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Abstract 

European industry wants to respond in good time to the demands of the European market, and the world market in general. 
These responses must consider the changes taking place in the industry, considering possible updates to its production lines 
and methods. Increasing production capacity, renewing lines and adapting production methods often lead to the integration 
of robotic systems both in the production phase and in packaging, i.e. in the palletizing. Adopting this type of solution at the 
final stage of the process will significantly increase the quality with which products are handled and packaged. The aim of 
this work is to present a solution for handling cardboard boxes and palletizing them on a europallet. The gripper developed 
is designed to handle cardboard boxes and standard pallets in a multidisciplinary manner, regardless of their positioning. Its 
integration into a robotic system solves not only the problems of repeatability, but also the associated ergonomic problems, 
increasing productivity and consequently the success of the organization. The incorporation of different technologies has led 
to the development of functional and reliable equipment capable of performing multiple tasks. 
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1. Introduction

In a globalized scenario, industries organizations are looking 
for alternatives that will allow them to become more 
competitive, increasing productivity and guaranteeing the 
quality of production processes at low cost [1]. To guarantee 
the creation of value and ensure competitiveness and growth 
in the volume of production combined with quality, it is 
necessary to guarantee organizational, social and technical 
skills that make it possible, through new technologies, to 
make the most of the resources and make operations faster 
and simpler [2].  

*Corresponding author. Email: ads@isep.ipp.pt 

Then, the use of robots on production lines improves 
profitability and reorganizes production space, thus giving 
operators higher value-added and more ergonomic tasks. 
Today, many industries have opted to integrate robotic 
systems into their lines that can carry out welding [3], 
assembly and object handling [4], operating continuously, 
safely and with quality.  

The Industrial Revolution (IR) is effective and is changing 
the way industries work, at a time when the need for 
personalized production demands more response and quality. 
In this sense, the introduction of robotics systems into 
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industrial processes has revolutionized our view of industry, 
which, despite requiring Human Resources (HR) to have 
digital skills [5], offers great advantages essentially 
associated with repetitive and monotonous tasks such as 
pelletizing. It is undeniable that industry is an ever-changing 
‘process’ and that, to reach the industrial level we have today, 
major transformations had to take place in industry. However, 
it is up to higher education to support the Fourth and Five 
Industrial Revolution and face the challenges inherent in 
developing skills capable of dealing with digital innovations 
and the integration of advanced technologies, including 
artificial intelligence (AI), into the learning and technology 
transfer chain, such as virtual reality (VR), augmented reality 
(AR) and machine learning (ML) [6][7]. On the other hand, 
regardless of the phase of the industrial revolution (4IR) or 
(5IR), the focus of companies continues to be on obtaining 
intelligent products and services that contribute to more 
efficient productivity combined with social responsibility. 

The 1IR began in England in the 17th century with the 
mechanization of the textile industry, while the 2IR, known 
as the technological revolution, came about with the 
electrification of assembly lines. The 3IR came about with the 
use of electronics combined with information systems, which 
allowed for the automation of production lines and the use of 
robotics systems, but it wasn't until the 4IR that a reduction 
in production costs was achieved with a considerable increase 
in quality through digitalization and automation [8]. The 
concept of 4IR, or Industry 4.0 (I4.0), is related to the idea of 
intelligent and fully automated factories, where the fusion of 
virtual and reality adds value by favoring development, 
production and recycling [9]. All this industrial evolution has 
not only been limited to the development of more efficient 
production lines but has also had a major impact on the 
evolution of robotics systems. So, just as industry has evolved 
with its well-defined phases, robotics systems and the concept 
behind it have undergone major transformations. At first, 
robots were treated as ‘prisoners’ behind isolation grids, but 
now they have ‘broken free’ and are at the heart of production 
lines, side by side with operators. On the other hand, the 
integration of vision systems [10] and artificial intelligence 
(AI) has allowed robots to perceive their surroundings and 
thus have cognitive capabilities, making them intelligent 
machines [11] capable of solving problems [12]. Today, 
robots are installed in operators' workplaces, sharing the same 
space in perfect human-robot collaboration (HCR) with 
safety, flexibility and versatility, even when used in the most 
inhospitable environments such as mining and construction 
[13]. 

In this scenario, the realization of a robotic pelletizing 
solution depends not only on the initial capital invested, but 
also on a whole study of implementation, equipment and 
spatial integration [4]. Thus, it is necessary to consider the 
working space, the speed and reach of the arm [14], its 
kinematics and dynamics, the payload and precision, as well 
as the degrees of freedom (DoF) of the arm [15]. No less 
important and not to be overlooked is the joint configuration 
of the roll-pitch-roll (ZYZ) or pitch-yaw-roll (XYZ) wrist, i.e. 
spherical wrist or human wrist. Although the choice of an 
industrial robot may be more considered, when opting for a 

cobot (collaborative robot), flexibility and load capacity must 
be considered, which is lower than in industrial options, since 
they will work integrated, without protective grids, in the 
production lines [16]. Cobots perform the less ergonomic and 
repetitive tasks in parallel with operators, freeing them up for 
more demanding, complex and higher-value tasks. This 
possibility takes the cobot to a level of immense applications 
in which the operator becomes the robot's working ‘partner’ 
[17]. 

Robotics systems are currently a determining factor in the 
industrial evolution of any sector. Consequently, investment 
in robotics systems can be expected to reduce production 
downtime, with a corresponding increase in production 
volume associated with high-quality standards. Downtimes 
are events that are unavoidable in some way, whether it's 
corrective or preventive maintenance or adapting to new 
products. In this case, the stoppage can be understood as 
necessary for reprogramming on the manufacturing line. In 
this case, known as online programming or teaching [18][19], 
it becomes unsuitable because it requires physical interaction 
which contributes to increased downtime [20]. System 
downtime is a factor that penalizes productivity, so an offline 
scheduling approach will minimize these downtimes and 
singularity problems. Offline programming, generated 
autonomously from the physical system, requires the use of 
dedicated simulation software that can minimize downtime 
[14][15] by predefining and simulating all the movements of 
the robot arm, but requires specialized personnel [21]. 

1.1. Palletization 

Palletizing, as a process, focuses on an organizational 
method of storing products or materials efficiently and 
distributed on a pallet to facilitate agile handling and easy 
transport. Given the repetitiveness of these tasks, as well as 
the ergonomic constraints of the operation [22], their 
automation has always been one of the industry's priorities. 
Thus, with the introduction of robotics systems, in addition to 
increasing production capacity, action is eliminated at the end 
of the line which, if carried out by operators, is repetitive, 
monotonous and has no added value. This type of activity is 
not ergonomic, unappealing or challenging, which makes the 
operator's daily activity uninteresting. The robotization of 
operations such as palletizing is therefore perfectly feasible, 
since robots can carry them out completely and be integrated 
into a 24/7 system, without fatigue, without ergonomic 
hazards and with an effective increase in productivity.  

Robots are currently used to palletize a variety of products, 
such as boxes, bags and bottles, in industries such as the food, 
medical, building materials and agricultural sectors. This 
automation of pelletizing processes is currently one of the 
main needs of companies, given the competitiveness of 
industry in general, where the competitiveness of a global 
market means that any improvement in the process results in 
a significant return. On the other hand, in conceptual terms, 
the implementation of a robotic palletizing system is based on 
the analysis of the most suitable pelletizing method for the 
task to be automated - conventional: adapted to situations 
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where high production speeds are required or robotic: where 
the main concern is versatility [23] - but also on the model 
and number of robots, the area of implementation and the 
assessment of economic viability [4]. 

1.2. Palletizer software 

Industry has undergone a major technological evolution, 
essentially driven by the emergence of Industry 4.0. This 
brings intelligence to production systems on the factory floor 
through Virtual Reality (VR), where Cyber-Physical Systems 
(CPS) merge with reality. The Internet of Things (IoT) and 
Digital Twins (DT) are the link to Industry 5.0, where the 
integration of the precision of robots/cobots in the 
manufacturing industry with the creativity of human beings 
centered on CPS's [24] makes it possible to develop, in a 
virtual environment, the necessary programmer for the most 
diverse equipment, namely robots, without the need for them 
to be physically available or present [14][15]. 

This virtualization arose from the real need to reduce 
downtimes on production lines, i.e. to replace the physical 
robot with a virtual twin. Robot manufacturers have therefore 
developed their own programming languages, including their 
kinematic models, based on their hardware and software, 
which make them non-portable languages. Therefore, 
manufacturers such as ABB (Asea Brown Boveri) 
International, hardware used in this work, have developed 
their own palletizing application, Palletizing PowerPack, 
using the RAPID programming language, providing it as an 
integrated package in the RobotStudio® programming and 
simulation environment [25], [26]. The concept behind the 
development of this application is to make software available 
that quickly provides tools to implement pelletizing functions 
with ABB solutions in the most intuitive way possible, with 
the fewest steps and parameters, reducing the learning curve 
[27]. This application consists of several parameters to 
control and supervise the robot's movements and to calculate 
and create the layout of the pallets. These parameters include 
not only defining the size of the boxes to be handled, the 
dimensions of the pallets, the configuration and optimization 
of the stack and the number of layers [28], but also other 
parameters such as the maximum reach, the center of its tool 
and the positioning of the pick and place, among others. 
Figure 1 shows examples of palletization.  

Figure 1. Examples of palletization 

These applications are not exclusive to ABB, as all robot 
manufacturers offer specific pelletizing solutions in their 
standardized software, such as YASKAWA [29], KUKA 
[30], Universal Robots [31] and others. Figure 2 shows part 
of Yaskawa's pallet parameterization software and its 
possible configurations.  

Figure 2. Example of pallet customization of Yaskawa 
software 

On the other hand, in terms of software, there is a more 
comprehensive and generic offer for programming different 
makes and models of robots, maintaining the configuration of 
inputs, outputs and commands that the proprietary software 
provides [32]-[34], in a data support file or by additional 
software that guarantees the compatibility of the codes 
developed in the generalist software with the robot 
controllers. Thus, the aim of using any generic palletizing 
simulation system or proprietary software is to make it 
possible to define all the characteristics of how pelletizing 
will be carried out. In this sense, whether generic or 
proprietary software is used, the goal of programming is to 
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define the shape and dimensions of the pallet, the pick and 
place points, the approach points, the tool center point (TCP) 
and the robot's working area. In addition to these points, the 
objects to be palletized and their layout must also be 
considered (see Figure 2), as well as the number of layers. 
From the point of view of centralizing the robot cell, the 
whole process can be controlled by a Programmable Logic 
Controller (PLC) which controls the entire information 
exchange interface between the robot controller and the 
several states of the cell. 

This work is structured in five Sections: The first Section 
presents the problem and reviews the literature. The second 
Section presents the objectives to be achieved by developing 
the project, while the third Section presents the methods to 
analyze the problem and material used. Section four presents 
the results and their discussion while Section five concludes 
the document and discusses future work. 

2. Objectives

The work carried out in this project aims to demonstrate the 
operational functionality of robotic systems in general, with 
an emphasis on their integration into pelletizing processes. 
These systems aim to solve the problems associated with 
manual processes with low added value and reduced 
downtime. To this end, we intend to show what has been 
achieved in the development of a multifunctional end-effector 
capable of replacing pallets, europallets, in the process of 
palletizing products, contained in standard cardboard boxes. 
To achieve these objectives, it was necessary to apply the 
following methodologies: 

• Study of the applicability of robotic arms in industry in
the field of robotics systems applied to palletizing.

• Evaluation of the restrictions that may be involved in the
development of the pila, considering current regulations,
safety measures, loads and, above all, its
multifunctionality.

• Study of stress concentration, using the finite element
method (FEM), in the various components of the end-
effector developed.

In line with the above, we began by analyzing the solutions 
offered by various gripper manufacturers that could in some 
way meet the desired objective, i.e. the development of a 
multifunctional end-effector. From this initial assessment, it 
was possible to develop the final solution not only in terms of 
dimensions, but also in terms of total mass, according to the 
object to be palletized, at the lowest possible cost. On the 
other hand, and considering its dual functionality, handling 
pallets and cardboard boxes, the gripping capacity to be 
exercised by the gripper and its behavior when its elements 
are subjected to compressive and tensile forces, i.e. the 
stresses applied to the end-effector's fingers, were considered. 

3. Methods and materials

This section presents the methodology used to develop the 
end-effector. The first step was to analyze the market and 
evaluate handling offers similarity to the objective under 
study, i.e. a multifunctional end-effector for handling pallets 
and standard cardboard boxes. The methodology was as 
follows: 

• Study on the components to be incorporated.
• Studying the characteristics of cardboard boxes and

Europallets.
• Dimensioning the handling structure.
• Behavior analysis with finite element methods.

3.1 Preamble 

The system developed consists of two subsystems responsible 
for tightening the boxes to palletizing and another for 
manipulated pallets. The two systems are independent and 
were developed since one operation is carried out at a time, 
i.e. during the palletizing operation, it is not possible to
transport a pallet and vice versa. This limitation is due to the
payload of the robot used (ABB IRB 1600) and the challenge
of management a second object while already the gripper
carrying one. This restriction is only related to the load
capacity of the robot used. The possibility of handling two
objects at the same time will be feasible if another robot
model is chosen, with a greater load capacity, and if some
changes are made to the flange that connects the robot to the
gripper frame.

The cardboard boxes tightening system consists of three 
main elements: the servomotor as the drive base, the belt and 
the power screw. The combination of these three components 
makes it possible to tighten the cardboard boxes in any of 
their dimensions, if these are within the possible values for 
which the system was designed. The use of a servomotor 
makes it possible to precisely tighten each of the boxes, thus 
enabling the handling of heavier and more robust goods, but 
also more fragile goods, without risk of damage. The toothed 
belt transmits the movement to the power screw, which 
converts the rotary movement into linear movement, allowing 
the gripper to be closed or opened. This approach allows you 
to operate on any type of box with dimensions that fall within 
the range defined. On the other hand, the pallet handling 
system was developed using two pneumatic cylinders 
responsible for gripping the pallet. This system allows the 
pallet to be gripped and handled according to its orientation, 
i.e. according to width (XY orientation) or length (XX
orientation), Figure 3. To increase its functionality, the pallet
handler was designed with a 45º inclination, which improved
the ability to grip the stored pallets and thus gave it the ability
to handle them in any position, horizontal or vertical, without
compromising the rest of the structure.
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Figure 3. Pallet orientation and coordinates 

3.1.1. Cardboard boxes 
The transport and distribution market are usually based on 
packaging products in standardized cardboard boxes with 
different dimensions and loads. This approach to palletizing 
aims to demonstrate the handling capacity of the gripper 
developed and how it handles DIN (Deutsches Institut für 
Normung) double corrugated cardboard boxes with 
dimensions between 200 mm and 600 mm, minimum width 
and maximum length respectively, and a height of 400 mm 
(see Figure 1). The choice of these dimensions not only 
allows for different combinations of palletizing boxes (see 
Figure 2), but also conditions the width of the gripper, which 
has a maximum gripping capacity of 600 mm, although it is 
always possible to handle boxes in an X or Y orientation that 
have a dimension of 600 mm, as is the case with boxes 
measuring 810x610x420 mm, for example, as long as the 
maximum defined load is not exceeded. 

On the other hand, regarding the force exerted by the 
clamp during tightening, it is necessary to ensure that the 
force exerted does not exceed the compressive strength of the 
cardboard box. This resistance factor, provided it is not 
exceeded, guarantees the integrity of its handling. In this case, 
it is essential to know the compressive strength of the cartons, 
as this is a determining factor when choosing the servomotor. 
Consequently, given that the packaging is standardized, the 
resistance to compression without deformation is also a 
standardized value defined by the Box Compression Test 
(BCT), application of a vertical force to the box, and the Edge 
Crush Test (ECT), edge compression strength, according to 
the American Society for Testing and Materials, ASTM 
D642, and the ISO 12048 standard [35]. 

3.1.2. Europallets characterization 
Pallets, and europallets in particular, are used all over the 
world in the logistics sector, but especially in Europe. This 
type of equipment plays an important role in the global 
economy, not only in terms of sustainability along the supply 
chain (returnable transport objects - RTI), but also in general 
use, which translates into the ability to transport, display and 
distribute goods in a solid and compact form [36], but above 
all in its use on production lines. It is therefore on this last 
objective, the use of EUR 1 pallets (800x1200x114 mm), that 
the work carried out focuses on palletizing in a production 
line. 

Euro pallets have standardized dimensions in accordance 
with EN-ISSO 8611-1:2022. These elements, usually made 
of wood, have the dimensions mentioned above and a mass 
of around 25 kg, considering that the wood is dry, i.e. with a 

moisture content of 22%. Figure 4 shows the structure of a 
solid wood pallet made of EN 13382 pine, as well as a 
possible palletization model of cardboard boxes. 

Figure 4. Characteristics of europallets and palletizing 
customization 

4. End-effector

The following sections aim to outline the basis for the entire 
development of the end-effector, considering the external 
dimensions of the boxes to be palletized, their maximum 
weight and strength, as well as the characteristics of 
europallets. 

4.1. Structural Design 

The equipment developed offers dual handling functionality. 
This duality centers on the handling of europallets, feeding 
the palletizing lines, and the handling of the cardboard boxes 
to be palletized. Although the systems are completely 
independent, the ability to perform both operations 
simultaneously depends on the order in which the europallets 
and boxes are picked up. These constraints are imposed by 
the physical characteristics of the robot, namely its load 
capacity, as well as by the working area required to perform 
the movements. Furthermore, dual loading is limited by the 
sequence of movements, which dictates that the pallet must 
be picked up first, followed only then by the collection of the 
boxes. However, from an operational perspective, this would 
not be the ideal solution, as it would require the pallet to be 
placed first, with the additional weight associated with the 
transported box. 

Consequently, the structural design of the end-effector is 
also constrained by the dimensions of the pallets, their weight 
and all the effects associated with a large object suspended at 
the end of the end-effector. Furthermore, the varying 
dimensions of the cardboard boxes to be transported must 
also be considered, so this necessitates, from a design 
perspective, to develop a mechanism capable of operating 
with the different dimensions – both in length and width – of 
the various DIN boxes. Figure 5 shows the final configuration 
of the end-effector developed.  
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Figure 5. End-effector 

It can be seen from the analysis of the previous figure that the 
box handling system consists of a movable gripper that will 
adapt to the different dimensions of the cardboard boxes. This 
handling and securing of the DIN cardboard boxes, adjusted 
to the dimensions of the boxes, is carried out by a servomotor 
that drives a trapezoidal power screw [37], which, through the 
self-locking system, ensures that the boxes remain secure 
during handling. Meanwhile, the handling of pallets, which is 
carried out according to their width or length, is achieved by 
mechanical clamping with the aid of two pneumatic cylinders 
set at a 45° angle. This arrangement allows pallets to be 
picked up in any position and prevents collisions with other 
equipment, provided there is sufficient working space.  

4.2. Dynamic analysis of the system 

In any project, studies of its dimensional parameters are 
essential. In this case, in addition to ensuring the proper 
operation of the palletizing system (end-effector), these 
parameters are directly related to the masses to be handled, as 
well as the forces to be applied and the speeds required for 
securing the load. This section presents the study analyzing 
the forces required to perform the palletizing operation.  

4.2.1. Gripper clamping system 
Currently, there are cardboard boxes on the market in a 
variety of sizes and with different load capacities. Handling 
standardized boxes requires that the gripper be sized to fit the 
standard box dimensions (200 to 600 mm). These dimensions 
therefore define the limits to which the gripper is constrained; 
that is, a width of 600 mm or less for larger boxes, and for 
smaller boxes, it is necessary to ensure that one of the sides is 
at least 200 mm wide. 

When the gripper grasps the boxes, care must be taken to 
ensure that the force applied is not excessive, to prevent the 
boxes from being crushed. Assessing the compressive 
strength of cardboard boxes using the Box Compression Test 
(BCT), in accordance with ASTM D642 and ISO 12048 [35], 
is essential to ensure their integrity during transport and 

2 Value obtained from reference [37] 

handling. On the other hand, given the versatility of the 
gripper that was developed, it is important to note that, during 
palletizing, the dimensions of the gripper’s mounting system 
must be considered, as one might expect, these dimensions 
make it impossible to place the boxes right up against one 
another. However, the space between each box will be 
minimal and will disappear as soon as the boxes are secured 
to the pallet using straps or another method that ensures safety 
during transport. Given the limitations imposed by the 
palletizing system, it was determined that the maximum mass 
to be handled would be 30 kg when moved vertically relative 
to the robot arm. On the other hand, although this is not 
excessive mass, it is necessary to consider that the friction 
between the metal parts and the cardboard boxes is low, 
therefore, it is essential to coat the parts with a rubber film 
(rubber/cardboard friction ranging from 0.5 to 0.8).  

Power screw 
As mentioned earlier, the cardboard boxes are handled by a 
servomotor which, in conjunction with a trapezoidal-threaded 
lead screw, moves the end-effector’s grippers horizontally, 
causing them to move in a linear fashion during closing or 
opening. Therefore, to achieve the linear motion required for 
the gripper to open and close, it is necessary to use a linear 
guide system consisting of profiled rails and guide carriages.  

Thus, in addition to the smooth operation ensured by the 
trapezoidal spindle, the spindle must also be self-locking. 
This feature ensures that, during the movements performed 
by the robotic system, the hub cannot move backward, that is, 
the box cannot come loose and consequently fall off. To 
achieve this, it is necessary to ensure that the coefficient of 
friction resulting from the interaction between the spindle and 
the hub is sufficient to ensure that the spindle locks in place 
on its own. Table 1 presents the data regarding the spindle. 

Table 1. Spindle Characteristics 

Description Symbol Value Units 
External diameter 𝑑𝑑 (𝐷𝐷) 14 𝑚𝑚𝑚𝑚 
Inner diameter  𝑑𝑑𝑟𝑟 (𝐷𝐷2) 10 𝑚𝑚𝑚𝑚 
Average diameter  𝑑𝑑𝑚𝑚 (𝐷𝐷1) 12 𝑚𝑚𝑚𝑚 
Step  𝑝𝑝 (𝑃𝑃) 4 𝑚𝑚𝑚𝑚 
Coefficient of friction2 𝜇𝜇 0.19 - 
Advance 𝑙𝑙 4 𝑚𝑚𝑚𝑚 
Fillet angle  2𝛼𝛼 30 ° 
Propeller pitch angle  𝜆𝜆 6 ° 

The necessary condition for a trapezoidal-threaded power 
screw to exhibit self-locking is given in Eq. (1). As can be 
seen from the values presented in Table 1, the self-locking 
condition for the power screw with the specified 
characteristics and dimensions is thus satisfied, where 
tan𝜆𝜆 cos𝛼𝛼 = 0.11 is equals to 0.11. 
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𝜇𝜇 > tan 𝜆𝜆 cos𝛼𝛼 (1) 

Figure 6 shows a close-up of the spindle, the hub, the 
servomotor, claws and the maximum opening of the grippers. 

Figure 6. End-effector, bottom view 

On the other hand, in addition to the force the clamps must be 
exerted during securing, the drag to which the boxes may be 
subjected was also considered, since they may be dragged 
along the conveyor. To supplement the above, it should be 
noted that the system was designed with one fixed part and 
one moving part (Figure 6), coordinated with the translational 
motion provided by the lead screw. Under these conditions, 
the coefficient of friction should be based on the most 
unfavorable case, which is when the friction between the box 
and the conveyor belt is highest. Figure 7 shows a schematic 
representation of the cardboard box being picked up by the 
conveyor belt, as well as the Free-Body Diagram (FBD) of 
the piking processes. 

Figure 7. Pick cardboard box on conveyor and FBD 

Considering the DCL in Figure 7 (right-hand figure), the 
force that the gripper’s moving part would need to exert on 
the box was calculated using Eq. (2) to bring it into contact 
with the fixed part and, consequently, to clamp it and move 
it. 

𝐹𝐹 = 𝐹𝐹𝑎𝑎 ⟺ 𝐹𝐹 = 𝜇𝜇𝜇𝜇 (2) 

The calculation of the clamping force to be applied to the 
spindle to overcome the friction in the spindle threads and the 

external force F, which has a value of 235.44 N is obtained 
using Eq. (3). This equation allows the maximum clamping 
force to be calculated so that the friction is overcome and the 
box can be held against the fixed clamp.  

𝐹𝐹𝑠𝑠 =
𝑙𝑙 +  𝜋𝜋𝜋𝜋𝑑𝑑𝑚𝑚 sec𝛼𝛼
𝜋𝜋𝑑𝑑𝑚𝑚 − 𝜇𝜇𝜇𝜇 sec 𝛼𝛼

𝐹𝐹 (3) 

For its part, the torque applied to the spindle (MS) to overcome 
the external load and the friction in the threads is calculated 
using Eq. (4). 

𝑀𝑀𝑠𝑠 =
𝑙𝑙 +  𝜋𝜋𝜋𝜋𝑑𝑑𝑚𝑚 sec𝛼𝛼
𝜋𝜋𝑑𝑑𝑚𝑚 − 𝜇𝜇𝜇𝜇 sec𝛼𝛼

×
𝐹𝐹𝑑𝑑𝑚𝑚

2
(4) 

It should be noted that, in calculating these two values, 
equations (2) and (3), which were used to calculate the force 
and torque applied to the spindle, were adapted for horizontal 
motion, since the original equations pertain to load-lifting 
motions using trapezoidal-threaded power screws [38], in 
other words, the parallelism between the tightening of the 
cardboard boxes and the upward movement was ensured. 

To validate these choices, the von Mises criterion was 
used, which made it possible to calculate the stress state at a 
generic point by using the stress tensor to transform the 
triaxial stress state at a critical point on the spindle into an 
equivalent uniaxial stress state. Thus, we can conclude that 
the shear stress occurs in the outer radii of the spindle 
cylinder, which correspond to the roots of the threads, acting 
in a direction normal to the plane perpendicular to the “y” axis 
and in the direction of the “z” axis [37], Eq. (5). 

𝜏𝜏𝑦𝑦𝑦𝑦 =
16𝑀𝑀𝑠𝑠

𝜋𝜋𝑑𝑑𝑟𝑟2
(5) 

The torsional moment also induces a shear stress at the root 
of the threads caused by a tangential force. This tangential 
force gives rise to pure shear in the thread section of the 
spindle, which is calculated using Eq. (6). This shear stress 
acts in the direction normal to the plane perpendicular to the 
“x” axis and is exerted in the direction of the “z” axis [37]. 

𝜏𝜏𝑦𝑦𝑦𝑦 =
4𝑀𝑀𝑠𝑠

𝜋𝜋𝑑𝑑𝑟𝑟2 𝑛𝑛𝑓𝑓𝑓𝑓𝑓𝑓  𝑝𝑝
(6) 

where nfil is the number of spindle fillets. The equivalent von 
Mises stress (𝜎𝜎𝑣𝑣𝑣𝑣) can be calculated based on the stresses 
applied to the spindle. In this regard, the calculation of the 
spindle speed is related to the time required for the hub to 
travel along the spindle, which is directly associated with the 
dimensions of the boxes to be handled. For this purpose, a 
stroke length of 520 mm, determined during the project’s 
development, and a maximum stroke time of 3 s were 
assumed. The maximum spindle rotation speed was 
calculated at 2 600 rpm, which was a critical value for 
selecting the linear guides. Figure 8 shows the power spindle 
used and its corresponding hub. 

N
FaF

Fixed claw Mobile claw

Conveyor
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Figure 8. Power screw, with spindle and hub [39] 

Servomotor 
Servomotor is responsible for providing the torque needed to 
move the clamp while securing the boxes. Then, the torque 
provided must be calculated based on the specifications 
defined for the power screw. Furthermore, considering that 
the servomotor will have to operate in an intermittent mode, 
with constant stops and rapid starts, the rated torque and peak 
torque should be 1.27 Nm and 3.81 Nm, respectively, since 
they are the most relevant characteristics for its design. 
Furthermore, it should be noted that the peak torque must 
exceed the required value to ensure that the servomotor does 
not constantly operate at its limit, thereby increasing its 
durability while maintaining its efficiency. Similarly, the 
rated torque, a characteristic related to the torque value that 
the servomotor continuously produces at rated speed and 
power, must also exceed the value calculated for the system’s 
operation. 

V-belt
Belts are used to connect two or more pulleys that together
form a flexible mechanical drive system capable of
transmitting motion from the drive shaft. For this reason, and
to select the appropriate belt profile, it is necessary to
calculate the design power and the total load factor (𝐶𝐶2). On
the other hand, given that the robotic palletizing system
operates throughout the day and is driven by a servo motor,
the basic load coefficient (C0) will be set to 1.7 [40]
Consequently, the choice of timing belt profile fell on a “3M”
profile “OMEGA HP” timing belt from Optibel [40].
Notwithstanding all of this, the concept and function of the
1:2 speed ratio for the belt dimensions were determined
according to the formula presented in [38], that is, with 100
teeth, a center-to-center distance of 69.37 mm, and a standard
width of 15 mm.

Linear rails 
To achieve linear translational motion of the end-effector’s 
grippers during the closing or opening of the gripper, it was 
necessary to use a guidance system consisting of a linear 
guide system, comprising a profiled rail and guide carriages. 
The movable gripper is attached to a flange that has two sets 
of connecting parts: one set is secured to the drive screw hub, 
and the other two are secured to the carriages mounted on the 
profiled rails, ensuring that the translational movement is 
guided throughout its entire stroke (Figure 9). Therefore, 
considering the minimum clamping dimension of 200 mm 
and a maximum clamping dimension of 600 mm, as well as a 

maximum translational speed of the spindle of 0.173 m/s and 
the need to optimize the work area, the choice fell on the 
Norelem 21425-0907X0495 model, which ensures a 
maximum travel speed of 3 m/s [41]. 

Figure 9. Linear guides and movable clamp 

Pallet handling 
Euro pallets are pallets with standardized dimensions, so 
there was no need to develop a mechanism that had to adapt 
to different sizes. Although different, the pallet clamping 
system and the box clamping system share some common 
components, such as the profiled rails and guide carriages, 
which perform the same function of guiding the translational 
movement of the components during clamping and release. 
Building on these similarities, the system was also designed 
to include a fixed part on the clamping plate and another part 
that is clamped to the guide carriage and the pneumatic 
cylinder rod, the assembly of these components is shown in 
Figure 10. From the previous figure, it is clear that the fixed 
part and the moving part that will clamp the pallet have 
different configurations. These configuration differences, 
specifically, the wider tip, were designed to increase the 
contact area with the pallet’s surface.  

Figure 10. Pallet clamping system 

The system was developed to enable the clamping and 
movement of pallets in two different positions, as shown in 
Figure 11. The system was developed to allow pallets to be 
clamped and moved into two different positions: the pallet 
can be clamped along its length (Figure 11a), or it can be 
clamped across its width (Figure 11b). This feature allows 
pallets to be picked up regardless of their position. In 

Movable
part

Fixed
part

Pneumátic
cylinder
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addition, the pallet clamping mechanism is mounted on the 
outer structure of the end-effector (see Figure 5), which 
allows the robotic cell to handle the pallets without requiring 
them to be in a horizontal position.  

Figure 11. Pallet clamping: (a) by length; (b) by 
width [42] 

An analysis of Figure 11b clearly shows the need to use a 
“spoon-shaped” claw tip. This configuration allows the 
europallet to be secured without the risk of the claws getting 
caught between the boards. However, for the purposes of 
sizing the components, a mass of 25 kg was assumed for each 
pallet. It was also assumed that there are no variations in the 
thickness of the wooden boards of the europallet, and 
therefore their masses remain constant.  

5. Structural analysis of the end-effector

The purpose of structural analysis using the Finite Element 
Method (FEM) is to study the behavior of materials, 
specifically to determine the stress and strain states of a solid 
subjected to external forces. The use of FEM makes it 
possible to analyze and modify a structure or mechanism 
based on the results obtained, that is, to optimize the 
components and achieve a balance between materials and 
manufacturing costs [43]. Thus, based on a static analysis of 
the structure, the behavior of the various components of the 
end-effector under constant forces was determined.  

However, although a finer mesh allows for results that are 
closer to reality, even if at the cost of increased computational 
capacity and processing time, it was necessary to conduct a 
mesh convergence study, starting with a coarser mesh using 
larger elements. This approach allows us to find the balance 
that leads to mesh convergence to obtain the applied von 
Mises stress and displacement, Figure 12. 

Figure 12. Mesh convergence study point 

Based on the various analyses performed on the mesh, it was 
determined that a percentage deviation of less than 3% 
between successive iterations would result in the selected 
mesh. Equation (7) was used to calculate the percentage 
deviation 

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 (%) =
|𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑛𝑛 − 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑚𝑚−1|

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑚𝑚−1
(7) 

Some of the values obtained from the iterations are shown in 
Table 2.  

Table 2. Values from mesh convergence study. 
Iteration Number of 

elements 
Stress 
(MPa) 

Displacement Deviation 

1 454432 79,73 0,44 - 
2 581132 76,66 0,38 3,85 
3 589957 80,81 0,39 5,41 
4 694369 78,61 0,35 2,72 
5 796769 78,53 0,40 0,10 

The graph shown in Figure 13 illustrates how stress and 
displacement values at the selected point converge as the 
mesh is refined. The final appearance of the resulting mesh is 
shown in Figure 13, depicting the clamping of the box with 
the highest mass, which was defined at the beginning of this 
project, as well as the simulation of the mechanism 
responsible for clamping the pallet. 

(a) (b)
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Figure 13. Mesh convergence 

Figure 14. Mesh after convergence 

When performing the simulation of the cardboard box 
compression, we choose to exclude structural elements that 
do not have a direct influence on the study. This approach 
ensures that the results are reliable without increasing 
computational requirements; in other words, only the 
components that account for most of the structure’s resistance 
are included—such as the outer structure, the flange 
connecting to the robotic arm, and the parts associated with 
the clamping mechanism, ranging from the profiled rails to 
the gripper’s “fingers.” (see Figure 14). 

The previously defined clamping forces, F=294.30 N, 
acting over a clamping width of 400 mm and applied 
internally to the end-effector fingers, were considered as 
boundary conditions. Note that all forces are transmitted to 
the connecting flange between the end-effector and the robot 
arm; it is also evident that there is a high stress concentration 
in the profiled rails and at the connection of the guide 
carriages. As can be seen in Figure 15, when the housing is 
tightened, the area of the profiled rails where the guided 
carriages are located exhibits higher stress values. On the 
other hand, regarding the area of greatest stress in the 
“fingers” of the gripper, the stress values are also considered 
to be high; however, as with the profiled rails, the stress value 
was found to be below the material’s reference yield strength. 

Figure 15. Stress points, gripper rail and fingers 

About pallet handling, the procedure was the same. The less 
relevant components were excluded without compromising 
the accuracy of the results. Thus, the highest stress values 
were found in the area to the left of the parts that will secure 
the pallet. The highest stresses were found in the area where 
the moving part is connected to the pneumatic cylinder rod, 
see Figure 16. This stress concentration was to be expected, 
since this is the most critical area for the cylinder’s forward 
movement, that is, the immobilized area of the pallet. 

Figure 16. Stress points, pallet clamping 

However, the application of vertical external forces to the 
gripper’s fingers in a downward direction becomes largely 
irrelevant, since the points of greatest stress are in the inner 
areas of the mounting plate (Figure 17), indicated by the 
green color.  
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Figure 17. Stress points on the flange 

5.1. End-effector assembly 

The final assembly consists of a structure made of aluminum 
profiles that serves as the base for mounting all components 
and protective elements. The housing is secured by two parts, 
one fixed and one movable, both attached to the shaft. A 
pulley system, combined with a toothed belt, converts the 
rotary motion of the servomotor into linear motion, allowing 
the movable clamp to advance. This stroke is limited to a 
range between 200 mm and 600 mm, compatible with a 
standard DIN cardboard box. 

Securing the pallets did not require any adjustments for 
different dimensions, since europallets follow standardized 
specifications thus, both the width and length remain 
constant. Based on this principle, it was necessary to design 
the moving part with a wider end, thereby increasing the 
contact area with the pallet surface. This geometry allows the 
system to adapt to movement depending on the pallet’s width 
or length (see Figure 11). This solution allows pallets to be 
fed even when they are not completely horizontal. 

The end effector is attached to the robot via a flange, 
ensuring precise integration between the developed 
mechanism and the selected robot, the ABB IRB 5710-90/2.7 
[44]. The choice of this model considered the total mass of 
the components associated with the end effector, as well as 
the maximum expected load for the boxes, Figure 18. 

Figure 18. End-effector on the robot 

Figure 19 shows a possible implementation of the end-
effector in an operational environment. The robotic cell is 
supplied with europallets from a warehouse—stacked 
vertically or horizontally—and with cardboard boxes via a 
conveyor belt. The robot performs the task of picking up and 
placing the europallets and cardboard boxes, positioning each 
box on the europallet next to it. After completing the 
palletizing process, the robot removes the full europallet and 
places a new one in the work area, ensuring the continuity of 
the process. 

Figure 19. Use of the end-effector in the robotic cell 

6. Conclusion

Robotic systems, especially those used for palletizing, have 
significantly increased productivity and improved the work 
environment from a social perspective. The introduction of 
these systems for low-value-added tasks has freed operators 
to perform more important duties. Today, they are widely 
used across a wide range of industrial sectors, contributing 
significantly to improvements in the quality and volume of 
work performed. 

Palletizing
cardboard
boxes

Pallet
stock 

Palletizing
area

Conveyor
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This study highlights the versatility of robotic systems and, 
above all, the operational capabilities of end-effectors and the 
wide range of functions they can perform. We present an end-
effector capable of combining the handling of DIN cardboard 
boxes and europallets in a single robotic tool, capable of 
handling boxes ranging in size from 200 mm to 600 mm. The 
system requires only a stock of pallets in the work area and a 
continuous supply of boxes to operate. Thus, the integration 
of these two gripping mechanisms into a single component 
represents yet another significant advancement compared to 
the solutions currently available on the market. 

The developed structure can transport large boxes, up to 
600 mm in size, allowing them to be handled both 
longitudinally and transversely. However, the system is 
limited to handling parallelepiped objects, which partially 
restricts its scope of application. 

As a future line of research, a range of easily 
interchangeable “finger” geometries could be designed, 
adaptable to the palletizing of other types of products. At the 
same time, integrating machine vision into the end-effector 
would constitute a significant advance, enabling the detection 
of the box’s orientation during palletizing [10] and 
eliminating the need to ensure a consistent orientation at the 
input, since the robot could automatically adjust its grip 
according to the identified orientation. Furthermore, a vision 
system would enable real-time recognition [45] of the 
dimensions of the objects to be palletized [46], allowing for 
the analysis of the best stacking strategy and the optimization 
of space utilization on the pallet. 
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