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Abstract

3D printing enables high customization, and Fused Deposition Modelling (FDM) represents a low-
cost and accessible option increasingly adopted in medicine. In orthopedics, PLA patient-specific
instruments (PSIs) enhance surgical precision and reproducibility, yet sterilization remains
challenging for polymeric materials. Annealed HT-PLA improves thermal stability and mechanical
performance, supporting its use for surgical cutting guides. This study investigates the dimensional
behavior of pin holes, a key design feature in 3D printed cutting guides, with the aim of supporting
proper dimensioning during the design phase. Response Surface Methodology (RSM) was applied to
analyze how inner diameter and wall thickness change after annealing in HTPLA printed samples.
Results show that inner diameters decrease while wall thickness increases after thermal treatment. A
quadratic model was developed, demonstrating that the final hole diameter depends on nominal
diameter, wall thickness, and the square of the nominal diameter. These findings provide quantitative
insight into the dimensional variations occurring during annealing and offer an initial reference for
compensating shrinkage in the design of HTPLA cutting guides. These findings help establish
preliminary design criteria to improve dimensional accuracy in 3D printed HTPLA PSIs, ensuring
accurate hole sizing and stronger process robustness, ultimately supporting safer and more reliable
surgical application.

Keywords: annealing; high-temperature polylactic acid; polylactic acid; PLA; cutting guides;
orthopedics; fused deposition modelling; 3D printing; deformation; thermal treatment

1. Introduction

3D printing, also known as additive manufacturing (AM), is a process based on the layer-by-
layer addition of material to build objects directly from digital Computer Aided Design (CAD)
models. Developed in the 1980s with Chuck Hull’s stereolithography (SLA) patent [1], 3D printing
has rapidly evolved from a rapid-prototyping technology [2] to a key tool in aerospace, automotive,
fashion, and medical sectors [3-7], enabling precise and complex shapes with high design freedom.

AM enables reduced overproduction, shorter supply chains, and lower material waste,
especially for small, customized plastic components. Among AM technologies, Fused Deposition
Modelling (FDM) is the most accessible and cost-effective [8], offering design flexibility, low
equipment and material costs, and compatibility with numerous thermoplastics [9,10]. Over recent
years, advances in filament development have improved manufacturability and surface quality. In
particular, Polylactic Acid (PLA), a semicrystalline biopolymer, has gained widespread use due to its
versatility, from biodegradable packaging and disposable goods to medical devices and personal care
applications [11].

In healthcare, 3D printing has been used since the early 1990s, beginning with the reconstruction
of cranial models from CT scans [12]. Now, it is widely adopted across multiple surgical fields,
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including oral and maxillofacial, cardiothoracic, plastic, neurosurgical and orthopedic surgery [13—
18]. This technology enables the cost-effective production of customized prosthetics, implants, dental
devices and anatomical models to support virtual surgical planning (VSP) [7,19]. More recently, it
has also supported the creation of patient specific instruments (PSIs), such as surgical cutting guides
and implants, further improving precision and personalization in clinical practice [20,21].

Particularly in orthopedics, 3D printed cutting guides, also referred to as drilling guides or
surgical templates, assist surgeons by defining screw and wires trajectory, osteotomy orientation, and
resection margins in bone tumor surgery [22,23]. They enhance precision, safety, and reproducibility,
simplifying complex steps and supporting accurate execution of the VSP procedure. Particularly in
pediatric orthopedics cases, they have also been associated with reductions in operating time,
fluoroscopy exposure, bleeding, and complication rates, together with improved surgical accuracy
and overall efficiency [24-27]. Additionally, these guides support training by offering structured
intraoperative guidance and increasing confidence during complex procedures [28-30].

Efficient sterilization remains a key challenge for the clinical adoption of 3D printed parts,
particularly those made of polymeric materials such as PLA. Steam sterilization is currently the
preferred and most widely adopted method for 3D printed PSIs in hospitals, as alternative techniques
are often less suitable [31,32]. Although elevated temperatures may cause deformation, steam
sterilization is increasingly integrated into clinical 3D printing workflows.

Generally, PLA offers good printing quality and stiffness but has a low glass transition
temperature, making it unable to maintain shape at moderate heat and unsuitable for thermal or
steam sterilization [33]. To overcome these limitations, High-Temperature PLA (HTPLA) is a PLA
containing crystallization agents that allow the polymer to stabilize at higher temperatures and
improve mechanical performance. After thermal annealing, HTPLA gains strength, dimensional
stability, and heat resistance, enabling compatibility with autoclave sterilization without significant
deformation [34].

Among post-processing techniques for FDM parts, annealing is one of the most effective. By
increasing crystallinity, it reduces internal stresses, improves interlayer adhesion, and enhances
mechanical properties [35-38]. In PLA, higher crystallinity increases flexural strength, depending on
the annealing temperature and heating/cooling cycles [39,40]. However, annealing can also alter
dimensional tolerances, so shrinkage or expansion should be accounted for during design [41].

The design of 3D-printed cutting guides is highly case-specific and difficult to fully standardize,
as each procedure presents unique anatomical and surgical requirements [42]. Nonetheless, certain
features, such as fixation pins and screw trajectories and osteotomy orientation, are recurrent and
critical to ensure accurate reproduction of the preoperative plan [43]. Since dimensional changes may
occur after annealing and before sterilization, defining design strategies that anticipate these effects
is essential to avoid instability or misalignment during surgery.

This study aims to begin establishing design guidelines by focusing on one key feature: the pin
holes. It experimentally evaluates how the manufacturing process affects their final dimensions and
develops a regression model to predict post-processing shrinkage, enabling designers to choose the
correct nominal hole diameters during the design phase and ensure accurate pin fit, guide stability,
and surgical precision.

2. Materials and Methods

This work focuses on improving the dimensional precision of the holes of the cutting guides
used for pins. By varying the initial hole diameter and wall thickness, a predictive model is developed
to compensate for the dimensional reduction occurring after the annealing phase of the process, to
allow designers to set the correct dimensions in advance, ensuring that the final printed parts meet
the exact requirements defined during the VSP phase.

2.1. Process Workflow
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Our well-established PSI manufacturing process [44] (Figure 1) begins with a preparation phase,
which includes a request from the surgeon and the acquisition of the patient’s CT scan. The scan is
processed using Materialise Mimics (Leuven, Belgium) to segment the region of interest and generate
a 3D virtual model of the target bone, which is then exported as an STL file.

[ Patient identification ] [ 3D virtual model ] Orthopedic surgeon

[ Design references ] [ PSI/GSI 3D Printing ] [ Sterilization ]

T Technician
CT scan 3D visualization . < >
and analysis

[ 3D modelling ] [ Thermal treatment ] [ Surgery ]

Segmentation SUTQ‘K_H prqcedure
simulation

" PREPARATION ~ PLANNING DESIGN " 'MANUFACTURING DELIVERY

Figure 1. Overview of the workflow simplified in the main steps from patient selection to 3D printing and

surgery.

Preoperative planning is subsequently performed in Blender (Amsterdam, The Netherlands), in
close collaboration with the requesting surgeon. During this stage, key surgical parameters are
defined, including correction angles, cutting planes, the dimensions and placement of fixation wires,
the positioning of the cutting guide, and the surgical approach. Critical considerations also include
nearby soft tissues and vital anatomical structures to be preserved. The entire surgical workflow is
assessed, taking into account anatomical and clinical constraints as well as the instrumentation
available in the operating room, including fixation plates when required. The available bone surface
for accurate PSI placement is carefully evaluated.

Once all planning elements have been defined, the 3D model and surgical specifications are used
to design the PSI in Creo Parametric (PTC, Boston, MA, USA). Design parameters are set based on
the features and constraints identified during planning. Particular attention is paid to the diameter of
the fixation wire holes, which represent the specific focus of this study.

The cutting guides designed are subsequently manufactured using FDM Bambu Lab X1 Carbon
printer (Bambu Lab, Shenzhen, China), using HTPLA filament (Filamentum, Hulin, Czech Republic).
The material choice and optimal printing parameters were established in previous studies [34,45].
Basic printing parameters and material properties are reported in Tables 1 and 2.

Table 1. Main Properties of HTPLA (PLA Crystal Clear, Fillamentum Manufacturing Czech).

Glass transition temperature 55-60 °C

Thermal properties Melting point 150-230 °C
Decomposition temperature >230 °C

Printing properties Print temperature 210-230 °C
Hot pad 50-60 °C

Physical Properties Material density 1.24 g/cm3
Mechanical properties Tensile strength 50 MPa

Table 2. Optimized printing parameters defined for HTPLA cutting guide 3D printing.

Line
Layer Infill Infill/Wall Wall T Nozzle T Bed
Width Infill pattern
(mm) (%) Overlap (%) loops (°C) (°C)
(mm)
HTPLA 0.2 0.4 100 Monotonic 30 3 220 60

Following printing, the components undergo a thermal annealing cycle, previously validated in
earlier work, to stabilize their geometry and enhance mechanical properties and material strength.
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The material behaviour during this phase represents the critical phenomenon investigated in this
study for the definition of design guidelines.

Finally, the finished instruments are sterilized and delivered directly to the operating room on
the day of surgery.

2.2. Design of the Experiment

Cutting guides are extremely case-specific and therefore difficult to fully standardize, as
previously discussed, due to the high level of customization required for each patient’s anatomy and
the planned treatment. However, some key elements can be identified, namely: the main body of the
PS], the fixation pin holes, and the saw slot, which is the feature that guides the surgical saw during
the osteotomy (Figure 2).

Pin holes

Saw slot

Figure 2. [llustrative example of a cutting guide showing its main structural features.

In this study, the pin-hole feature was isolated and evaluated separately, allowing a focused
investigation of its dimensional behavior throughout the manufacturing process.

A set of samples with different dimensions was produced to collect data and define the
relationship between planned and effective values. The specimen height was fixed at 5 mm to
standardize the geometry and exclude it as a variable, ensuring that the analysis focused solely on
inner diameter and hole thickness (Figure 3). After the 3D printing phase and subsequent annealing,
the final dimensions were manually measured with a digital caliper. To derive an empirical formula
capable of predicting the final inner diameter of the annealed specimens within the practical range of
parameter values, response surface methodology (RSM) was applied. The purpose here is not to
identify an optimization plateau, but rather to establish a usable relationship within the specific
diameter range employed in practice.

thickness

inner
diameter

5mm

Figure 3. 3D representation of the specimen with a fixed height of 5 mm and variable inner diameter and

thickness.
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Thirteen 3D printed samples were obtained from the combination of the selected parameters for
a comprehensive study. As previously mentioned, the two factors under investigation were the inner
diameter and thickness, for which a specific range of levels (“high” and “low”) was defined:

1. The inner diameter was included as the main focus of the research, to investigate how it changes
from the initial design to the final post-process condition. The values ranged from 1.6 mm to 5
mm, selected based on surgical practice, reflecting the minimum and maximum diameters
commonly used in our experience in the operating room, and ensuring they could be reliably
measured with a digital caliper at the end of the process, while accounting for a safety margin
to accommodate shrinkage;

2. Thickness was the second parameter considered, as the amount of material surrounding the
inner diameter is expected to play a key role in the shrinkage results. The values were set
between a minimum of 2 mm and a maximum of 6 mm.

For the optimization of design parameters in relation to the dimensional variation caused by
annealing, a response surface approach was adopted. The Central Composite Design (CCD) is an
extension of the factorial design that incorporates center points and axial points to estimate curvature.
The position of the axial points depends on an alpha («) value, which is determined by the number
of points in the underlying factorial design. In this case, with a two-factor, two-level design (4 points),
the corresponding a value is 1.414. Unlike a simple factorial design, which captures only linear effects
and interactions, CCD enables modelling of both linear and quadratic terms, making it suitable for
response surface analysis [46]. While CCD is typically applied to identify an optimum point, in this
study it was used solely to develop a descriptive model, capturing the relationship between planned
and effective dimensions within the practical range of values. The variable parameters and their level
are described in Table 3.

Table 3. High and low levels of the variable parameters.

Levels
Low (-) High (+)
Inner diameter (mm) 1.6 5
Thickness (mm) 2 6

2.3. Measurements

The experiment was conducted by designing the CAD model of each specimen according to the
dimensions defined in the design of experiment. The specimens were subsequently 3D printed and
annealed (Figure 4 and 5), after which their final dimensions were manually measured with a digital
caliper. These measurements were then compared with the initial CAD dimensions, from which also
the theoretical volume was calculated (Table 4), to evaluate the dimensional changes induced by the
process.
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Figure 4. The 13 specimens randomly arranged on the build plate according to the randomized order.

Figure 5. The 13 specimens after annealing, ready for measurement.

Table 4. Central Composite Design of the experiments, including randomized run order, point type and

corresponding values (in mm). Please note that the height is maintained constant at 5 mm in the experiment.

Variables
Standard Order Run Order Point Type Inner Diameter —— Height  Volume
1 11 Factorial 1.6 2 5.0 163.3
2 8 Factorial 5 2 5.0 376.8
3 3 Factorial 1.6 6 5.0 866.6
4 4 Factorial 5 6 5.0 1507.2
5 1 Axial 0.9 4 5.0 363.7
6 6 Axial 5.7 4 5.0 967.6
7 9 Axial 33 1.2 5.0 142.9
8 2 Axial 3.3 6.8 5.0 1439.6
9 7 Center 3.3 4 5.0 665.7

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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10 12 Center 3.3 4 5.0 665.7
11 13 Center 3.3 4 5.0 665.7
12 5 Center 3.3 4 5.0 665.7
13 10 Center 3.3 4 5.0 665.7

After the annealing process, the effective values of inner diameter, thickness, height (although
not included in the design, it was monitored as a control), and volume were manually measured and
calculated for each specimen. From these, the differences with respect to the designed values were
computed (Ainner, Athickness, Aheight, Avolume, and Avolume%) (Table 5).

Table 5. Final measurement and values for each specimen.

Standard Final  Final  Final  Final Variables
Order Inner Thickness Height Volume Ainner Athickness Aheight Inner Thickness
Diameter
1 0.90 2.40 5.20 164.59 -0.70 0.40 0.20 1.31 0.01
2 4.50 2.10 5.20 380.61 -0.50 0.10 0.20 3.81 0.01
3 0.90 6.40 5.30 873.37 -0.70 0.40 0.30 6.73 0.01
4 4.60 6.00 5.30 1517.75 -0.40 0.00 0.30 10.55 0.01
5 0.00 4.30 5.30 307.71 -0.90 0.30 0.30 -56.01 -0.15
6 5.20 4.20 5.20 1001.23 -0.50 0.20 0.20 33.59 0.03
7 2.70 1.50 5.10 165.74 -0.60 0.33 0.10 22.80 0.16
8 2.90 6.90 5.30 1458.34 -0.40 0.07 0.30 18.73 0.01
9 2.80 4.20 5.30 684.98 -0.50 0.20 0.30 19.30 0.03
10 2.80 4.10 5.30 661.85 -0.50 0.10 0.30 -3.83 -0.01
11 2.70 4.20 5.20 658.34 -0.60 0.20 0.20 -7.34 -0.01
12 2.90 4.30 5.20 709.13 -0.40 0.30 0.20 43.45 0.07
13 2.80 4.20 5.30 684.98 -0.50 0.20 0.30 19.30 0.03

The data were analysed based on RSM with a CCD, with inner diameter and thickness as
independent factors. Quadratic regression models were fitted to evaluate linear, quadratic, and
interaction effects on the measured responses. Model adequacy was assessed through Analysis of
Variance (ANOVA), with a significance threshold set at p <0.05. Non-significant terms were removed
by stepwise regression where appropriate, to refine the predictive model. The resulting equations
were used to generate response surface and contour plots, allowing a direct interpretation of the
relationship between design parameters and dimensional variations after annealing.

3. Results

Preliminary inspection of the data clearly shows that the inner diameter consistently decreases
(our data show a range from —0.4 to —0.9 mm), while the thickness systematically increases (data range
from +0.1 to +0.4 mm). The height also shows a slight positive shift, even if it was maintained as a
constant (from +0.2 to +0.3 mm). Overall, the volume displays only limited percentage variations,
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suggesting that the dimensional changes mainly result from a redistribution of material rather than
an actual loss of volume, with the main dimensional effect being the reduction of the inner diameter,
which represents the most critical feature for the correct fit of pins.

The response of interest was the final inner diameter, considering the varied values for the
experiment (inner diameter and thickness) as independent factors. The model fit summary (Table 6)
indicated that the quadratic model was the most suitable for describing the variation of our response.
The linear and 2FI models were not adequate, despite showing high R? values, while the cubic model
was aliased and therefore not considered. The quadratic model was statistically significant (p =
0.0129), with no significant lack-of-fit (p = 0.7698), and showed excellent agreement between adjusted
R? (0.9984) and predicted R? (0.9973). Based on these results, the quadratic model was selected.

Table 6. Fit summary for the choice of the model.

S tial Lack of Fit
Model equentia ack oM Adjusted R? Predicted R?
p-value p-value
Linear <0.0001 0.2086 0.9959 0.9938  Not adequate
2F1 0.6278 0.1723 0.9956 0.9935  Not adequate
Quadratic 0.0129 0.7698 0.9984 0.9973 Suggested
Cubic 0.6161 0.6433 0.9981 0.9959 Aliased

ANOVA results for the full quadratic model (Table 7) confirmed that the model was statistically
significant (p <0.0001). Among the individual terms, the factor inner diameter had the strongest effect
on the final diameter (p <0.0001), together with its quadratic term (p =0.0047), indicating a non-linear
relationship between nominal and final inner diameter. Conversely, the main effect of thickness was
only marginally non-significant (p = 0.061), while the interaction (Inner Diameter*Thickness) and
quadratic effect of thickness were clearly not significant

Table 7. ANOVA analysis for the full quadratic model.

Sum of Squares df Mean F-value p-value
Square
Model 26.93 5 5.39 146157  <0.0001*
Inner Diameter 26.84 1 26.84 7284.95 <0.0001*
Thickness 0.0183 1 0.0183 4.97 0.0610
Inner Diameter*Thickness 0.0025 1 0.0025 0.6785 0.4373
Inner Diameter? 0.0611 1 0.0611 16.59 0.0047*
Thickness? 0.0003 1 0.0003 0.0737 0.7938
Residual 0.0258 7 0.0037
Lack of Fit 0.0058 3 0.0019 0.3861 0.7698
Pure Error 0.0200 4 0.0050
Cor Total 26.95 12

" Values in bold with an asterisk highlight the factors that are statistically significant (p < 0.05).

Based on these results, a model reduction was performed to retain only the significant terms.
After model reduction, the ANOVA (Table 8) confirmed that the simplified model remained highly
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significant (p < 0.0001) with no lack of fit (p = 0.8646). The reduced model retained three terms: the
main effects of inner diameter and thickness, as well as the quadratic effect of inner. Among these,
inner diameter was by far the dominant factor (p < 0.0001), while thickness had a smaller but still
significant effect (p = 0.0397). The quadratic term of inner diameter confirmed the presence of
curvature in the relationship between nominal and final inner diameter. The interaction term and the
quadratic term of thickness were excluded as they were not significant. The coefficients of
determination confirmed the quality of the fit, with R? = 0.9989, Adjusted R? = 0.9986, and Predicted
R?=0.9982, all in close agreement.

Table 8. ANOVA analysis for model reduction.

Sum of Squares df Mean F-value  p-Value
Square
Model 26.92 3 8.97 2827.73 < 0.0001*
Inner Diameter 26.84 1 26.84 8457.48  <0.0001*
Thickness 0.0183 1 0.0183 5.77 0.0397*
Inner Diameter? 0.0633 1 0.0633 19.94 0.0016*
Residual 0.0286 9 0.0032
Lack of Fit 0.0086 5 0.0017 0.3426 0.8646
Pure Error 0.0200 4 0.0050
Cor Total 26.95 12
R2=0.9989 Adjusted R?=0.9986 Predicted R?=0.9982

" Values in bold with an asterisk highlight the factors that are statistically significant (p < 0.05).

Diagnostic plots confirmed the adequacy of the model (Figure 6): residuals were approximately
normally distributed and the predicted vs. actual plot showed that the experimental data aligned
closely with the bisector, indicating good predictive reliability.

Normal Plot of Residuals Predicted vs. Actual
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Figure 6. (a) Normal probability plot of residuals confirming the normal distribution of the data; (b) Predicted

vs. actual plot demonstrating good predictive accuracy of the model.
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In addition, contour and response surface plots (Figure 7) illustrate the effect of nominal inner
diameter and thickness on the final inner diameter. The plots clearly illustrate that inner diameter is
the dominant factor, with a non-linear curvature confirmed by the quadratic term, while thickness
has a smaller but significant effect. These graphical representations allow a direct interpretation of
how dimensional changes evolve across the design space and support the use of the regression model
for predictive purposes.

final_inner

27
% 7
B2 CTALTHTTS
AL TAL 7S

B: thickness
IS
=
G,
final_inner

B: thickness

A:inner

(a) (b)

Figure 7. (a) Contour plot and response surface plot (b) illustrating the effect of the factors of the model on the

final diameter.

The reduced quadratic model resulted in the following regression equation:

final diameter = -1.20343 + 1.29346 * inner diameter + 0.023928 * thickness — 0.032722 *
inner diameter?

@

In this context, “inner diameter” refers to the nominal inner diameter defined in the CAD design,
“thickness” to the nominal wall thickness of the hole, and “final diameter” to the effective diameter
obtained after the annealing process. The model allows prediction of the final diameter for any
combination of design parameters within the experimental range. Its strength lies in the possibility
of inverting the regression equation to determine the nominal CAD diameter required to achieve a
specific post-annealing size. This makes the model not only predictive but also directly applicable as
a compensation rule during design, ensuring that the manufactured guides provide the correct fit for
pins.

4. Discussion

There is limited literature addressing design parameters or process tuning specifically for 3D
printed surgical instruments. As other authors have applied RSM to optimize properties of FDM-
printed parts and obtain predictive models [47-49], we adopted the same methodological approach
but focused on a critical geometrical feature (the diameter of pin holes) with the aim of developing a
predictive equation directly applicable during the design phase.

Similarly to our work, Kwan et al. investigated the thickness and cutting slot height of in-house
3D printed jigs made of surgical-grade resin, assessing their effect on cutting accuracy and aiming to
identify tangible design parameters to serve as guidelines [43]. Their study focused on a different
feature, the saw slot, approached from a purely geometrical design perspective. While their goal was
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likewise to define design guidelines, they did not account for dimensional changes introduced during
printing or sterilization, as we did. Their geometrical approach makes the results broadly applicable
across different materials and technologies; however, since material-specific behaviours are not
considered, their findings still require refinement and adaptation before being used.

Wijnbergen et al. investigated FDM with tough PLA for low-cost prosthetic sockets and
evaluated different annealing methods. They reported that sand annealing produced the least
deformation, whereas oven annealing of vertically placed rings resulted in the largest dimensional
changes but also the greatest improvement in mechanical properties [50]. Their study also examined
the deformation of test rings (conceptually similar to our specimens but 3D printed in the transverse
direction and without dimensional variation) by measuring changes in inner diameter, thickness, and
height under different annealing conditions. They also highlighted that the position of the part during
annealing is an additional factor influencing deformation, an aspect not considered in our work but
potentially relevant for future investigations alongside printing parameters and infill orientation.
Furthermore, consistent with our findings, they observed that thickness was less sensitive to
dimensional changes (p-value >0.05) compared to the inner diameter (p-value <0.05), although their
experimental approach differed from ours.

Our study aligns with the recommendation of Popescu et al., who emphasized the importance
of including adequate allowances in fit-critical areas during guide design [51]. By focusing on a
specific feature of the cutting guide, we defined design parameters and developed an empirical
regression model that enables compensation rules in CAD, ensuring that post-annealing dimensions
match surgical requirements. As also noted by Popescu et al., these considerations strongly depend
on the material and process used.

Limitations

This study has some limitations that should be acknowledged when interpreting the results.
First, the regression model obtained through RSM is valid only within the experimental range of
inner diameter and thickness investigated. The approach cannot be directly extrapolated to
substantially different values, such as very large holes or very thin walls, which were not part of the
tested domain. The predictive equation should therefore be considered a local model, accurate within
the tested domain but requiring new calibration if the design space changes.

Second, the specimens were deliberately simplified to cylindrical rings with constant height to
isolate the effect of the two studied parameters. This controlled geometry facilitates a clear
interpretation of the results but does not fully reflect the complexity of real cutting guides, which may
include multiple adjacent holes, irregular curvatures, and other local features that could affect
deformation. In such cases, dimensional changes may also be influenced by interactions between
neighbouring elements or by structural constraints not reproduced in our setup. Furthermore, the
positioning of pin holes is not always guaranteed to be perpendicular to the build plate. When
multiple holes are present and oriented differently from one another, some of them may end up being
printed at different angles.

Third, although specimen height was fixed at 5 mm, slight variations were still observed after
annealing. Since height was not investigated as a factor, its potential influence on deformation
remains unexplored. It cannot be excluded that taller or thinner components may show different
shrinkage or expansion behaviour, suggesting that height should be systematically varied in future
studies to assess its role as an additional parameter.

In addition, the measurement of final dimensions was performed manually using a digital
caliper. While care was taken to minimize operator bias, this method inherently carries a small degree
of uncertainty compared to automated or scanning-based measurements. Employing 3D scanning
techniques or optical metrology could improve accuracy and enable a more detailed mapping of
deformation across the entire geometry.

Finally, the model is strongly material- and process-dependent. The predictive equation
developed here applies specifically to HTPLA processed with the selected printer, printing
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parameters, and annealing protocol. Any change in material, print settings, or thermal treatment
would alter the deformation behaviour, requiring renewed tuning of the model. This highlights both
a limitation and an opportunity: the methodology can be replicated and adapted, but calibration is
necessary whenever process or material conditions differ.

5. Conclusions

This study investigates how the annealing process affects pin holes in 3D printed cutting guides.
The objective is to understand how dimensions defined during the design phase change after
processing, so that nominal hole diameters can be adjusted to achieve the desired final size.

Further studies are needed to fully characterize the behavior of 3D printed PSIs and the other
design features they include, such as multiple pin holes with different print orientations and guiding
slots, which may deform differently depending on their geometry and positioning. In addition, future
work should explore different printing parameters to validate and expand the applicability of these
findings.

Nevertheless, this work represents an initial step toward establishing design guidelines for
patient-specific cutting guides, supporting more predictable dimensional outcomes and improving
process reliability, ultimately enhancing surgical precision, intraoperative stability, and overall
workflow efficiency.
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The following abbreviations are used in this manuscript:

AM Additive Manufacturing
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SLA Stereolithography

FDM Fused Deposition Modelling

PLA Polylactic Acid

HTPLA High-Temperature Polylactic Acid
VSP Virtual Surgical Planning

PSI Patient-Specific-Instrument

RSM Response Surface Methodology
CCD Central Composite Design
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