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Abstract. In both industrial and educational settings, efficient handling of products from Plastic 
Injection Machines is crucial for precise and stable system operation. Enhancements in the design 
and production processes, achieved through the implementation of a Four Axis (4D) BOM type 
Cartesian System, lead to significant improvements in cost-effectiveness and product quality. In 
this study focuses on optimizing system operations, including rotational movements and the 
operation of the vertical cylinder through forward-backward movements. Finite element analysis 
is employed to investigate potential issues arising from shape changes in the mechanical structure 
due to dynamic loads on the plate joint connections. By addressing these concerns during the 
design phase through simulation, mechanical structure errors are eliminated, resulting in improved 
system performance. 
Keywords: four axis (4D), BOM type Cartesian system, automation. 

1. Introduction 

The contemporary development of production systems has been influenced by innovative 
techniques [1]. This development has been closely aligned with the widespread adoption of lean 
manufacturing practices [2], flexible manufacturing systems [3], Cartesian robots [4], as well as 
methodologies like layered production techniques [5], digital mirroring [6], and factory simulation 
[7]. These approaches have enabled the production of complex products with low tolerances [8]. 

Plastic Injection Machines play a pivotal role in enhancing productivity, aiming for swift 
production [9]. These machines consist of male and female molds that enclose to produce 
plastic-based products [11]. Once the production process is completed, and the male mold is 
opened [12], the products are ready for retrieval from the female mold [13]. The rapid retrieval of 
items from the female mold is crucial to promptly close the molds and commence the production 
of new items [14]. The closure of the male mold involves high forces [15], rendering the manual 
retrieval of items from the female mold extremely perilous [16]. Therefore, for both safety and 
production capacity considerations, this operation necessitates automation [17-19]. Given its 
multifaceted motion requirements, including the retrieval of plastic items from the male mold and 
their placement on an external conveyor [20], Cartesian Robots emerge as a highly suitable 
solution [21]. 

Opting for a Cartesian Robot solution offers several noteworthy advantages [22-26]. These 
robots are mounted atop the machine chassis, directly above the stationary female mold, thereby 
minimizing the total spatial footprint compared to articulated robots. Unlike articulated robots, 
which typically require horizontal assembly adjacent to the machine, Cartesian Robots 
predominantly utilize vertical space, which is often readily available above plastic injection 
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machines. Articulated robots are usually positioned in front of the machine’s sliding door, entering 
the machine to retrieve items from the female mold, thus occupying horizontal space. Conversely, 
Cartesian Robots make efficient use of vertical space and seldom pose spatial constraints, as 
factory heights typically accommodate both the Cartesian Robot and the machine itself [27]. 
Additionally, Cartesian Robots, assembled with axes stacked one atop the other, offer ease of 
sub-component replacement and cost-effective repairs in comparison to articulated robots [28-30]. 

Cartesian Robots are mostly gantries where axes are mounted one by one on top of each other 
to obtain the final structure. Due to this fact, sub-components are easy to replace and cheaper to 
repair compared to articulated robots [28-30]. 

The implementation of a Cartesian Robot solution satisfactorily fulfills the safety and capacity 
augmentation requirements of unloading Plastic Injection Machines. It eliminates the need for 
human labor, mitigating the risk of injuries. The Cartesian Robot's software employs safety 
sensors to ensure the orderly execution of movements, thereby safeguarding the robot, the front 
end, and the male and female molds from any potential damage. In this study, we delve into the 
design and production parameters of the 4-Axis Plastic Injection Discharge System tailored for 
industrial applications. 

2. Methods 

This study investigates the design and manufacturing parameters of the Four-Axis Plastic 
Injection Discharge System (4-Axis PIEDS) tailored for industrial applications. The fundamental 
requirement driving the development of this system is the expeditious and secure removal of 
products from plastic injection machines, aimed at enhancing system precision and stability. The 
complete cycle time is delineated as per Table 1. Furthermore, all data and system analyses were 
conducted utilizing the NX software program. 

Table 1. Entire cycle parameters 

Movement Stroke 
(mm) 

Acceleration 
(m/s2) 

Rapid 
(m/s) 

Time 
(s) 

Downhill (Z) 1200 15 3,20 0,55 
Horizontal travel (X) 500 12 0,79 0,72 

Removing products from the mold    0,25 
Horizontal, out-of-mold movement (X) 500 12 0,79 0,72 

Up output (Z) 1200 15 3,20 0,55 
Rotate 90 degrees (simultaneous with Z)    – 
Product discharge going, horizontal (Y) 1500 1 0,65 3,00 

Product unloading (down, drop, up)    5,00 
Return to origin, horizontal (Y) 1500 1 0,65 3,00 

TOTAL   
  

13,8 

In this analysis, we embark on an examination of the dynamic movements that comprise the 
specified operational cycle of the system. The operational cycle involves a sequence of 
movements, which are as follows: the vertical descent down along the Z-Axis, movement along 
the approach axis toward the mold on the X-Axis, material removal from the mold, exit along the 
approach axis away from the mold on the X-Axis, maximum dynamic ascent, closure of the 
Injection Machine mold, disposal of the products extracted from the mold outside the machine 
through combined Y-Axis and Z-Axis motion, and finally, the return to the new product pick point 
along the Y-Axis. 

Subsequent to the assessment of the mechanical system design and the analysis of these 
dynamic movements, a comprehensive finite element analysis was conducted. This analysis aimed 
to scrutinize the structural integrity and strength of the system’s design. Consequently, the 
analytical focus was dedicated to addressing several critical issues, including the modeling and 
refinement of the vertical up and down movement system, the assessment of vibrations and 
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damping characteristics exhibited during system motion, precise position determination within the 
motion sequence, evaluation of tip displacement magnitude following the accelerated stop at the 
conclusion of motion, identification of system structure and axis group deviations, and the 
meticulous determination of momentum loads. 

  
Fig. 1. Structural profiles and their moment of inertia values in the automation system 

Furthermore, it is essential to note that the design incorporates specific profiles and moment 
of inertia values, as presented in Fig. 1, which significantly influence the system’s performance 
and structural stability. These parameters play a pivotal role in ensuring the system's reliability 
and efficiency throughout the operational cycle. 

Table 2. Model design technical data 
Technical subtitles Data 

Definition of total load Vacuum gripper + plastic parts 
Total load to be carried on vertical axis 10 kg 
Center of gravity of total load (X, Y, Z) 0, 0, 100 mm 
External dimensions of total load (X, Y, Z) 250, 120, 500 mm 
Center of gravity of total load (X, Y, Z) 75, 0.150 mm  

In this context, it is imperative to emphasize that not all components within this system 
underwent finite element analysis; rather, the focus predominantly rested on parts where load 
distributions were substantial and their significance warranted closer scrutiny. Specifically, the 
investigation aimed to assess the system's structural integrity under dynamic loads, wherein forces 
exhibited variability. To achieve this objective, a meticulous examination of these components 
was conducted, and their response to dynamic loads was analyzed using the finite element method. 
This approach facilitated an in-depth exploration of the design's structural resilience and 
load-bearing capacity. 

3. Results 

As a result of the dynamic analysis of the plastic injection unloading system, the force and 
moment values on some critical parts were measured and strength analyzes were carried out with 
finite element analysis. Thus, the strength and shape changes of the designed parts were observed 
and the suitability of the design was investigated. As a result of the analysis, it has been seen that 
the safety factor is 12 at the highest strength conditions, and the design is appropriate and safe. It 
was observed in the FEA analyzes that the dimensions and material selections of the parts used in 
the system were appropriate. 
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a) Resultant force 

 
b) Resultant moment 

 
c) Von Mises stress analysis 

 
d) Shape deformation 

Fig. 2. Analysis results of the Y-axis carrier table  

 
a) Resultant force 

 
b) Resultant moment 

 
c) Von Mises stress analysis 

 
d) Shape deformation 

Fig. 3. Analysis results of X-axis carrier chassis  

In the process of taking and carrying the 100 N load carried by the automation system during 
the working process, the analysis was done on the analysis rigidity, as well as the flexing states of 
the materials were included in the analysis. Two different analyzes were made and compared in 
the graph given in Fig. 5. While the system in red color on the graph is accepted as rigid, in the 
blue color analysis, the flexibility structure of the system originating from the material was 
calculated and analyzed and compared. Thus, flexing conditions were observed in the holder part 
of the automation system during operation. 
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a) Resultant force 

 
b) Resultant moment 

 
c) Von Mises stress analysis 

 
d) Shape deformation 

Fig. 4. Analysis results of Z axis support table  

 
Fig. 5. Comparison of rigid and flexible analysis results in displacement results  

of the load holder during the analysis process 

 
Fig. 6. Vibration of the system under dynamic load during the working process of the system 

In order to reveal more clearly the observation of the deformation of the load in the material 
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holder due to stretching, the effects of the changes along the Z axis of the holder on the rigid and 
flexible structure were obtained as seen in Fig. 6. It was observed that there is a total displacement 
of 2.8 mm when the load is taken, depending on the rigid structure of the flexing state of the 
system. 

4. Conclusions 

This study constitutes an exhaustive examination of the dynamic behaviors exhibited by a 
pneumatic gripper employed for the automated unloading of plastic injection parts, coupled with 
a comprehensive strength analysis of the gripper component. The research outcomes obtained 
from this investigation reveal a commendable level of operational efficiency exhibited by the 
gripper. Furthermore, it has been conclusively demonstrated that the gripper component exhibits 
the requisite structural fortitude to withstand the assessed maximum loads. 

These empirical findings bear profound implications for the advancement of automation and 
enhanced efficiency within industrial production processes. They underscore the imperative nature 
of recognizing and addressing the dynamic nature of loads in engineering systems, thus 
emphasizing the significance of not relying solely on static evaluations. The capacity to withstand 
varying and dynamic loads is paramount in ensuring the reliability and longevity of automated 
systems, and the insights garnered from this study can serve as a valuable asset in furthering the 
integration of automation technology within industrial settings, thereby bolstering production 
processes and augmenting overall operational efficiency. 
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