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Abstract– Conventional polymer injection molding achieves 

high part quality and productivity; however, equipment and tooling 

costs frequently restrict its use in educational laboratories and early-

stage research settings. This study introduces a requirement-driven 

conceptual design for a low-cost injection molding device that uses 

readily available filament-extrusion hardware to fabricate ASTM 

D638 Type I specimens. The methodology translates functional 

requirements into integrated subsystem decisions for the injection 

unit, mold unit, and structural frame, supported by first-order flow, 

thermal, and mechanical analyses. The design process establishes a 

feasible low-throughput operating window and addresses key risks 

through targeted solutions: guideline-based venting to minimize gas 

entrapment, conduction-focused mold heating with cartridge heaters 

and optional cooling channels for thermal regulation, and a stable 

clamping and alignment strategy for precise nozzle-to-mold 

positioning. Sprue and runner alternatives were assessed as coupled 

variables, with the constant-cylindrical sprue selected as the most 

robust option for maintaining quality consistency, mitigating defects, 

and maintaining dimensional stability under laboratory constraints. 

Material screening and preliminary sizing criteria identified 

aluminum tooling as suitable for the reference configuration. The 

resulting framework offers a practical pre-prototyping approach for 

low-volume comparative testing, educational use, and early 

laboratory validation, while excluding industrial high-throughput 

operation from its intended scope. 

Keywords-- Injection molding; Additive manufacturing; FDM 

extrusion; Conceptual design; Polymer processing. 

 

I.  INTRODUCTION  

Recent years have seen increased demand for sustainable, 

lightweight, and cost-effective solutions in industries that rely 

on polymeric materials, including sports, automotive, and 

aerospace [1], [2]. This demand has highlighted the need for 

manufacturing methods capable of producing functional 

thermoplastic parts with reliable performance, while remaining 

accessible for product development, testing, and low-volume 

production [3], [4], [5], [6], [7]. In response, material-extrusion 

additive manufacturing (AM) has gained widespread adoption 

due to its ability to rapidly fabricate parts from digital models, 

accommodate complex geometries, and lower barriers to 

prototyping. The most common implementation involves 

melting thermoplastic filaments and depositing them through an 

extrusion system, with the toolhead and build platform moving 

along three axes to construct the part layer by layer [8], [9], 

[10], [11], [12]. 

Despite its accessibility and geometric freedom, material-

extrusion AM faces well-known limitations when parts must be 

mechanically representative. The layer-by-layer deposition 

process introduces interfaces that can compromise structural 

integrity and lead to anisotropy, which is particularly 

problematic when tensile performance and repeatability are 

required for engineering evaluation. Additionally, achieving 

consistent quality often depends on careful control of process 

parameters, material condition, and geometry-dependent 

printing strategies. These constraints can make it difficult to use 

printed parts as direct substitutes for injection-molded 

components when the objective is to validate performance 

under standardized testing and realistic loading conditions [13], 

[14], [15], [16], [17], [18], [19] 

Injection molding remains one of the most effective 

methods for producing thermoplastic parts with high 

repeatability, superior surface finish, and properties that closely 

approximate isotropic bulk behavior. However, its application 

in prototyping and low-volume production is often constrained 

by the high cost of tooling, specialized equipment requirements, 

and operational complexity [20], [21]. Tooling design and 

fabrication require specialized expertise, and even for small 

parts, the mold design process entails technical trade-offs 

regarding filling, cooling, part ejection, and dimensional 

stability. Consequently, injection molding is often impractical 

for educational laboratories, early-stage product development, 

and settings in which only a limited number of test specimens 

or functional prototypes are required [22], [23], [24].  

AM can support injection molding by reducing tooling lead 

time and enabling rapid fabrication of mold inserts, including 

features that are difficult to machine with conventional 

methods. These directions suggest that, rather than treating the 

two technologies as competing alternatives, it is valuable to 

identify complementarities that enhance feasibility for low-

volume applications. In particular, there is an opportunity to 

rethink prototyping workflows by combining the accessibility 

of material-extrusion hardware and the part consolidation 

benefits of molding logic, with the goal of producing testable 

polymer parts at lower cost and with improved performance 

relative to layer-based prints [22], [25], [26], [27]. 

This study employs an exploratory and analytical approach 

to examine whether opportunities exist to enhance the 

profitability and performance of prototyping processes for 

polymer part manufacturing. This objective motivates research 

that assesses the technical feasibility of a compact molding 

device concept that leverages AM strategies and incorporates 

injection-molding principles.  

The concept leverages widely available extrusion 

components and filament feedstock to create a small-scale 

ISBN: 978-628-96613-3-0. ISSN: 2414-6390. Digital Object Identifier: https://dx.doi.org/10.18687/LACCEI2026.1.1.2582

mailto:franklin.vega@utp.ac.pa
mailto:maria.ortega@utp.ac.pa
mailto:Antonio.JaenOrtega@UGent.be


24th LACCEI International Multi-Conference for Engineering, Education, and Technology: “Engineering without Borders: Artificial Intelligence, Knowledge, Innovation, and 
Alliances for a Future from the Americas”. Hybrid Event, Santiago-Chile, July 15 - 17, 2026 

2 

injection mechanism, applying mold design logic to produce 

molded parts suitable for engineering evaluation. To provide a 

practical context, the study focuses on a standardized tensile 

specimen geometry, specifically the ASTM D638 Type I format 

[28], as the target mold cavity and reference for subsequent 

design decisions.  

The scope is limited to conceptual and preliminary design, 

supported by structured analysis, and does not include the 

fabrication of a physical prototype at this stage. The 

methodology integrates comparative analysis of both 

manufacturing routes, identification of key variables linking 

process choices to expected part performance, functional 

decomposition into subsystems, and first-order feasibility 

calculations for volumetric flow, filling time, and pressure 

requirements. Furthermore, the study aligns with broader 

sustainability objectives related to industrial infrastructure and 

responsible production, emphasizing accessibility, efficiency, 

and improved decision-making in prototyping. 

This paper offers three primary contributions. First, it 

presents a comparative analysis of material-extrusion AM and 

injection molding to inform low-volume prototyping decisions 

regarding performance, accessibility, and implementation 

constraints. Second, it introduces a structured conceptual 

architecture for a compact molding device, decomposed into 

injection, mold, and structural units to facilitate coherent 

integration of subsystems. Third, it provides a preliminary 

feasibility assessment based on volumetric flow, filling time, 

and pressure calculations, establishing viability parameters for 

the proposed concept at the conceptual stage. 

II. METHODOLOGY 

This work employed an exploratory, analytical, and 

design-oriented methodology to conceptually develop a low-

cost polymer molding device inspired by material-extrusion 

AM hardware and injection-molding logic. The study was 

guided by the following research question: Can a conceptually 

designed device, based on material-extrusion components and 

injection-molding principles, improve the feasibility of polymer 

prototyping in terms of technical performance and 

accessibility? To address this question, the study adopted a 

feasibility-driven design objective centered on defining an 

operational window in which an extrusion-based injection 

concept can reliably fill a standardized cavity with acceptable 

thermal stability and sealing, using readily available 

components and a low-cost feedstock. The methodological 

workflow was organized in five stages. 

A. State-of-the-art review 

A structured review of scientific and technical literature was 

conducted to establish current capabilities, limitations, and 

reported integration approaches between fused deposition 

modeling and injection molding, with emphasis on process 

behavior, material response, and design constraints relevant to 

conceptual device development. 

B. Comparative technical analysis (AM vs. injection 

molding) 

A comparative analysis was developed to contrast the two 

manufacturing routes and identify key trade-offs for low-cost 

prototyping, including productivity, geometric flexibility, 

expected mechanical performance, and implementation 

complexity. 

C. Parameter-to-property mapping 

Critical variables were identified and systematized across three 

domains: process parameters, material-related parameters, and 

geometry-related parameters. Their relationships with expected 

part performance were mapped to support criterion-based 

decisions for material selection, process definition, and 

functional requirements of the proposed device. 

D. Functional decomposition and conceptual design 

The proposed system was translated into a functional 

architecture and developed through subsystem-level conceptual 

design. Requirements were defined, and the main functions 

were decomposed to ensure coherent integration of subsystems. 

The device was organized into three main units: (i) injection 

unit, (ii) mold unit, and (iii) structural support unit. 

E. Preliminary feasibility assessment 

A first-order engineering feasibility assessment was performed 

using pressure, volumetric flow, and filling-time calculations to 

verify conceptual viability and define operational limits for the 

proposed injection approach using extrusion components. The 

scope of this work is limited to conceptual and preliminary 

design; therefore, no physical prototype was fabricated at this 

stage. The pressure and filling analysis was formulated using a 

compact set of first-order governing equations. The maximum 

admissible extrusion pressure was bounded by the filament 

critical pressure criterion: 

𝑃𝑐𝑟 =
𝜋2𝐸𝑑𝑓

2

16𝐿𝑓
2  (1) 

where 𝐸, 𝑑𝑓, and 𝐿𝑓denote filament elastic modulus, filament 

diameter, and unsupported filament length, respectively. Melt 

flow in the HotEnd was modeled as non-Newtonian using a 

power-law representation: 

𝛾̇ = 𝜙 𝜏𝑚. (2) 

The total pressure drop across the HotEnd was computed 

as the sum of three geometric zones: 

Δ𝑃 = Δ𝑃1 + Δ𝑃2 + Δ𝑃3 (3) 

and outlet pressure was obtained from: 

𝑃𝑜𝑢𝑡 = 𝑃𝑖𝑛 − Δ𝑃. (4) 

Finally, cavity filling time was estimated through 

volumetric continuity: 

𝑡𝑓𝑖𝑙𝑙 =
𝑉𝑐

𝑄
. (5) 

As a result, the study presents a concept-level device 

proposal, supported by a literature-based comparison, 

functional decomposition, and preliminary calculations that 
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establish viability bounds for future prototyping and 

experimental validation. 

III. RESULTS AND DISCUSSION 

A. Existing Literature Analysis and Comparative Baseline 

A review of the existing literature demonstrates that 

material-extrusion AM offers high accessibility, low entry 

costs, and rapid design iteration, making it suitable for early-

stage prototyping and laboratory-scale development. However, 

significant limitations arise when mechanically representative 

specimens are needed, primarily due to deposition-driven 

interfaces, anisotropy, and sensitivity to process conditions. 

These factors can undermine repeatability, surface finish, and 

consistency of mechanical performance across specimens [14], 

[15], [16], [17], [19], [29], [30].  

In contrast, injection molding is widely regarded as the 

standard method for producing repeatable thermoplastic parts 

and standardized test specimens. Controlled cavity filling and 

solidification typically result in improved part homogeneity, 

dimensional stability, and reproducibility. However, its 

adoption in laboratory and low-volume settings is limited by 

equipment costs, tooling and machining requirements, and 

operational complexities, such as clamping and thermal 

management. [20], [22], [23], [24], [26], [31]. 
These findings establish a practical tradeoff for low-

volume prototyping. Material-extrusion platforms are favored 

for their accessibility and simplified material feeding and 

melting, while injection molding is preferred for specimen 

repeatability and improved consolidation. This tradeoff 

supports the development of a compact approach that uses 

readily available extrusion-derived components for feeding and 

melting, combined with injection-molding principles to achieve 

controlled cavity filling for standardized testing and 

comparative evaluation. This approach prioritizes specimen 

consistency over industrial cycle time. 

B. Functional Requirements and Design Drivers 

To translate the comparative baseline into a requirements-

driven device concept, a functional analysis was conducted to 

formalize the system's functionality and the constraints 

governing its operation. The outcome of this stage is 

summarized as a functional tree that links the principal function 

to life-cycle stages, service functions, and explicit restrictions 

relevant to assembly, safety, sealing, and thermal stability (see 

Table I). This functional framing ensures that subsequent 

design choices are evaluated against traceable, verifiable 

requirements rather than being driven solely by geometric 

preference or component availability. 
TABLE I 

FUNCTIONAL TREE OF THE PROPOSED DEVICE, INCLUDING LIFE-CYCLE 

STAGES, SERVICE FUNCTIONS, AND DESIGN RESTRICTIONS. 

Principal 

function 

Life cycle 

stage 

Service 

function 

Restrictions 

F1. Enable 

molding of 

standardized 

specimens 

Design; Use F1.1 The mold 

cavity CAD 

must 

accommodate 

FR1. Dimensions and 

component locations 

must be unambiguous 

using FDM 

filaments. 

thermoplastic 

FDM 

filaments. 

F1.2 The 

molding 

chamber must 

match the 

target specimen 

geometry. 

for assembly and 

operation. 

F2. Maintain 

low-cost 

implementation. 

Design; 

Procurement 

F2.1 

Components 

and materials 

should be 

widely 

available. 

F2.2 Prefer 

modular parts 

to reduce 

tooling and 

machining 

needs. 

FR2. 

Materials/components 

must be safe under 

intended use (non-

toxic and non-

reactive). 

F3. Provide 

controlled melt 

delivery into 

the cavity. 

Use F3.1 The 

extrusion-based 

subsystem must 

provide stable 

melting and 

conveyance. 

F3.2 Actuation 

must deliver 

repeatable 

volumetric 

flow during 

filling. 

FR3. Flow must be 

sustained without 

premature 

solidification during 

long filling times. 

F4. Ensure that 

mold closure 

and sealing are 

achieved during 

injection. 

Use F4.1 The 

structure must 

maintain 

alignment 

between mold 

halves/inserts. 

F4.2 Sealing 

elements must 

prevent leakage 

under pressure. 

FR4. No leakage is 

allowed; deformation 

must not compromise 

alignment. 

F5. Enable 

mold 

temperature 

control. 

Use F5.1 Integrate 

heating to keep 

mold 

temperature 

within the 

processing 

window. 

F5.2 Control 

must be 

compatible 

with the 

selected mold 

material. 

FR5. Temperature 

must remain within 

safe limits; 

overheating must be 

prevented. 

F6. Enable heat 

removal and 

part release. 

Use; End of 

cycle 

F6.1 Provide 

cooling to 

enable 

demolding and 

cycle 

completion. 

FR6. Cooling must 

not induce 

misalignment; 

dimensional stability 

must be maintained. 

Based on this functional tree and the design intent, the main 

design drivers were then prioritized to reflect the intended use 

case of low-volume prototyping. The highest priority is the 

successful fabrication of polymer parts using accessible and 

affordable feedstocks, followed by improved specimen quality 

relative to material-extrusion limitations, particularly with 
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respect to surface quality and mechanical performance 

consistency. Cost accessibility relative to conventional 

injection molding equipment remains a core requirement, while 

ease of assembly and user-friendly operation support feasibility 

in laboratory settings. Aesthetics and perceived build quality 

are treated as secondary but remain relevant attributes for 

straightforward handling and adoption. 
TABLE II 

PRIORITIZED DESIGN DRIVERS . 

Priority Design driver 

1 Successful fabrication of polymer parts using accessible and 

affordable feedstock (FDM filaments). 

2 Improved part quality relative to material-extrusion AM 

limitations, particularly surface quality and mechanical 

performance consistency. 

3 Competitive quality-to-cost relationship to ensure overall 

accessibility versus conventional injection molding equipment. 

4 Ease of assembly to reduce fabrication time, energy use, and 

total design cost. 

5 User-friendly operation without the need for extensive 

specialized training. 

6 Adequate aesthetics and perceived build quality for 

straightforward handling. 

Based on functional decomposition and prioritized design 

drivers, the most relevant criteria were quantified to support 

traceability from requirements to subsystem decisions. Table III 

summarizes the targets, flexibility levels, verification approach, 

and supporting sources used to define the design envelope of 

the proposed device. 
TABLE III 

CRITERIA CHARACTERIZATION OF THE PROPOSED DEVICE. 

Criterion Target/specificat

ion 

Flexibili

ty level 

Control/verificat

ion 

Source  

Feedstock 

dimensions 

Filament 

diameter: 1.75 

mm; spool 

envelope: 20 × 

5.3 × 7 cm. 

F1 Design review [32] 

Cavity 

geometry 

Standard tensile 

specimen for 

polymer testing 

(ASTM D638 

Type I). 

F1 Design review 

[28] 

Mold 

insulation 

compatibili

ty 

No chemical 

reactivity 

between mold 

material and 

insulation 

material (if 

insulation is 

required). 

F2* Design review; 

material 

screening 

Design 

criterio

n 

Sprue/gate 

entrance 

External entry 

diameter less 

than or equal to 

5/32 in. 

F0 Design review [33] 

[34] 

*If insulation becomes strictly necessary, the flexibility level may be increased to F1 or F0, 

depending on the application need. 

The results provide a foundation for evaluating subsequent 

outcomes of the study. Specifically, they support the adoption 

of modular architecture comprising injection, mold, and 

structural units; identify temperature control as an essential 

functional requirement; and validate standardized specimen 

geometry as a basis for repeatable testing. Consistent with the 

defined scope, the concept emphasizes specimen consistency 

and controlled filling behavior rather than industrial 

productivity. 

C. Parameter-to-Property Mapping 

Key variables were categorized into three domains to 

translate the requirements outlined in Tables I–III into 

engineering implications. Process parameters encompass 

extrusion and actuation settings that determine melt delivery 

rate, volumetric flow, and the resulting pressure demand. 

Material-related parameters describe thermoplastic flow 

behavior and thermal sensitivity, which influence fillability and 

the risk of premature solidification during extended filling 

times. Geometry-related parameters include cavity volume, 

gate and runner dimensions, and flow-path length, all of which 

directly affect filling time, pressure losses, and dimensional 

stability. This framework demonstrates that conceptual 

feasibility is primarily determined by the interaction among 

volumetric flow capability, mold thermal control, and the 

standardized cavity and gate geometry selected for testing. This 

approach provides direct traceability from the functional 

criteria to the feasibility bounds discussed in the following 

section. 

D. Architectural Analysis and Conceptual System 

Architecture 

The architectural analysis translated the prioritized 

functional requirements into a subsystem-based system 

structure, defining the main modules and their interfaces to 

ensure coherent integration. The resulting architecture 

organizes the device into three main subsystems: a Structural 

Frame, an Injection Unit, and a Mold Unit (Figure 1). This 

decomposition separates (i) mechanical stability and alignment 

functions, (ii) melt delivery and actuation functions, and (iii) 

cavity definition and thermal management functions, 

respectively. Functional interactions and material-flow 

pathways were mapped across these subsystems to clarify the 

dependencies between extrusion-based melt generation, mold 

filling, and temperature control. The architecture also highlights 

the central role of the internal mold as the integration node, 

where the injection unit delivers molten polymer, and the mold 

unit provides controlled heating and cooling to sustain flow 

during filling and enable part release. 
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Fig. 1 System architecture and functional flow representation of the 

proposed extrusion-driven injection device. (a) Subsystem-level architectural 

decomposition showing the three primary units. (b) Functional flow diagram 

representing material, mechanical, thermal, and control streams across 

subsystems.  

E. Geometric Alternatives for Mold Design and Feasibility 

of Parting-Plane Selection 

A geometric feasibility assessment evaluated the 

manufacturability of the standardized tensile specimen (ASTM 

D638 Type I) within a compact extrusion-driven injection 

system. The analysis considered parting plane definition, mold 

opening direction, cavity orientation, and the potential for 

undercut formation. 

Figure 2 presents the geometric reasoning process underlying 

the selection of mold configurations. The evaluation began 

with a simplified parametric mold block (L × W × H), 

followed by assessment of specimen orientation relative to the 

mold opening direction. Two alternative mold variants, 

designated MV1 and MV2, were examined.

 
Fig. 2 Geometric feasibility assessment of the proposed mold 

configuration. (a) Simplified parametric mold block (L, W, H) used to define 

cavity envelope and parting-plane positioning. (b) Three-dimensional 

representation of the standardized tensile specimen highlighting principal 

geometric directions and characteristic dimensions. (c) MV1 configuration: 

specimen aligned with the mold opening direction and symmetrically divided 

by a planar parting surface, enabling straightforward demolding. (d) MV2 

configuration: rotated specimen orientation relative to the opening direction, 

illustrating potential demolding complications and increased geometric 

complexity. 
 

In the first configuration (MV1), the tensile specimen is 

aligned with the mold opening direction and positioned 

symmetrically relative to the parting plane. This arrangement 

enables direct demolding without geometric interference and 

reduces the risk of undercuts. The planar separation surface is 

compatible with conventional two-plate mold architecture, 

facilitating effective sealing and alignment under moderate 

clamping loads. 

In contrast, the second configuration (MV2) features a 

rotated specimen orientation relative to the opening direction. 

Although this arrangement is geometrically feasible, it 

produces non-uniform cavity spacing and increases the risk of 

geometric locking or asymmetric demolding stresses. 

Furthermore, the inclined flow path complicates gate 

positioning and increases sensitivity to melt-front progression 

during filling. 

Based on this comparative assessment, MV1 was selected 

as the preferred geometric solution due to its compatibility with 

a planar parting surface, predictable opening kinematics, and 

reduced geometric complexity. This selection supports the 

device’s low-volume, laboratory-oriented objectives, 

prioritizing mechanical simplicity, repeatability, and alignment 

stability over complex multi-part mold architectures. 

The selected orientation also facilitates subsequent 

pressure and filling-time calculations, as detailed in Section 

IV.E, by ensuring a well-defined cavity volume and a 

controllable flow compatible with the chosen gate geometry. 

F. Preliminary Feasibility Calculations and Viability 

Bounds 

F.1. Process operating window 

First-order calculations define the process operating 

window and conceptual feasibility limits of the proposed 

extrusion-driven injection configuration. For the selected 

standardized tensile-specimen cavity, the calculated cavity 

volume is 8399.631 mm³ (8.399631 cm³). At the operating 

point of 32.56 mm³/s, the estimated filling time is 258 s 

(approximately 4.3 min), placing the system in a low-

throughput regime and highlighting the need for thermal control 

to prevent premature solidification during filling. 

Pressure calculations indicate an outlet pressure near 7.7 

MPa, with minor variation across the evaluated temperature 

range. This level is consistent with fused-filament extrusion 

physics, in which the filament acts as a piston that pressurizes 

the melt through the hot end and nozzle, and the required 

pressure is governed by melt rheology and flow-path geometry 

[35], [36]. By comparison, conventional injection molding 

typically operates at substantially higher pressures, commonly 

reported to range from 40 to 200 MPa, depending on part and 

process conditions [31], [37], [38]. 
 

 
Fig. 3 Operational bounds of the proposed extrusion-driven injection 

system. (a) Pressure response at the HotEnd inlet and outlet over the evaluated 

temperature range. (b) Filling-time sensitivity to volumetric flow rate for the 

selected standardized tensile-specimen cavity, highlighting the trade-off 

between flow capacity and process duration. 
As shown in Figure 3(a), the predicted hot-end inlet 

pressure remains approximately 7.806 MPa, while outlet 

 

 

d
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pressure stays within about 7.694 to 7.698 MPa over 493 to 533 

K, indicating stable pressure behavior under the selected 

conditions. Figure 3(b) shows that filling time decreases 

monotonically with increasing volumetric flow rate. However, 

at the selected operating point, filling remains in the minute-

scale range. This contrasts with industrial injection molding, 

where filling is commonly completed on second-scale cycles, 

reinforcing that the present configuration is designed for 

controlled, low-volume prototyping and comparative specimen 

fabrication rather than high-throughput production [39], [40]. 

Given this intended use, the manufacturing scope was 

conservatively capped at 1000 parts. Gate-sizing analysis 

recommended a 5/32 in entry diameter (about 3.97 mm) as a 

feasible balance between flow and pressure requirements for 

the selected cavity. Material screening identified two mold 

candidates: a 3D-printed polymer and 6061-T651 aluminum. 

During this process operating window, mold selection was 

guided by SPI class specifications reported by Kazmer [41], in 

which Class 101, 102, and 103 molds are associated with 

production scales of more than 1,000,000, 500,000, and 

250,000 cycles, respectively. Given that the present concept is 

intentionally scoped to approximately 1000 parts, the design is 

positioned well below the high-volume SPI classes. Therefore, 

within the current operating constraints (minute-scale filling 

and sustained thermal demand), the material selection 

prioritizes thermal stability and dimensional consistency, 

supporting the selection of Al 6061-T651 as the preferred mold 

material for the conceptual comparative tool. 

F.2. Effect of sprue geometry and runner length 

This section presents the rationale for selecting the constant 

cylindrical sprue as the baseline geometry for the ASTM D638 

Type I comparative mold. Analysis of Figure 4(a) demonstrates 

that the cylindrical sprue consistently achieves higher final 

quality than the conical alternative across the evaluated runner-

length range. For example, at 34 mm, the cylindrical 

configuration achieves 99.72% quality, compared with 99.56% 

for the conical; at 5 mm, the values are 99.36% and 99.32%, 

respectively. Although these differences are quantitatively 

small, their persistence indicates a systematic advantage for the 

cylindrical geometry under both limiting conditions. 

Figure 4(b) indicates that the sink depth associated with the 

cylindrical sprue remains close to 0.01 mm for runner lengths 

between 5 and 30 mm, with a noticeable increase only at 34 

mm. This trend suggests greater robustness to variations in 

runner length within the practical range. Figure 4(c) shows that 

the conical sprue is associated with increased deflection, while 

the most favorable deflection (approximately 0.80 mm) is 

observed under short-runner conditions. Taken together, these 

findings support the cylindrical configuration with respect to 

geometric repeatability and surface integrity, although the 

magnitude of the benefit warrants further examination. 

Figure 4(d) corroborates the principal trade-off: volumetric 

contraction increases with runner length, reaching 

approximately 5.06% for the cylindrical case and declining to 

approximately 4.92% at shorter runner lengths. Notably, the 

greatest disparity between sprue types remains below 5%. This 

contraction penalty, while measurable, appears comparatively 

minor when juxtaposed with the observed gains in quality and 

defect mitigation. 

The field maps in Figures 4(f.1) and 4(f.2) (cylindrical 

sprue, 10 mm runner) align with these trends: contraction is 

distributed along the specimen body, while sink marks are 

localized near the sprue-entry transition and remain low in 

absolute magnitude. These observations support the use of the 

cylindrical sprue as the reference geometry and suggest that 

runner length should be considered a secondary tuning variable. 

Within the process operating window defined in Section 

F.1 (approximately 7.7 MPa outlet pressure and minute-scale 

filling), the primary design objective is to ensure stability and 

repeatability of specimen quality rather than to maximize 

throughput. In this context, the cylindrical sprue provides the 

most favorable balance among competing criteria. However, it 

is important to recognize that results may differ under 

alternative operating conditions. 

Finally, the diameter-sensitivity analysis supports this 

selection: after an initial estimate near 5/32 in, a 4.5 mm sprue 

entry was retained because it reduced both deflection and 

contraction, maintained sink performance, and resulted in a 

quality decrease of only about 0.11%, which is considered 

negligible for the intended application. The constant cylindrical 

sprue was selected as the final geometry because it improves 

surface quality and defect robustness (sink and deflection) with 

only a minor, acceptable increase in volumetric contraction. 

Nevertheless, further validation in broader contexts is 

recommended. 

F.3. Venting, Thermal Management, and Structural 

Integration 

In closed-cavity injection molding, cavity filling requires 

the controlled evacuation of gas. Leakage through parting-line 

interfaces, ejector-pin clearances, or slider interfaces is 

typically insufficient. For this reason, a dedicated venting 

system is a mandatory design requirement for molds. Vents are 

implemented as shallow slots that allow gas release while 

preventing melt escape, with special emphasis on the last-to-fill 

region, where inadequate venting can cause air entrapment, 

short shots, and gas-burn defects. Under high compression, 

trapped gases may overheat and, in severe cases, damage mold 

steel. Vent design is parameterized by 𝐷𝑣 (vent depth, resin-

dependent), 𝐿𝑣 (vent length), 𝑊𝑣 (vent width), and 𝐷𝑐 (post-vent 

channel depth). The selected values follow established design 

guidelines [33], [42], as 𝐷𝑐 = 1.00mm, 𝐿𝑣 = 3.80mm, 𝐷𝑣 =
0.07mm, and 𝑊𝑣 = 5.00mm. These values were held constant 

across the reference configuration and were used in all 

subsequent calculations. 

For the mold unit, thermal management is defined as a core 

design function that ensures melt-process stability and part 

release. The system is configured to heat the mold to the 

polymer melting temperature during filling and then reduce the 

temperature for demolding. A conduction-based heating 

strategy with cylindrical cartridge heaters is adopted as the 
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primary concept, because cartridge heaters provide high heat 

flux, fit compact cavities, and support integrated thermocouples 

for closed-loop temperature control. Their geometric flexibility 

in diameter and cold-section customization also facilitates 

adaptation to cavity constraints, while appropriate materials and 

placement enable operation at high temperatures [43]. In this 

layout, heater cartridges are oriented with their axial direction 

parallel to the mold width for practical installation and operator 

accessibility (Figure 5). 

 
Fig. 4 Effect of sprue geometry and runner length on molding quality 

indicators for the standardized tensile-specimen cavity. (a) Final quality 

percentage as a function of runner length. (b) Sink depth versus runner length. 

(c) An additional sink-depth comparison was used to confirm the same trend 

under the evaluated design set. (d) Maximum volumetric contraction in relation 

to deflection. (e) Deflection versus runner length. (f) Spatial fields for the 

selected baseline condition, performed in ANSYS® (constant cylindrical sprue, 

10 mm runner): (f1) volumetric contraction distribution (%) and (f2) sink-depth 

localization (mm). 

 

Since the mold is intended for comparative research rather 

than mass production, cycle time is treated as a secondary 

constraint. Therefore, cooling can be implemented either 

through predefined water-cooling channels or by natural 

convection at ambient conditions. When accelerated cooling is 

required, the channel cross-section and spacing are defined in 

accordance with the prescribed geometric guidelines. Overall, 

thermal-line configuration is optimized to achieve two coupled 

targets: uniform cavity heating to prevent premature 

solidification and controlled cooling to reduce cycle time while 

minimizing warpage. Mold closure is achieved using upper and 

lower fastening bolts, positioned to avoid interference with the 

thermal circuits. 

The mechanical architecture of the proposed injection-

molding device is designed to fulfill three primary functions: 

supporting the injection unit while enabling linear positional 

adjustment for molds of different sizes; supporting the filament 

spool without restricting feed motion during extrusion; and 

immobilizing the mold throughout filling. Based on these 

requirements, the architecture is organized into three main 

subsystems: arm, mold clamp, and base (Figure 6). 

The arm is configured as an inverted L-shaped member that 

elevates the injection unit and transmits its load to the base. Its 

horizontal segment is modeled as a cantilever under bending. A 

preliminary geometric envelope is established based on the 

target manufacturing range, with a vertical reach of 45 cm and 

a horizontal length of 25 cm, using the typical part-size scale 

reported for fused deposition modeling systems [44]. 
The initial cross-sectional sizing follows elementary 

bending theory, 𝜎 = 𝑀𝑐/𝐼, using an allowable stress of 240 

MPa for Al 6061, load moment derived from a 2.5 kg injection-

unit mass, and a square section assumption [45], [46]. This 

first-pass calculation yields a minimum side dimension of 

approximately 0.5 cm. Since this value is structurally sufficient 

but not adequate for assembly and alignment constraints, final 

sizing is governed by integration requirements of the sliding 

plate and by the required vertical alignment between nozzle and 

mold fastener, resulting in a practical arm section of 12 × 7cm 

(Figures 6 and 7). 

 

 

 
Fig. 5 Preliminary mold design integrating thermal-management and 

fastening features for the tensile-specimen cavity. (a) First mold half showing 

the proposed layout of cartridge heater bores (red arrows), cooling channels 

(blue arrows), and fastener positions (green arrows). (b) Second mold half 

  .1 

  .1 
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showing the corresponding channel network and bolt interfaces for mold 

closure and thermal operation.  

 
Fig. 6 Conceptual structural layout of the proposed injection-molding 

device. 

 
Fig. 7 Integration geometry for the injection-unit support system. (a) 

Dimensions of the injection-unit sliding plate. (b) Conceptual front-view 

alignment of the injection unit, nozzle, arm, and mold fastener along the 𝑦–𝑧 

reference axes. 
Mold fixation is implemented with threaded C-clamp 

elements mounted on both sides of the mold to apply 

controllable compression and maintain positional stability 

during filling. The base is defined as a flat platform that 

integrates and supports all subsystems. The resulting 

conceptual assembly consolidates the minimum functional 

elements required for stable operation of the molding device 

(Figure 8). 

 
Fig. 8 Final conceptual design of the filament-extrusion-driven injection 

molding device. The assembly integrates a structural base, support columns, a 

vertical positioning system for the injection unit, a filament spool holder, a 

nozzle aligned with the mold inlet, and a laterally clamped mold module. 

IV. CONCLUSIONS AND PRACTICAL IMPLICATIONS 

The results delineate a relatively narrow, though internally 

coherent, operating window for the proposed low-cost, 

extrusion-driven injection concept. As shown in Figure 3, the 

hot-end pressure response remains relatively stable across the 

evaluated thermal range, with an outlet pressure near 7.7 MPa 

and only modest variation between 493 and 533 K. At a selected 

operating point of 32.56 mm³/s, the estimated filling time is 

approximately 258 s. While this minute-scale filling regime 

suggests technical feasibility for controlled specimen 

fabrication, it simultaneously underscores the salience of 

thermal losses and melt solidification as primary design 

constraints. It is important to acknowledge that these findings 

are contingent upon the specific operating conditions evaluated 

herein. 

Within this operating window, the geometry study depicted 

in Figure 4 appears to support selecting the constant-cylindrical 

sprue as the preferred baseline configuration for the ASTM 

D638 Type I cavity. The cylindrical sprue yields marginally 

higher final quality than the tapered alternative at the evaluated 

extremes, 99.72% versus 99.56% at a 34 mm runner length, and 

99.36% versus 99.32% at 5 mm. Sink-depth behavior also 

appears to favor the cylindrical option within the practical 

range, remaining near 0.01 mm from 5 to 30 mm and increasing 

only at the longest-runner condition. Deflection trends offer 

additional support for this assessment, as the tapered sprue 

exhibits higher values and thus comparatively reduced 

dimensional robustness. Nevertheless, the quantitative 

differences should be interpreted with caution, as they are 

modest in absolute terms. 

The principal trade-off observed is volumetric contraction, 

which increases with runner length and is generally greater for 

the cylindrical sprue, reaching approximately 5.06% within the 

evaluated set. Nonetheless, the disparity between sprue types 

remains below 5% and, given the observed improvements in 

quality, sink control, and deflection stability, may be considered 

relatively minor. Spatial mapping further corroborates this 

interpretation: contraction is distributed throughout the 

specimen, while sink marks are localized near the sprue-entry 

transition. Accordingly, the selected geometry appears to 

enhance overall specimen quality while maintaining low and 

spatially confined local defect severity. It is prudent, however, 

to reiterate that these conclusions are context-dependent and 

may warrant further experimental validation. 

From a system design perspective, the present study 

suggests that mold material selection, vent geometry, heating 

layout, optional cooling strategy, and structural alignment are 

strongly interdependent. The principal contribution is not the 

identification of a single optimized parameter but the 

articulation of a reproducible design methodology that links 

functional requirements to first-order mechanical, thermal, and 

process constraints prior to hardware fabrication. This approach 

is arguably most relevant for early-stage engineering 

development, where minimizing uncertainty prior to 

prototyping is paramount. Nonetheless, further research is 
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advised to evaluate the generalizability of these methodological 

recommendations. 

The low-cost rationale is further contextualized by 

reference to production-class guidelines. While SPI guidance 

prescribes very high cycle counts, the present concept is scoped 

for approximately 1000 parts. Consequently, the intended use 

case is not industrial high-throughput molding but for 

comparative testing, laboratory prototyping, and educational 

deployment, in which acceptable repeatability is prioritized. 

Thus, extended cycle times may be justified if they ease 

accessibility, reduce entry cost, and promote design 

transparency. These trade-offs should be evaluated in light of 

the application's specific objectives and constraints. 

The initial requirement-driven strategy is completed in this 

study through a closed decision sequence: (i) definition of the 

target use case and standardized cavity, (ii) establishment of a 

feasible process operating window, (iii) comparative 

assessment of sprue and runner effects on quality and defect 

metrics, and (iv) integration of venting, thermal, and structural 

constraints into a single conceptual architecture. Within this 

sequence, the constant cylindrical sprue was selected as the 

baseline configuration because it offers the best overall balance 

between surface quality, sink-depth robustness, and deflection 

stability, while incurring an acceptable contraction penalty 

under low-throughput operation. This closes the proposed 

design methodology as a reproducible pre-prototyping 

framework for laboratory-scale comparative molding. 

G.1. Conclusions 

1. Technical feasibility has been demonstrated, within the 

scope of this study, for low-volume manufacturing of 

standardized tensile specimens under the evaluated operating 

conditions. It is, however, essential to acknowledge that these 

results may not be directly generalizable to broader 

manufacturing contexts without further empirical validation. 

2. The constant-cylindrical sprue is identified as the 

optimal geometry in this context, as it appears to improve 

surface quality and defect robustness, notwithstanding a modest 

contraction penalty. Nevertheless, the optimality of this 

configuration may depend on the specific parameters and 

constraints examined herein. 

3. Cycle time remains the principal limitation, as minute-

scale filling amplifies sensitivity to thermal management and 

melt-flow stability. This constraint should be carefully weighed 

in subsequent design iterations. 

4. This study advances a transferable pre-prototyping 

framework that integrates venting, thermal design, structural 

considerations, and process calculations into a unified, 

requirement-driven workflow. The applicability of this 

framework to alternate contexts or scales, however, remains to 

be established. 

G.2. Practical Implications 

In laboratory and instructional contexts, this framework 

provides a practical approach to implementing low-cost 

comparative molding for small-batch specimen production, 

material screening, and teaching applications. The current 

configuration is intended for repeatable low-volume operation, 

not industrial throughput, and should be interpreted within its 

stated methodological assumptions. 

From a design perspective, the results indicate that sprue 

and runner choices should be treated as a coupled multi-

objective problem. Under low-throughput conditions, 

prioritizing surface quality, sink-mark control, and deflection 

stability is more consequential than marginal reductions in 

volumetric contraction. 

The immediate next step is experimental validation. 

Priority tasks include monitoring instrumented-cavity pressure 

and temperature, quantitative repeatability assessment, and 

iterative optimization of heater placement and cooling-channel 

layout to reduce cycle time while preserving dimensional 

stability and defect control. 
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