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Abstract: The automotive industry is one of the most demanding sectors of all manufacturing
industries due to its competitiveness. It is necessary to innovate through the implementation of
automated and robotic equipment, leading to cycle time and labor cost reduction. This work aims
to design semi-automatic equipment to assemble cabling connectors used in the automotive sector,
replacing a manual process currently taking place in an automotive components company. In the
proposed equipment, the operator places a connector in the equipment, and the components (pins
and seals) are automatically inserted. A vision sensor with artificial intelligence then confirms the
correct application. The equipment operation defined as Finite Element Method (FEM) was applied
for structural verification; the materials and fabrication processes were detailed; the associated
costs were calculated, and the equipment subsets were validated. The design was successfully
accomplished, and the imposed requirements were fulfilled, with significant advantages over the
current process, providing new knowledge on how semi-automatic systems can be deployed to
enhance the productivity and quality of manufacturing processes. The design principles and insights
gained from this work can be applied to other automation challenges, particularly where manual
processes need to be replaced by more efficient semi-automatic or automatic systems. The modularity
of the overall solution and the design concepts of the component inserter, component feeder, and
assembly process allow for its use in different assembly scenarios beyond the automotive sector, such
as electronics or aerospace, providing a contribution to increased competitiveness and survival in the
global market.

Keywords: automotive industry; mechanical design; process automation; connector assembly; feeder
system; Finite Element Method

1. Introduction

The automotive industry plays a leading role in the world economy. This industry
presents itself in the market as one of the most demanding sectors of all manufacturing
industries due to its competitiveness, being constantly pressured to meet tight deadlines
and high-quality requirements [1]. Thus, it is necessary to upgrade processes through
the implementation of automated and robotic equipment [2–4]. With automation, it is
possible to obtain less waste and more quality and productivity [5], leading to shorter cycle
times and smaller labour costs. Currently, the priority of companies is the development
or acquisition of machines that use as few operators as possible, and there is a tendency
for full automation in the future [6]. In automated equipment, the processes are managed
automatically and without the need for significant human intervention, which increases
efficiency [7,8]. Thus, fatigue and occupational diseases tend to be excluded as they are
factors that affect productivity [9]. With automation, the setup time is also reduced, and
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assembly accuracy is guaranteed. Automation can be divided into three types: fixed;
flexible; and programmable [10]. Fixed automation consists of using a machine that
repeats the same automatic process without any flexibility [10,11]. In flexible automation,
a computer controls product combinations and their reconfiguration in short adjustment
times [10,12]. Programmable automation is flexible in the assembly or manufacturing
process, but it is necessary to reprogram the automated action for new configurations [10,13].
In recent years, the introduction of more advanced automation-related technology led
to a further reduction in labour and an increase in productivity [14]. With intelligent
feeder systems, the automotive industry can group different vehicle models on the same
production line. This principle can also be used on assembly lines for small automotive
components. On the other hand, the demand for robots has significantly increased because
they are robust, fast, flexible, and highly accurate [15]. These are more economical than
human labour as they are produced in greater quantity and with higher quality. Nowadays,
robotics is applied all over the world [16]. Although robots are expensive, they have a
lower cost per component, high efficiency, and high production [10]. Nowadays, most
manufacturing processes require robotised operations, and the automotive industry is
currently the most robotised industry. More and more manufacturing processes are carried
out using automated machines, and robotic solutions are progressively used to increase
production and assist the operator [17,18].

In the field of engineering design, the systematic development of products and equip-
ment follows structured methodologies aimed at optimising functionality, efficiency, and
cost-effectiveness [19]. According to Pahl et al. [20], developers of the Systematic Design
Approach, engineering design processes typically involve stages such as conceptual design,
embodiment design, and detailed design, each providing a framework for turning abstract
ideas into practical solutions. This approach is used broadly in mechanical engineering
and product design, especially for complex, multi-component systems. One key area of
focus in modern engineering design is the integration of automation to enhance production
efficiency and reduce human error, which constitutes the Product Development Process de-
veloped by Ulrich and Eppinger [21]. This approach includes the steps of planning, concept
development, system-level design, detail design, testing and refinement, and production
ramp-up. The V-Model (Verification and Validation) was developed by Forsberg et al. [22]
and applied to the context of systems engineering, providing a detailed view of verification
and validation processes. This is a model primarily used in systems engineering, where
each design phase is validated and verified in a parallel step. It is often used in highly
regulated industries like aerospace and automotive engineering. Stuart Pugh’s Total Design
approach [23] integrates the design process with business and market requirements. It uses
methods like the Pugh Decision Matrix for concept evaluation, helping designers systemat-
ically compare multiple design solutions. It is used in product engineering, particularly in
industries where both functional and market requirements must be balanced. The Theory
of Inventive Problem Solving (TRIZ), developed by Altshuller [24], is a problem-solving
methodology that focuses on resolving contradictions within the design by using inventive
principles derived from patent analysis. It encourages innovation by highlighting ways to
overcome common design challenges. It is especially useful in industries that require high
innovation (e.g., electronics, automotive, and aerospace). The Axiomatic Design [25] fo-
cuses on creating systems where the design parameters (physical solutions) map clearly and
independently to the functional requirements, reducing design complexity. This approach
is used in manufacturing systems, software development, and product design. The Design
Science Research (DSR) methodology is another structured methodology that, though it
originates primarily from the fields of information systems and management science [26],
has been increasingly adopted in engineering design, especially in research contexts [27].
This methodology focuses on creating and evaluating artefacts (like models, systems, or
processes) to solve identified problems. It combines scientific rigour (research-based prob-
lem solving) with practical relevance (ensuring solutions have real-world applicability).
Another influential approach is the Design Research Methodology (DRM) proposed by
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Blessing and Chakrabarti [28]. DRM offers a comprehensive framework specifically tailored
for design research aimed at understanding and improving design processes and outcomes.
Unlike other methodologies, DRM places a strong emphasis on the research dimension of
design projects, particularly the systematic investigation of design processes to generate
knowledge that can improve both design practice and theory. By systematically guiding the
research through descriptive and prescriptive phases, DRM ensures that the outcomes of
the design are both scientifically validated and practically applicable. In addition to these
established methodologies, several more recent developments have gained prominence in
the field of engineering design. These approaches address modern challenges in product
development, such as reducing complexity, improving reliability, and enabling automation,
including the following:

• Design for Manufacturing and Assembly (DfMA) is a concept that integrates design
and manufacturing considerations early in the design process to simplify production
and reduce costs. The main goal of DfMA is to design products that are easier and
more cost-effective to manufacture and assemble, minimising parts and simplifying
assembly operations [29]. This approach ensures that the design is optimised not only
for functionality but also for the efficient production;

• Graph-based design languages are an approach to formalising design processes using
mathematical graph structures to represent the relationships between components,
systems, and functions. This method provides a visual and algorithmic means to
explore design alternatives and optimise complex systems, enabling designers to
handle intricate dependencies and constraints more effectively [30];

• Fault-tolerant design is a critical approach used to ensure that systems continue to
operate reliably even when some of their components fail. In the context of automated
systems, this approach is essential for maintaining high levels of uptime and minimis-
ing the risk of costly production delays. Fault-tolerant design involves identifying
potential failure points and incorporating redundancy, error detection, and recovery
mechanisms into the system [31].

Automated and robotised systems have become increasingly complex, and both
implementations and use of protocols are described in the scientific literature [32–35],
eventually applying a specific engineering design approach. Costa et al. [36] solved quality
problems in the transmission system of automotive windshield wipers using a design
approach resembling the DSR methodology in the applied steps. The previous system was
semi-automatic and could not detect and reject components during the process prior to
assembly, leading to the production of defective parts. For optimisation, the equipment
and the product to be manufactured were analysed. Subsequently, the best solutions
for the detected faults were discussed and chosen. A fully automated system capable
of detecting faulty components was then implemented. The equipment now has a 100%
quality control, i.e., it no longer manufactures defective products. Furthermore, production
rates remained within automotive industry standards, and productivity increased by
19%. Figueiredo et al. [37] added an automatic coating stripping operation onto an existing
machine to produce control cables for the automotive industry, using three simple steps as a
design approach: a study of the manual stripping system, a study of the machine cycle, and
a redesign of the mechanisms to comply with the specification. The new stripping operation
removes the coating from the cable edges, allowing the injection of zamak terminals without
die-casting defects. The equipment’s production cycle was analysed, and an automated
solution based on multiple blades did not affect productivity. The proposed device produces
cables up to 2.5 m long, stripped on both sides, with a cycle time of 7 s. Santos et al. [38]
presented a new solution to transport conduits used to protect control cables for the
automotive industry along an automatic production line in which other operations were
applied to the control cables, such as cutting, deburring, and punching of terminals at
the ends. This work was divided into three steps: establishing the main requirements for
the new concept; finding a solution for every identified problem; and combining all the
solutions found into one system that surpassed the identified problems. As a result, a simple
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and economical solution to be implemented in the line was studied and developed, which
had a much higher reliability than the current mechanism. After implementation, the setup
time was reduced by 97%, and system stoppages due to problems dramatically decreased.
In the scope of robotics, Pereira et al. [39] designed an automatic robotic cell to insert clips
into two different car parts after their fabrication by an injection process. A self-developed
design approach was described, including elements of both DSR and V-Model approaches,
as follows: analysis of requirements; information gathering; equipment division in sub-
assemblies; definition of principles for each sub-assembly; preliminary design with possible
solution and solution selection using a Strengths, Weaknesses, Opportunities, and Threats
(SWOT) analysis; design using Computer-Aided Design (CAD) and the FEM; and validation
by prototype construction and workflow simulation. Resulting from this work, a six-axis
robot with a special tool to hold the clips was implemented. An automatic clip-loading
system was designed, which loaded the clips in the tool and delivered them to the robot
while the empty tool was left by the robot to charge with clips. The equipment was
fabricated, validated in a real scenario, including meeting the cycle time imposed by
the client, and delivered for factory implementation. Michalos et al. [40] addressed the
implementation of a robotic system for a collaborative human–robot assembly process. An
active workflow design methodology was proposed by the authors, starting with assembly
task identification, followed by operation sequence definition, resource alignment, layout
design, collaborative workflow generation, safety concept definition, engineering system
development, and finally, risk assessment. The steps were not tight since feedback in
each stage could lead to modifications in a previous one and recalculation. The proposed
solution aimed to combine heavy-duty industrial robots with human intervention in a
fenceless workspace. Augmented reality glasses and smartwatches enabled the closing
of the robot–human communication loop. The system was validated by applying the
concept to a case study in the automotive industry. A safety analysis was supported by
Safety Related Parts/Control Systems (SRC/CS) design approach, further corroborating
the possibilities of human–robot collaborations.

This work aims to design semi-automatic equipment to assemble cabling connectors
used in the automotive sector, replacing a currently manual process currently taking place
in an automotive components company. In the proposed equipment, the operator places
a connector in the equipment, and the components (pins and seals) are automatically
inserted. A vision sensor with artificial intelligence then confirms the correct application.
The equipment operation was defined; FEM was applied for structural verification; the
materials and fabrication processes were detailed; the associated costs were calculated, and
the equipment subsets were validated.

2. Methods
2.1. Design Approach

The DSR design methodology focuses on the creation and evaluation of artefacts, such
as models, processes, and systems, to address real-world problems while simultaneously
contributing to academic knowledge [27]. The DSR approach follows a structured process
in which researchers and practitioners collaborate to define the problem, design the artefact,
and evaluate its effectiveness. This dual emphasis on problem-solving and knowledge
generation makes DSR especially relevant for projects involving innovation and the devel-
opment of new technologies, such as the semi-automatic assembly equipment presented in
this work. The key stages of the DSR process applied to the design and development of the
equipment are as follows:

• Problem description—Examination of the existing system or process, identifying
inefficiencies, limitations, or areas where improvements can be made. This stage
involves describing specific problems that the new design will address;

• Goals and requirements—Establishment of clear goals and requirements for the new
solution. This includes both functional objectives, such as operational efficiency or
reliability, and any constraints related to cost, materials, or technology;
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• Design and development—Creation of a new design or concept that meets the defined
objectives. This stage involves iterative design processes, where multiple concepts
may be generated and refined;

• Demonstration—Materialisation of the developed concept by constructing a proto-
type or implementing a functional CAD model. This concept should be capable of
demonstrating the core functions of the equipment;

• Evaluation—Assessing the performance of the developed solution through virtual or
physical testing. This stage involves verifying whether the equipment complies with
the established goals and requirements;

• Conclusions—Consist of the final assessment comparing the results of the equipment
with the goals and requirements and drawing conclusions about the overall success of
the new design.

2.2. Problem Description

The current project arises from a challenge posed by the automotive industry. A
specific company needs equipment that can perform the assembly process of automotive
cabling connectors in a semi-automatic way, which are currently assembled manually
and pose a significant cost and human resource allocation to the company, serving as
the process bottleneck for a subsystem being delivered for a vehicle manufacturer. Thus,
specific equipment is necessary to overcome these limitations and increase the company’s
competitiveness. The mentioned connectors are part of the wiring harnesses that inter-
connect all the electrical parts of the vehicle. Some connector channels are selected to
be connected to the ends of electrical cables, which may or may not belong to the same
harness, and the ones chosen are not always the same because they depend on the function
to be performed in a certain part of the vehicle. The connector assembly equipment should
work semi-automatically to insert components (pins and seals) into various connectors.
The function of the components is to seal/close the free channels of the connector, i.e., the
channels that are not connected to the ends of electrical cables. Figure 1a shows the pins
and the seal that the equipment inserts. Figure 1b shows the connector being worked on.
Figure 2 shows the pins and seal inserted into the connector to assemble.
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2.3. Goals and Requirements

The main goal of this work involves designing equipment capable of performing the
semi-automatic assembly of cabling connectors used in vehicles. The assembly equipment
to be designed is a semi-automatic system intended for the insertion of components (pins
and seals) into various types of connectors. The function of these components is to seal or
close the unused channels of the connector, meaning the channels that are not connected to
the ends of electrical cables.

The requirements are divided into project requirements, pin and seal assembly in
the plastic connector, and pin and seal detection in the plastic connector. The project
requirements, pre-defined by the client company, aim to ensure the good functionality of
the equipment (Table 1). For the pin and seal assembly in the plastic connector, several
assembly considerations were considered (Table 2). Pin and seal detection in the plastic
connector is carried out to ensure correct insertion, which can be achieved by various
methods and equipment (Table 3 shows the main considerations to be taken into account
when selecting the type of detection to be implemented).

Table 1. Project requirements.

Structure and shielding

The equipment should be compact and prepared to be placed on a bench;
The main structure shall have a technical aluminium profile with square section of 30 × 30 mm2;
The door of the equipment must have an aluminium profile with a square section of 30 × 30 mm2;
The structure of the door must allow for visual access to the work area. Therefore, they must be
isolated with crystal compact polycarbonate.

Dimensions The equipment must have a maximum width of 600 mm and a maximum length of 1100 mm.

Workboard Connector placement must be performed by the operator.

Component feeding
The pins and seals must be deposited in the equipment in bulk;
The equipment must have an opening to the outside that allows for the deposition of components;
The feeder system must be covered by a protection that prevents the entry of unwanted parts.

Quality The correct assembly must be verified by a vision sensor.

Autonomy The equipment should operate continuously, with no component supply, for 2 h.

Market components Pneumatics: SMC; sensors and vision sensor: Keyence or Contrinex; linear movement and technical
profile: Bosch Rexroth; control/interface: Esaware.

Treatment Parts susceptible to wear must receive the appropriate thermal and chemical treatment.

Electric panel As safety margin, the electrical panel should have at least 25% free space.

Fixation The equipment must be fixed by four support feet.

Operating sequence
The operator places a connector in the equipment, and the equipment automatically assembles the
pins and seals. Finally, the equipment verifies the correct assembly of these components and
releases the connector. Subsequently, the operator removes the connector, and the cycle repeats.

Table 2. Pin and seal assembly requirements.

Connector grasping A positioning and clamping system ensures that the connector always maintains its position.
This system guarantees the correct assembly of the pins/seals.

Assembly force
The assembly force depends on the type of pin/seal to be inserted and the connector geometry.

This force should be based on the maximum force stated on the data sheet of the insertion
cylinder used, and it should be assumed that it will not damage the pin/seal or the connector.

Insertion system For the automatic assembly of pins and seals, an insertion system should be designed to suit
their geometry and material behaviour.
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Table 3. Pin and seal detection requirements.

Detection type The choice of detection type considers the size, shape, colour, and material of the pins and seals.

Position For reliable detection, the pins and seals should not move after assembly.

Detection spot To ensure the correct assembly of the pins and seals, a key detection point is selected.

Detection distance The detection distance needs to be analysed. This distance must consider a balance between the
characteristics of the detector, component, and its assembly.

Safety The sensors must be protected from impacts and dust.

3. Results
3.1. Final Equipment and Operation Sequence

The proposed equipment is a prototype designed for series production (Figure 3).
The design has been developed to facilitate future modification of the workboard, which
is necessary to assemble different connectors. The equipment allows for the simple re-
placement of the feeder system and the inserter for the assembly of different components.
Additionally, the equipment is assembled using mechanically fastened connections. This
equipment is semi-closed regarding the exterior, having only one door and an opening on
its top part. The door allows the operator to place the workpiece on the workboard, while
the opening enables the deposition of components in the feeder. With this isolation, the
safety of the operators is ensured.
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The operation of the final equipment is described as follows. First, the operator
deposits the components in bulk through an opening in the equipment. Then, the type of
connector to work on is selected using the console. The operator puts the connector into the
nest of the workboard and closes the door of the equipment. Next, the inserter automatically
inserts the components, which include pins and seals, into the connector according to the
pre-set programming. Afterwards, the artificial vision system checks to ensure that the
components are correctly inserted into the connector. Then, the equipment informs the
operator whether the insertion of the components is correct and releases the connector.
Finally, the operator opens the door and removes the connector from the equipment. The
equipment is composed of subsets that work together to ensure optimal performance. The
arrangement of these subsets was carefully evaluated for space, minimising the overall
dimensions. These subsets consist of the following (Figure 4):

• Structure/shields: block access to the mechanisms to ensure the operator’s safety
during operation;
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• Workboard: has a nest where the operator positions the connector, which blocks it in
the x and y-axes, while the workboard blocks it in the z-axis. It detects the presence of
the connector;

• Inserter: inserts the pins/seals into the connector. This system receives the pins and
seals from the feeder system and inserts them into the workpiece by application of a
vertical force;

• Axle systems: responsible for positioning the inserter at the insertion points of the
components. The guided movements of the axles are driven by electric motors;

• Feeder system: to provide the correct orientation and separate the components (de-
posited in bulk);

• Artificial vision system: checks correct assembly by analysing the entire insertion
area (upper face) of the connector and verifying if the pins and seals are in the
pre-defined locations.
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3.2. Subset Detail

The various subsets that make up the equipment are described next. These are
the structure/shields, workboard, inserter, axle systems, feeder system, and artificial
vision system.

3.2.1. Structure/Shields

The structure/shields of the equipment are shown in Figure 5, providing operator
safety during operation. The equipment dimensions are 1080 × 700 × 530 mm3. Isolated
mechanisms with polycarbonate and Dibond® materials provide safety, with the polycar-
bonate enabling visibility inside the equipment. The magnetic lock and plate (Figure 6a)
mechanically secure the door through magnetic forces.

A magnetic safety switch depicted in Figure 6b verifies whether the door is properly
closed and transmits this information to the automation system. If the door is not properly
closed, the equipment will not operate. The equipment is supported by four feet, such as
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those shown in Figure 6c, to maintain stability and levelness on the workbench. A pneumatic
platform provides pressurised air to power the equipment. The electric panel incorporates
the necessary electrical components, and its dimensions were selected based on the size of
the equipment and the expected number of electrical elements. The programmable interface
device provides information to the operator on the status of the equipment and the steps
to be executed, with a warning light of different colours to indicate the equipment’s status.
The structure supports all loads exerted by the subset and is made of technical aluminium
profiles, allowing for connection flexibility for a wide variety of connectors and components.
The aluminium profile door gives the operator access to the inside.
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3.2.2. Workboard

The operator places the connector to assemble in a nest on the workboard (Figure 7a),
which secures the connector in the x and y-axes. The upper part of the connector is left
free for component insertion (pins and seals). The latches lock the connector in position on
the z-axis until the insertion of components is complete. After insertion, the connector is
unlocked, and the operator removes it from the nest. The short-range photoelectric sensor
shown in Figure 7b verifies the presence of the connector on the workboard.

Machines 2024, 12, x FOR PEER REVIEW 11 of 22 
 

 

3.2.2. Workboard 
The operator places the connector to assemble in a nest on the workboard (Figure 7a), 

which secures the connector in the x and y-axes. The upper part of the connector is left 
free for component insertion (pins and seals). The latches lock the connector in position 
on the z-axis until the insertion of components is complete. After insertion, the connector 
is unlocked, and the operator removes it from the nest. The short-range photoelectric sen-
sor shown in Figure 7b verifies the presence of the connector on the workboard. 

  
(a) (b) 

Figure 7. Workboard layout (a) and connector detection via short-range photoelectric sensor (b). 

3.2.3. Inserter 
The inserter operates through the four steps represented in Figure 8: 

1. The component is received by the inserter from the blow system, located in the feeder 
system; 

2. The equipment places the inserter on the insertion point; 
3. The grip opens, and the component descends to the insertion area (upper face) of the 

connector; 
4. As soon as the component descends, the insertion cylinder advances, exerting a ver-

tical force on the component and inserting it into the connector. 

 
Figure 8. Stages of operation of the inserter. 

Figure 7. Workboard layout (a) and connector detection via short-range photoelectric sensor (b).



Machines 2024, 12, 731 10 of 20

3.2.3. Inserter

The inserter operates through the four steps represented in Figure 8:

1. The component is received by the inserter from the blow system, located in the
feeder system;

2. The equipment places the inserter on the insertion point;
3. The grip opens, and the component descends to the insertion area (upper face) of

the connector;
4. As soon as the component descends, the insertion cylinder advances, exerting a

vertical force on the component and inserting it into the connector.
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The inserter, depicted in detail in Figure 9, is responsible for receiving components, such
as pins or seals, from the feeder system and inserting them into the connector. The insertion
process involves applying a vertical force on the component to fit it into the connector.
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3.2.4. Axle Systems

The position of the inserter at the component insertion points is determined by the
axis systems presented in Figures 10–12, which are equipped with electrical drives and
guided movements. The linear movement in each axis is carried out by electric motors
such as the one depicted in Figure 13.
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The x-axis system, as shown in Figure 14a, is guided by precision shafts and linear
bearings, while the y-axis and z-axis systems, as shown in Figure 14b, are guided by linear
guides in the form of skids and rails. The position of the “home” sensor beam, as shown in
Figure 14c, represents the initial travel limit for each axis system.
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3.2.5. Feeder System

The feeder system depicted in Figure 15a operates in multiple stages. The operator
first deposits the components (pins or seals) randomly and in bulk through the supply
hole. Then, the circular feeder guides and positions the components correctly before they
move to the linear feeder, which vibrates them to the loading point of the pick and place
system, ensuring the required output rate. The pick and place system then transports the
components from the linear feeder to the blowing system, which finally delivers them to
the inserter. In Figure 15b, a polycarbonate plate is installed above the feeder system to
prevent any foreign materials from falling into the feeders. Moreover, a supply hole and a
safety sensor are in place for additional safety measures.
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3.2.6. Artificial Vision System

The artificial vision system represented in Figure 16 verifies the insertion of components
(pins and seals) in the connector after assembly according to pre-defined programming. The
inspection involves a thorough examination of the connector surface, with correct assembly
determined by the components’ placement in pre-defined locations. The system signals
conformity (OK) if the assembly is correct and non-conformity (NOK) if it is not.
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3.3. Structural Verification

To validate the structure of the y-axis system, which corresponds to the main axle
structure and also involving the z-axis system and requires stiffness and strength veri-
fication, a linear static analysis was conducted using the Simulation (FEM) module of
SolidworksTM. The analysis considered the influence of the different materials used in the
parts. As shown in Figure 17a, the analysis considers the impact of the load exerted by
the insertion cylinder and the weight of the z-axis system with the inserter applied on the
y-axis system. As boundary conditions, the bases of both side plates were clamped, which
is a reasonable approximation to the real behaviour due to the mechanical fastening of this
set with the structure. The reaction on the cylinder was defined as 2000 N (defined by the
chosen cylinder) and applied upwards.
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A mesh convergence study was carried out to ensure the existence of accurately
predicted stresses and strains. For the analyses performed, quadratic tetrahedral elements of
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10 nodes were used, and a mesh based on curvature was considered. The convergence study
was executed with gradually increasing mesh sizes at three points in the model. The final
mesh selected for the analysis is shown in Figure 17b, including a total of 211,733 elements.
Figure 18a presents the resultant displacements (URES) in the model, emphasising that
the point where the cylinder exerts force shows the maximum URES (0.404 mm). This
value is considered small enough not to affect the proper functioning of the equipment or
the insertion process of the component due to the existence of self-centring faces between
components to be inserted and the respective housings and not affect the required insertion
length. Thus, in terms of displacements, the system is considered validated. Figure 18b
presents von Mises equivalent stresses with the scale limited to 40 MPa, which accounts
for most regions in the model. Nonetheless, localised stress concentrations were detected
near the component insertion tip, where the cylinder exerts force up to 188.3 MPa. This
analysis is complemented by an iso-clipping visualisation of the factor of safety (FOS),
shown in Figure 19, by filtering the data for a coefficient lower than 20 while the scale
ranges from 0 to 100. The highlighted areas represent the regions of the highest stress
concentration, which are typically located at the corners between the components and
the component application tip. In view of the attained stress results, the y-axis design is
considered validated.
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3.4. Materials and Processes

The most suitable material was selected for each component to be manufactured based
on its function in the equipment and the applied loads. In summary, the selected materials
for the equipment were as follows:

• Aluminium alloy 3.3547 (DIN EN-AW 5083) is the most used in the equipment
due to easy machining (leading to short fabrication times), reduced weight, and
acceptable strength;

• Steel 1.1191 (DIN Ck45) was chosen for parts with higher wear and loads due to
its strength and hardness requirements. Some treatments are applied, including
quenching, which increases resistance to wear and fatigue, nitriding, which hardens
the component surface, and oxidation, which creates a protective layer to increase
corrosion resistance and durability;

• Stainless steel 1.4301 (DIN X 5 CrNi 18-10) was chosen for the equipment sheets since
untreated steel parts are susceptible to corrosion. Therefore, stainless steel was chosen
for some parts as it does not require treatment to resist corrosion;

• Dibond (aluminium-polyethylene composite) and polycarbonate: Dibond is an opaque
material purchased in sheets, with a white finish on one side and silver on the other.
Polycarbonate is bought in sheets with its final dimensions, chosen to enclose the sides
and top of the equipment.

The main manufacturing processes used in the production of the equipment’s parts
were as follows:

• Milling: process in which material removal is accomplished by feeding the part against
a rotating cutter, with relative movement in at least three axes, giving the part the
desired shape and finish;

• Turning: in this machining process, a lathe is used to rotate the part while a cutting tool
moves in length and depth to remove metal along the diameter, creating a revolution-
based shape;

• Laser cutting: thermal process in which a focused laser beam is used to melt material,
used to cut sheets and tubes with high quality and precision;

• Bending: it plastically deforms the sheet and enables the production of cylindrical,
conical, and prismatic surfaces. This process is utilised for small-batch production;

• Electro-erosion: machining process that involves the destruction of metal particles
through wire-induced electric discharges. This method is ideal for cutting intricate
contours or complex cavities.

3.5. Working Principle

From the time the connector arrives at the equipment until it leaves, the equipment
performs a series of functions responsible for assembling the components and obtaining the
final product. The equipment’s operating sequence is defined in the diagram of Figure 20.
As this is semi-automatic equipment, a few steps in the operation sequence require the
operator’s intervention, namely, connector type selection via the equipment’s console,
which indicates the references that can be assembled, followed by manual connector
insertion into the workboard and door lock.

To ensure that the operator’s tasks are carried out correctly, detection systems are
available that eliminate faults, such as the connector’s presence and door lock detections.
The connector’s presence in the workboard is detected, and then it is locked, which guaran-
tees its stability throughout the assembly process. During assembly, the equipment moves
its axes, placing the inserter on the different component assembly points. When the inserter
is positioned over one insertion point, its operating sequence begins, namely, checking
for the presence of a component to be inserted, followed by opening the grip, and finally
advancing the insertion cylinder. Next, these steps are reverted in preparation for the next
insertion. At the same time, the feeder system remains in operation, ensuring that there
is no component shortage in the insertion zone. The power supply system is in operation
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throughout the entire equipment’s operating period. During the equipment start-up phase,
the operator is asked to supply the circular feeder with components. At this stage, the
operator puts as many components as possible into the system, ensuring production for
a few hours. Inside the circular feeder, the components are orientated and positioned so
that they can then be sent to the insertion area. Once the equipment has inserted all the
components, the workboard is positioned so that the vision system can check that the
components have been correctly assembled, thus starting the process of extracting the
connector from the equipment. Once the assembly has been successfully completed, the
equipment moves the workboard back to its initial position and releases the connector. At
this point, the operator opens the equipment door, removes the finished connector, and
begins assembling the next connector.
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3.6. Cost Analysis

The final purpose of the proposed equipment is to commercialise it, which makes it
appropriate to carry out an analysis of associated costs. Table 4 lists all the points considered
in the cost evaluation phase of the equipment, costs that range from the design to the profit
forecast associated with its commercialisation.
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Table 4. Costs associated with the equipment.

Mechanical design

Materials procurement

Machining hours

Mechanical and electrical assembly

Automation design

Profit margin

Labour hours and the profit margin are only defined at the commercialisation stage,
at which point an estimate is made depending on the complexity of the equipment and
the customer who is going to buy it, so the following is simply an analysis of the costs
associated with the purchase of materials, which is the main cost and directly influences
the other costs. Table 5 shows approximate figures for the main costs associated with
purchasing materials. There is a major expense associated with the acquisition of the main
systems, which includes the power supply system. Then, the expenditure is distributed
between structural materials, raw materials, pneumatic materials, and electrical materials,
showing that the sum of the expenditure on the acquisition of materials is approximately
EUR 18,000.

Table 5. Costs associated with the purchase of materials.

Acquisition of the main systems 8750 €

Structural material 2120 €

Raw materials 2400 €

Pneumatic material 665 €

Electrical material 3678 €

External services 80 €

Aprox. EUR 18,000

3.7. Subsets Validation

This project was developed with the intention of responding to the needs of a particular
client, but due to the negative phase the market has gone through in recent years, the
equipment has not yet reached a production stage. However, all the main systems were
developed using knowledge acquired by the design company on other projects.

Figure 21 shows application examples of the principles used in the different subsets
of the equipment, including the workboard, the inserter, the feeder system, and the axle
system. The fact that the project is based on systems that have already been implemented
and tested gives confidence in its application, something that is sought after in all the
special equipment developed. Although the equipment has not entered a production
phase, it can be adapted to other processes in the future. The fact that the equipment has a
three-axis system, an artificial vision system and that it is compact allows it to be adapted
and transformed into a 3D printer or a laser engraving system, for example, with short
design time.
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4. Conclusions

The present work aimed to design semi-automatic equipment that could assemble
cabling connectors used in the automotive sector as a replacement for a currently manual
process that takes place in an automotive components company to increase its competitive-
ness. The design was based on principles such as automation, flexibility, high productivity,
and competitive pricing. The pre-defined objectives and requirements for this project were
fully met:

• Develop equipment that works semi-automatically and uses an inserter, two-component
types and one connector type—the equipment works semi-automatically with two
component types (pins and seals) and one connector type. There is only human in-
tervention when depositing the components in the circular feeder and placing the
connector in the nest of the workboard;

• Implement a component feeder system. The components must be deposited randomly
by the operator—a feeder system has been implemented with a circular feeder ready
to receive randomly deposited components via a supply hole;

• Design systems to transport components from the feeder system to the inserter—the
pick and place and the blower transport the components from the feeder system to the
inserter and have been developed taking into account the geometry of the component;

• Create positioning systems for the connector to secure it during the assembly of
components (pins and seals)—a workboard was developed consisting of a nest that
locks the connector in a given position on the x and y-axes. In addition, the workboard
includes latches that lock the connector in a position on the z-axis;

• Apply a system capable of detecting the correct assembly of components in the
connector—vision sensor with artificial intelligence was attached to the coordinate
mechanism (y-axis);

• Carry out a linear static analysis using FEM—validation of the axle system (y-axis)
was accomplished by means of a linear static analysis using the FEM;

• Estimate the costs associated with the equipment—the costs were estimated by cate-
gories (main systems, structural material, raw materials, pneumatic material, electrical
material, and external services).
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The equipment design was successfully accomplished, and the imposed requirements
by the client were fulfilled, with significant advantages over the current manual process,
such that an alternative to a less efficient manual process can be implemented. Over-
all, a novel solution was proposed combining automation, modular feeding, assembly
mechanisms (which can be adapted for different components, making it flexible for other
applications and industries), and a vision system with artificial intelligence. While designed
for the automotive sector, the principles of this semi-automatic system, especially the feeder
system and the artificial intelligence-driven quality control, can be transferred to other
industries (such as electronics, aerospace, or consumer goods), where similar manual pro-
cesses are still in place. By highlighting the design of a system that is both high-performing
and cost-efficient, both the technical and economic challenges of automation in competitive
industries like automotive manufacturing are addressed.
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Abbreviations

CAD Computer-Aided Design
DfMA Design for Manufacturing and Assembly
DRM Design Research Methodology
DSR Design Science Research
FEM Finite Element Method
FOS Factor of Safety
NOK Indicator of Non-conformity
OK Indicator of Conformity
SRC/CS Safety Related Parts/Control Systems
SWOT Strengths, Weaknesses, Opportunities, and Threats
TRIZ Theory of Inventive Problem Solving
URES Resultant Displacements
V-Model Verification and Validation
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