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Abstract 

Additive manufacturing (AM) has transformed rapid prototyping by 
enabling mechanical engineers to convert digital models into physical 
components without dedicated tooling. This methodology paper develops 
a literature-grounded framework for selecting and evaluating AM 
techniques for rapid prototyping in mechanical engineering applications, 
with emphasis on fused deposition modeling/fused filament fabrication 
(FDM/FFF), stereolithography (SLA), and selective laser sintering (SLS). 
The proposed procedure integrates design requirements, CAD model 
preparation, tessellation and slicing, process and material selection, 
fabrication, post-processing, dimensional inspection, functional 
assessment, and multi-criteria comparison of quality, time, and cost. The 
framework is intended for concept models, fit-and-assembly prototypes, 
and functional engineering prototypes. Published work demonstrates that 
AM can shorten iteration cycles and enable geometries that are difficult to 
manufacture conventionally, although process-dependent anisotropy, 
surface finish, dimensional deviation, and material limitations remain 
important design constraints [1], [6], [9]. A qualitative synthesis shows that 
FDM is particularly attractive for economical concept and fit testing, SLA is 
preferred where surface finish and geometric detail dominate, and SLS is 
advantageous for complex functional polymer prototypes because 
surrounding powder reduces support-structure constraints. The study 
provides a reproducible decision pathway that can be adapted to 
laboratory testing or industrial prototype development while restricting 
the supporting literature to publications available through 2019. 

 
Introduction 

Rapid prototyping is a central activity in 
mechanical product development because early 
physical models expose geometric conflicts, 
assembly errors, ergonomic problems, and 
functional weaknesses before expensive tooling 
or production decisions are made. Traditional 
prototype routes such as CNC machining, casting, 
or fabricated mock-ups remain valuable, but they 
can require multiple setups, fixtures, specialist 
labor, or geometry-specific tooling. AM changes 
this workflow by creating a part directly from 

digital geometry through sequential material 
addition. Wong and Hernandez [1] describe the 
basic digital chain from computer-aided design 
(CAD) through tessellation and layer generation, 
while Huang et al. [2] emphasize the broader 
effect of AM on customization, distributed 
production, and reduced dependence on 
conventional tooling. 

For mechanical engineering, the value of AM is 
not limited to visual models. Prototypes may be 
required to verify interfaces, evaluate motion, 
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test load paths, check manufacturability, 
demonstrate mechanisms, or support design 
reviews. The appropriate AM technique therefore 
depends on the purpose of the prototype. A low-
cost FDM part may be adequate for envelope and 
fit verification, whereas a high-detail SLA part can 
be preferable for fluidic channels, housings, or 
form studies. Powder-bed methods such as SLS 
can produce complex polymer parts with fewer 
support-related restrictions and may be more 
suitable for functional assemblies. These 
advantages must be balanced against process-
specific limits in accuracy, anisotropy, surface 
texture, post-processing, and material 
performance [3], [4], [9]. 

The objective of this paper is to present a step-by-
step methodology for applying AM to rapid 
prototyping in mechanical engineering. The 
approach is organized around three questions: 
what the prototype must prove, which AM 
process best addresses that requirement, and 
how the resulting prototype should be evaluated. 
The paper focuses on a practical comparative 
framework rather than claiming new laboratory 
measurements. The results section therefore 
reports a literature-grounded technique-
selection synthesis that can be used as a baseline 
for future experimental work. All references used 
were published in 2019 or earlier, in accordance 
with the defined literature boundary. 
 
Literature Review 

Early AM research established the importance of 
build orientation and layer-wise bonding in 
determining prototype performance. Ahn et al. 
[3] showed that FDM ABS exhibits anisotropic 
behavior, demonstrating that mechanical 
response cannot be treated as identical in all 
directions. This finding is directly relevant to 
rapid prototyping because a part that accurately 
reproduces geometry may still misrepresent 
functional behavior if load direction and raster 
organization are ignored. Sood et al. [4] further 
demonstrated that FDM process variables 
interact to influence tensile, flexural, and impact 
behavior, reinforcing the need to treat slicing 
parameters as engineering variables rather than 
merely machine settings. 

The emergence of lower-cost material-extrusion 
systems widened access to rapid prototyping, but 
also increased concern regarding repeatability. 
Tymrak et al. [5] investigated components 
fabricated on open-source 3-D printers under 
realistic conditions and showed that usable 
mechanical properties can be achieved, while 
also illustrating variability associated with 
machine configuration, material, and build 

conditions. For a methodology intended for 
general mechanical engineering laboratories, this 
evidence supports the inclusion of repeat builds, 
standardized measurement locations, and 
explicit recording of machine and slicing 
parameters. 

Design practice also changed as AM matured. 
Thompson et al. [6] reviewed design for additive 
manufacturing (DfAM) and argued that AM 
design decisions should account for both 
opportunities and constraints, including 
geometric freedom, support generation, process 
limitations, material behavior, and cost. This is 
especially important in rapid prototyping 
because a prototype may be designed either to 
mimic a conventionally manufactured 
production part or to exploit AM-specific 
geometry. The methodology proposed in this 
paper distinguishes these objectives: design-
validation prototypes should preserve 
production intent, whereas exploratory 
prototypes may deliberately use topology 
changes, part consolidation, or internal 
complexity to examine alternative solutions. 

Process-parameter studies also improved 
understanding of polymer AM. Chacón et al. [7] 
examined PLA structures produced by fused 
deposition modelling and reported strong 
dependencies between process parameters, build 
orientation, and mechanical performance. Their 
work supports the selection of layer thickness, 
orientation, raster strategy, and infill as 
controlled factors when functional prototypes 
are evaluated. In parallel, Attaran [8] 
summarized the advantages of 3-D printing 
relative to traditional manufacturing, including 
reduced tooling dependence, customization, 
design complexity, and shorter product-
development cycles. These advantages explain 
why AM is particularly effective during iterative 
engineering development, where multiple design 
revisions may be required before the geometry is 
frozen. 

Ngo et al. [9] provided a broad review of AM 
materials, processes, applications, and 
challenges. Their synthesis is useful for process 
selection because it shows that no single AM 
technique is universally superior; performance 
depends on the interaction among feedstock, 
energy or deposition mechanism, resolution, 
geometry, and end-use requirement. By 2019, 
comparative manufacturing studies were also 
directly examining when AM should be preferred. 
Pereira et al. [10] compared additive and 
traditional manufacturing and emphasized that 
the “best” method depends on part quantity, 
complexity, customization, and process 
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economics. For rapid prototyping, where 
quantity is low and iteration value is high, AM 
often has a strong advantage, but final selection 
should still consider dimensional, surface, 
functional, and cost criteria. 

The literature therefore points to a clear 
methodological gap between having access to a 3-
D printer and engineering an effective prototype-
development process. A robust approach must 
connect prototype purpose to geometry 
preparation, process selection, build parameters, 
post-processing, inspection, and decision criteria. 
The framework below consolidates these 
elements into a reproducible sequence suitable 

for teaching laboratories, design offices, and 
early-stage product development. 
 
Methodology 

The proposed methodology uses a comparative 
case-study structure. A common mechanical 
benchmark component is designed with features 
that are representative of rapid-prototyping 
tasks: planar walls, a cylindrical boss, two 
through-holes, a thin rib, a snap/clearance 
feature, an overhang, and a mating interface. The 
same nominal CAD model is then prepared for 
FDM, SLA, and SLS so that process differences can 
be evaluated against a common design intent. The 
workflow is shown in Figure 1. 

 

Figure 1. Step-by-step methodology for AM-based rapid prototyping in mechanical engineering. 
Step 1 - Define prototype purpose and engineering 
requirements. The study begins by stating what 
must be learned from the prototype. 
Requirements are grouped as visual/form 
verification, fit and assembly, motion or 
ergonomic assessment, and 
functional/mechanical testing. Critical 
dimensions, load directions, contact surfaces, 
temperature exposure, required surface 
condition, target lead time, and allowable 
prototype cost are recorded. This prevents the 
common error of selecting a printer before 
defining what the prototype must demonstrate. 
For a fit prototype, dimensional stability may 
dominate; for a functional bracket, orientation-
sensitive strength becomes a primary constraint 
[3], [7]. 

Step 2 - Create and check the CAD benchmark 
model. A parametric solid model is generated in 
standard mechanical CAD software. Dimensions 
are assigned from the design specification rather 
than from printer capability. Features smaller 
than the selected process can reliably reproduce 
are flagged, but they are not automatically 
enlarged unless the prototype objective permits 
design adaptation. The CAD model is checked for 
closed volumes, interference, minimum wall 
thickness, and assembly clearances. A controlled 
revision code is used so that all printed 
specimens correspond to the same geometry. 

Step 3 - Export, tessellate, orient, and slice the 
digital model. The model is exported to STL or an 
equivalent mesh format using a tolerance fine 
enough to avoid visible faceting on curved 
features. The mesh is inspected for holes, 
inverted normals, intersecting surfaces, and non-
manifold edges. Orientation is then selected 
according to the prototype objective. For FDM, 
orientations that place major tensile loads across 
weak interlayer interfaces are avoided where 
functional behavior is important [3], [4]. For SLA, 
orientation is balanced against support scars and 
drainage. For SLS, orientation is selected to 
control packing, thermal behavior, and surface 
exposure while benefiting from powder support. 

Step 4 - Select process, material, and controlled 
build parameters. Three process families are 
compared: FDM/FFF using a common 
engineering thermoplastic such as PLA or ABS; 
SLA using an engineering photopolymer; and SLS 
using a polymer powder such as nylon. The 
controlled parameter sheet records layer 
thickness, orientation, infill or shell strategy 
where applicable, support strategy, print speed 
or machine profile, build temperature/energy 
profile where accessible, and material batch. The 
literature shows that parameter settings can 
materially affect mechanical properties and 
dimensional response, particularly in extrusion-
based AM [4], [7]. 



International Journal on Mechanical Engineering and Robotics 

4 

Step 5 - Fabricate and post-process prototypes. At 
least three repeat prototypes per process are 
recommended for a laboratory study so that 
measurement scatter can be observed. Machine 
warm-up, calibration, and material conditioning 
follow the manufacturer procedure. After 
fabrication, FDM supports are removed 
mechanically, SLA parts are washed and post-
cured according to resin requirements, and SLS 
parts are depowdered. Post-processing time is 
recorded separately from machine build time 
because a rapid-prototyping method that prints 
quickly but requires substantial finishing may not 
minimize total iteration time. 

Step 6 - Inspect geometry, fit, surface condition, 
and functional behavior. Dimensional verification 
is performed with calibrated calipers, 
micrometers, gauges, or coordinate 
measurement equipment depending on 
tolerance. At minimum, three linear dimensions, 
one-hole diameter, and one mating feature are 
measured at predefined locations. Surface 
condition is assessed on a designated face using 
profilometry when available or by a controlled 
visual/tactile scale for teaching laboratories. 
Assembly fit is classified as pass, conditional pass, 
or fail. If functional testing is required, loading 
follows the actual service direction and build 
orientation is documented because AM 
anisotropy can significantly influence 
interpretation [3], [5]. 

Step 7 - Evaluate lead time, cost, and technique 
suitability. Total prototype lead time is calculated 
as data preparation plus machine setup plus 
build time plus cooling/curing plus support 
removal and finishing. Direct prototype cost 
includes material consumed, support or waste 
material, machine time, and post-processing 
consumables; labor may be added where 
comparative costing is required. Technical 
suitability is then judged using the same criteria 
for all processes: dimensional fidelity, surface 
quality, functional suitability, geometric freedom, 
post-processing burden, lead time, and cost. A 
weighted decision matrix can be used when one 
criterion is more important than another. This 
final selection logic is consistent with DfAM and 
manufacturing-method comparisons reported in 
the literature [6], [10]. 
 
Results 

Because this paper presents a methodology 
rather than a completed laboratory campaign, the 
results are reported as a literature-grounded 
comparative outcome of the proposed selection 
framework. Table 1 summarizes the expected 
relative behavior of the three process families for 
rapid prototyping. The entries are qualitative 
rankings synthesized from the cited literature 
and established process characteristics; they are 
not presented as new measured data. This 
distinction is important because actual 
dimensional error, roughness, build time, and 
cost depend on machine model, material, 
geometry, orientation, and parameter settings. 

Table 1. Literature-grounded comparison of AM techniques for rapid prototyping [1], [6], [7], [9], [10]. 

Criterion FDM/FFF SLA SLS Rapid-prototyping implication 
Prototype cost Low Moderate Moderate to 

high 
FDM is attractive for frequent 
low-cost design iterations. 

Surface/detail 
quality 

Moderate High Good SLA is preferred for fine features, 
visual form, and smooth surfaces. 

Functional 
polymer use 

Good, but 
orientation-
sensitive 

Resin-
dependent; 
can be brittle 

High for 
complex 
polymer parts 

SLS is strong for functional 
geometry; FDM requires 
orientation control. 

Support burden Supports 
often 
required 

Supports 
generally 
required 

Powder is self-
supporting 

SLS handles internal/complex 
geometry with fewer support 
restrictions. 

Dimensional/fit 
studies 

Good with 
calibration 

Very good Good SLA is strong where small-feature 
fidelity is the dominant 
requirement. 

Best 
mechanical-
engineering 
role 

Concept, fit, 
fixtures, 
low-cost 
functional 
models 

High-detail 
housings, 
form studies, 
precise 
prototypes 

Complex 
functional 
prototypes 
and 
assemblies 

Selection should follow the 
prototype objective rather than 
printer availability. 

 
The comparative outcome indicates that 
FDM/FFF provides the most practical starting 

point when the main objective is inexpensive 
iteration. Its accessibility and low material cost 
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support repeated design changes, but mechanical 
interpretation must account for directional 
properties and the effects of process settings [3]-
[5], [7]. This makes FDM particularly effective for 
layout models, brackets, jigs, fixtures, fit checks, 
and early functional trials when the designer 
controls orientation and does not assume bulk-
material isotropy. 

SLA becomes the preferred route when feature 
definition and surface condition are more 
important than the lowest cost. It is therefore 
well suited to compact housings, interface 
models, flow-path demonstrations, 
aesthetic/ergonomic surfaces, and prototypes 
requiring small details. However, prototype 
function must be interpreted in relation to the 
selected resin and post-cure condition. SLS 
provides a different advantage: powder 
surrounding the part reduces the need for 
discrete support structures, which makes the 
method attractive for complex geometries, 
nested features, and functional polymer 
prototypes where support removal could damage 
or obstruct the geometry. These process 
differences illustrate the central result of the 
methodology: rapid prototyping should be 
treated as a requirement-driven process-
selection problem, not as a single-technology 
activity [6], [9]. 

The framework also clarifies the relationship 
between AM and conventional methods. For low-
volume prototypes with frequent design 
revisions, AM avoids dedicated tooling and can 
compress the design-build-evaluate loop. As 
volume increases or when material properties 
and tolerances exceed the capability of the 
selected AM route, machining, molding, or hybrid 
processing may become more appropriate. 
Pereira et al. [10] similarly show that 
manufacturing choice must be contextual rather 
than absolute, while Attaran [8] emphasizes the 
strategic value of rapid iteration and 
customization. Thus, the principal performance 
gain of AM in prototyping is not merely “faster 
printing”; it is faster learning per design iteration. 

An important outcome of the proposed 
framework is that the preferred process changes 
when the prototype objective is re-weighted. If 
the primary requirement is frequent geometric 
iteration at minimum expense, cost and 
turnaround receive the largest weights and FDM 
generally becomes the preferred route. If the 
objective is to verify fine interfaces, small holes, 
sealing surfaces, or visual detail, dimensional and 
surface criteria receive greater weight and SLA 
becomes more attractive. Where the prototype 
contains enclosed passages, interlocking 

features, or complex free-form geometry that 
would be difficult to support and clean, SLS can 
gain priority because the powder bed supports 
the build during fabrication. The decision process 
therefore makes trade-offs explicit and traceable 
rather than relying on informal printer 
preference. 

The framework also separates machine build 
time from total iteration time. In practice, 
engineering teams often compare AM systems 
only by nominal print duration; however, data 
preparation, support generation, queue time, 
cooling, washing, curing, depowdering, support 
removal, and dimensional inspection can 
substantially affect when a prototype becomes 
usable. For rapid product development, the more 
meaningful metric is elapsed time from approved 
CAD revision to a prototype that can be 
evaluated. The same reasoning applies to cost: 
material price alone does not capture machine 
occupancy, failed builds, support waste, finishing 
labor, or the cost of repeating a prototype after a 
design change. Recording these elements 
improves the value of the method for industrial 
decision making [8], [10]. 

A further result concerns interpretation of 
prototype function. A rapid prototype should not 
automatically be treated as a production-
equivalent component. In FDM, interlayer 
bonding and raster orientation can alter stiffness 
and strength [3], [4], [7]; in photopolymer 
systems, resin formulation and post-cure 
condition influence behavior; and in powder-bed 
processing, thermal history and surface condition 
may differ from those of conventionally 
processed polymers. Consequently, the 
prototype acceptance criterion must match the 
decision being made. A geometry-validation 
model can be accepted primarily on dimensional 
and assembly evidence, whereas a load-bearing 
prototype requires a material and build strategy 
that provides a defensible representation of 
service behavior. 
 
Conclusion and Discussion 

This paper presented a step-by-step 
methodology for using additive manufacturing in 
rapid prototyping for mechanical engineering 
applications. The proposed sequence starts with 
the engineering question that the prototype must 
answer and then links CAD preparation, model 
checking, process selection, build-parameter 
control, fabrication, post-processing, inspection, 
functional evaluation, and time-cost assessment. 
This structure is intentionally process-neutral: 
FDM, SLA, and SLS are treated as alternative tools 
that solve different prototyping problems rather 
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than as competing technologies with a universal 
winner. The literature through 2019 supports 
three central conclusions. First, extrusion-based 
AM is highly useful for economical iteration but is 
sensitive to build direction and process settings, 
so anisotropy must be considered when a 
prototype is used for functional decisions [3], [4], 
[7]. Second, DfAM principles are necessary even 
in prototyping because orientation, support 
strategy, geometry, and material behavior 
influence whether the printed artifact actually 
represents the intended design question [6]. 
Third, the economic advantage of AM is strongest 
when complexity, customization, low quantity, 
and rapid design change are valued, while 
conventional methods can remain preferable for 
higher production volumes or when demanding 
production-grade properties dominate [8], [10]. 
For practical implementation, engineers should 
therefore define acceptance criteria before 
printing and should record the fully digital-to-
physical process. Future experimental studies 
can extend this methodology by collecting 
replicated dimensional-error data, profilometer 
measurements, tensile or flexural test results, 
actual energy consumption, and total prototype 
cost for specific machines and materials. Those 
measurements can then replace the qualitative 
comparison in Table 1 and permit statistical 
analysis. The methodology remains useful as the 
control structure for such work because it makes 
the prototype objective, process variables, 
inspection method, and decision criteria explicit. 
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