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Abstract. As a disruptive manufacturing technology, 3D printing has found widespread
application in sectors such as aerospace and biomedicine. However, challenges persist
throughout the entire process concerning the precision transfer and collaborative
optimisation of model construction, slicing and layering, path planning, and quality
inspection. This paper systematically reviews methods for enhancing computational
accuracy in this field, analysing core technological advancements across key stages:
NURBS and implicit surface modeling, multi-source data fusion, adaptive/multi-axis
slicing, intelligent algorithm optimization routes. Research has found that there are
problems with the existing methods for inspecting complex lumens, fusing multiple
sources of data precisely, and performing real-time closed-loop control. In the future, it
will need to deeply integrate smart algorithms and multi-sensor technology to make 3D
printing more efficient, accurate, and intelligent, which can provide strong support for
high-end manufacturing and personalized healthcare.

Keywords: Computational Accuracy Enhancement, Intelligent Algorithm Optimization,
Multi-Sensor Fusion.

1 Introduction

3D printing tech takes advantage of its flexible making skills, so it’s making big changes to how
things get made in important areas like space planes, becoming one of the main ways to push
forward fancy manufacturing. But it also has a difficult time with end-to-end precision control.
The lack of topological accuracy in the construction of the model, step-like phenomena in slicing
layers, accumulated errors in the planning of paths, and insufficient overall coverage during
quality inspections all greatly limit the formation quality of high-precision parts.

Existing studies have made phased advances towards improving the methods of geometric
representation, perfecting the data pre-processing algorithm, and creating new slicing and path
techniques. But how the synergistic accuracy can flow through all those steps is still unclear and
we have no good solutions for breaking through the accuracy bottleneck in complicated
situations. Furthermore, the technologies of real-time monitoring and closed-loop control over
the whole procedure are still in the exploration stage and are unable to satisfy the strict demands
for uniformity and constancy required by superior production.
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According to this, this paper does a comprehensive review of the current state of research into
improving the accuracy of computations throughout the entire 3D printing process. Focuses on
analyzing the main technological routes and current constraints at every stage, thus determining
important directions for precision improvement. This paper intends to offer theoretical guidance
for end-to-end collaborative optimization and intelligent precision improvement so as to
promote the widespread use of 3D printing technology in situations that require high precision.

2 The model creation stage in 3D printing

2.1 Modelling fundamentals and precision requirements alignment

The selection of a geometric representation has a direct effect on the ultimate accuracy of the
parts. NURBS and implicit surface equations are the present main methods, and they are suitable
for different levels of precision.

NURBS can describe the curves and surfaces with great accuracy by using control points, node
vector and weight factors, which makes it possible to have G3 or higher continuity. And it also
reduces the error of approximation and improves the stability of feeding, so they are especially
good for things that need super-smooth surfaces and exact shapes, like the parts of airplanes that
go in the air and the outside of cars [1].

Implicit surface equation defines geometry via math function; tri-periodic minimal surface
TPMS works well for modeling porous structure and lattice. It avoids the tedious process of arc
length integration and normal vector calculation by moving the implicit surface and integrating
a fractal height function, which greatly improves modeling efficiency. It shows great benefits
in areas that need exact micro-morphology management, such as bio-scaffolds and light-weight
structures. The surface roughness can be controlled by regulating the fractal dimension Ds and
the height scaling parameter G [2].

Different applications have different precision requirements for 3D printed models. In the
biomedical field, models must satisfy both geometric accuracy of anatomical morphology and
functional accuracy of physical properties at the same time. For example, in coronary artery CT
phantom modeling, geometric accuracy requires controlling the outer diameter of the arteries,
the corresponding inner diameter at stenotic sites, and wall thickness ranges. Meanwhile,
functional precision means that the materials' CT value should be close to real tissues [3].

In terms of industrial parts and exacting instruments, precision metrics are about the tiniest
feature sizes, how parts fit together, and how well they hold their shape, usually wanting less
than 0.1 mm difference from perfect geometry. In art design and personalized consumer
products, it goes beyond color accuracy, transparency, and texture details, aiming for faithful
reproduction within the SRGB color range and accurate handling of translucent elements [4].

Therefore, the accuracy of 3D-printed models can be regarded as a hierarchical structure
including “geometric dimension accuracy-surface accuracy-structural accuracy-functional
property accuracy”, running through the whole production process.



2.2 Data Collection and Preprocessing

Raw data pre-processing is the basis for achieving accurate computation in models. The main
goal is to make sure that a model keeps as much of its shape and structure as possible, but also
makes the information smaller and easier to use.

The point clouds and meshes acquired via 3D scanning or reconstruction frequently have
considerable noise. A fast bilateral filter based on optimal unfolding transforms nonlinear filter
kernels into an effective mix of Gaussians. When it comes to big 3D print data, this way cuts
down noise and keeps edges just as well as older methods do, but it's much faster — by many
times over [5].

In the registration stage of multi-view 3D reconstruction, the improved ICP algorithm combines
FAST feature points with local optical flow. Stable feature points are chosen and point pairs are
matched using tracking instead of searching for the closest point. Experiments on public data
sets show that the average reduction in the registration error is about 12%, and the processing
time has been reduced by 37% [6].

Three-dimensional reconstruction frequently produces mesh models that have considerable
amounts of data and superfluous details. Structure preserving mesh simplification detects planar
structural regions, extracts 3D linear features and employs feature preservation strategy. Even
if we reduce the model to just 1% of its original vertices, it still has good structure and sharp
edges. Moreover, the average geometric error among various simplification rates surpasses
traditional ones [7].

A single source of data can find it difficult to get all the information about the size and shape of
something that is made up of many parts. Therefore, multi-source data fusion has become the
main way to improve the accuracy of the model, and the key is to achieve accurate coordinate
unification and data registration. Rapid bilateral filtering is used for noise reduction in CT
volumetric data, while maintaining the edges of materials. Then based on the improved ICP
principle, multiple sources of feature points are extracted to form corresponding relationships,
so as to achieve accurate internal and external structure alignment. The high density triangular
mesh needs to be simplified. Structural preservation rules are used to protect internal cavities'
borders and outside edges as important features. This makes sure the printed version looks just
like the big shapes and tiny bits in the original design [8].

shapes and tiny bits in the original design [8].
2.3 Model Construction and Topological Fidelity

Traditional manual modeling is error-prone and inefficient for creating complex repetitive
structures such as lattices. Automated modeling via parametric scripting has become necessary
for improving precision and topological accuracy. Researchers present a Python script driven
workflow for generating lattice structures inside the ABAQUS software that automates the
whole procedure of element creation, Boolean operations and array replication. It makes sure
that the math works right without making the picture look bad when changing numbers into
shapes. Eliminating human uncertainty with programmed actions protects the geometric
accuracy and replicability of the model [9].



Topological integrity forms the basic foundation for turning geometric accuracy into tangible
objects. The current research trend has changed from post-processing defect remediation to
front-end process parameter optimization, thus avoiding latent topological distortion from its
source. Researchers used Bayesian optimisation and Gaussian process regression to define
“radial distortion” and “vertex distortion” parameters for pre-distortion compensation of printed
patterns. This method can prevent edge shrinkage and feature blunting caused by polymerization
shrinkage. Optimized prints have high similarity with the target pattern; there are no topological
errors such as boundary defects or deformation [10].

Existing precision inspection technologies have their own strengths and weaknesses. Optical 3D
scanning is good at doing quick checks of surfaces that are just a tiny bit thick, but it can’t see
inside holes. CT scan can find internal problems well, but it works too slow. CMMs give highly
accurate size measurements using touch methods, but they move slowly and aren't good for
bendy things. Technology should be selected according to the particular accuracy needs and
circumstances in real life. For example, optical scanning might be used to check the surface
quality, CT scanning could be used for internal structure checking, and CMMs could be used to
verify dimensions. Current technical bottlenecks mainly exist in the inability to conduct
thorough inspections of intricate internal cavities and perform real-time online monitoring.
Future development will need to integrate intelligent algorithms with multisensor fusion
technology to address this issue [11].

3. Slicing and layering stage

3.1 Model Preprocessing Prior to Slicing

Geometric feature recognition and coordinate system calibration are the prerequisites for slice
accuracy control. The deviation-aware segmentation method uses curvature-sensitive remeshing
to identify high-curvature regions automatically, it selects high-curvature points as landmarks
by using a Gaussian process landmark selection framework. From the experiment, we can see
that this method has better landmark distribution on the dental model than other methods, and
it covers more geometric features. It has much higher registration accuracy than traditional
methods, which forms the basis for the subsequent slicing process to prevent deformation in
complex surfaces and layer misalignment [12].

Process parameters must be perfectly aligned with the equipment’s performance for accurate
printing. Take photopolymerization 3D printing as an example, through adjusting parameters
such as exposure time, layer thickness, and light source wavelength together with high-
resolution optical systems, micrometer level precision manufacturing can be achieved. Visible-
light photoinitiators are used to improve the safety of printing, and at the same time, it improves
the interlayer bonding and dimensional stability [13]. Research usually uses experimental design
methods or machine learning algorithms to create process-performance mapping models. Large
scale parts use partitioned exposure and energy control techniques for efficiency and accuracy,
improving the form of complicated shapes.



3.2 Slicing algorithms and precision breakthroughs

Adaptive slicing reduces steps through dynamic changes in layer thickness according to surface
gradient or other conditions. It uses thinner layers on curved areas but this could make the
computer work harder. Non-planar slicing techniques such as curved slicing and helical slicing
also reduce step effects, but they have issues such as high computation difficulty and equipment
compatibility. The existing solution incorporates semi non planar toolpaths within slicing
software or creates continuous helical slicing trajectories. This method can produce better
surfaces and use less support materials when making complicated curved things for places that
need very exact parts, such as airplanes and hospitals [14].

Traditional three-axis printing with planar layering method will have steps effect and cumulative
error. Multi-axis slicing technique, such as five-axis interpolation path planning, can make the
printhead orientation change according to the shape of the object by making non-planar layers
and dividing space contour. Research shows that multi-axis non-planar slicing tech can lessen
surface roughness by 35%-60%, and cut down support material use about 40%. This technique
has great benefits in producing complicated parts for acrospace and medical uses, it gets better
size precision and stronger mechanical uniformity [15].

3.3 Layer Film and Path Accuracy Control

Error Compensation for Layer Profile. In the process of generating 3D printed layer profiles,
the discretization of triangular faces in STL files is the main source of error in layer contours.
A fitting method using NURBS curves can make up for this error. Iterative optimization
algorithm for NURBS curves with control over vertices, nodes, and weights greatly reduces
fitting error. Optimized NURBS contour improves the geometric accuracy and gives a better
basis for the following path planning [16].

Precision Matching of Filled Paths. The accuracy of the infill path has a direct impact on the
dimensional accuracy and mechanical properties of the part. Traditional infill patterns tend to
produce buildup or voids at the corners. In order to solve this problem, different kinds of
optimization methods have been put forward by researchers. Among them, the corner velocity
planning method improves the shape accuracy in the right-angle and acute-angle areas of printed
parts. Variable-width path strategy can achieve void-free infill when doing arc additive
manufacturing. Additionally, hybrid adaptive path generation algorithms optimize the path's
incline and continuity. It decreases the amount of support material needed but still keeps the
surface quality, which makes the parts' size more alike and their surface look better [17].

3.4 Verification of Slice Result Accuracy

Inter-layer connection accuracy verification. Insufficient interlayer adhesion is a big problem
that affects how well something gets made. Hot-rolled co-extrusion process greatly improves
interlayer bonding strength through heating and pressing after every layer deposition.
Experimental results show that this method can improve tensile strength by up to 38.8%, and
increase tensile modulus by 19.4%. CT scans show less porosity and better shapes, making it
possible to make the process better for putting layers together closely [18].

Accuracy Correction for the Step Effect. Staircase effect mainly results from the variation of
layer thickness, which is the primary reason for surface discontinuity in curved parts. Adaptive



slicing methods such as Discrete Interpolatable Region Error Profile algorithm minimize
deformation via a dynamic layer thickness adjustment approach that uses thin layers in high-
curvature areas and thick layers in flat ones, greatly improving surface quality. Combined with
post-processing methods such as steam smoothing, it can further reduce step-like textures, but
this will increase the difficulty of the process. Adaptive Slicing has been applied to many places
where there is an extreme need for geometry fidelity, such as in medicine, but when it comes to
prototyping, we have to balance between how good something prints and how fast we can
machine it out [19].

4. Print Path Planning Stage

4.1 Accuracy targets and constraint analysis

Core Accuracy Target Definition. The main accuracy objectives of 3D printing include
geometric accuracy, surface finish, and internal dimensions. Take the example of making
AlSi10Mg parts through selective laser melting, the geometric accuracy is indicated by the
dimensional error rate, and the thin-walled structures have tolerances between -6% and +21.6%.
Surface precision is expressed as the Ra surface roughness value, which is generally much
smaller on the back side compared to the front side [20]. Internal precision can be seen in the
creation of complicated shapes such as conformal cooling channels, with smaller diameter
channels tending to become elliptical. Also, the level of precision needed differs among various
fields of application. Mould production stresses geometric uniformity, but medical implants
stress surface smoothness.

Process - Precision of equipment constraints. Process parameters and equipment hardware
both limit the accuracy of the path. For example, too thick a layer creates steps on the surface
and makes it rougher; too fast a printing speed causes extrusion fluctuations and inadequate
interlayer bonding, which reduces molding accuracy. Moreover, in terms of equipment, the
nozzle diameter restricts the choice of layer thickness. Clearances inside the motion system and
nozzle jitter can cause some deviation in the path. In this study, response surface methodology
and central composite design were used to establish a relationship model between parameters
and precision. It gives a clear direction for parameter optimization in the path planning, such as
finding the best layer thickness and print speed to achieve a good balance between the
mechanical strength and surface finish of the part [21].

4.2 Path Planning Optimisation for Filling

Base filling pattern precision optimization. Traditional filling pattern has stress concentration
because it has unidirectional void structure, so the part will deform. Variable density filling
algorithm with Delaunay triangulation uses concave polygons' convex hull decomposition to
disperse stress, controls point density via Poisson disc sampling, and creates uniform triangular
mesh paths. From experiments we can see that compared to traditional filling, this algorithm
greatly decreases the part's displacement under lateral pressure. Finite element simulations also
show that it does better at reducing deformation and getting more accurate results [22].

Application for Improving the Accuracy of Intelligent Algorithms. Intelligent algorithms
improve the accuracy and speed of path planning via global optimization; the ant colony



optimization algorithm is one such instance. Hybrid method that integrates better K-means
clustering and ant colony optimisation, firstly, it groups the print point set based on density, then
separately optimizes the paths of each group, and finally sorts them globally. This makes the
print head's movement paths shorter. From the experiments, we can see that during the same
time to print multiple parts, this algorithm can reduce the total printing time by 9.6% and 10.5%,
respectively. Minimizing idle travel and cumulative error improves contour accuracy and
general forming quality [23].

4.3 Support and Special Path Accuracy Assurance

Precision guarantee of cantilever supports. Overhangs are susceptible to deformation or
collapse under the influence of gravity; therefore, it is essential to have a support generation
algorithm that guarantees accuracy. Automatic generation techniques adjust the support volume
and placement according to the geometry's features. Tree-like supports use a greedy algorithm
to create multi-level nodes with limited tilt angles, fitting complex shapes. Columnar supports
improve load-bearing ability via better diameter and positioning. The soluble support materials
can remove the surface damage caused by hand removal, greatly improving the part surface
quality [24].

Multi-axis printing paths precision calibration. Multi-axis printing path spatial complexity
needs precise calibration. Automatic calibration method with integrated 3D touch probe creates
a kinematic model through measuring the rotational axis’s position and orientation to produce
compensatory G-code trajectories. This way can make up for the deviation and misalignment of
the axis. Line extrusion problems caused by printhead collisions that happened without
compensation are completely gone after compensation. Also, during electronic circuit printing,
it guarantees a fixed distance between the conductive paste dispenser and the substrate surface
so that functional circuits can be reliably made [25].

5. Quality Inspection and Evaluation Phase

5.1 Accuracy inspection system and technology

Precision inspection system of 3D printing mainly includes several aspects such as geometric
accuracy and surface quality. For 5-axis 3D printers, a low-cost automated calibration method
uses an integrated 3D touch probe to measure the positional and directional deviation of the
rotational axes, then it builds a kinematic model and compensates with software. It improves
the geometric accuracy metrics such as position errors and surface accuracy metrics such as
lines. The effectiveness of its axis calibration improvement was proven by the printed test
specimens, thus offering an accurate inspection and adjustment solution for cost-effective
systems. But this method doesn’t include the evaluation of internal precision parameters such
as porosity [25].

Existing precision inspection technologies have their own strengths and weaknesses. Optical 3D
scanning is appropriate for quick surface topography examination at the micrometer level, but
it is unable to spot interior cavity structures. CT scans can identify internal defects well but is
inefficient; CMMs give precise dimensional measurements through touch but work slowly and
aren’t good for bendy things. Technology should be selected according to the specific accuracy



requirements and situations in practice. For example, optical scanning might be chosen for
checking the surface quality, CT scanning could be used for looking at the inside parts, and
CMMs would be utilized for making sure the size is correct. The current technical restrictions
mainly consist of insufficient overall testing capacity for intricate internal cavities and lack of
immediate online supervision. Future improvements need to integrate smart algorithms and
multi-sensor fusion tech to get past these issues [26].

5.2 Accuracy Closed Loop Control and Optimisation

Real time accuracy monitoring, error traceability, parameter reverse optimisation.
Precision closed-loop control depends on multi-source online monitoring technology and real
time parameter adjustment. Visual monitoring, temperature sensors, and printer API data all
make up the real-time data sources that are used to detect defects such as extrusion fluctuations
and nozzle misalignment. A framework using big language models uses picture analysis and
status questions to create an adaptive closed-loop control system that can change things like
how fast it prints and how much stuff comes out at different times. For example, when it detects
insufficient material output, the system will increase the flow rate to 110%, and complete the
single-layer optimization in a short period of time. It improves the part’s compression load
capacity by as much as 5.06 times. Additionally, there is no need for pre-training data and the
system has cross-hardware platform generalization abilities [27].

Error Traceability and Critical Error Localization. Errors in 3D printing mainly come from
slicing algorithms, path planning, and machine execution. The infrared imaging based error
tracing method creates a coordinate system pose solution model that can measure nozzle
trajectories at any time. It compares the IOU ratio between ideal trajectories and actual high-
temperature zones to achieve data-driven error mapping. In the experiment of model
misalignment, the IOU ratio was reduced from 0.61 under normal circumstances to 0.29, which
accurately identified the errors in device operation. Fluctuations in this ratio during material
extrusion anomalies indicate material extrusion errors. This approach gives good proof for
precise closed-loop improvement [28].

Full-process parameter reverse accuracy optimisation. Reverse parameter optimization by
error tracing is important to improve the general accuracy. Slice thickness, path fill strategy, and
device movement parameters can all be changed to greatly improve the mechanical
characteristics and size accuracy of components. Researchers used a full factorial experimental
design along with random forest regression and multi-objective optimization algorithms to
optimize the infill pattern, layer thickness, extrusion temperature, and print speed of ABS
material. And it reached the maximum synergy between tensile strength, elastic modulus, and
fracture elongation. Also, the random forest model showed more than 40% better prediction
accuracy compared to traditional methods, which proved that machine learning works well for
multiple parameter joint optimization, giving a good way to make things very precise [29].

6. Conclusion

This paper systematically reviews the current state of research on enhancing computational
precision throughout the entire 3D printing process, covering four key stages: Model creation,
slicing and layering, path planning, and quality checking. From the study, we can see that the



NURBS method and implicit surface equation methods for geometric representation have a
great effect on precision fitting. Multi-source data fusion and intelligent algorithms greatly
enhance the accuracy and efficiency of modeling and path planning. Adaptive and multi-axis
slicing during the process of slicing and printing can reduce steps, and optimized infill patterns
and support structures also protect the quality of parts. Quality check uses a multi-dimensional
accuracy evaluation system that combines optical, CT, and coordinate measuring technology.
Closed-loop control and machine learning make it possible to do parametric reverse
optimization, which greatly improves how well prints come out and how consistent they are.
This research stresses that improving 3D printing accuracy does not just involve optimizing
each stage individually, but requires smart, integrated improvement throughout the whole
process. Looking forward, as multi-sensor fusion advances, real-time closed-loop control gets
better, and smart algorithms become more powerful, 3D printing will move toward higher
precision, greater consistency, and full intelligence. And this kind of change would lead to its
popular use in top-level manufacturing and personal medicine.
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