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Abstract: The automation of Printed Circuit Board (PCB) assembly using robotic arms 
is increasingly essential in the electronics manufacturing industry, driven by the need for 
high precision and efficiency. A significant challenge in this process is the delicate 
handling and accurate placement of various types of PCB boards, such as SATA M.2, 
mSATA, and SATA Slim. This research aims to design and evaluate a vacuum-based 
robotic gripper using a vacuum generator and soft suction cup for the pick-and-place 
operations of electronic PCB boards. The methodology involves the design, fabrication, 
and experimental testing of the vacuum gripper, analyzing its performance across 
different feed pressures and vacuum levels. The principal results show that the vacuum 
gripper is highly effective in securely handling different PCB types, with success rates 
improving significantly at higher feed pressures, particularly at 0.3 MPa where all three 
PCB types attained perfect success rates of 100%. Specifically, the vacuum flow rates at 
a vacuum level of 80 kPa were 0.0010 NL/s, 0.002 NL/s, and 0.0030 NL/s for feed 
pressures of 0.1 MPa, 0.2 MPa, and 0.3 MPa, respectively. These findings confirm the 
vacuum gripper's capability to enhance automation in PCB assembly, offering a scalable 
and adaptable solution that meets the industry's demands for precision, efficiency, and 
reliability. Overall, the vacuum gripper demonstrated a 100% success rate for all tested 
PCB types at optimal feed pressure, significantly improving. This study provides a 
foundation for future improvements in robotic handling systems for delicate electronic 
components. 

Keywords: Vacuum-based robotic gripper; PCB assembly automation; pick-and-place 
operations; electronic components handling. 

 

1  Introduction 

HE automation of PCB assembly using robotic arms 
is becoming increasingly predominant in the 

electronics manufacturing industry. A pivotal process in 
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PCB assembly is the pick-and-place operation, where 
electronic components are accurately placed onto the 
PCB. This paper compares the handling characteristics 
of SATA M.2, mSATA, and SATA Slim PCBs using a 
6-axis robot arm equipped with a suction-based end 
effector. Each PCB type has different physical and 
handling characteristics that impact the pick-and-place 
process [1]. The integration of such robotic arms into 
PCB assembly lines addresses challenges such as object 
orientation and placement accuracy, which are crucial 
for maintaining the high quality and reliability of 
electronic devices [2]. 

A suction gripper, also known as a vacuum gripper, 
is an end effector used in 6-axis robotic arms for 
handling and manipulating objects, particularly in 
delicate and precision-demanding applications like 

T 
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electronic PCB assembly [3]. It comprises a suction cup, 
typically made of rubber or silicone, which provides a 
firm yet gentle grip, a vacuum generator to create the 
necessary suction force, control valves and sensors to 
regulate and monitor the vacuum pressure, and a 
mounting interface to connect the gripper to the robotic 
arm [4]. Suction grippers offer non-destructive handling, 
versatility, precision, and repeatability, making them 
ideal for various tasks in PCB assembly, such as picking 
and placing components, handling surface mount 
technology (SMT) parts, and moving items through 
inspection systems [5]. They excel in rapidly and 
efficiently handling objects with smooth, non-porous 
surfaces, although managing vacuum pressure is crucial 
to prevent damage or dropping [6]. When combined with 
the 6-axis robotic arm's flexibility and precision, suction 
grippers provide a powerful solution for automated 
handling in precision-driven industries [7]. 

SATA M.2, mSATA, and SATA Slim PCBs are 
compact, high-speed storage solutions designed for 
different industry applications [8]. SATA M.2, with its 
versatile form factor (22mm wide and 60mm long), 
supports both SATA and PCIe interfaces, offering high 
performance, especially with NVMe, and is widely used 
in modern laptops, ultrabooks, and desktops [9]. 
mSATA, about the size of a business card (50.80mm x 
29.85mm), uses the SATA interface for moderate speeds 
up to 6Gbps, fitting into mini PCIe slots and serving 
older laptops, netbooks, and compact embedded systems 
[10]. SATA Slim, with a slim and elongated design 
(54mm wide and 39mm deep), also supports up to 
SATA III speeds and is used in thin client computers, 
industrial PCs, and embedded systems where space is 
constrained [11]. Each type addresses specific needs, 
from high-performance consumer electronics to 
specialized industrial applications [12]. These PCBs are 
fragile and can easily be damaged by excessive force. 
Overall, addressing these challenges requires precise 
force control and careful design and control of vacuum 
grippers [13]. 

The electronics manufacturing industry increasingly 
demands high precision, efficiency, and reliability in 
PCB assembly processes due to the growing complexity 
and miniaturization of electronic components [14]. 
Traditional manual handling methods are prone to errors 
and inefficiencies, making automation essential [15]. A 
6-axis robotic arm equipped with a vacuum gripper is 
highly sought after for its ability to perform complex 
movements and orientations with high precision [16]. 
The six degrees of freedom provided by the robotic arm 
enable it to reach any position within its operational 
envelope, while the vacuum gripper offers a gentle yet 
secure grip on delicate components, minimizing the risk 
of damage [17]. This combination ensures accurate and 
consistent placement of components on PCBs, 
significantly enhancing production quality and 

throughput. The core problem is to develop and deploy a 
6-axis robotic arm with a vacuum gripper capable of 
performing the complex movements and orientations 
required for high-precision PCB assembly. This robotic 
system must be able to handle delicate electronic 
components without causing damage and ensure 
accurate placement to enhance production quality and 
throughput. The solution must be scalable, adaptable to 
various PCB designs, and cost-effective to implement 
across different manufacturing setups [18]. 

Additionally, the adoption of 6-axis robotic arms 
with vacuum grippers addresses the industry's need for 
flexibility and adaptability [19]. These robotic systems 
can be easily reprogrammed and reconfigured to handle 
different types of PCBs and components, making them 
suitable for a wide range of applications in consumer 
electronics, automotive, aerospace, and medical devices 
[20]. The ability to operate continuously without fatigue 
further increases production efficiency and reduces labor 
costs [21]. As the demand for more compact electronic 
devices continues to grow, the need for advanced 
automation solutions like 6-axis robotic arms with 
vacuum grippers will become increasingly critical to 
meet the industry's high standards and production goals 
[22]. 

While 6-axis robotic arms with vacuum grippers 
offer significant advantages in PCB assembly, they also 
have limitations. One major limitation is their reliance 
on smooth, non-porous surfaces to maintain a secure 
grip, which can be problematic for handling components 
with uneven or permeable surfaces [23]. Additionally, 
the vacuum gripper's suction force must be precisely 
controlled to avoid dropping or damaging delicate 
components, requiring sophisticated sensors and control 
systems [24]. For performing such tasks, a pressure 
gauge added to the system to control the pressure of the 
vacuum gripper is essential. Nevertheless, the design of 
a suitable vacuum gripper, specifically to meet the 
requirements of handling thin and delicate electronic 
PCB boards, remains challenging. This vacuum gripper 
must provide a secure yet gentle grip to avoid damaging 
the fragile components and substrates [25]. In addition, 
the analysis of the vacuum gripper with different suction 
forces on different electronic PCB boards is yet to be 
verified. 

The main contributions of the present work include 
(1) the design of a vacuum gripper for manipulating 
electronic PCB boards, and (2) the analysis of the 
performance of the vacuum gripper with different 
suction forces on different electronic PCB boards. The 
methodology discusses the structure, principal, and the 
fabrication process of the vacuum gripper and vacuum 
generator, system configuration and board specification. 
The results present the comparison of vacuum flow 
between different types of PCBs. The final part presents 
the discussion and conclusion. 
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1. Methodology 

1.1 Principal and Fabrication of Vacuum Gripper 

The structure of the end effector of a 6-axis robotic 
arm using a vacuum gripper primarily consists of several 
key components: suction cups, vacuum channels and 
connecting hoses, as shown in Figure 1. The suction 
cups are made from conductive NBR. These cups are 
connected to a system of vacuum channels and hoses 
that link to the vacuum generator, which can be an 
external pump or an integrated device. The end effector 
is mounted on the robotic arm via a standardized 
interface, allowing for secure attachment and easy 
replacement or modification. Additionally, control 
valves and sensors are integrated to manage and monitor 
the vacuum pressure, ensuring consistent and reliable 
gripping performance. 

 
Fig. 1. Vacuum Gripper 

The principle of operation for a vacuum gripper is 
based on creating a pressure differential. When the 
vacuum generator is activated, it removes air from the 
suction cups, creating a low-pressure area inside the 
cups compared to the ambient atmospheric pressure. 
This pressure differential generates a suction force that 
holds the object against the cups. The fabrication process 
of the end effector involves precision manufacturing of 
the suction cups and channels to ensure airtight seals and 
robust connections. The suction cups are securely 
attached to the vacuum channels, ensuring all 
connections are secure and leak-free. The proposed 
system of vacuum gripper functions effectively in 
various pick up the PCB, providing reliable and precise 
handling of components. 

1.2 Vacuum Generator Principal 

A vacuum generator uses compressed air to create a 
vacuum by means of the Venturi effect. When 
compressed air passes through a constricted section of 
the generator, it speeds up and creates a low-pressure 
area, resulting in a vacuum. Figure 2 illustrates the 
piINLINE® vacuum generator (MINI Pi), which utilizes 

the Venturi effect to generate a vacuum with compressed 
air. This generator features the patented COAX® 
cartridge technology from the company named Piab 
located in Sweden, which is designed for high efficiency 
and low energy consumption. The figure highlights the 
generator's lightweight inline design, making it easy to 
install and handle. It also showcases various cartridge 
options like Si for extra vacuum flow, Pi for high 
performance at low feed pressures, and Xi for high flow 
and deep vacuum. These features enable the vacuum 
generator to create the necessary suction force for the 
robotic gripper system, ensuring effective and energy-
efficient operation.  

 
Fig. 2. piINLINE® vacuum 

generator (MINI Pi) 

Figure 3 provides a dimensional drawing of the 
vacuum generator, detailing its physical structure and 
measurements. This drawing includes precise 
dimensions, crucial for integrating the vacuum generator 
into the overall system design. Accurate dimensions 
ensure that the generator fits correctly with the robotic 
arm and other components, maintaining a compact and 
efficient system layout. The detailed measurements 
facilitate the manufacturing and assembly process, 
allowing precise fabrication and alignment within the 
robotic gripper system. This figure underscores the 
importance of precision in designing automation 
solutions, as minor deviations in dimensions can 
significantly impact system performance and reliability.  

 
Fig. 3. Dimensional drawing of Vacuum Generator 

The figures highlight the sophisticated design and 
engineering of the vacuum generator, which is central to 
the vacuum-based robotic gripper system's functionality. 
The combination of efficient technology, customizable 
options, and precise dimensions ensures that the system 
meets the high demands of precision, efficiency, and 
reliability required for PCB assembly operations. 
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1.3 System Configuration 

The system configuration for the pick-and-place 
PCB operation using a 6-axis robotic arm, as depicted in 
the figure, involves several interconnected components 
working together to achieve precise and efficient 
handling of PCBs. Figure 4 illustrates the physical layer 
of the system configuration for pick-and-place 
operations using a 6-axis robotic arm equipped with a 
vacuum gripper. The central component of this system is 
the 6-axis robotic arm, which provides the necessary 
degrees of freedom for versatile movement and 
positioning. Attached to this robotic arm is a vacuum 
gripper designed to securely pick up and place PCBs 
using suction technology enhanced by COAX® 
cartridge options for optimized performance. The robotic 
arm and vacuum gripper are controlled by a dedicated 
controller unit that processes commands and coordinates 
the movements of the robotic system. This controller is 
linked to a PC running Ubuntu 18.04 with ROS (Robot 
Operating System) Melodic, which provides a robust 
platform for programming, monitoring, and adjusting the 
robot's tasks. The PC interface allows operators to input 
tasks, adjust parameters, and monitor system 
performance in real-time. Additionally, safety features 
such as emergency stop buttons are integrated into the 
control system to ensure safe operation. 

The physical layer configuration shown in Figure 4 
is designed to achieve high precision and efficiency in 
the automated handling of PCBs. The 6-axis robotic arm, 
with its flexibility and range of motion, is capable of 
performing complex movements and orientations 
necessary for accurate pick-and-place operations. The 
integration of a vacuum gripper, enhanced with COAX® 
cartridge technology, ensures a secure grip on the 
delicate PCBs, minimizing the risk of damage during 
handling. The controller unit and the PC running ROS 
Melodic form the backbone of the control system, 
enabling precise and real-time control over the robotic 
arm's movements. The use of ROS provides a powerful 
and flexible framework for robot programming and task 
execution, allowing for sophisticated automation and 
easy adaptation to different tasks and PCB types. Real-
time monitoring and parameter adjustment capabilities 
are crucial for maintaining optimal performance and 
quickly addressing any issues that may arise during 
operation. 

Safety features such as emergency stop buttons are 
essential in an industrial setting, ensuring that the system 
can be quickly halted in case of an emergency, thereby 
protecting both the equipment and human operators. 
Overall, the physical layer configuration in Figure 4 
demonstrates a well-integrated and robust system 
designed to meet the high demands of modern PCB 
assembly, offering precision, efficiency, and reliability 
in automated pick-and-place operations. This setup not 
only enhances production quality and throughput but 

also provides a scalable and adaptable solution for 
various industrial applications. 

Figure 5 illustrates the system configuration for a 6-
axis robotic arm used in pick-and-place operations for 
printed circuit boards (PCBs). This configuration 
includes multiple interconnected components 
coordinated through a central Robot Operating System 
(ROS) driver. 

 
Fig. 4. Physical Layer of system 

On the left side, the blue block represents the 
controllers and drivers, which communicate directionally 
to gather data and control the robot arm's movements. 
The ROS driver serves as a central hub, facilitating 
seamless communication and coordination among 
various system components. 

On the right side, the red block represents the 
processor and vacuum gripper. The processor handles 
tasks such as object detection and position correction, 
while the vacuum gripper performs the actual pick-and-
place operations. These components also communicate 
directionally to exchange necessary information. The 
overall workflow involves the controller gathering data 
and sending it to the driver, which moves the robot arm 
accordingly. The ROS driver coordinates with the vision 
processor to process visual data and command the 
vacuum gripper to perform the pick-and-place tasks. 

 
Fig. 5. Software Layer of system. 

The system configuration depicted in Figure 5 is 
designed to ensure precise and efficient operation of the 
6-axis robotic arm for PCB handling. The integration of 
controllers, drivers, and processors with the ROS driver 
enables real-time data exchange and coordination, which 

VACUUM GRIPPER 

6 Axis Robot Arm 
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is crucial for maintaining accuracy and efficiency in the 
pick-and-place process. The bidirectional 
communication between components ensures that the 
system can adapt to dynamic changes and perform tasks 
through high precision. The inclusion of a vision 
processor for object detection and position correction 
highlights the system's capability to handle complex 
tasks and adjust in real time, enhancing the reliability 
and effectiveness of the pick-and-place operations. 
Additionally, the use of a vacuum gripper for the actual 
handling of PCBs underscores the importance of 
maintaining a secure yet gentle grip on delicate 
electronic components, preventing damage while 
ensuring accurate placement. 

This system configuration represents the advanced 
automation and integration required for modern 
electronics manufacturing. By leveraging the capabilities 
of ROS and sophisticated control systems, the setup 
ensures high precision, efficiency, and reliability, 
meeting the stringent demands of PCB assembly 
processes. This approach not only improves production 
quality and throughput but also provides a scalable and 
adaptable solution for various industrial applications. 

1.4 Board Specification 

Three PCB board were choose to be analyze the 
performance of the vacuum gripper which is SATA M.2, 
mSATA, and SATA Slim. Each PCB type has distinct 
physical and handling characteristics that impact the 
pick-and-place process. 

2.4.1 SATA M.2 

Figure 6 presents the dimensional drawing of a 
SATA M.2 PCB, measuring 22mm in width and 60mm 
in length. This PCB type is known for its compact and 
lightweight design, typically weighing around 6 grams. 
The SATA M.2 PCB is usually single-sided with 
connectors on one edge, necessitating precise alignment 
during pick-and-place operations due to its small size. 

The small dimensions and lightweight nature of the 
SATA M.2 PCB make it suitable for high-speed and 
efficient handling with minimal suction force. However, 
the compact size demands high precision to avoid 
misalignment during the pick-and-place process. This 
highlights the importance of the vacuum gripper's 
precision in accurately positioning such delicate 
components without causing damage. 

 
Fig. 6. Dimension drawing of SATA M.2 

2.4.2 Msata 

Figure 7 shows the dimensional drawing of an 
mSATA PCB, measuring 29.85mm in width and 
50.8mm in length, and weighing around 7 grams. The 
mSATA PCB is slightly larger than the SATA M.2 but 
still relatively lightweight, requiring careful handling to 
avoid damage to its features and components. 

The moderate size and weight of the mSATA PCB 
allow for a balanced approach in the pick-and-place 
process, requiring moderate suction force and precision. 
The handling process must be optimized to maintain 
efficiency while ensuring accurate alignment and secure 
gripping. The use of high-resolution vision systems and 
advanced motion algorithms can enhance the precision 
and control required for handling mSATA PCBs. 

 
Fig. 7. Dimension drawing of mSATA 

2.4.3 SATA Slim 

Figure 8 provides the dimensional drawing of a 
SATA Slim PCB, which is 54mm in width and 39mm in 
length, and weighs about 15 grams. This type of PCB is 
larger and heavier compared to SATA M.2 and mSATA, 
requiring more robust handling due to its increased 
weight and dimensions. 

The larger size and heavier weight of the SATA 
Slim PCB demand higher suction force and precise 
alignment to ensure proper seating and prevent damage. 
The handling process may be slower due to the need for 
stronger suction and higher precision, but it is crucial to 
balance speed and accuracy. Using adaptive suction end 
effectors and fine-tuning the robotic arm's movements 
can help manage the weight and ensure stable placement 
of the SATA Slim PCB. 

 
Fig. 8. Dimension drawing of SATA Slim 
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Overall, Figures 6, 7, and 8 highlight the varying 
physical characteristics and handling requirements of 
different PCB types. These differences emphasize the 
need for a versatile and adaptable vacuum gripper 
system capable of adjusting suction force and precision 
to handle a range of PCB sizes and weights effectively. 
The ability to handle these diverse requirements is 
critical for maintaining the integrity and functionality of 
the PCBs during automated pick-and-place operations. 

1.5 Experimental setup 

Figure 9 shows the workspace setup for the pick-
and-place operations of PCBs using a 6-axis robotic arm 
equipped with a vacuum gripper. The setup includes a 
conveyor belt, the robotic arm with the vacuum gripper, 
and a PCB tray. The conveyor belt transports PCBs to 
the robot's workspace, where they are precisely 
positioned for the vacuum gripper to pick them up. The 
robotic arm then moves the PCBs to the designated slots 
in the PCB tray, which securely holds them once placed. 

 
Fig. 9. Workspace setup for Pick and Place 

The configuration in Figure 9 highlights the 
integration of various components to create an efficient 
and precise pick-and-place system. The conveyor belt 
plays a crucial role in delivering PCBs to the robot's 
workspace, ensuring a continuous supply of components 
for the pick-and-place operations. Accurate calibration 
of the robot's movement coordinates is essential to 
ensure the robotic arm can consistently and reliably 
grasp each PCB from the conveyor. 

The PCB tray is strategically placed in line to the 
robot, featuring multiple slots to securely hold the PCBs 
once placed. This setup allows for efficient handling and 
organization of the PCBs, minimizing the risk of damage 
during transportation and placement. The vacuum 
gripper, connected to a vacuum generator, provides the 
necessary suction power to securely hold and transport 
the PCBs without causing damage. The workspace setup 
includes a user interface with control buttons for 
starting, stopping, and adjusting the robot's operations. 
This interface allows operators to manage the system 
effectively, ensuring smooth and uninterrupted pick-and-

place operations. Additionally, the setup's design 
emphasizes the importance of maintaining a clean and 
organized workspace to prevent any interference or 
errors during the pick-and-place process. 

Overall, Figure 9 illustrates a well-coordinated and 
streamlined setup for automated PCB handling, 
combining precision, efficiency, and reliability. The 
integration of the conveyor belt, robotic arm, vacuum 
gripper, and PCB tray creates a cohesive system capable 
of meeting the high demands of modern electronics 
manufacturing. This setup not only enhances production 
quality and throughput but also provides a scalable 
solution adaptable to various industrial applications. 

2. Result 

2.1 Pick and Place Test Procedure 

The process of picking and placing SATA M.2, 
mSATA and SATA Slim module using a vacuum 
gripper is shown in Fig. 10(a). 10(b). and 10(c). Initially, 
the vacuum gripper securely firmly grasps the SATA 
M.2 module from its initial position, ensuring a firm grip 
to prevent damage or misalignment. The gripper then 
moves along the z-axis, which is a vertical motion, to 
position the module correctly above the tray. Finally, the 
gripper carefully places the SATA M.2, mSATA and 
SATA Slim module into its designated slot in the tray. 
This process is automated and ensures precise and 
efficient handling of the module, which is essential for 
maintaining the integrity and functionality of the 
components during manufacturing or assembly. 

 
(a) 

 
(b) 

 
(c) 

Fig. 10. Process of picking and placing (a) SATA M.2 module, 
(b) mSATA module, and (c) SATA Slim module. 
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The image illustrates in Fig. 11(a), 11(b) and 11(c) 
shows a SATA M.2 module, an mSATA module, and a 
SATA Slim module being accurately positioned within 
their respective slots in the tray. The precise placement 
ensures secure and stable fitting, essential for subsequent 
manufacturing or assembly steps. Each module type has 
been placed correctly, aligning with the defined 
positions in the tray, which helps streamline the 
workflow and maintain the integrity of the components 
during handling and transportation. The attention to 
detail in positioning highlights the importance of 
precision in the process to prevent damage and ensure 
optimal functionality of the modules. 

 
           (a)     (b)                   (c)  

Fig. 11. Final position of each board placed on a tray for (a) 
SATA M.2, (b) mSATA, and (c) SATA Slim. 

2.1.1 Trial of Pick and Place Test 

The graph visualizes the success rates of the pick 
and place process for SATA M.2, mSATA, and SATA 
Slim PCBs across various feed pressures ranging from 
0.1 MPa to 0.3 MPa. It highlights that at lower feed 
pressures (0.1, 0.15, and 0.2 MPa), none of the PCBs 
achieve any success, with all rates at 0/8. However, as 
the feed pressure increases to 0.25 MPa, there is a 
marked improvement: SATA M.2 and mSATA achieve 
success rates of 8/8 and 6/8, respectively, while SATA 
Slim achieves a success rate of 3/8. At the highest 
pressure tested (0.3 MPa), all three PCB types attain 
perfect success rates of 8/8.  

SATA M.2 requires only a feed pressure of 0.2 MPa 
to achieve a full success rate due to its lightweight and 
compact design, optimized material properties, and 
efficient attachment mechanisms. Unlike heavier and 
bulkier PCB like SATA Slim, the smaller size and 
reduced weight of the SATA M.2 mean that less force is 
needed to secure it during picking it up. This 
combination of factors allows the SATA M.2 to be 
securely handled and positioned with lower feed 
pressure, ensuring reliable performance without the need 
for higher pressures required by other types of boards. 
SATA Slim require greater force to be securely lifted 
and positioned during the manufacturing process. The 
increased pressure ensures that the suction cups used can 
generate sufficient holding force to handle these larger, 
heavier boards without slippage or misalignment. 
Additionally, the larger surface area of SATA Slim 

demands higher pressure to maintain a stable and 
uniform grip, preventing damage and ensuring precision 
in placement. The higher feed pressure also providing a 
more consistent and reliable handling process. Thus, 
utilizing higher feed pressures is crucial for maintaining 
efficiency and accuracy when dealing with bulkier and 
more complex PCB. This indicates that higher feed 
pressures, specifically 0.25 MPa and 0.3 MPa, are 
essential for optimizing the pick and place process for 
these PCB types.  

 
Fig. 12. Success Rate using different Feed Pressure for SATA 

M.2, mSATA and SATA Slim. 

2.2 Vacuum Flow Validation 

Table 1 provided presents the vacuum flow rates for 
different feed pressures of 0.1 MPa, 0.2 MPa, and 0.3 
MPa, across various vacuum levels ranging from 0 kPa 
to 80 kPa. The vacuum levels are indicated in negative 
kilopascals (kPa), with values increasing in absolute 
magnitude (from 0 kPa to 80 kPa). Each vacuum level 
corresponds to a set of vacuum flow rates measured in 
normal liters per second (NL/s) for the specified feed 
pressures. For instance, at a vacuum level of 80 kPa, the 
vacuum flow rates are 0.0010 NL/s, 0.002 NL/s, and 
0.0030 NL/s for feed pressures of 0.1 MPa, 0.2 MPa, 
and 0.3 MPa, respectively. As the vacuum level 
decreases, i.e., approaching 0 kPa, the vacuum flow rates 
increase for all feed pressures. This is because at higher 
vacuum levels (i.e., more negative values), there is a 
greater pressure difference between the feed pressure 
and the vacuum pressure, which restricts the flow of air 
through the system. As the vacuum level decreases and 
approaches 0 kPa, this pressure differential reduces, 
allowing air to flow more freely. Therefore, the 
resistance to flow is reduced, and the vacuum system can 
draw in more air per unit of time, resulting in higher 
flow rates. This behavior is consistent across different 
feed pressures, as the basic mechanics of pressure and 
flow remain the same: lower vacuum levels mean less 
opposition to the movement of air, so facilitating higher 
flow rates. Understanding this relationship is crucial for 
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optimizing vacuum systems in this applications, where 
precise control of air flow is essential. 

At the lowest vacuum level (0 kPa), the vacuum 
flow rates reach their maximum values of 0.0800 NL/s, 
0.160 NL/s, and 0.240 NL/s for the respective feed 
pressures. This is because there is no longer a pressure 
differential restricting the flow of air into the vacuum 
system. In other words, at 0 kPa, the vacuum level is 
equivalent to atmospheric pressure, meaning the system 
is not creating any additional resistance to air flow. This 
absence of a pressure differential allows the air to flow 
at the maximum rate permitted by the feed pressure 
alone. For the respective feed pressures of 0.1 MPa, 0.2 
MPa, and 0.3 MPa, the flow rates are at their peak 
because the driving force for air flow movement is just 
dependent on the feed pressure without any 
counteracting vacuum pressure. Therefore, the flow rates 
of 0.0800 NL/s, 0.160 NL/s, and 0.240 NL/s represent 
the highest possible values that the system can achieve 
under these conditions, demonstrating the direct 
correlation between feed pressure and flow rate in the 
absence of vacuum-induced resistance. Understanding 
this dynamic is crucial for designing and operating 
vacuum systems to ensure optimal performance and 
efficiency in processes that rely on precise control of air 
flow. Table 1 and Figure 13 illustrates how varying 
vacuum levels and feed pressures impact the vacuum 
flow rates, providing essential data for applications that 
require precise control of these parameters. 

 

 
Fig. 13. Vacuum Flow for different feed pressure vs Vacuum 

Level 

Table 1 presents the relationship between weight of 
each board, the required force per suction cup, the 
required vacuum pressure per suction cup, and the 
estimated vacuum flow for three different weights: 6g, 
7g, and 15g. For SATA M.2 board with a weight of 6g, 
the required force per suction cup to successfully pick up 

is 0.02943N, which corresponds to a vacuum pressure of 
0.0469 kPa. We also found that the estimated vacuum 
flow based on trends in Table 1, of the vacuum generator 
to pick SATA M.2 board is 0.05 NL/s. The force per 
suction cup increases to 0.034335N at a vacuum 
pressure of 0.0547 kPa for a 7g mSATA weight. Based 
on Table 1, the estimated vacuum flow ranges for 
mSATA is from 0.05 to 0.1 NL/s. For SATA Slim 
weight of 15g, the force per suction cup significantly 
increases to 0.073575N, resulting in a vacuum pressure 
of 0.1171 kPa. The estimated vacuum flow from 0.1 to 
0.2 NL/s for SATA Slim based on Table 1. 

The result in Table 1 demonstrates that the force per 
suction cup and the vacuum pressure necessary to secure 
the object increase as the weight of the board increases. 
Correspondingly, the estimated vacuum flow required to 
maintain the suction increases with the weight, 
indicating a direct relationship between weight and the 
parameters measured. As the weight of the object 
increases, the force that needs to be counteracted by the 
suction cup also increases. This is why heavier objects 
require a greater force per suction cup to be held 
securely. Moreover, suction cups adhere to surfaces by 
creating a vacuum between the cup and the surface. The 
vacuum pressure is the difference between the 
atmospheric pressure and the pressure inside the cup. To 
hold a heavier object, the suction cup needs to create a 
stronger vacuum (lower pressure inside the cup) to 
generate a greater holding force. This results in a higher 
vacuum pressure reading. Furthermore, vacuum flow 
refers to the rate at which air must be evacuated to 
maintain the vacuum pressure. As the weight increases, 
the suction cup may need to continuously remove air to 
maintain the necessary vacuum pressure, especially if 
there are small leaks or if the surface is slightly porous. 
This requires a higher vacuum flow rate. In summary, 
heavier objects demand greater force to counteract their 
weight, which in turn requires higher vacuum pressure 
and possibly higher vacuum flow to maintain the 
suction. This direct relationship ensures that the suction 
cups can securely hold objects of varying weights. 

Table 1 Analysis relationship between weight of the boards, 
force per suction cup, vacuum pressure per suction cup, and 

estimated vacuum flow for three different weights. 

PCB 

Weight 
(g) 

Required 
Force per 

Suc�on Cup 
(N) 

Required Vacuum 
Pressure per 

Suc�on Cup (kPa) 

Es�mated 
Vacuum 

Flow (NL/s) 

SATA 
M.2 

6 0.02943 0.0469 0.05 

mSATA 7 0.034335 0.0547 0.05 - 0.1 

SATA 
Slim 15 0.073575 0.1171 0.1-0.2 
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3. Conclusion 

In conclusion, this study presents the design and 
evaluation of a vacuum-based robotic gripper equipped 
with a vacuum generator and soft suction cup, 
specifically for the pick-and-place operations of 
electronic PCB boards. The experimental results 
demonstrate the gripper's effectiveness in handling 
different types of PCBs, including SATA M.2, mSATA, 
and SATA Slim. The analysis reveals that the vacuum 
gripper provides reliable and precise handling of delicate 
PCB components by creating a strong and adjustable 
suction force. The success rates of the pick-and-place 
process significantly improve at higher feed pressures, 
particularly at 0.3 MPa, ensuring optimal performance 
for various PCB types. Additionally, the vacuum flow 
validation indicates a direct correlation between the 
vacuum levels and flow rates, essential for maintaining 
consistent suction force. These findings respond to the 
research objective by confirming the vacuum gripper's 
capability to enhance automation in PCB assembly, 
offering a scalable and adaptable solution to meet the 
electronics manufacturing industry's demands for high 
precision, efficiency, and reliability. Future work should 
focus on further refining the vacuum gripper design and 
exploring its application in handling a wider range of 
electronic components. 
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