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Abstract

Industrial automation systems operating within geometrically constrained manufactur-
ing environments require engineering approaches capable of integrating functional re-
quirements, mechanical design, numerical verification, and industrial implementation
within a traceable development process. This study proposes and empirically evaluates
a requirements-driven engineering framework through the development of a three-axis
Cartesian manipulator for the automated simultaneous extraction of four injection-moulded
runners. The framework extends beyond the sequential application of established engi-
neering tools by introducing a requirements-to-evidence structure in which measurable
industrial requirements govern architecture selection and detailed design, while numerical
predictions, controlled experiments, and extended industrial monitoring provide backward
verification of requirement compliance. Finite element analysis predicted a global maxi-
mum displacement of 0.4453 mm and a displacement of 0.29–0.33 mm in the functionally
critical gripper region. The maximum equivalent von Mises stress was 8.8 MPa, correspond-
ing to a minimum safety factor of 39. Experimental measurement by three-dimensional
laser scanning, with a nominal resolution of 0.001 mm, indicated a maximum relative
displacement of 0.37 mm in the gripper region. Comparison with the upper numerical
prediction resulted in an absolute difference of 0.04 mm and a relative deviation of 10.8%
with respect to the experimental value. Both the numerical and experimental displace-
ments remained below the prescribed functional limit of 1.0 mm. A controlled validation
campaign comprising 1000 consecutive operating cycles showed maximum axis-position
deviations of 0.8, 0.7, and 0.5 mm along the X-, Y-, and Z-axes, respectively, within the spec-
ified ±2.0 mm requirement, while successful runner extraction was achieved in 99.6% of
the cycles. Extended monitoring under regular production conditions covered 38,690 cycles
over three months, during which the system achieved 99.1% operational availability, with
no recorded collisions or operator safety incidents. These results demonstrate the practical
applicability of the proposed framework under the investigated industrial conditions and
provide traceable evidence linking initial requirements, engineering decisions, numerical
predictions, experimental measurements, and long-term operational performance.
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1. Introduction
The automotive industry operates within a highly demanding manufacturing envi-

ronment shaped by global competition, shorter product life cycles, product diversification,
strict quality requirements, and sustained pressure on production costs [1–4]. The sector has
consequently become an important driver of advanced production technologies, integrated
manufacturing systems, and organizational innovation [5–8]. Competitiveness increasingly
depends on the simultaneous achievement of productivity, quality, flexibility, operational
reliability, and environmental performance rather than on production capacity alone [9–12].

Industrial automation plays a central role in this transition by reducing process vari-
ability, stabilizing production cycles, improving quality, and limiting repetitive operator
intervention. Application-specific automation has generated measurable benefits in as-
sembly, inspection, packaging, over-injection support, machining, and quality-control
operations [13–18]. Nevertheless, successful implementation depends on more than replac-
ing manual labour. Automation solutions must simultaneously address manufacturability,
equipment compatibility, system integration, maintainability, implementation constraints,
and operational performance under real production conditions [19–22].

The development of such systems is increasingly influenced by digitally integrated
manufacturing. Industry 4.0 approaches connect physical automation with sensing, cyber-
physical architectures, autonomous quality management, material-flow optimization, and
organizational learning [23–27]. Industry 5.0 further extends this perspective by em-
phasizing human-centricity, sustainability, resilience, and the coevolution of human and
technological capabilities [28–31]. These principles are particularly relevant to repetitive
handling operations performed near active production equipment, where automation must
improve process performance while reducing undesirable ergonomic and safety exposure.

Material handling represents a critical automation domain because loading, unloading,
positioning, extraction, transfer, inspection, and sorting operations can strongly influence
cycle stability despite not directly transforming the product. Industrial applications have
demonstrated the importance of integrating handling, welding, inspection, injection sup-
port, material-flow management, and wire-harness assembly into the broader production
system [32–35]. Injection moulding provides a representative example: although the pri-
mary moulding process is highly automated, runner extraction and separation may remain
dependent on manual intervention, creating variability and an automation discontinuity
within the production cell.

Several robotic architectures may be considered for these operations. Cartesian ma-
nipulators are particularly suitable when the required trajectory consists predominantly of
orthogonal translations and when workspace compatibility, direct structural load paths,
stiffness, positioning repeatability, and mechanical simplicity are decisive [36,37]. However,
architecture selection must also account for modularity, standardized automation compo-
nents, adaptability, integration effort, maintainability, and future reconfiguration [38–42].
A technically feasible manipulator may remain industrially unsuitable if its workspace,
cycle time, structural deformation, installation requirements, or maintenance burden are
incompatible with the production environment.

Recent research therefore advocates systematic engineering methods that connect
robot definition, virtual development, simulation, and implementation. Structured robotic-
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system development, simulation-based adaptability, knowledge-driven design, modu-
lar process orchestration, and flexible automation architectures demonstrate a transition
from isolated component design towards model-supported and decision-oriented devel-
opment [43–48]. These studies show that engineering tools should not be applied as
independent project stages; instead, their outputs should remain consistent with system
requirements and support verification throughout the development process.

More recent methodological developments reinforce this position. Gu et al. [49] pro-
posed X-SEM, a modelling- and simulation-based systems-engineering methodology that
promotes consistency between system architecture, physical-behaviour models, simulation,
and verification. Li et al. [50] developed a physical-modelling and reliability-analysis
approach for industrial-robot motion smoothness that incorporates dataset variability,
demonstrating the importance of uncertainty-aware assessment beyond deterministic
nominal performance. Zhang et al. [51] introduced the M2OSS systematic research perspec-
tive, organizing robotic-machining error sources and their relationships with modelling,
measurement, prediction, and compensation. Although these studies address different
robotic systems, they collectively demonstrate the value of structured decomposition,
model–evidence consistency, uncertainty awareness, and traceable verification.

Despite these advances, the approaches reviewed above primarily emphasize systems-
engineering consistency, simulation-supported development, reliability assessment, error
decomposition, or flexible robotic implementation [43–51]. Comparatively limited atten-
tion has been devoted to an industrially demonstrated workflow that maintains explicit
and bidirectional traceability between production requirements, engineering decisions,
numerical predictions, experimental measurements, and extended operational evidence.
The novelty of the present study does not therefore reside in requirements definition, CAD
modelling, finite element analysis, or experimental testing considered individually. Instead,
the proposed workflow differs from previously reported design and validation approaches
through four interconnected mechanisms: the conversion of production needs into measur-
able engineering requirements and acceptance thresholds; the use of those requirements
as weighted criteria for quantitative architecture selection; forward traceability from each
requirement to the corresponding architecture, component, CAD, and structural-design
decisions; and backward verification through the mapping of numerical predictions, con-
trolled measurements, and extended industrial data to the original requirements. Rather
than treating design and validation as separate or predominantly sequential activities, these
mechanisms form a closed requirements-to-evidence structure in which non-compliant
or marginal results can be traced to the responsible upstream decision. The workflow
is empirically evaluated through the development of a three-axis Cartesian manipulator
for the simultaneous extraction of four injection-moulded runners. Its methodological
contribution is therefore demonstrated for the investigated manipulator and production
environment, while applicability to other automation contexts remains to be established
through subsequent multi-case validation.

2. Materials and Methods
2.1. Engineering Design Framework

The development of industrial automation systems requires a structured engineering
methodology capable of translating production requirements into technically feasible, me-
chanically robust, and industrially implementable solutions. Unlike conventional product
design approaches that frequently focus on the optimization of individual components,
automation system development involves the simultaneous consideration of functional
requirements, manufacturing constraints, equipment integration, structural performance,
operational reliability, maintainability, and economic feasibility. Consequently, the pro-
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posed work adopts a requirements-driven engineering design framework, in which every
design decision originates from previously established industrial requirements and is
progressively refined through successive engineering stages until a validated mechanical
solution is obtained.

The proposed framework follows a systematic engineering workflow that combines
conceptual design, functional decomposition, mechanical architecture definition, stan-
dardized component selection, three-dimensional computer-aided design (CAD), and
finite element structural validation within a unified design process. Rather than consid-
ering these activities as independent tasks, the methodology establishes direct interac-
tions between consecutive stages, allowing design decisions to be continuously evaluated
against the functional requirements imposed by the manufacturing process. This itera-
tive philosophy reduces development uncertainty while improving design consistency,
facilitating the early identification of potential structural or operational limitations before
physical implementation.

Operationally, the framework is structured around four decision gates. The require-
ments gate verifies that the industrial problem has been translated into measurable func-
tional, geometric, temporal, structural, safety, and maintainability criteria. The concept
gate evaluates alternative manipulator architectures using common quantitative criteria
and weighted scoring anchors. The virtual-verification gate assesses whether the selected
architecture satisfies workspace, collision-avoidance, component-integration, stiffness, and
strength requirements before manufacturing. The industrial-evidence gate subsequently
compares the predicted behaviour with controlled measurements and extended production
data. Failure to satisfy a gate requires reconsideration of the corresponding upstream
decision, thereby creating a closed verification loop rather than a unidirectional sequence
of engineering activities.

The methodology begins with the identification of the industrial problem and the
definition of the operational requirements imposed by the production environment. These
requirements include workspace limitations, production cycle time, payload capacity, posi-
tioning accuracy, accessibility constraints, equipment integration, and operational safety.
Based on these specifications, alternative conceptual solutions are generated and compara-
tively assessed using engineering criteria associated with functionality, manufacturability,
mechanical simplicity, reliability, scalability, and expected industrial performance. The
selected concept subsequently undergoes detailed mechanical development, during which
the manipulator architecture, actuation system, guiding elements, structural components,
gripping mechanism, and commercial mechanical subsystems are specified according to
the previously established functional requirements.

Following the conceptual and detailed design stages, the complete mechanical assem-
bly is developed in a three-dimensional CAD environment to verify geometric compatibility,
workspace coverage, component integration, interference-free operation, and assembly
feasibility. Numerical structural validation is then performed using finite element analysis
(FEA), allowing the evaluation of equivalent stresses, structural displacements, and safety
factors under representative operating conditions. The numerical results provide objec-
tive engineering criteria for validating the proposed design and confirming its structural
suitability prior to industrial implementation.

Unlike a conventional project-oriented workflow that records design activities pri-
marily in chronological order, the proposed methodology organizes development around
auditable requirement–decision–evidence relationships. Its principal output is therefore
not only the final manipulator but also a traceability structure showing why an architecture
or component was selected, which requirement it addresses, how compliance was pre-
dicted, and which experimental or industrial evidence confirms, or limits, that compliance.
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The methodology is summarized in Figure 1 and subsequently instantiated through the
quantitative architecture assessment, structural model, controlled validation campaign, and
requirement-compliance analysis. The developed Cartesian manipulator should primarily
be interpreted as the industrial case through which the requirements-driven workflow was
implemented and evaluated. The framework organizes the progression from requirement
definition to numerical, experimental, and operational evidence; however, its effectiveness
has been demonstrated only for the manipulator architecture, runner-extraction task, and
production environment investigated in this study. The framework may provide a struc-
tured basis for comparable engineering projects, but validation in additional applications is
required before broader methodological transferability can be established.

Figure 1. Requirements-driven engineering design framework adopted for the systematic develop-
ment and structural validation of an industrial Cartesian manipulator.

2.2. Industrial Problem Definition

The industrial case investigated in this work concerns the automation of a plastic in-
jection workstation dedicated to the manufacture of automotive control-cable components.
The production cell operates with a multi-cavity mould that simultaneously produces
finished components together with four injection runners (“gates”), which must be re-
moved immediately after mould opening before the following production cycle can begin.
Although the injection process itself is fully automated, the runner extraction operation
remained dependent on manual intervention, creating an inconsistency within an otherwise
highly automated manufacturing environment.

The existing production process presented several engineering limitations. After
mould opening, the operator was required to manually access the rear region of the
injection machine, simultaneously grasp the four runners, remove them from the mould
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area, and deposit them into a dedicated collection container. This operation had to be
completed within the limited time available before the subsequent injection cycle started,
requiring precise synchronization with the machine sequence. Besides increasing operator
workload, the manual operation introduced cycle-time variability and exposed personnel
to moving mechanical components operating in a confined workspace.

From an engineering perspective, the automation of this operation cannot be regarded
as a simple pick-and-place application. The available installation volume is severely
constrained by the geometry of the injection machine, the limited accessibility at its rear
side, and the presence of an overhead crane that restricts the allowable manipulator height.
Consequently, the mechanical solution must be specifically designed to operate inside a
narrow three-dimensional workspace while avoiding interference with the mould, auxiliary
equipment and surrounding infrastructure.

Another critical requirement concerns process timing. The manipulator must enter the
mould area immediately after opening, simultaneously grip the four runners, withdraw
them completely from the machine envelope, release them into the collection container, and
return to its standby position before the next production cycle begins. Any delay directly
affects machine availability and overall production throughput. Therefore, cycle time
becomes one of the primary design constraints governing both the mechanical architecture
and motion planning strategy.

Mechanical performance also represents a fundamental design challenge. Because
the gripper is positioned at the end of a relatively long cantilevered structure, excessive
structural deflection could compromise gripping accuracy and positioning repeatability.
The manipulator must therefore combine high stiffness with low moving inertia, ensur-
ing adequate dynamic behaviour while maintaining dimensional precision throughout
repeated industrial operation. These requirements justify the subsequent finite element
structural assessment performed during the engineering design process.

Economic considerations additionally influenced the engineering strategy adopted
in this work. Rather than selecting a commercial Cartesian robot, the industrial partner
aimed to develop a customised solution capable of integrating existing standard mechan-
ical components available in the factory inventory. Such an approach reduces invest-
ment costs while enabling complete adaptation of the equipment to the specific produc-
tion cell, including workspace limitations, payload requirements, machine interfaces and
maintenance practices.

Consequently, the engineering problem addressed in this study can be formulated
as the design and validation of a compact industrial Cartesian manipulator capable of
automatically extracting four injection runners from a multi-cavity mould under severe
geometric, temporal and structural constraints while ensuring reliable operation, high
positioning accuracy, operator safety and seamless integration into an existing automotive
production line. This industrial challenge constitutes the starting point for the requirements-
driven engineering methodology presented in the following sections.

To facilitate the understanding of the industrial case study, the production environment
and the principal engineering constraints governing the manipulator development are
schematically illustrated in Figure 2. The diagram summarizes the operational scenario that
served as the basis for the requirements-driven engineering design methodology proposed
in this work.
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Figure 2. Industrial production cell and principal engineering constraints governing the design of the
proposed Cartesian manipulator.

The identified operational, geometric and functional constraints establish the engineer-
ing requirements that guided the subsequent conceptual design, mechanical architecture
definition, component selection and structural validation presented in the following sections.

Based on the industrial scenario described above, the principal design requirements
and engineering constraints were systematically identified and consolidated (Scheme 1).
These requirements constituted the primary design drivers throughout the development
and validation of the proposed Cartesian manipulator.

2.3. Functional Requirements

The industrial problem presented in Section 2.2 was translated into a structured set
of functional requirements that governed every stage of the engineering design process.
Rather than selecting mechanical components at an early stage, the proposed methodology
first established the operational functions that the Cartesian manipulator should accomplish
under real production conditions. This requirements-driven approach ensured that all
subsequent design decisions remained directly connected to industrial needs rather than to
predefined hardware solutions.

The requirements were not defined as generic design objectives but were derived from
four traceable sources: the injection-machine operating sequence, direct measurements of
the available installation envelope, functional constraints associated with runner gripping
and extraction, and acceptance targets established by the industrial partner. Process-derived
requirements included the available extraction time and the need to remove all four runners
before the next production cycle. Geometry-derived requirements included workspace cov-
erage, installation height, collision-free access, and admissible gripper-to-runner misalign-
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ment. Component- and structure-derived requirements included payload capacity, moving
mass, and elastic displacement. Finally, operational availability, continuous-production
capability, machine compatibility, and maintainability were treated as industrial acceptance
requirements. The origin and rationale of the principal quantitative targets are clarified
below and consolidated in Scheme 2.

Scheme 1. Industrial design requirements and engineering constraints governing the development of
the proposed Cartesian manipulator.

The primary functional objective was to automate the extraction of the four plastic run-
ners immediately after mould opening while maintaining complete compatibility with the
existing injection machine. The manipulator should enter the mould area, simultaneously
grasp the four runners, remove them from the machine, deposit them inside the collection
container, and return to its initial position before the next production cycle. This complete
sequence had to be executed without interfering with the injection process or modifying
the existing production layout.

A second fundamental requirement concerned workspace accessibility. Owing to the
limited installation volume available at the rear of the injection machine and the presence
of an overhead crane, the manipulator had to provide complete coverage of the mould
workspace while avoiding collisions with surrounding equipment. Consequently, a three-
axis Cartesian architecture was adopted because it provides independent and predictable
translational motion while simplifying trajectory planning and structural design.

Cycle time constituted a process-derived requirement. Analysis of the injection-
machine operating sequence showed that approximately 2.0 s were available between
mould opening and the point at which the manipulator had to be completely withdrawn
from the mould area. The vertical approach, simultaneous gripping of the four runners,
and initial withdrawal movement therefore had to be completed within text ≤ 2.0 s. The
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remaining transfer, release, and return movements were executed during the residual
machine-cycle period without extending the injection cycle. The 2.0 s limit was consequently
imposed by the existing production process rather than selected as an arbitrary manipulator-
performance target.

Scheme 2. Functional design specifications established for the development and validation of the
proposed Cartesian manipulator.

The positioning requirement was derived from the functional capture envelope be-
tween the four gripper jaws and the corresponding runners. The industrial acceptance
criterion allowed a maximum positioning deviation of ±2.0 mm at the extraction location
while maintaining reliable engagement of all four runners without contact with adjacent
mould features. This value represents the overall admissible positioning error, including
axis positioning, assembly tolerances, alignment variation, and elastic structural displace-
ment. To prevent structural deformation from consuming the complete positioning-error
allowance, a more restrictive limit of 1.0 mm was assigned to elastic displacement at the
gripper region. The ±2.0 mm positioning tolerance and the 1.0 mm structural-displacement
limit therefore represent different but related acceptance criteria.

The gripping system was required to simultaneously manipulate four runners without
damaging either the plastic components or the mould itself. This imposed additional
requirements regarding gripping force, repeatability, synchronization between grippers,
and positional accuracy. Furthermore, the end-effector had to exhibit low moving mass
to minimise inertial loads acting on the vertical axis while preserving rapid dynamic
response during repetitive industrial operation. These requirements ultimately motivated
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the selection of lightweight pneumatic parallel grippers specifically designed for high-cycle
industrial automation.

Structural rigidity represented another essential functional requirement. Since posi-
tioning errors directly affect gripping reliability, the manipulator structure should minimise
elastic deformation under its own weight and operational loads. Simultaneously, the mov-
ing structure should remain sufficiently lightweight to reduce actuator effort and improve
dynamic response. This compromise between stiffness and mass guided both the structural
configuration and the selection of aluminium structural members.

Reliability and maintainability were also incorporated as primary engineering objec-
tives. The manipulator was designed to maximise the use of standard industrial compo-
nents already available within the company, thereby reducing procurement costs while
improving spare-part availability and simplifying maintenance operations. Similarly,
pneumatic tubing, electrical wiring and sensor integration were organised to minimise
mechanical interference, facilitate inspection and increase long-term operational reliability.

Operational availability was defined as the proportion of scheduled production time
during which the manipulator was capable of executing the required automatic extraction
cycle. It was calculated from the time records generated during the three-month industrial
monitoring period as:

Aop =
TS − TD,M

TS
× 100 (1)

where Aop is the operational availability, TS is the cumulative time during which the manip-
ulator was scheduled to operate as part of regular production, and TD,M is the cumulative
manipulator-related downtime recorded within that scheduled period. Downtime duration,
rather than the number of interruption events, was used in the calculation. The industrial
acceptance target was Aop ≥ 99.0%.

Manipulator-related downtime included the complete interval between the generation
of a manipulator or peripheral interlock and restoration of automatic operation. Accord-
ingly, the calculation included the nine low-pneumatic-pressure interruptions, the four
limit-switch or axis-referencing interruptions, and the associated diagnostic, pressure-
restoration, reset, and re-referencing times. Although these events were preventive rather
than uncontrolled mechanical failures, they temporarily prevented the manipulator from
executing its required production function and were therefore included in TD,M.

Planned non-production periods were excluded from TS, including scheduled mainte-
nance, mould changes, production changeovers, shift periods during which the cell was
not scheduled to operate, and periods without production demand. Unplanned stoppages
caused exclusively by the injection-moulding process, mould faults, material supply, up-
stream or downstream production conditions, or other events external to the manipulator
were recorded separately and excluded from TD,M. This separation prevented unrelated
production-cell downtime from being attributed to the automation system.

The resulting specification therefore established a traceable connection between each
engineering target and its originating process, geometric, functional, structural, or in-
dustrial constraint. These requirements were subsequently used as architecture-selection
criteria, CAD-verification conditions, finite element acceptance limits, and experimen-
tal performance indicators. This continuity prevented the targets from being redefined
between design and validation and provided the basis for the final requirement-to-
evidence assessment.

2.4. Conceptual Design

Following the establishment of the functional design specifications, the next stage of
the proposed engineering methodology consisted of identifying a mechanical architecture
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capable of satisfying the operational, geometric and structural requirements imposed by
the industrial application. At this stage, the design process focused on the synthesis of
alternative concepts rather than on the selection of individual mechanical components.
This approach ensured that the overall system architecture was determined according to
functional performance criteria before entering the detailed design phase.

Several conceptual solutions were initially considered for automating the extraction of
the injection runners. These alternatives included articulated robotic manipulators, SCARA
configurations, gantry systems and Cartesian architectures. Each concept was qualitatively
assessed considering the functional specifications established in the previous section,
including workspace accessibility, installation constraints, structural rigidity, positioning
accuracy, operational simplicity, maintenance requirements, integration with the existing
injection moulding machine and expected implementation cost.

Although articulated robotic systems provide high flexibility and multiple degrees of
freedom, their implementation within the available workspace would introduce unneces-
sary kinematic complexity and higher investment costs for a task involving predominantly
translational movements. Similarly, SCARA manipulators offer excellent positioning per-
formance for planar assembly operations but present limitations regarding the vertical
extraction sequence and the restricted accessibility required inside the mould area. Gantry
systems were also evaluated; however, their larger structural dimensions conflicted with
the limited installation volume available at the rear of the injection machine.

Based on the engineering requirements identified during the previous stages, a three-
axis Cartesian manipulator was selected as the most suitable solution. This architecture
provides fully independent linear motion along each axis, facilitating trajectory planning,
mechanical control and positioning repeatability while maintaining high structural stiffness
and relatively low mechanical complexity. Furthermore, the modular nature of Carte-
sian systems allows straightforward integration of commercially available linear guides,
transmission systems and pneumatic actuators, thereby reducing manufacturing costs and
simplifying maintenance operations (Figure 3).

The selected concept was subsequently refined through functional decomposition, in
which the complete extraction cycle was divided into a sequence of elementary engineer-
ing functions. These included vertical positioning, horizontal insertion into the mould,
simultaneous gripping of the four runners, controlled extraction, transfer to the collection
container, release of the workpieces and return to the initial standby position. Decompos-
ing the overall operation into individual functional blocks simplified both the mechanical
architecture definition and the subsequent integration of actuation, guidance and control
subsystems. Special attention was given to maintaining design simplicity throughout
the conceptual development. The proposed manipulator was therefore configured using
only the minimum number of translational degrees of freedom required to accomplish
the extraction sequence. This design philosophy reduced the number of moving compo-
nents, improved structural rigidity, minimised maintenance requirements and increased
long-term operational reliability without compromising functional performance.

The evaluation criteria were derived from the functional requirements and industrial
constraints established in Schemes 1 and 2. Workspace compatibility originated from direct
measurements of the available production-cell envelope; load-capacity adequacy was de-
fined from the mass of the end-effector and extracted runners; extraction-cycle performance
was derived from the mould-opening time window imposed by the injection-moulding
machine; and positioning capability was established from the gripper capture envelope
required for reliable runner engagement. Structural rigidity was included to limit the
elastic contribution to the overall positioning error. Implementation cost, integration effort,
maintainability, and mechanical complexity were included as industrialisation criteria be-
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cause the selected architecture had to be retrofitted to the existing machine using accessible
components and without major production-layout modifications.

 

Figure 3. Concept evaluation and selection framework adopted for the proposed Cartesian manipulator.

A five-level scoring scale was adopted to convert heterogeneous technical and in-
dustrial indicators into dimensionless ratings. A score of 5 represents full compliance
with a substantial performance margin, 4 indicates full compliance with a moderate mar-
gin, 3 represents compliance close to the acceptance threshold, 2 indicates marginal or
partial compliance requiring corrective measures, and 1 represents non-compliance or
an unsuitable solution. Wherever measurable parameters were available, the qualitative
descriptors were replaced by the quantitative thresholds reported in Scheme 3. The same
scoring direction was used for all criteria, with higher scores consistently representing
better performance.

The weights were assigned according to the criticality of each requirement for success-
ful deployment in the existing production cell. Workspace compatibility, extraction-cycle
performance, and implementation cost were assigned the highest weight, 15% each, be-
cause failure in any of these criteria would compromise physical installation, production
throughput, or economic feasibility. Load capacity, positioning capability, structural rigidity,
integration effort, and mechanical complexity were assigned intermediate weights of 10%
each. Maintainability was assigned 5% because it influences lifecycle performance but does
not determine the immediate technical feasibility of the architecture. The resulting weights
sum to 100% and were applied consistently to all candidate solutions.
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Scheme 3. Quantitative Criteria and Scoring Anchors Used in the Architecture-Selection Process.

The comparative assessment demonstrated that the Cartesian architecture provided
the best compromise between workspace accessibility, structural rigidity, positioning accu-
racy, implementation simplicity and industrial feasibility, thereby establishing the founda-
tion for the subsequent detailed mechanical design.

To reduce the subjectivity of the conceptual selection, the candidate architectures were
assessed using a weighted decision matrix combining quantitative and engineering criteria
(Scheme 3). The quantitative requirements were derived directly from the production-
cell constraints and the functional specifications presented in Schemes 1 and 2. These
included coverage of an approximately 1.8 m × 1.6 m working region, compliance with
the maximum available installation height of 3.0 m, sufficient capacity for an end-effector
mass below 2.0 kg, completion of the extraction movement within 2.0 s, and positioning
capability compatible with the prescribed tolerance. Implementation cost was represented
by a normalized installed-cost index, Cnorm, which included the manipulator structure,
actuation, controller requirements, peripheral equipment, structural adaptations, program-
ming, and commissioning. The customised Cartesian solution was used as the reference
condition, Cnorm = 1.00, because it maximised the use of standard components already
available within the company. This normalized approach avoids potentially misleading
comparisons based only on the purchase price of the robot unit (Scheme 4).

Each architecture was rated from 1 to 5 using predefined scoring anchors rather
than unrestricted qualitative judgement. For workspace compatibility, the score reflected
the proportion of the required operating region that could be reached without collision
and without exceeding the installation envelope. For load capacity, the score reflected
the available payload margin relative to the design load. Cycle-time performance was
evaluated against the 2.0 s extraction requirement, while cost was evaluated from the
normalized installed-cost index. Positioning accuracy, structural rigidity, integration effort,
maintainability, and mechanical complexity were evaluated using the same requirements-
driven approach. The final score was calculated as:

Sj = ∑n
i=1 wirij (2)
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where Sj is the weighted score of architecture j, wi is the normalized weight assigned to
criterion i, and rij is the rating of architecture j for criterion i. The criterion weights sum
to unity.

 

Scheme 4. Comparative assessment of alternative manipulator architectures.

The criterion weights were normalized before application to the decision matrix
according to:

wi =

∼
wi

∑n
i=1

∼
wi

,
n

∑
i=1

wi = 1 (3)

where
∼
wi is the initially assigned importance of criterion i, and wi is its normalized weight.

Because every criterion was rated on a five-level scale, the overall normalized compliance
of architecture j was calculated as:

Cj =
Sj

5
× 100 (4)

where Cj is the normalized architecture-compliance percentage. Accordingly, the Cartesian
architecture score of 4.90 corresponded to Cj = 98%.

Workspace compatibility

ηW,j =
Areq ∩ Areach,j

Areq
× 100 (5)

where Areq is the required operating region and Areach,j is the collision-free region reach-
able by architecture j. The score anchors in Scheme 3 were assigned from the resulting
workspace-coverage percentage, provided that the 3.0 m installation-height constraint was
also satisfied.
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Load-capacity adequacy

ηL,j =
Qj

md
(6)

where Qj is the available payload of architecture j and md is the prescribed design load.
Values ηL,j < 1 indicated that the architecture did not satisfy the payload requirement.

Normalized installed cost

Cnorm,j =
Cinstalled,j

Cinstalled,ref
(7)

The installed cost included the mechanical structure, actuation, controller, peripheral
equipment, production-cell adaptations, programming, installation, and commissioning.
The customized Cartesian solution was adopted as the reference condition, Cnorm = 1.00.

An architecture was eligible for final selection only when it satisfied the manda-
tory workspace, installation-height, payload, collision-avoidance, and extraction-time
constraints. The weighted score was therefore used to rank feasible architectures and was
not permitted to compensate for failure to satisfy a mandatory condition.

Using the quantitative thresholds and scoring anchors defined above, the four candi-
date architectures were comparatively evaluated through a weighted decision matrix. The
weights reflect the relative importance of the industrial constraints, with particular empha-
sis on workspace compatibility, extraction-cycle performance, and implementation cost.
Each cell reports the assigned rating followed, in parentheses, by its weighted contribution
to the final score.

The Cartesian manipulator achieved a weighted score of 4.90 out of 5.00, corresponding
to 98% normalized compliance with the established requirements. Its selection was mainly
supported by complete coverage of the required workspace, compatibility with the 2.0 s
extraction-time constraint, high positioning capability, structural rigidity, direct integration
with the existing production cell, and the lowest normalized implementation cost. Although
the articulated, SCARA, and gantry alternatives provided sufficient payload capacity, this
capability did not compensate for their lower workspace compatibility, greater integration
burden, or higher implementation complexity. The results therefore confirm that the
Cartesian architecture offered the most balanced application-specific solution rather than
merely the highest general-purpose robotic capability.

Because weighting schemes may introduce decision-maker dependence, a sensitivity
analysis was performed to assess whether the selected architecture remained stable under
alternative prioritisation assumptions (Scheme 5). Five deterministic weighting scenarios
were considered: the baseline scheme, equal weighting, productivity priority, cost and
integration priority, and technical-performance priority. In addition, a one-at-a-time analy-
sis was conducted by varying each baseline weight by ±25%, followed by normalization
of the complete weight vector to preserve a total of 100%. The architecture scores were
recalculated without changing the criterion ratings.

The sensitivity results demonstrate that the architecture ranking is not dependent on
a narrowly defined weighting scheme. The Cartesian manipulator remained the highest-
ranked alternative in every deterministic scenario and throughout all one-at-a-time weight
perturbations. Its minimum advantage over the second-ranked architecture was 1.10 points
among the alternative weighting scenarios and 1.195 points under the ±25% perturbation
analysis. The selection is therefore robust to reasonable changes in criterion importance
and does not result solely from the baseline weighting assumptions.
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Scheme 5. Sensitivity Analysis of the Architecture-Selection Weighting Scheme.

2.5. Mechanical Architecture

Following the conceptual selection of the Cartesian configuration, the proposed ma-
nipulator was developed as a modular three-axis mechanical system specifically designed
to satisfy the functional requirements established in the previous sections. The architec-
ture was conceived to provide complete workspace accessibility while maintaining high
structural rigidity, compact dimensions and straightforward integration with the existing
injection moulding workstation. The complete mechanical assembly was organised ac-
cording to a hierarchical design philosophy, in which the supporting frame, linear motion
systems, end-effector assembly and auxiliary subsystems were progressively integrated
into a unified engineering solution.

The structural frame constitutes the primary load-bearing element of the manipulator
and was designed to provide sufficient stiffness while minimizing overall mass. Alu-
minium structural profiles were selected owing to their favourable stiffness-to-weight ratio,
corrosion resistance and ease of assembly using standardized industrial fastening systems.
This modular construction also facilitates future modifications, maintenance interven-
tions and replacement of individual structural elements without requiring redesign of the
complete system.

Manipulator motion is achieved through three independent orthogonal translational
axes corresponding to the X-, Y- and Z-directions. This arrangement enables fully decoupled
positioning, considerably simplifying trajectory generation and control while ensuring
accurate access to the mould cavity. The horizontal axes provide positioning inside the
machine workspace, whereas the vertical axis performs the insertion and withdrawal
movements required during the gripping operation. Such kinematic simplicity significantly
reduces control complexity compared with articulated robotic systems while maintaining
the positioning accuracy required for repetitive industrial operation.

The end-effector assembly was specifically developed for the simultaneous handling
of four injection runners produced during each moulding cycle. Rather than employing a
conventional single gripping device, the proposed solution incorporates four synchronized
pneumatic grippers mounted on a dedicated support plate, thereby allowing all runners to
be extracted in a single operation. The gripper arrangement was geometrically optimized
according to the cavity distribution of the injection mould, ensuring stable gripping while
preventing interference with adjacent mould components during insertion and extraction.
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Special consideration was also given to the integration of auxiliary mechanical and
pneumatic subsystems. Pneumatic fittings, position sensors, cable routing and cable
carrier systems were incorporated directly into the CAD assembly to ensure collision-
free operation throughout the complete manipulator workspace. This integrated design
approach simplified installation, improved accessibility during maintenance operations and
reduced the likelihood of cable fatigue or accidental interference with moving components
during continuous industrial operation.

The resulting mechanical architecture combines structural simplicity with high func-
tional capability, providing a compact automation solution specifically adapted to the
geometric restrictions of the production cell. Furthermore, the modular organisation
adopted during the mechanical design stage facilitates the subsequent selection of stan-
dardized industrial components and enables independent optimisation of each subsystem
without compromising the overall structural integrity of the manipulator. This architecture
therefore establishes the engineering foundation for the detailed component specification
presented in the following section.

Following the conceptual selection of the Cartesian configuration, the manipulator
was developed as an integrated mechanical system comprising the structural frame, linear
motion subsystems, actuation elements and end-effector assembly. The overall architecture
of the proposed solution is illustrated in Figure 4.

 

Figure 4. Mechanical architecture of the proposed three-axis Cartesian manipulator and its main
functional subsystems.

The integrated mechanical architecture provides the structural and functional basis
required to ensure accurate positioning, reliable runner extraction and seamless integration
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with the existing injection moulding workstation, thereby supporting the subsequent
detailed component specification and structural validation.

To complement the mechanical architecture presented in Figure 4, the principal sub-
systems of the proposed manipulator were systematically identified together with their
corresponding engineering functions (Scheme 6). This decomposition clarifies the contribu-
tion of each component to the overall operational performance of the system.

Scheme 6. Main mechanical components and engineering functions of the proposed Cartes-
ian manipulator.

The functional decomposition of the mechanical architecture demonstrates that each
subsystem was selected to satisfy specific operational requirements while contributing to
the overall stiffness, positioning accuracy, reliability and maintainability of the proposed
industrial manipulator.

2.6. Component Selection

Following the definition of the mechanical architecture, the detailed engineering de-
sign focused on the systematic selection of the principal mechanical, actuation and auxiliary
components required for the implementation of the proposed Cartesian manipulator. Com-
ponent selection was performed according to a requirements-driven methodology in which
every element was evaluated considering its contribution to positioning accuracy, struc-
tural rigidity, operational reliability, maintainability and compatibility with the industrial
production environment.

The structural subsystem was developed using modular aluminium profile elements
owing to their favourable stiffness-to-weight ratio, corrosion resistance and ease of assem-
bly. The use of standardized structural profiles also simplified manufacturing, reduced
machining requirements and facilitated future modifications or maintenance interven-
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tions. This modular philosophy ensured sufficient structural rigidity while maintaining the
lightweight characteristics required for rapid dynamic operation.

Linear motion was implemented through precision linear guide systems installed on
the three translational axes. These guides were selected to guarantee smooth displacement,
high repeatability and low friction throughout the manipulator workspace. Their load-
carrying capacity and rigidity ensured accurate positioning during repetitive industrial
cycles while minimizing deflection under operational loading conditions.

Different transmission systems were adopted according to the functional requirements
of each motion axis. Belt-driven transmissions were selected for the horizontal axes because
of their high travelling speed, mechanical simplicity and reduced inertia, making them
particularly suitable for long-stroke positioning movements. Conversely, the vertical axis
employed a ball-screw transmission to provide higher axial stiffness, superior positioning
precision and secure load support during insertion and extraction operations. This hybrid
transmission strategy represented an effective compromise between dynamic performance
and positioning accuracy.

Motion actuation was achieved through independent servomotor drives installed on
each translational axis. The selection of servomotors was based on the required positioning
accuracy, acceleration capability and continuous operating reliability. Independent axis con-
trol also simplified trajectory generation and facilitated future integration with industrial
motion controllers and programmable logic controllers (PLCs).

The gripping subsystem incorporated four synchronized pneumatic parallel grippers
mounted on a custom-designed support plate. Pneumatic actuation was selected because
of its fast response, mechanical robustness and industrial reliability under repetitive pro-
duction cycles. The custom support plate ensured accurate alignment between the grippers
and the injection mould cavity geometry, enabling simultaneous extraction of the four
runners while preventing mechanical interference during insertion and withdrawal.

Position monitoring and reference detection were implemented using industrial prox-
imity sensors distributed along the motion axes. These sensors provided homing func-
tions, end-of-travel detection and operational safety while ensuring repeatable positioning
throughout successive production cycles. Pneumatic valves, tubing and cable carrier sys-
tems were simultaneously integrated into the mechanical design to guarantee reliable
routing of electrical and pneumatic connections while preventing cable fatigue or collision
with moving elements.

An additional criterion during component selection was the extensive use of com-
mercially available industrial components already employed within the company. This
strategy reduced procurement costs, simplified spare-part management and facilitated
future maintenance activities while increasing the practical applicability of the proposed
manipulator in an industrial environment.

Overall, the adopted component selection methodology ensured that every subsys-
tem satisfied the functional, structural and operational requirements previously estab-
lished. Consequently, the final engineering solution combined mechanical simplicity, high
positioning performance, ease of maintenance and industrial robustness, providing a
solid basis for the structural verification and experimental validation presented in the
subsequent sections.

Component selection was performed using a structured engineering workflow in
which the functional requirements, mechanical architecture and performance criteria were
systematically translated into the selection of commercially available industrial components.
The adopted methodology is summarized in Figure 5.
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Figure 5. Engineering component selection workflow adopted for the proposed Cartesian manipulator.

The proposed workflow ensured that every selected component satisfied the estab-
lished functional, structural and operational requirements while promoting system reliabil-
ity, ease of integration, maintainability and industrial feasibility.

Following the component selection workflow, the principal mechanical and auxiliary
elements were selected according to their functional performance, industrial availability
and compatibility with the proposed manipulator architecture. The selected components
and their engineering justification are summarized in Scheme 7.

The selected components collectively provide an optimal balance between positioning
accuracy, structural rigidity, operational reliability, maintainability and cost-effectiveness,
ensuring the successful implementation of the proposed industrial manipulator.

2.7. CAD Development

The detailed engineering design of the proposed Cartesian manipulator was carried
out using a three-dimensional parametric Computer-Aided Design (CAD) approach. The
digital model served not only as a geometric representation of the final system but also
as the primary engineering environment for evaluating structural integration, workspace
accessibility, component compatibility and assembly feasibility before manufacturing.

The CAD development followed a hierarchical modelling strategy in which the manip-
ulator was progressively constructed from individual components to complete functional
assemblies. Initially, the structural frame was modelled to establish the global reference
geometry and the installation boundaries imposed by the injection moulding machine. Sub-
sequently, the three translational axes, transmission systems, servomotors and end-effector
assembly were sequentially incorporated into the digital model, allowing continuous
verification of geometric compatibility throughout the design process.

Particular attention was devoted to collision detection and workspace validation.
The complete operating envelope of the manipulator was analysed to verify that all pro-
grammed movements could be executed without interference with the injection mould,

https://doi.org/10.3390/machines14101103

https://doi.org/10.3390/machines14101103


Machines 2026, 14, 1103 21 of 56

surrounding equipment or structural elements of the manipulator itself. This virtual verifi-
cation significantly reduced implementation risks while ensuring complete accessibility to
the mould cavity during the runner extraction cycle.

Scheme 7. Selected components and engineering justification for the proposed Cartesian manipulator.

The CAD environment also supported the optimisation of component positioning
and subsystem integration. Pneumatic tubing, electrical wiring, proximity sensors and
cable carrier systems were incorporated directly into the digital assembly to minimise
routing complexity and prevent interference with moving components. This integrated
modelling approach facilitated future assembly operations while improving maintainability
and accessibility for inspection and servicing.

The final digital prototype provided a complete virtual representation of the proposed
manipulator and established the basis for subsequent structural verification, manufacturing
documentation and experimental implementation. Consequently, the CAD development
stage considerably reduced engineering uncertainty while accelerating the transition from
conceptual design to industrial realization.

The development of the proposed manipulator was supported by a comprehensive
CAD-based engineering workflow, enabling the progressive integration of mechanical
subsystems and the virtual verification of assembly, workspace accessibility and operational
feasibility prior to manufacturing. The adopted digital development methodology is
illustrated in Figure 6.

The virtual development workflow significantly reduced design uncertainty by en-
abling early verification of geometric compatibility, collision-free operation and subsystem
integration, thereby improving the robustness and manufacturability of the final engineer-
ing solution.
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Figure 6. Digital CAD development and virtual validation workflow adopted during the engineering
design of the proposed Cartesian manipulator.

2.8. Finite Element Methodology

Before prototype manufacturing, the structural response of the Cartesian manipulator
was evaluated through a three-dimensional static finite element analysis. The purpose
of the analysis was to verify that the complete load-bearing architecture satisfied the
prescribed stiffness and strength requirements under the most demanding operating con-
figuration. The numerical model was generated directly from the final CAD assembly
and included the aluminium structural frame, mounting brackets, axis-support members,
carriages, linear-guide interfaces, vertical-axis assembly, and end-effector support. Small
secondary components whose contribution to global stiffness was negligible, including
fasteners, pneumatic tubes, electrical cables, sensors, and protective covers, were excluded
to reduce computational cost. The complete assembly was discretised using a solid tetra-
hedral mesh generated through the Blended curvature-based algorithm. Second-order
parabolic tetrahedral elements, evaluated at 16 Jacobian points, were adopted to improve
the representation of the structural response under bending. The element size varied
between 4.92 and 98.34 mm, resulting in 61,639 elements and 115,283 nodes. The adopted
mesh was not selected through a formal multi-level mesh-convergence study and, conse-
quently, no percentage-change convergence tolerance was applied. Mesh adequacy was
instead assessed through curvature-based local refinement, element-density distribution,
aspect-ratio indicators, and the concentration of smaller elements in geometrically complex
and load-transfer regions. The numerical results should therefore be interpreted as engi-
neering verification based on the reported mesh rather than as a formally demonstrated
mesh-independent solution.

The analysis assumed linear-elastic, homogeneous, and isotropic material behaviour.
This assumption was considered appropriate because the calculated stresses remained
below the yield strength of the constituent materials and no permanent deformation was
expected under normal operation. For transparency and reproducibility, the complete
numerical-model definition is consolidated in Scheme 8, including the assigned materials,
boundary conditions, applied loads, contact formulation, element characteristics, mesh-
quality indicators, acceptance criterion, and principal numerical results. All component
interfaces included in the structural model were represented using a global bonded-contact
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formulation, which prevented relative sliding or separation between connected parts.
The bolted attachment of the manipulator base to the injection-moulding machine was
represented by fixed constraints applied to the corresponding mounting surfaces. Linear
guides and carriages were represented through their external structural interfaces, while
the detailed internal geometry of the recirculating rolling elements, preload mechanisms,
and fasteners was omitted.

The boundary conditions reproduced the actual installation of the manipulator in the
industrial workstation. The surfaces corresponding to the bolted attachment of the manip-
ulator base to the injection-moulding machine were fully constrained against translation
and rotation. Gravitational acceleration was applied to the complete assembly in its actual
installation direction. The gravitational force associated with each represented component
or lumped mass was calculated as:

Fg = mg (8)

where Fg is the gravitational force, m is the component mass, and g = 9.81 m s−2 is
gravitational acceleration. Accordingly, each 1.1 kg pulley generated a vertical load of
approximately 10.8 N, the 2.5 kg servomotor generated a vertical load of approximately
24.5 N, and the 0.939 kg end-effector assembly—including the mounting blocks, pneu-
matic grippers, fittings, sensors, jaws, and four handled runners—was represented by a
distributed vertical load of approximately 9.21 N.

In addition to the gravitational loads, the torque transmitted through the pulley system
was converted into an equivalent tangential force acting on the supporting structure. This
force was determined from the torque–radius relationship:

Ft =
T
r

(9)

where Ft is the equivalent tangential force, T is the transmitted torque, and r is the pulley
pitch radius. Using T = 38.3 N m and r = 0.06366 m, the corresponding tangential load was:

Ft =
38.3

0.06366
≈ 602 N.

This load was applied at the pulley interfaces in the direction corresponding to the
transmission force. The combined loading condition therefore included self-weight, the
moving-axis components, the servomotor, the end-effector assembly, the handled runners,
and the tangential pulley force.

The critical service condition corresponded to the manipulator configuration produc-
ing the highest bending moment at the vertical-axis support. The horizontal axes were
positioned at their maximum operational extension, placing the moving masses and end-
effector at the largest relevant distance from the supporting structure. This configuration
was selected because it simultaneously maximized the gravitational bending contribution
and the structural effect of the pulley-transmitted load. It therefore represented the most
conservative static operating condition within the validated workspace. The applied loads,
material properties, contact assumptions, boundary conditions, and mesh characteristics
are consolidated in Scheme 8.

https://doi.org/10.3390/machines14101103

https://doi.org/10.3390/machines14101103


Machines 2026, 14, 1103 24 of 56

 

Scheme 8. Finite Element Model Definition and Simulation Parameters.
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Structural strength was evaluated by comparing the maximum equivalent von Mises
stress with the yield strength of the governing structural material. The minimum numerical
safety factor was calculated as:

FoS =
σy

σVM,max
(10)

where σy is the material yield strength and σVM,max is the maximum equivalent von Mises
stress predicted by the finite element model. For aluminium 2024-T3, σy = 345 MPa, while
the maximum predicted equivalent stress was 8.8 MPa. The resulting minimum safety
factor was therefore:

FoS =
345
8.8

≈ 39.2.

The design was considered structurally compliant when FoS ≥ 2.0.
Because successful runner gripping depends primarily on positional stability at the

end-effector, structural stiffness was assessed using the displacement predicted in the
gripper-support region. The utilization of the allowable displacement was calculated as:

Uδ =
δgripper,max

δlim
× 100 (11)

where Uδ is the percentage utilization of the displacement allowance, δgripper,max is the
maximum predicted displacement in the functionally critical gripper region, and δlim is the
admissible displacement limit. Using the upper numerical displacement of 0.33 mm and
the functional limit of 1.0 mm, the displacement utilization was:

Uδ =
0.33
1.0

× 100 = 33%.

The corresponding remaining functional stiffness margin was therefore 67%. The
global maximum displacement of 0.4453 mm occurred at the upper region of the Z-axis
electric actuator, whereas the displacement in the gripper region varied between 0.29 and
0.33 mm. Both results remained below the prescribed 1.0 mm functional limit.

The final mesh comprised 61,639 second-order tetrahedral elements and 115,283 nodes,
with element sizes ranging from 4.92 to 98.34 mm. Curvature-based refinement was applied
to geometrically complex and load-transfer regions, including carriage connections, guide
interfaces, mounting brackets, the vertical-axis support, and the end-effector attachment.
Mesh quality was evaluated using the element aspect-ratio distribution and Jacobian-
point formulation reported in Scheme 8. Because a formal multi-level mesh-convergence
study was not performed, the numerical results should be interpreted as an engineering
verification of the adopted model rather than as a mathematically demonstrated mesh-
independent solution. This limitation does not affect the transparency of the reported
model but defines the appropriate boundary for interpreting the numerical precision.

Prior to manufacturing, the structural performance of the proposed Cartesian manipu-
lator was assessed through a Finite Element Analysis (FEA) methodology. The numerical
workflow integrated CAD modelling, mesh generation, structural simulation and engineer-
ing verification to evaluate the mechanical integrity of the proposed design before physical
implementation. The adopted validation procedure is presented in Figure 7.

The integrated FEA workflow enabled the early identification of potential structural
limitations while verifying stress distribution, displacement behaviour and overall stiffness,
thereby providing numerical confidence for the subsequent manufacturing and experimen-
tal validation stages.

The numerical model therefore reproduces the physical support condition and the
principal gravitational and transmission-induced loads acting on the manipulator. Under
these conditions, the maximum total displacement was 0.4453 mm, while the displacement
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at the functionally critical gripper region remained between 0.29 and 0.33 mm, below the
prescribed limit of 1.0 mm. The maximum equivalent von Mises stress was 8.8 MPa and
the minimum safety factor was 39, confirming that structural stiffness, rather than material
strength, governed the design.

Figure 7. Finite element analysis workflow and structural verification methodology adopted for the
proposed Cartesian manipulator.

2.9. Validation Strategy

To ensure the engineering reliability of the proposed Cartesian manipulator, a multi-
stage validation strategy was adopted, combining virtual verification, prototype imple-
mentation and functional assessment under representative industrial operating conditions.
Rather than relying on a single validation procedure, the proposed methodology progres-
sively evaluated the design throughout successive development stages, thereby reducing
implementation risks while increasing confidence in the final engineering solution.

The first validation level corresponded to the digital development stage, during which
the complete three-dimensional CAD model was used to verify assembly feasibility, subsys-
tem integration and workspace accessibility. Virtual simulations confirmed the absence of
geometric interference between moving components, the injection mould and surrounding
equipment, ensuring that the proposed manipulator could execute the complete operational
sequence within the available installation volume.

The second validation level consisted of structural verification through Finite Element
Analysis. Numerical simulations were performed to evaluate stress distribution, structural
deformation and overall stiffness under representative service loads. The finite element
results confirmed that the mechanical structure satisfied the established design criteria,
providing sufficient rigidity and maintaining stresses within the allowable limits of the
selected materials. Consequently, the numerical analyses validated the structural integrity
of the proposed design before prototype manufacturing.

Following the virtual validation stages, the manipulator was manufactured and as-
sembled using the selected industrial components. Mechanical integration included the
installation of the structural frame, linear motion systems, transmission mechanisms, servo-
motors, pneumatic grippers, sensors and auxiliary subsystems according to the validated
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CAD model. Particular attention was devoted to preserving the dimensional accuracy and
alignment previously verified during the digital development phase.

The final validation stage comprised functional testing under representative produc-
tion conditions. The complete operating sequence—including mould access, simultaneous
gripping of the four runners, extraction, transfer to the collection container and return to
the home position—was experimentally evaluated to verify positioning repeatability, oper-
ational reliability and compatibility with the production cycle. These tests confirmed the
practical feasibility of the proposed engineering solution and demonstrated its successful
integration into the industrial injection moulding workstation.

Overall, the adopted validation strategy established a continuous verification pro-
cess extending from conceptual design to prototype implementation. By integrating
digital modelling, numerical simulation and experimental validation within a unified
engineering methodology, the proposed approach significantly reduced development un-
certainty while increasing the technical robustness and industrial applicability of the final
Cartesian manipulator.

To ensure the technical robustness of the proposed solution, a comprehensive validation
strategy was implemented throughout the engineering design process. The methodology
combined digital verification, numerical simulation, prototype implementation and experi-
mental assessment, providing progressive evidence of the manipulator’s structural integrity
and operational feasibility. The overall validation strategy is summarized in Figure 8.

Figure 8. Integrated engineering validation strategy adopted for the development and verification of
the proposed Cartesian manipulator.

2.10. Engineering Workflow Summary

The engineering methodology adopted in this work followed a structured requirements-
driven design philosophy, integrating industrial problem identification, functional specification,
conceptual development, mechanical architecture definition, systematic component selection,
CAD-based virtual prototyping, finite element verification and experimental validation. Rather
than treating these activities as isolated tasks, the proposed workflow established a continuous
engineering process in which each development stage directly supported the subsequent
design decisions. Figure 9 summarizes the methodology as implemented and evaluated in the
specific industrial case considered.
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Figure 9. Integrated engineering design methodology adopted for the development and validation of
the proposed Cartesian manipulator.
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The proposed engineering methodology establishes a coherent and reproducible de-
sign framework that integrates requirements engineering, mechanical design, numerical
verification and experimental validation into a unified development process. This system-
atic approach not only ensured the successful implementation of the proposed manipulator
but also provides a potentially reusable methodology for the development of similar
industrial automation systems operating under constrained manufacturing environments.

3. Results and Discussion
3.1. Mechanical Design Outcomes and Discussion

The proposed engineering methodology resulted in the successful development of
a three-axis Cartesian manipulator specifically designed for the automated extraction of
injection runners under the geometric and operational constraints imposed by the industrial
production cell [8,11,16,22]. The final mechanical solution integrates a modular structural
frame, three orthogonal translational axes, an optimized end-effector assembly and stan-
dardized industrial components into a compact automation system capable of performing
the complete extraction cycle without requiring modifications to the existing injection
moulding workstation [13,19,26,35]. To provide a concise overview of the developed sys-
tem, the principal mechanical characteristics and technical specifications of the proposed
Cartesian manipulator are summarized in Scheme 9. These parameters represent the final
engineering solution resulting from the adopted design methodology.

Scheme 9. Mechanical design characteristics of the proposed Cartesian manipulator.

One of the principal achievements of the mechanical design was the successful integra-
tion of all functional subsystems within the restricted installation envelope available at the
rear of the injection machine. Despite the limited workspace and the presence of surround-
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ing equipment, the proposed architecture provides complete accessibility to the mould
cavity while maintaining collision-free operation throughout the entire extraction sequence.
This result demonstrates the effectiveness of the requirements-driven design methodology
adopted during the conceptual and detailed engineering stages [7,15,24,35,48].

The modular structural configuration also constitutes an important engineering out-
come. The use of standardized aluminium profiles, precision linear guidance systems
and commercially available transmission components produced a lightweight yet me-
chanically robust structure capable of supporting the required operational loads while
maintaining high positioning stability [14,27,33,46]. Furthermore, the modular organisa-
tion of the manipulator considerably simplifies future maintenance operations, subsystem
replacement and possible adaptation to different mould geometries or production lay-
outs [12,18,28,50,51].

Another significant design outcome concerns the end-effector assembly. Instead of
extracting each runner individually, the developed manipulator simultaneously grips the
four injection runners using a dedicated multi-gripper arrangement specifically adapted
to the mould geometry. This solution considerably simplifies the extraction process, re-
duces handling time and improves process consistency while minimizing unnecessary
manipulator movements during repetitive industrial operation [17,29,38,49].

The complete CAD integration of structural, pneumatic and electrical subsystems
also represents an important engineering contribution. Cable routing, pneumatic tubing,
proximity sensors and auxiliary components were incorporated directly into the digital
assembly, allowing interference-free integration and improving accessibility for inspection
and maintenance. This integrated approach reduced implementation uncertainty and
facilitated the transition from virtual design to prototype manufacturing [9,26,34,45,52].

Overall, the final mechanical design successfully satisfies the functional requirements
established during the engineering specification stage. The resulting manipulator combines
compact dimensions, high structural rigidity, modular construction and straightforward
industrial integration, providing an effective engineering solution for the automated ex-
traction of injection runners in high-volume plastic injection processes [11,23,31,37,48]. The
developed system therefore demonstrates the practical applicability of the proposed design
methodology while establishing a robust mechanical platform for the subsequent structural
and experimental validation stages [25,32,44,53].

The engineering methodology resulted in the development of a fully integrated three-
axis Cartesian manipulator specifically designed to satisfy the functional and operational
requirements identified during the design stage. The final mechanical configuration,
including its principal structural subsystems and industrial integration, is presented
in Figure 10.

Compared with conventional Cartesian manipulators reported in the literature, the
proposed solution was specifically developed under stringent industrial installation con-
straints rather than as a generic laboratory automation platform. Previous studies have
primarily focused on improving positioning accuracy, dynamic performance or payload
capacity, whereas the present work simultaneously addresses workspace limitations, mould
accessibility, rapid installation and direct industrial integration within an existing injection
moulding cell [13,16,26,35]. This application-oriented design philosophy increases the
practical relevance of the proposed manipulator while demonstrating the effectiveness of
integrating engineering requirements into the earliest stages of the design process.

An additional contribution of the proposed design lies in the complete integration
of CAD-based engineering, component selection and numerical verification within a uni-
fied development methodology. While many previously published studies present either
the mechanical design or the experimental implementation separately, the present work
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establishes a traceable engineering workflow linking industrial requirements, conceptual
development, virtual verification and prototype realization [9,25,34,46,52]. Such an inte-
grated approach considerably reduces development uncertainty and facilitates the transfer
of engineering solutions from the digital environment to real manufacturing systems.

Figure 10. Final mechanical design of the proposed Cartesian manipulator, illustrating the inte-
grated mechanical architecture, principal structural subsystems and industrial implementation for
automated runner extraction.

The selected mechanical architecture also reflects current engineering trends towards
modular, lightweight and easily maintainable industrial automation systems. The extensive
use of commercially available components, aluminium structural profiles and standardized
transmission systems is consistent with recent developments in industrial robotic design,
where flexibility, maintainability and lifecycle cost are increasingly considered alongside
conventional performance criteria [18,27,32,45]. Consequently, the proposed solution offers
not only satisfactory mechanical performance but also practical advantages for future
industrial deployment and system scalability.

3.2. Finite Element Results

The structural behaviour of the proposed Cartesian manipulator was evaluated
through finite element simulations in order to verify whether the developed mechani-
cal architecture satisfied the stiffness and strength requirements established during the
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engineering design stage [25,32,43,46]. The numerical analyses focused on the distribution
of equivalent von Mises stresses, global deformation patterns and structural displacement
under representative operational loading conditions.

The obtained results indicate that the proposed mechanical architecture exhibits a
highly favourable structural response. The highest equivalent stresses were concentrated
at localized geometric discontinuities, particularly in the interfaces between the vertical
axis assembly, linear guide supports and structural connections. Nevertheless, these stress
concentrations remained restricted to relatively small regions and did not compromise the
global structural integrity of the manipulator. The remaining structural members experi-
enced substantially lower stress levels, confirming an efficient distribution of mechanical
loads throughout the supporting frame [26,32,37,46].

The displacement analysis demonstrated that the overall structure possesses adequate
rigidity for precision positioning tasks. As expected, the maximum displacements occurred
at the free end of the vertical manipulation assembly, where the operational loads generated
the largest bending moments. However, the predicted deformation remained sufficiently
small to avoid any significant influence on positioning accuracy or on the repeatability
required for simultaneous extraction of the four injection runners [14,27,43,49].

The numerical simulations also confirmed the effectiveness of the adopted structural
configuration. The combination of modular aluminium profiles, precision linear guidance
systems and appropriately positioned structural supports provided a balanced compromise
between lightweight construction and mechanical stiffness. Consequently, no evidence
of excessive deformation, local instability or structurally critical regions was identified
under the considered service conditions [18,28,33,45,52]. Indeed, the limited structural de-
formation predicted by the numerical model is particularly important for high-repeatability
industrial handling operations. Previous investigations have demonstrated that positioning
accuracy in Cartesian manipulators is strongly influenced by the global stiffness of the
supporting structure, especially when long cantilevered members are subjected to repetitive
operational loading [14,27,43,49]. The present results therefore confirm that the adopted
structural configuration provides an appropriate balance between lightweight construction
and positional stability.

An additional outcome of the finite element analyses concerns the validation of the
design methodology itself. Because the structural verification was performed before proto-
type manufacturing, potential weaknesses could be identified and corrected during the
virtual development stage, significantly reducing engineering uncertainty and minimiz-
ing the need for costly physical redesign iterations. This confirms the practical value
of integrating CAD modelling and finite element analysis within a unified engineering
workflow [25,34,46,52].

Beyond validating the mechanical design itself, the finite element analyses also demon-
strate the benefits of incorporating numerical simulation into the engineering development
process. Recent research increasingly advocates simulation-driven engineering methodolo-
gies, where CAD modelling and FEA are integrated during the early design stages to reduce
development iterations, optimise structural performance and improve decision-making
prior to prototype manufacturing [25,34,45,52]. The methodology adopted in the present
work follows this engineering philosophy and illustrates its practical applicability within
an industrial automation context.

Overall, the numerical results demonstrate that the proposed Cartesian manipulator
satisfies the structural performance requirements established during the design phase.
The verified combination of high stiffness, limited deformation and favourable stress
distribution provides the mechanical robustness required for reliable long-term indus-
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trial operation, supporting the subsequent prototype implementation and experimental
validation [29,32,44,48,53].

The structural performance of the proposed Cartesian manipulator was assessed
through finite element analysis to verify its ability to withstand the expected operational
loads while maintaining the positioning accuracy required for automated runner extraction.
The numerical results provide a comprehensive evaluation of stress distribution, structural
deformation and safety margins, as summarized in Figure 11.

 

Figure 11. Finite element analysis results showing the structural performance of the proposed
Cartesian manipulator, including equivalent von Mises stress distribution, total displacement, safety
factor distribution and exaggerated deformation under representative operating conditions.

The observed stress distribution is consistent with the structural behaviour commonly
reported for Cartesian robotic systems, where localized stress concentrations typically
develop at interfaces connecting moving assemblies with supporting structural members.
Similar observations have been reported in previous studies addressing lightweight indus-
trial manipulators, confirming that these regions are expected load-transfer locations rather
than indicators of structural inadequacy [26,32,38,46]. The finite element results confirm
that the adopted lightweight Cartesian architecture provides sufficient structural stiffness
while maintaining reduced inertial mass, which agrees with previous observations reported
for industrial Cartesian manipulators employing modular aluminium structures [16,26].
Likewise, the concentration of equivalent stresses at geometric discontinuities follows
the structural behaviour commonly reported for multi-axis robotic systems subjected to
cantilever loading [29,33]. More recent studies have also emphasized that integrating
CAD-based optimisation with finite element verification significantly improves design
robustness and reduces development iterations in industrial automation systems [46,49,52].
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To extend the structural validation beyond a single displacement value, Scheme 10
compares the numerical and experimental evidence in terms of displacement magnitude,
deformation location, functional stiffness margin, stress utilization, and observed structural
integrity. Direct numerical–experimental comparisons are restricted to quantities evaluated
at equivalent or functionally corresponding locations.

 

Scheme 10. Comparison between the finite element predictions and the experimental structural
response measured at the end-effector using three-dimensional laser scanning.

The experimental displacement at the end-effector was measured using a three-
dimensional laser-scanning system with a nominal resolution of 0.001 mm. The scanning
system was rigidly coupled to the equipment so that the measurement reference remained
fixed relative to the manipulator structure. A reference scan was acquired before appli-
cation of the representative service-loading condition, and the loaded configuration was
subsequently scanned using the same measurement reference. The relative displacement
was determined from the difference between the unloaded and loaded geometries at the
functionally critical gripper-support region.

At the functionally critical gripper region, the finite element model predicted a dis-
placement between 0.29 and 0.33 mm, whereas the 3D laser measurement indicated a
maximum relative displacement of 0.37 mm under the corresponding loading condition.
Considering the upper numerical value, the absolute difference was 0.04 mm and the rela-
tive deviation, calculated with respect to the experimental value, was 10.8%. The numerical
model therefore slightly underpredicted the measured displacement. Nevertheless, both
the predicted and measured responses remained below the prescribed 1.0 mm functional
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limit. The experimental value used 37% of the displacement allowance, preserving a
functional stiffness margin of 63%.

3.3. Prototype Manufacturing

The validated digital design was successfully translated into a physical prototype
through the systematic integration of the selected structural, mechanical, pneumatic and
electrical subsystems. The prototype manufacturing stage confirmed the practical applica-
bility of the proposed engineering methodology, demonstrating that the CAD-based design,
component selection strategy and finite element verification provided sufficient accuracy
for direct industrial implementation [15,23,28,43].

The structural frame was assembled using standardized modular aluminium profiles,
while the linear guidance systems, transmission mechanisms and servomotors were in-
stalled according to the validated digital assembly. Particular attention was devoted to
preserving the alignment of the translational axes and the dimensional tolerances previ-
ously verified during the virtual development stage. The resulting assembly exhibited
excellent geometric consistency with the digital prototype, confirming the effectiveness of
the adopted design workflow [15,26,33,46].

The integration of the pneumatic subsystem and the dedicated four-gripper end-
effector represented another significant engineering outcome. The optimized arrangement
of the grippers ensured simultaneous engagement of the four injection runners while
maintaining unrestricted access to the mould cavity. Furthermore, the routing of pneumatic
tubing, electrical wiring and cable management systems provided collision-free operation
throughout the complete workspace, facilitating both maintenance and long-term industrial
operation [17,29,38,49].

Mechanical assembly also demonstrated the practical benefits of adopting standard-
ized industrial components. The developed system considerably simplified subsystem
installation, mechanical adjustment and future replacement of individual elements without
affecting the remaining structure. Such characteristics are particularly advantageous in
industrial environments where equipment availability, maintenance efficiency and produc-
tion continuity constitute fundamental operational requirements [12,18,28,45,52].

The prototype was subsequently integrated into the existing injection moulding work-
station without requiring significant modifications to the production layout. This confirms
that the proposed manipulator satisfies one of the principal objectives established during
the design stage, namely the development of a dedicated automation solution capable
of operating within severe spatial constraints while maintaining compatibility with the
existing manufacturing infrastructure [13,26,30,47].

Following the numerical verification stage, the proposed Cartesian manipulator was
manufactured, assembled and integrated into the industrial production cell. The compari-
son between the digital model, the fabricated prototype and the installed system provides
direct evidence of the successful transfer from virtual engineering design to industrial
implementation. This comparison is presented in Figure 12.

The successful correspondence between the digital model and the manufactured
prototype confirms the growing importance of model-based engineering methodologies in
industrial automation. Previous studies have demonstrated that the integration of CAD
modelling, virtual assembly and standardized component selection significantly reduces
manufacturing errors and shortens commissioning time [23,32,43,46]. The present results
reinforce these findings by demonstrating that the proposed methodology can be directly
transferred to a real automotive production environment.
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Figure 12. Comparison between the CAD model, the manufactured prototype and the installed Cartesian
manipulator, highlighting the successful transfer from virtual design to industrial implementation.

3.4. Experimental Performance Evaluation and Industrial Validation
3.4.1. Experimental Validation Setup and Procedure

Following prototype manufacturing and industrial installation, an experimental val-
idation campaign was conducted to verify the operational performance of the proposed
Cartesian manipulator under representative production conditions. The validation was
designed to assess not only the mechanical functionality of the developed system but
also its ability to satisfy the industrial requirements established during the engineering
design stage. Particular emphasis was placed on positioning repeatability, operational
reliability, collision-free operation and compatibility with the existing injection moulding
process [23,26,32,43].

The experimental tests were performed directly on the industrial injection moulding
workstation for which the manipulator had been designed. The complete automation
system operated under normal production conditions using the original mould, injection
machine and runner geometry adopted in the manufacturing process. Consequently, the
validation reproduced the actual operating environment rather than simplified laboratory
conditions, increasing the practical significance of the obtained results.

Each experimental cycle comprised the complete operational sequence previously de-
fined during the engineering design phase. After mould opening, the manipulator entered
the mould area, simultaneously gripped the four injection runners using the dedicated
pneumatic end-effector, extracted the runners from the mould cavity, transported them to
the designated collection container and subsequently returned to its home position before
the beginning of the next production cycle. Throughout all tests, particular attention was
devoted to verifying the absence of collisions between the manipulator, mould compo-
nents and surrounding equipment, thereby confirming the effectiveness of the previously
validated CAD model and workspace analysis [25,35,46,52].

The experimental assessment focused on several performance indicators representa-
tive of industrial operation. These included successful completion of the extraction cycle,
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positioning repeatability, operational stability, accessibility to the mould cavity, synchro-
nization with the injection moulding cycle and overall system reliability during repetitive
operation. Rather than evaluating isolated mechanical parameters, the validation strategy
considered the complete interaction between the manipulator and the production system,
providing a comprehensive assessment of its industrial applicability [17,29,38,49].

An important characteristic of the adopted validation methodology is that it directly
complements the numerical analyses presented in the previous section. Whereas finite ele-
ment simulations verified the structural integrity of the manipulator under representative
loading conditions, the experimental campaign evaluated its functional behaviour under
real manufacturing conditions. This combination of virtual verification and experimental
assessment provides a comprehensive engineering validation strategy that substantially
increases confidence in the proposed automation solution [14,27,32,46].

Overall, the adopted validation procedure establishes a rigorous framework for as-
sessing industrial robotic systems developed through integrated CAD–CAE methodologies
(Figure 13). By combining realistic operating conditions with systematic functional eval-
uation, the proposed approach enables a reliable verification of both the engineering
design methodology and the operational performance of the developed Cartesian ma-
nipulator, providing the basis for the quantitative performance analysis presented in the
following sections.

 

Figure 13. Experimental validation setup and measurement procedure adopted to assess the op-
erational performance of the proposed Cartesian manipulator under real industrial production
conditions, including the test environment, operating sequence, monitored performance indicators
and integrated validation workflow.

The adopted experimental validation strategy provides a comprehensive assessment
of the proposed manipulator by combining realistic production conditions with system-
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atic monitoring of functional and operational performance. The successful execution
of the complete validation workflow confirms the consistency between the engineering
design methodology, the manufactured prototype and its industrial implementation, es-
tablishing a reliable basis for the quantitative performance evaluation presented in the
following sections.

3.4.2. Operational Cycle Performance

Following the successful installation of the prototype, the operational performance
of the proposed Cartesian manipulator was evaluated under representative industrial
production conditions. The experimental campaign focused on verifying the ability of
the system to execute the complete runner extraction sequence repeatedly while maintain-
ing synchronization with the injection moulding process and ensuring stable operation
throughout consecutive production cycles [23,26,32,43].

The developed manipulator successfully completed the entire operational sequence
during the experimental validation tests. After mould opening, the end-effector accurately
approached the mould cavity, simultaneously engaged the four injection runners, extracted
them without interference, transported them to the designated collection container and
returned to the home position before the beginning of the subsequent production cycle.
Throughout the validation campaign, no mechanical interference between the manipulator,
the mould or surrounding equipment was observed, confirming the effectiveness of the
workspace optimisation performed during the engineering design stage [25,34,45,52].

A key outcome of the experimental validation concerns the operational stability of
the developed system. Repetitive execution of the extraction sequence demonstrated
consistent manipulator behaviour without noticeable variations in positioning accuracy or
end-effector operation. The synchronized motion of the three translational axes ensured
smooth trajectory execution while maintaining precise coordination between the linear
motion system and the pneumatic gripping mechanism [17,29,38,49]. The observed motion
stability confirms that the adopted mechanical architecture effectively combines structural
rigidity with smooth kinematic behaviour. Previous studies have reported that maintaining
positioning consistency during repetitive industrial operation is strongly dependent on the
integration of lightweight structures, precision linear guidance systems and appropriately
designed transmission mechanisms [14,27,33,46]. The present results are fully consistent
with these observations.

The simultaneous extraction of the four runners constitutes another significant en-
gineering result. Unlike conventional handling solutions based on sequential gripping
operations, the proposed end-effector completed the extraction process using a single coor-
dinated manipulation sequence. This reduced unnecessary manipulator movements, sim-
plified trajectory planning and improved the overall operational efficiency of the handling
process [16,28,37,48]. The simultaneous handling strategy represents one of the principal
engineering innovations of the proposed system. While many Cartesian manipulators
employ sequential pick-and-place operations, the dedicated four-gripper configuration
minimizes idle movements and contributes directly to higher operational efficiency. Simi-
lar approaches have been recognised as effective solutions for improving productivity in
repetitive industrial handling applications [17,29,38,49], although few studies report their
implementation within the constrained workspace of an injection moulding machine.

The experimental observations also confirmed the robustness of the proposed me-
chanical architecture during repetitive operation. Neither structural instability nor loss of
positioning precision was detected throughout the validation campaign, indicating that
the stiffness predicted by the finite element analyses was effectively maintained under real
manufacturing conditions. This close agreement between numerical predictions and exper-
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imental observations further validates the integrated engineering methodology adopted in
the present work [25,33,43,46].

From an industrial perspective, the obtained operational results confirm that the
proposed engineering methodology extends beyond the successful development of a
functional prototype. The combination of requirements-driven design, digital engineering,
structural verification and experimental validation resulted in a manipulator capable of
reliable operation under realistic manufacturing conditions. This integrated validation
philosophy distinguishes the present work from studies that report either simulation-based
verification or prototype implementation independently [25,34,45,52].

Overall, the operational validation demonstrates that the proposed Cartesian ma-
nipulator successfully fulfils the functional objectives established during the engineering
design stage (Figure 14). The stable execution of the complete runner extraction cycle
confirms the industrial feasibility of the developed solution and establishes a solid basis for
the quantitative assessment of positioning repeatability, cycle performance and industrial
productivity presented in the following sections.

 

Figure 14. Operational cycle of the proposed Cartesian manipulator during industrial validation,
illustrating the complete sequence from mould opening and end-effector positioning to simultaneous
runner gripping, extraction, deposition and return to the home position, demonstrating reliable
synchronization with the injection moulding process.

Having confirmed the stable and collision-free execution of the complete operational
cycle, the following section quantitatively evaluates the manipulator’s positioning accuracy
and repeatability.
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3.4.3. Positioning Accuracy and Repeatability

The positioning performance of the proposed Cartesian manipulator was experimen-
tally evaluated to verify its capability to execute repetitive runner extraction operations
while maintaining the positional precision required for reliable industrial automation.
Positioning accuracy and repeatability constitute fundamental performance indicators
for Cartesian manipulators because they directly influence process stability, extraction
reliability and long-term operational consistency [16,26,32,43].

The experimental observations demonstrated highly stable positioning behaviour
throughout the validation campaign. The three translational axes consistently followed
the programmed trajectories without deviations exceeding the prescribed positioning toler-
ance during repetitive operation, confirming the effectiveness of the adopted mechanical
architecture and motion control strategy.

Particular attention was devoted to evaluating the repeatability of the simultane-
ous gripping operation. The dedicated four-gripper end-effector maintained consistent
positioning relative to the mould cavity, allowing the four runners to be engaged simulta-
neously without requiring trajectory corrections or additional alignment procedures. This
behaviour confirms that the combined structural stiffness, transmission accuracy and pneu-
matic actuation provide sufficient positional consistency for repetitive industrial handling
operations [23,29,38,49]. Repeatability is widely recognised as one of the most important
performance indicators for industrial robotic manipulators because production consistency
depends primarily on the ability to reproduce identical trajectories over prolonged opera-
tion. The stable behaviour observed during the experimental campaign therefore represents
a significant engineering achievement, particularly considering the restricted workspace
and the simultaneous manipulation of four runners [23,29,38,49].

Another relevant outcome concerns the robustness of the developed positioning
strategy under realistic production conditions. The manipulator maintained accurate
positioning despite the dynamic interactions associated with repeated acceleration, de-
celeration and simultaneous gripping operations. These observations indicate that the
selected transmission systems, precision linear guides and structural configuration provide
an appropriate balance between dynamic response and mechanical stability.

To provide a quantitative assessment of the manipulator positioning performance
under repetitive operation, the end-effector response was evaluated over 1000 consecutive
operating cycles. Figure 15 integrates the trajectory behaviour, deviations from the nominal
position, experimental-to-CAD positioning comparison, and the main repeatability indica-
tors, thereby providing a consolidated representation of the spatial consistency achieved
during the validation campaign.

The results confirm stable and repeatable end-effector positioning throughout
the 1000-cycle validation campaign, with the experimentally observed deviations re-
maining within the prescribed positioning tolerance. This behaviour is consistent with
previous studies highlighting positioning stability, trajectory control, and end-effector
accuracy as critical requirements for reliable Cartesian and industrial manipulation
systems [14,26,32,43]. The combined trajectory and statistical assessment therefore
provides quantitative evidence of the suitability of the developed manipulator for repet-
itive runner-extraction operations, while complementing the axis-specific accuracy and
repeatability indicators reported in Scheme 11. Importantly, the present results extend
the predominantly design- and performance-oriented evidence reported in the literature
by demonstrating positioning consistency under a substantially larger repetitive-cycle
validation campaign conducted under application-relevant operating conditions.
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Figure 15. Controller-based assessment of manipulator positioning performance over 1000 consecu-
tive operating cycles: (a) representative controller-reported trajectory overlay; (b) deviations between
commanded and feedback axis positions; (c) controller-reported versus programmed coordinates at
the runner-extraction location; and (d) summary of the axis-positioning and repeatability indicators.

The X-, Y-, and Z-axis positions used in the 1000-cycle assessment were obtained from
the closed-loop position feedback recorded by the manipulator controller for the three
servo-driven axes. For each cycle, the controller-reported position was registered after
completion of the positioning movement and activation of the in-position condition at
the programmed runner-extraction location. The deviation for each axis was calculated
as the difference between the commanded coordinate and the corresponding feedback
coordinate. The industrial proximity sensors were used only for homing, end-of-travel
detection, and operational interlocking; they were not used to generate the continuous
positioning data reported in Scheme 11. No independent external metrology system
was employed during this 1000-cycle campaign. Consequently, the reported indicators
characterize controller-based axis positioning accuracy and repeatability and should not be
interpreted as an independent measurement of absolute end-effector pose accuracy, which
would additionally include assembly, geometric, alignment, and structural errors.

Based on the controller position records, the programmed extraction coordinates
were evaluated over 1000 consecutive operating cycles. For each translational axis, the
controller-reported positioning response was characterized using the mean positioning bias,
mean absolute error (MAE), standard deviation, ±3σ repeatability interval, and maximum
absolute positioning error. The resulting controller-based performance indicators are
summarized in Scheme 11.

https://doi.org/10.3390/machines14101103

https://doi.org/10.3390/machines14101103


Machines 2026, 14, 1103 42 of 56

Scheme 11. Controller-based positioning accuracy and repeatability indicators for the three manipu-
lator axes over 1000 consecutive operating cycles.

The results demonstrate that the positioning performance remained well within the
±2 mm design requirement for all three axes. The maximum absolute errors were 0.8,
0.7, and 0.5 mm for the X-, Y-, and Z-axes, respectively, corresponding to only 40%, 35%,
and 25% of the allowable positioning tolerance. The mean positioning biases were sim-
ilarly limited to +0.5, +0.4, and +0.2 mm. Moreover, the ±3σ repeatability intervals re-
mained below ±0.7 mm for all axes, with the lowest dispersion observed along the Z-axis
(σ = 0.14 mm). These results demonstrate that the closed-loop control system re-
peatedly reported convergence to the programmed extraction coordinates within the
prescribed ±2.0 mm tolerance. Because no independent external position-measurement
system was used, the results provide direct evidence of controller-based axis repeatability
but only indirect evidence of absolute end-effector positioning accuracy. The successful
engagement of all four runners throughout the validation campaign provides comple-
mentary functional confirmation that the combined controller, mechanical structure, and
end-effector alignment were adequate for the investigated operation.

3.4.4. Industrial Performance

Beyond the successful experimental validation of the proposed Cartesian manipula-
tor, its implementation provides several operational advantages for industrial injection
moulding processes. The developed automation system successfully replaces the manual
extraction of injection runners, thereby improving process consistency, reducing operator
intervention and increasing the overall robustness of the production cycle. These charac-
teristics are particularly relevant for high-volume manufacturing environments, where
repetitive operations frequently represent significant sources of variability, ergonomic risk
and productivity losses [16,26,32,43].
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One of the principal industrial outcomes concerns the complete automation of the
runner extraction process. By simultaneously removing the four runners immediately
after mould opening, the developed manipulator eliminates manual handling activities
that would otherwise require continuous operator intervention. This contributes not only
to improved operational efficiency but also to enhanced process repeatability and more
consistent production quality [17,28,38,49].

The proposed system also improves production continuity by ensuring stable syn-
chronization with the injection moulding cycle. The repeatable execution of the complete
operational sequence minimizes process interruptions while reducing the likelihood of
handling errors associated with manual intervention. Consequently, the developed manipu-
lator contributes to more predictable manufacturing performance and facilitates continuous
industrial operation under repetitive production conditions [23,29,37,48].

From an ergonomic perspective, the developed automation solution considerably
reduces operator exposure to repetitive manual movements performed within the vicinity
of the injection moulding machine. The elimination of repetitive handling operations
decreases operator workload while improving workplace safety and reducing the proba-
bility of musculoskeletal fatigue associated with continuous production activities. Similar
ergonomic improvements have been widely recognised as important benefits of indus-
trial automation systems [14,25,33,46]. The ergonomic improvements observed during
industrial validation deserve particular attention because repetitive extraction of injection
runners is typically associated with repetitive upper-limb movements and prolonged oper-
ator exposure near the mould area. Recent investigations have increasingly emphasized
that automation should be evaluated not only in terms of productivity but also regarding
its contribution to safer and more sustainable manufacturing environments [14,25,33,46].
The proposed manipulator aligns well with this broader engineering perspective.

Another important industrial contribution is associated with the modular architecture
adopted during the engineering design process. Because the manipulator was developed
using standardized industrial components, future maintenance, subsystem replacement
and adaptation to different mould configurations can be performed with minimal modi-
fications to the overall structure. This significantly improves equipment maintainability
while reducing potential downtime during long-term industrial operation [18,27,32,45].
The adoption of standardized industrial components further enhances the practical appli-
cability of the proposed solution. In contrast to highly customized automation systems,
integrated architectures facilitate maintenance, future upgrades and adaptation to different
production scenarios while reducing lifecycle costs. These characteristics are increasingly
regarded as key design principles for flexible manufacturing systems operating under
rapidly changing industrial requirements [18,27,32,45,52].

The developed manipulator also demonstrates excellent compatibility with exist-
ing manufacturing infrastructure. Unlike dedicated robotic systems requiring extensive
production line modifications, the proposed solution was successfully integrated into
the existing injection moulding workstation without altering the machine configuration
or disrupting the established production layout. Such compatibility considerably facili-
tates industrial implementation while reducing installation costs and commissioning time
(Figure 16) [15,27,34,51].
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Figure 16. Industrial benefits framework of the proposed Cartesian manipulator, illustrating the
engineering contributions associated with automated runner extraction, including improvements in
productivity, process repeatability, operator safety, maintainability, industrial integration and overall
contribution to smart manufacturing.

The industrial validation demonstrates that the benefits of the proposed Cartesian
manipulator extend well beyond its mechanical and kinematic performance. By combining
reliable automation, high operational repeatability, improved ergonomics, simplified main-
tenance and seamless integration into the existing production cell, the developed system
provides measurable engineering value for industrial manufacturing environments. These
findings reinforce the practical applicability of the proposed engineering methodology and
demonstrate its potential relevance to comparable automation projects for the development
of similar automation solutions within modern smart manufacturing systems.

The industrial benefits identified during the validation campaign are consistent with
current manufacturing trends towards increased automation, flexible production systems
and human-centred industrial environments. Previous studies have demonstrated that re-
placing repetitive manual handling tasks with dedicated automation solutions contributes
simultaneously to higher productivity, improved process consistency and enhanced oc-
cupational safety [16,26,32,43]. The present work confirms these advantages within the
specific context of injection moulding automation.

From a broader manufacturing perspective, the developed Cartesian manipulator
demonstrates that engineering success should not be assessed solely through mechanical
performance indicators. The integration of technical performance, industrial compatibility,
maintainability, operator safety and production continuity provides a more comprehensive
evaluation of automation effectiveness. This multidimensional assessment considerably
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strengthens the scientific contribution of the present work and differentiates it from studies
focusing exclusively on mechanical or kinematic performance [23,29,34,48,53,54].

To distinguish genuine extraction failures from preventive safety-related interruptions,
the anomalous cycles recorded during the controlled and industrial validation stages were
classified according to their immediate cause, detection mechanism, recovery procedure,
and operational consequence. The event counts reported in Scheme 12 describe interruption
frequency, whereas operational availability was calculated separately from the cumulative
duration of the manipulator-related interruptions. The four incomplete-gripping events
belonged exclusively to the controlled 1000-cycle campaign and were therefore not included
in the three-month availability calculation.

 

Scheme 12. Classification and causal analysis of unsuccessful or interrupted operating cycles recorded
during controlled validation and extended industrial monitoring.

The 13 industrial interruptions corresponded to nine low-pressure interlocks and four
limit-switch or axis-referencing events. All associated downtime, including diagnosis,
restoration of nominal pressure, controller reset, and axis re-referencing, was included
in the availability calculation. Based on the cumulative scheduled production time and
the corresponding manipulator-related downtime, the system achieved an operational
availability of 99.1%. External injection-process stoppages and planned non-production
periods were excluded. The resulting indicator therefore quantifies the availability of the
manipulator for its intended extraction function rather than the overall availability of the
complete injection-moulding cell.

To quantify the industrial contribution of the developed system, the performance
achieved during controlled and extended validation was compared with the original
manual extraction process. The comparison focuses on indicators supported by traceable
operational evidence, including operator participation, extraction-cycle duration, gripping
reliability, intervention frequency, availability, and exposure to the mould area. Indicators
for which no reliable pre-automation baseline or releasable financial data were available
are explicitly identified in Scheme 13 rather than retrospectively estimated.
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Scheme 13. Comparison between the original manual runner-extraction process, the proposed
Cartesian manipulator, and the available industrial benchmark [16].
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The comparison demonstrates that the principal industrial advantage was not an
increase in the injection machine’s nominal production rate, which remained governed
by the moulding process, but the replacement of mandatory operator participation with
repeatable automatic extraction. Manipulator-related intervention was reduced by 99.6%
during controlled validation, while only 0.034% of the subsequently monitored industrial
cycles generated a manipulator-related interruption. The system therefore improved
operational autonomy, cycle consistency, and operator separation from the mould area.
Although the use of standardized components is expected to facilitate maintenance, neither
maintenance-cost savings nor payback were quantified because comparable baseline and
releasable financial data were unavailable.

To close the requirements-driven design loop, the principal performance targets estab-
lished during the initial design stage were systematically compared with the corresponding
numerical predictions and experimental outcomes. Scheme 14 consolidates the evidence
obtained from the structural analyses, the controlled 1000-cycle validation campaign, and
the subsequent three-month industrial monitoring period comprising 38,690 production
cycles. This requirement-to-evidence mapping provides a direct assessment of design
compliance while also identifying performance indicators for which the experimentally
observed behaviour approached or occasionally exceeded the prescribed target.

Scheme 14. Design-requirement compliance based on numerical predictions, controlled experimental
validation, and extended three-month industrial monitoring comprising 38,690 production cycles.

Overall, the requirement-to-evidence assessment demonstrates that the developed
manipulator satisfied the principal structural, positioning, gripping, collision-avoidance,
and long-term availability requirements under the evaluated conditions. Particularly
relevant is the consistency between the numerical and experimental structural responses,
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together with the absence of collision events throughout both the controlled validation
campaign and the subsequent 38,690-cycle industrial monitoring period. Nevertheless, the
occasional cycle-time exceedances and the distinction between overall and manipulator-
related manual interventions identify specific margins for further operational refinement.
Rather than indicating universal system validation, these results demonstrate quantitative
compliance with the principal engineering requirements under the investigated industrial
conditions and provide traceable evidence linking the initial design specifications to the
final operational performance.

3.4.5. Discussion

The experimental results demonstrate that the proposed engineering methodology
successfully translated industrial requirements into a robust and operational automation
solution. Unlike conventional engineering developments that frequently evaluate individ-
ual design stages independently, the present work integrates requirements engineering,
conceptual design, CAD development, numerical verification, prototype manufacturing
and industrial validation within a continuous and traceable workflow. The successful
implementation of the developed Cartesian manipulator therefore provides empirical sup-
port for the effectiveness of the adopted engineering methodology and demonstrates its
practical applicability within the investigated industrial context [25,32,34,45,55–57].

The methodological advance should therefore be distinguished from the individual
engineering tools employed. Requirements analysis, weighted concept selection, CAD
modelling, finite element analysis, and experimental testing are established practices.
The contribution demonstrated here is the bidirectional traceability that connects them:
requirements determine the applicable decision criteria and verification targets, whereas
numerical, experimental, and operational evidence is subsequently mapped back to those
requirements. This structure makes design decisions auditable, exposes non-compliant or
marginal performance conditions, and supports systematic adaptation of the workflow to
comparable automation problems.

To assess the proposed methodology beyond a qualitative description of workflow
integration, its principal decision and verification mechanisms were compared with a
conventional sequential engineering reference process. In this comparison, the conventional
reference denotes a process in which requirements definition, concept development, CAD
modelling, numerical analysis, manufacturing, and testing are performed successively
without mandatory bidirectional traceability between requirements, design decisions, and
final evidence. The comparison focuses on measurable methodological coverage and
auditability rather than on development time or cost, for which no parallel conventional-
project dataset was available. The results are summarized in Scheme 15.

The comparison shows that the methodological advantage of the proposed frame-
work lies primarily in decision formalization and evidence completeness. Four candidate
architectures were evaluated through 36 criterion-specific assessments, while all nine
principal design requirements were connected to numerical, controlled experimental, or
extended industrial evidence. The final assessment retained two partially compliant re-
quirements rather than concealing them within an overall successful outcome, illustrating
the framework’s ability to expose performance margins and operational boundary condi-
tions. Nevertheless, because no equivalent manipulator was developed concurrently using
a conventional workflow, the results demonstrate improved traceability and verification
coverage but do not establish causal reductions in engineering time, cost, or redesign effort.
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Scheme 15. Comparative evaluation of the conventional sequential engineering reference workflow
and the proposed requirements-to-evidence framework.

The quantitative agreement between numerical predictions and experimental mea-
surements, together with the successful implementation of the developed manipulator
under real manufacturing conditions, provides strong case-specific evidence of the technical
robustness of the proposed solution and supports the practical relevance of the adopted
engineering methodology. This strong correspondence between numerical prediction and
experimental performance highlights the value of simulation-driven engineering method-
ologies for reducing development uncertainty and minimizing costly redesign iterations
prior to prototype manufacturing [27,29,38,46,54–69].

From a mechanical engineering perspective, the proposed manipulator demonstrates
that high positioning consistency and reliable repetitive operation can be achieved with-
out resorting to excessively complex or highly customized mechanical architectures. In-
stead, the combination of modular structural design, standardized industrial components
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and systematic engineering verification resulted in a lightweight yet mechanically robust
solution capable of satisfying the demanding requirements of industrial runner extrac-
tion [14,23,28,43,49,64,70,71]. The industrial validation also highlights the importance of
considering manufacturing constraints from the earliest stages of the engineering design
process. Rather than developing an automation system requiring modifications to the
existing production line, the proposed manipulator was specifically conceived to operate
within the available installation volume while maintaining full compatibility with the
original injection moulding workstation. This design philosophy significantly facilitates
industrial implementation and represents an important practical advantage over more
generic automation solutions reported in the literature [16,27,32,44,48,72–74].

Another noteworthy contribution concerns the multidimensional evaluation adopted
throughout the validation process. In contrast to studies that assess automation systems
primarily through kinematic or structural performance, the present work simultaneously con-
sidered mechanical integrity, positioning repeatability, operational reliability, maintainability,
ergonomic improvements and industrial compatibility. This broader evaluation framework
provides a more comprehensive assessment of engineering performance and better reflects
the multidisciplinary nature of modern manufacturing systems [17,30,37,47,56,71–74].

The obtained results also reinforce current trends towards digital engineering and
model-based product development. The integration of CAD modelling, finite element analy-
sis and experimental validation into a unified engineering workflow substantially improved
design traceability while reducing implementation risks. Such integrated methodologies
are increasingly recognised as fundamental tools supporting smart manufacturing, flexible au-
tomation and digital transformation within industrial environments [24,26,34,45,55,56,66–76].

A direct experimental validation of the stress field was not performed because the
prototype was not instrumented with strain gauges or full-field deformation-measurement
equipment. Future work should include strain measurements at the vertical-axis support
and carriage connections, together with displacement measurements at multiple struc-
tural locations, to validate both the magnitude and spatial distribution of the numerical
response. Moreover, the methodological comparison was based on workflow coverage
and evidence auditability rather than on a controlled comparison between two parallel
development projects. Consequently, reductions in engineering time, development cost,
redesign iterations, or commissioning effort cannot be attributed quantitatively to the
proposed framework. Future studies should apply the methodology and a conventional
reference workflow to comparable automation projects using common time, cost, rework,
and decision-quality indicators.

Although several elements of the workflow—particularly requirement traceability,
quantitative concept evaluation, numerical-to-experimental comparison, and staged op-
erational validation—are not inherently limited to runner extraction, their transferability
cannot be confirmed from the present case alone. Different robot architectures, payloads,
trajectories, control strategies, safety requirements, and production environments may
require different criteria, weights, models, and validation procedures. The broader con-
tribution of the study should therefore be understood as the formulation and industrial
demonstration of a potentially reusable requirements-to-evidence structure, rather than as
proof of a universally transferable automation-design methodology. The findings should be
interpreted within the boundaries of a single industrial case study involving one Cartesian
manipulator, one runner-extraction task, and one automotive injection-moulding environment.
Consequently, the study demonstrates internal validity for the investigated application but
does not establish external validity across different robotic architectures or manufacturing
contexts. Transferability currently remains a reasoned methodological proposition based
on the modular structure of the workflow, rather than an independently validated result.
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Future research should therefore replicate the framework in different industrial environments,
including alternative Cartesian configurations, articulated or SCARA architectures, different
payload and cycle-time requirements, and manufacturing processes beyond injection mould-
ing. Such multi-case evaluation should determine which workflow elements remain stable,
which require contextual adaptation, and whether comparable improvements in traceability,
development efficiency, and operational performance can be reproduced. Additional develop-
ments may also incorporate dynamic trajectory optimization, condition monitoring, digital
twins, machine vision, and adaptive control [66–69,71,75–83].

Future research should extend the proposed methodology by incorporating dynamic
trajectory optimization, digital twin technologies, advanced condition monitoring and
AI-assisted predictive maintenance strategies. Furthermore, the integration of machine
vision, adaptive control algorithms and real-time process optimization may further enhance
the flexibility and autonomy of Cartesian manipulation systems operating within Industry
4.0 manufacturing environments [35,45,51,57–63,66,67,69,71,73,75–83].

Overall, the present study demonstrates that combining requirements-driven engineer-
ing, virtual verification, numerical simulation and comprehensive industrial evaluation
constitutes an effective strategy for developing reliable industrial automation systems. The
close agreement between numerical predictions and experimental observations, together
with the successful implementation of the developed manipulator under real manufac-
turing conditions, provides strong case-specific evidence of the technical robustness of
the proposed solution and supports the practical relevance of the adopted engineering
methodology. The principal scientific and industrial contributions arising from the pro-
posed engineering methodology are summarized in Figure 17, highlighting its broader
impact beyond the development of the presented Cartesian manipulator.

 

Figure 17. Scientific Contributions and Industrial Impact of the Proposed Engineering Methodology.
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The integrated framework provides a potentially reusable engineering structure for
the systematic development of industrial automation systems. However, its broader trans-
ferability remains to be demonstrated through applications involving different manipulator
architectures, payloads, processes, and manufacturing environments. Rather than pre-
senting only the development of a single industrial manipulator, this work applies and
empirically evaluates a structured engineering methodology for the systematic design,
verification and industrial implementation of Cartesian automation systems operating
under constrained manufacturing environments.

4. Conclusions
This study developed and industrially evaluated a requirements-driven engineering

framework through the design and implementation of a three-axis Cartesian manipulator
for the simultaneous extraction of four injection-moulded runners. The framework estab-
lished bidirectional traceability between industrial requirements, engineering decisions,
numerical predictions, controlled experimental measurements, and extended operational
evidence. Its principal methodological contribution lies in organizing established engineer-
ing tools within a gated requirements-to-evidence structure that improves the transparency,
auditability, and quantitative basis of the development process.

The structural results confirmed adequate stiffness and strength for the intended ap-
plication. Finite element analysis predicted a global maximum displacement of 0.4453 mm
and a displacement of 0.29–0.33 mm in the functionally critical gripper region, compared
with an experimentally measured value of 0.37 mm. The maximum equivalent von Mises
stress was 8.8 MPa, corresponding to a minimum safety factor of 39. These results remained
within the specified functional limits and indicated that structural stiffness, rather than
material strength, governed the design.

During 1000 controlled operating cycles, the maximum controller-based positioning
errors were 0.8, 0.7, and 0.5 mm along the X-, Y-, and Z-axes, respectively, remaining
within the specified ±2.0 mm tolerance. The system achieved 99.6% gripping reliability
without recorded collisions, while the mean critical extraction sequence time was 1.80 s.
Seven cycles marginally exceeded the 2.0 s target, and the manipulator-related intervention
rate was 0.4%. Extended monitoring over three months and 38,690 production cycles
demonstrated 99.1% operational availability, with no collisions, operator safety incidents,
structural failures, or requirements for mechanical or trajectory modification.

The findings demonstrate the practical applicability of the proposed framework un-
der the investigated industrial conditions but do not establish its universal validity or
superiority over other development approaches. The study is limited to one manipulator
architecture, one runner-extraction task, and one production environment. Future research
should therefore evaluate the framework across different robotic architectures, payloads,
processes, and industrial settings while incorporating common indicators of development
time, cost, redesign effort, and decision quality. Within these limitations, the study pro-
vides a quantitatively supported pathway for connecting engineering requirements with
design decisions and numerical, experimental, and operational evidence in industrial
automation development.
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