

D. Milojevic et al.



Online First Engineering Today

3.2.2. Improved EOAT Design

In the second design iteration, the original solid aluminum EOAT body was replaced with a modular structure con-
structed from aluminum extrusion profiles (Figure 5). This modification reduced the overall weight of the EOAT while
providing greater flexibility for mechanical adjustments and future upgrades.

-
o
[ 22—

Figure 5: Improved EOAT Design: Quadruple-Vacuum + laser distance sensor + Angled Camera

The camera was mounted at a predefined inclination, eliminating the need for the additional wrist rotation previously
required for object localization. As a result, the object detection procedure was simplified and the overall pick-and-
place cycle time was significantly reduced.

Figure 6: Pressure sensors with graphical representation on an HMI

The laser distance sensor was repositioned to the geometric center of the EOAT. This configuration increased the
probability that the laser beam intersected the bottom surface of the pot or the intermediate cardboard separator
rather than the pot edge, resulting in more reliable distance measurements and improved Z-axis offset estimation.

The vacuum system was also redesigned by doubling the number of vacuum generators, allowing each suction cup
to operate with an independent vacuum source. This modification substantially increased the available gripping
force, enabling reliable handling of heavier cast-iron pots and low-quality or deformed cardboard separators. Fur-
thermore, pressure sensors were integrated into the pneumatic system to continuously monitor vacuum quality.
These sensors enabled the detection of suction loss caused by worn suction cups, unsuccessful pick-and-place oper-
ations, or vacuum generator malfunction, thereby improving the overall reliability of the system (Figure 6).

Despite these improvements, a significant limitation remained. In cases where the displacement of a pot from its
nominal pallet position exceeded the field of view (FOV) of the camera, the object could not be detected, preventing
successful grasp planning. Several software-based approaches were evaluated to mitigate this issue, including low-
ering the template matching score threshold and enabling partial feature matching. Although these methods in-
creased the detection range, they also substantially increased the occurrence of false-positive detections. In several
cases, false object localization resulted in incorrect robot trajectories, leading to collisions between the EOAT and
either the pallet structure or the pot itself. Consequently, these approaches were deemed unsuitable for reliable in-
dustrial operation.
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3.2.3. Proposed Zone-Based 2.5D Guidance System

In the final EOAT iteration, the standard suction cups were replaced with compliant rubber suction cups equipped
with spring-loaded extensions. This modification introduced passive vertical compliance, allowing the robot to com-
pensate for small inaccuracies in height estimation by moving several additional millimeters along the Z-axis without
compromising the grasping process.

Although the previous mechanical and pneumatic improvements significantly increased the reliability of the system,
the vision-based object localization method remained insufficiently robust for industrial operation. The template
matching algorithm relied on searching for objects within predefined regions around their nominal pallet positions.
When the displacement of a pot exceeded the camera field of view, object localization failed, preventing successful
grasp planning.

To overcome this limitation, a novel zone-based 2.5D guidance strategy was developed (Figure 7). Instead of per-
forming object localization only at predefined pick locations, the pallet surface was partitioned into nine partially
overlapping inspection zones. For each zone, the robot positioned the camera at the corresponding inspection point,
where all visible pots within that region were detected simultaneously.

Figure 7: Proposed Zone-Based 2.5D Guidance System: Flat sideways camera,
suction cups with movement compensation, new scanning method

The inspection zones were intentionally designed with overlapping fields of view. Consequently, any pot located near
the boundary of one zone remained visible within at least one adjacent zone, ensuring complete coverage of the
pallet despite positioning deviations. Figure 8 illustrates the spatial arrangement of the nine inspection zones to-
gether with their corresponding inspection centers.

600.00

[~ 1200.00

500.00

800.00

Figure 8: Demonstrations on zone positioning and coverage

The increased camera working distance required to capture the larger inspection areas inevitably reduced the effec-
tive depth resolution of the vision system, resulting in the loss of one measurable height layer. This limitation was
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compensated by integrating laser-based height measurements, allowing accurate estimation of the remaining Z-axis
offset while preserving complete pallet coverage.

Table 1. summarizes the main technical challenges identified during the integration of the robotic depalletization
system into the existing enameling production line, together with the engineering solutions implemented to address
them. Rather than representing isolated design modifications, these solutions constitute complementary compo-
nents of the proposed low-cost 2.5D robotic guidance system. The iterative development process enabled each iden-
tified limitation to be systematically addressed, resulting in improvements in system robustness, positioning accu-
racy, gripping reliability, and compliance with the required industrial cycle time.

Table 1. Identified challenges and implemented solutions in the proposed robotic depalletization system

Challenge Proposed solution
Position uncertainty Zone-based 2.5D vision guidance
Height variation Laser-based Z-axis validation
Heavy products Redesigned EOAT and independent vacuum generators
Cardboard handling Compliant suction cups and pallet modification
High-mix production | Adaptive vision templates and configurable robot program

Performance evaluation criteria:

The performance of the proposed robotic depalletization system was evaluated using five key performance indicators
(KPIs): cycle time, gripping failure rate, localization failure rate, amount of Z-axis compensation failure, and amount of
manual interference. These criteria were selected because they directly reflect the industrial requirements of the
enameling production line and represent the main technical challenges encountered during system development.
Together, they provide a comprehensive assessment of the efficiency, reliability, and robustness of the proposed 2.5D
robotic guidance system.

Cycle time was adopted as one of the key performance indicators (KPIs) for evaluating the proposed robotic guidance
system. The duration of each pick-and-place cycle was measured from the moment the robot initiated the object
localization procedure until the successfully handled pot was placed onto the conveyor buffer. The measured cycle
time therefore included robot positioning, image acquisition, object localization, Z-axis validation, grasp execution,
and placement operations. The obtained values were compared with the production requirements of the enameling
line, enabling quantitative assessment of the effectiveness of each EOAT design iteration and the proposed zone-
based guidance strategy.

One of the primary design constraints of the proposed robotic depalletization system was compliance with the pro-
duction cycle time of the existing enameling line. Since the robot was integrated into an already operating manufac-
turing process, its operation had to be synchronized with the throughput of the enameling machine without intro-
ducing production bottlenecks. Depending on the dimensions of the iron-cast pots, the required cycle time ranged
about 9 + 1s per pick-and-place operation, with smaller products imposing the most demanding requirement due to
their shorter enameling time.

To satisfy this constraint, every stage of the depalletization process was analyzed and optimized, including robot mo-
tion planning, image acquisition, object localization, height validation, grasp execution, and object placement. Dur-
ing each design iteration, the influence of mechanical modifications and sensing strategies on the overall cycle time
was experimentally evaluated. Consequently, cycle time served not only as a performance indicator but also as one
of the principal optimization criteria throughout the iterative development of the proposed system.

Vacuum grasping reliability was evaluated to determine the ability of the proposed EOAT to consistently handle iron-
cast pots and intermediate cardboard separators throughout the depalletization process. Reliable gripping is partic-
ularly important in high-mix production, where products differ in geometry, mass, and surface characteristics. In ad-
dition, the repeated use of cardboard separators and gradual wear of the suction cups may adversely affect vacuum
quality. Therefore, the proposed system incorporates independent vacuum generators and pressure sensors for each
suction cup, enabling continuous monitoring of the gripping process and early detection of vacuum loss or unsuc-
cessful pick-and-place operations. Gripping reliability was assessed based on the successful completion of the pick-
and-place cycle without product slippage, object loss, or manual intervention.

Accurate estimation of the Z-axis position is essential for reliable grasping because the height of each pallet layer
changes continuously during depalletization. Furthermore, variations in cardboard thickness and deformation
caused by repeated reuse introduce additional height uncertainties that cannot be compensated using predefined
robot positions alone. To address this issue, the proposed system employs a laser distance sensor to measure the
distance between the EOAT and the pallet surface prior to each grasping operation. The measured values are used to
calculate the required Z-axis offset, allowing the robot to compensate for height variations and ensuring consistent

FMCE Kraljevo



Engineering Today Online First

contact between the suction cups and the handled object. The effectiveness of the Z-axis compensation strategy was
evaluated by its ability to maintain successful grasping despite variations in pallet layer height.

Robust object localization represents one of the key performance criteria of the proposed robotic guidance system.
Due to manual palletizing, transportation-induced shifts, and product variability, the actual positions of the pots fre-
quently deviate from their nominal locations. Conventional vision approaches based on predefined search positions
may therefore fail when the displacement exceeds the camera field of view. To overcome this limitation, the proposed
methodology introduces a zone-based inspection strategy in which the pallet is divided into overlapping acquisition
zones. This approach enables complete pallet coverage while ensuring that objects located near the boundaries of
one inspection zone remain visible within adjacent zones. Localization robustness was evaluated according to the
system's ability to consistently detect pots across the entire pallet without requiring manual intervention or produc-
ing false-positive detections.

4. RESULTS AND DISCUSSION

The proposed robotic depalletization system was experimentally validated under real industrial operating conditions
in an enameling production line. The evaluation focused on evaluating average cycle time, the failure rate of both
object localization and picking systems, Z-axis compensation failures, and the total number of required manual inter-
ventions during the whole testing. These indicators were selected because they directly reflect the operational re-
quirements of the enameling production line and provide a comprehensive assessment of the effectiveness and ro-
bustness of the proposed robotic depalletization system

Table 2. summarizes the performance improvements achieved through the three successive EOAT design iterations.
Each iteration addressed specific limitations identified during experimental evaluation, resulting in gradual improve-
ments in both mechanical reliability and vision-guided object localization.

Table 2. Performance comparison of the three EOAT design iterations

Performance metric Initial EOAT | Second Iteration EOAT | Proposed system
Number of tested cycles (N) 50 60 100
Average cycle time[s] 105+1.5 85+0.6 76+£04
Grasping failure (%) 40% 25% 2%
Localization failure (%) 20% 20% 2%
Z-axis compensation failure (N) 12 3 0
No. of manual interventions (N) 27 15 2

The results demonstrate a continuous improvement in system performance throughout the iterative development
process. The average cycle time decreased from 10.5 + 1.5 s for the initial EOAT design to 8.5 + 0.6 s after the second
iteration, reaching 7.6 + 0.4 s for the proposed system. This reduction confirms that the implemented mechanical
modifications and optimization of the vision-guided localization strategy successfully satisfied the industrial cycle-
time requirement while improving the repeatability of the robotic operation. Relocating the laser sensor to the center
of the EOAT improved the repeatability of height measurements and increased the accuracy of Z-axis compensation,
which in turn, reduced the failure rates of both grasping and localization. The redesigned vacuum system, with one
vacuum generator assigned to each suction cup and integrated pressure sensors, significantly improved gripping
reliability while enabling automatic detection of suction failures and component degradation. Nevertheless, object
localization failures still occurred when the displacement of a pot exceeded the field of view of the camera.

A similar trend can be observed for grasping and localization performance. The grasping failure rate decreased from
40% in the initial configuration to 25% in the improved EOAT design and finally reached 2% failure in the proposed
system. Object localization remained 20%, ultimately achieving 2% after introducing the proposed zone-based 2.5D
guidance strategy. These results indicate that the iterative improvements in the EOAT design, vision system configu-
ration, and localization methodology substantially increased the reliability of autonomous depalletization.The effec-
tiveness of the proposed laser-assisted height estimation is reflected in the number of unsuccessful Z-axis compen-
sations. While the initial EOAT design resulted in 12 failed Z-axis corrections, this number was reduced to three in the
second iteration and completely eliminated in the final implementation. Furthermore, the number of manual inter-
ventions required during system operation decreased from 27 to 2, demonstrating a considerable improvement in
operational autonomy and overall system robustness.

Proposed Zone-Based 2.5D Guidance System addressed this limitation by introducing the proposed zone-based scan-
ning strategy. Instead of acquiring an image at every individual pick location, the pallet was inspected using nine
overlapping acquisition zones, each covering multiple potential object positions. This reduced the total number of
image acquisitions from one image per object to only nine images for the entire pallet. Consequently, the overall
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depalletization cycle time decreased below the 9 + 1 s range achieved in the previous iteration while maintaining
reliable object localization across the complete pallet area. The addition of compliant rubber suction cups with spring-
loaded compensators further increased grasping robustness by accommodating small errors in height estimation.
Unlike the rigid suction cups used in previous iterations, the compliant design tolerated minor Z-axis deviations with-
out compromising vacuum sealing, resulting in more reliable pick-and-place operations under industrial conditions.

As summarized in Table 2, the proposed solution satisfied all evaluation criteria, including a cycle time below 8 s,
reliable vacuum gripping, accurate Z-axis validation, and consistent object localization. These improvements demon-
strate that the developed low-cost robotic guidance system is suitable for deployment in high-mix industrial depallet-
ization applications. Compared with the initial EOAT design, the proposed system reduced the average cycle time by
approximately 28%, decreased the grasping error rate by 95%, decreased object localization error by 90%, completely
eliminated unsuccessful Z-axis compensations, and reduced the number of required manual interventions by approx-
imately 92%.

5. CONCLUSION

This paper presented the development and industrial validation of a low-cost 2.5D robotic guidance system for the
automatic depalletization of enameled iron-cast pots in a high-mix production environment. The proposed system
integrates a Mitsubishi six-axis industrial robot, an industrial camera, a laser distance sensor, and a custom-designed
end-of-arm tool developed through three iterative design stages. The objective was to replace manual depalletization
while satisfying the strict cycle-time requirements of an existing enameling production line without introducing ex-
pensive sensing technologies or major modifications to the manufacturing process.

The iterative development process demonstrated that both the mechanical design of the EOAT and the perception
strategy have a significant influence on the overall system performance. Successive improvements in camera place-
ment, laser sensor positioning, vacuum generation, and suction cup design increased the reliability of object handling
and Z-axis compensation while reducing the pick-and-place cycle time. The remaining limitation associated with pre-
defined object localization was substantially reduced through the proposed zone-based inspection strategy, which
enables reliable detection of pots despite positional deviations caused by manual palletizing and transportation.

Experimental validation confirmed that the final system achieved the required industrial cycle time while providing
reliable object localization, robust vacuum gripping, and accurate height compensation for different pallet layers.
Furthermore, the proposed solution demonstrated stable operation under high-mix manufacturing conditions in-
volving multiple product geometries and significant variations in object positioning. These results indicate that low-
cost sensor fusion based on an industrial camera and a laser distance sensor represents a practical alternative to con-
siderably more expensive 3D vision systems for industrial depalletization tasks.

The developed robotic guidance system has been successfully integrated into an existing production line and has
contributed to reducing manual labor while maintaining production throughput and operational reliability. Owing
to its modular architecture, the proposed approach can be adapted to similar material-handling applications requir-
ing flexible robotic depalletization under variable production conditions.

Experimental evaluation demonstrates that the proposed approach satisfies the required industrial cycle time while
improving localization robustness, Z-axis compensation accuracy, and gripping reliability. The proposed solution pro-
vides a practical and cost-effective alternative to more expensive 3D vision systems for robotic depalletization in high-
mix manufacturing environments. However, the system has some residual failures where localization fails due to in-
adequate overhead light levels which are caused due to external roof lightning. This can be fixed in future by enclos-
ing the work area completely and implementing ceiling lightning closer to the pallet scanning area. The wear of the
pneumatic components can also cause grasping failure over time. In this case, in between the vacuum system and
the EOAT, filters are placed in order to protect the more expensive vacuum generators from residual dust or grease
left on pots.

Future work will focus on further improving system autonomy by incorporating adaptive vision algorithms capable
of automatically generating inspection zones for new product layouts, as well as investigating the integration of ma-
chine-learning-based object detection methods to increase robustness under more complex pallet configurations.
Future research will address automatic pallet recognition and dynamic optimization of robot trajectories to further
reduce cycle time and improve system efficiency.

ACKNOWLEDGEMENTS

This study is supported by Ministry of Science, Technological Development and Innovation through co-financing of
scientific research and development projects between the Republic of Serbia and the Republic of Italy 2025-2027,
project AI-AGRI-HAND.

FMCE Kraljevo



Engineering Today Online First

REFERENCES

(1]

(2]

(6]

(7]

(8]

[

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

S. R.Lamooki, L. A. Cavuoto, and J. Kang, "Adjustments in shoulder and back kinematics during repetitive pallet-
izing tasks", Sensors, Vol. 22(15), p. 5655, https://doi.org/10.3390/s22155655, (2022)

A. M. Lasota, "Manual palletizing simulation: Time and ergonomic study", International Journal on Interactive
Design and Manufacturing (1JIDeM), Vol. 20(3), pp. 1321-1334, https://doi.org/10.1007/s12008-025-02474-5,
(2025)

A. Colim, R. Morgado, P. Carneiro, N. Costa, C. Faria, N. Sousa, et al., "Lean manufacturing and ergonomics inte-
gration: Defining productivity and wellbeing indicators in a human-robot workstation", Sustainability, Vol. 13(4),
p. 1931, https://doi.org/10.3390/su13041931, (2021)

A. H. Hilmi, A. R. Abdul Hamid, and W. A. R. A. Wan Ibrahim, "Advancements in machine design: Integrating ergo-
nomics for enhanced human-robot collaboration and workplace efficiency”, Malaysian Journal of Ergonomics
(MJEr), Vol. 7(1), pp. 36-51, https://doi.org/10.58915/mjer.v7.2025.1313, (2025)

A. Iriondo, E. Lazkano, L. Susperregi, J. Urain, A. Fernandez, and J. Molina, "Pick and place operations in logistics
using a mobile manipulator controlled with deep reinforcement learning", Applied Sciences, Vol. 9(2), p. 348,
https://doi.org/10.3390/app9020348, (2019)

A. Jamwal, R. Agrawal, M. Sharma, and A. Giallanza, "Industry 4.0 technologies for manufacturing sustainability:
A systematic review and future research directions", Applied Sciences, Vol. 11(12), p. 5725,
https://doi.org/10.3390/app11125725, (2021)

J. Arents and M. Greitans, "Smart industrial robot control trends, challenges and opportunities within manufac-
turing", Applied Sciences, Vol. 12(2), p. 937, https://doi.org/10.3390/app 12020937, (2022)

J. Arents, M. Greitans, and B. Lesser, "Construction of a smart vision-guided robot system for manipulationin a
dynamic environment", in Artificial Intelligence for Digitising Industry - Applications, O. Vermesan, R. John, C. De
Luca, and M. Coppola, Eds., River Publishers, pp. 205-220, https://doi.org/10.1201/9781003337232-18, (2022)

A. Iriondo Azpiri, "Advances in flexible manipulation through the application of Al-based techniques", PhD The-
sis, University of the Basque Country, (2023)

M. Z. Mohamad Zaid, "Design and development of an image-guided vision system for robotics palletizing",
Master’s Thesis, Universiti Malaya, Kuala Lumpur (Malaysia), (2021)

R. Wu and P. Yang, "An RGB-D vision-guided robotic depalletizing system for irregular camshafts with trans-
former-based instance segmentation and flexible magnetic gripper", Actuators, Vol. 14(8), p. 370,
https://doi.org/10.3390/act14080370, (2025)

P.Yang, H. Lin, R. Wu, and S. Xiao, "A new novel recognition and positioning system of black light-absorbing
volute for automation depalletizing development", Measurement Science and Technology, Vol. 35(9), p.
095403, https://doi.org/10.1088/1361-6501/ad5035, (2024)

C.D. Vo and L. D. Hanh, "Development of a smart depalletizing system with 3D vision and artificial intelli-
gence", SSRN, https://doi.org/10.2139/ssrn.6205389, (2026)

C. J. So6s, "Smart vision-guided robotic depalletising system", Master’s Thesis, Aalborg University, Aalborg
(Denmark), (2026)

S. Caldera, A. Rassau, and D. Chai, "Review of deep learning methods in robotic grasp detection", Multimodal
Technologies and Interaction, Vol. 2(3), p. 57, https://doi.org/10.3390/mti2030057, (2018)

B. L. Aylak, M. ince, O. Oral, G. Siier, N. AlImasarwah, M. Singh, et al., "Application of machine learning methods
for pallet loading problem", Applied Sciences, Vol. 11(18), p. 8304, https://doi.org/10.3390/app11188304,
(2021)

A. A. Santos, C. Schreurs, A. F. da Silva, F. Pereira, C. Felgueiras, A. M. Lopes, et al., "Integration of artificial vision
and image processing into a pick and place collaborative robotic system", Journal of Intelligent & Robotic Sys-
tems, Vol. 110(4), p. 159, https://doi.org/10.1007/510846-024-02195-z, (2024)

V.-T. Nguyen, P.-T. Nguyen, S.-F. Su, P. X. Tan, and T.-L. Bui, "Vision-based pick and place control system for in-
dustrial robots using an eye-in-hand camera", IEEE Access, Vol. 13, pp. 25127-25140,
https://doi.org/10.1109/ACCESS.2025.3536496, (2025)

P. Bellandi, F. Docchio, and G. Sansoni, "Roboscan: A combined 2D and 3D vision system for improved speed
and flexibility in pick-and-place operation”, The International Journal of Advanced Manufacturing Technology,
Vol. 69, pp. 1873-1886, https://doi.org/10.1007/s00170-013-5138-z, (2013)

W. Wang, J. Ma, H. Song, F. Xu, X. Jia, and W. Xi, "Multi-modal sensor fusion for real-time robotic servoing: A uni-
fied framework towards high-precision process machining", Robotics and Computer-Integrated Manufactur-
ing, Vol. 103, p. 103349, https://doi.org/10.1016/j.rcim.2026.103349, (2027)

D. Milojevic et al.



