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Dry eye disease (DED) is a chronic condition, affecting the tear film layers of the eye, that has a global prevalence of up to
50%. Currently, treatment focuses on managing symptoms and contributing factors, because there is no established cure. Scleral
lenses are an effective but underused treatment for DED. Due to their high geometric sensitivity, scleral lenses can be difficult
to manufacture and often require multiple iterations in the fitting process. Current research has explored the possibility of 3D
printing contact lenses, but found limitations in geometric accuracy and did not include the 3D printing of scleral lenses. This
study aims to address the geometric inaccuracies in enlarged 3D-printed scleral-lens models by altering the model before printing
to account for the expected warping. To test the effectiveness of altering a model before printing, also known as pre-warping,
three objectives were set: determining the baseline warping during printing, applying pre-warping, and then running statistical
tests in order to validate the accuracy of pre-warping. The use of an Elegoo Neptune 4 Pro printer alongside Duramic PLA+
filament resulted in the following findings: pre-warping moved the mean sagittal height and diameters along the X- and Y-axes
significantly closer to their target dimensions; however, there was no significant improvement in the edge thickness. Additional
pre-warping iterations should be evaluated in future work to determine whether residual geometric error can be further reduced.
Under the tested conditions, pre-warping reduced sagittal-height and X- and Y-axis diameter deviations in the printed models.
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Introduction

Dry eye disease (DED) is a multifactorial condition character-
ized by a loss of tear-film homeostasis associated with inade-
quate tear quantity and/or quality!. DED has a global preva-
lence of up to 50%, with other factors such as aging popu-
lations, increased screen usage, and environmental changes
contributing to its burden'. Patients with moderate or se-
vere DED often describe the burden on their quality of life
as comparable to other diseases such as psoriasis and class
III/IV angina®. Within DED, two primary subtypes are rec-
ognized, sometimes appearing in union: Evaporative dry eye
disease (EDE), and aqueous deficient dry eye (ADDE). Each
type affects a specific layer of the eye’s tear film. ADDE,
which compromises the aqueous layer, arises from dysfunc-
tion of the lacrimal glands, leading to decreased tear output,
and in severe cases, can be sight-threatening’. EDE affects
the tear film’s lipid layer, responsible for protecting and slow-
ing down evaporation of the aqueous layer. EDE commonly
results from meibomian gland dysfunction, which can lead to
reduced meibum production and destabilization of the tear-
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film lipid layer®.

Because DED is chronic and multifactorial, treatment gen-
erally requires long-term management tailored to its contribut-
ing etiologies . Some examples for EDE associated with mei-
bomian gland dysfunction include artificial tear supplemen-
tation, eyelid hygiene, warm compress therapy, and thermal-
pulsation therapy?. In cases where these therapies fail, more
advanced therapies are administered. For instance, scleral
lenses (SCLs), while primarily used for ocular surface dis-
eases, such as corneal irregularities and epithelial defects,
have been considered as a potential tool to manage DED?,
A scleral lens is a rigid gas-permeable lens that rests on the
sclera and vaults over the cornea to create a reservoir, which is
filled with a fluid to keep the surface continuously hydrated®.
Although SCLs offer an elegant therapeutic solution for se-
vere DED, their clinical success relies heavily on matching the
lens to the individual’s asymmetric ocular geometry, making
implementation far more complex than the concept itself”.

Unlike conventional soft contact lenses, SCLs are made
from a rigid material to hold fluid®. Because appropriate
corneal clearance and landing-zone alignment are important
to scleral-lens performance®, manufacturing-induced dimen-
sional inaccuracies could compromise lens fit. Because of
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this, fitting often requires multiple appointments and lens re-
finements. Schornack et al. reported a mean of 2.4 lenses over
3.8 visits during the fitting process®. Nunziata et al. noted,
citing expert opinion, that customized production may require
approximately 15 days compared with 3 days for preformed
lenses?. Lenses are evaluated through multiple measurements,
including central, mid-peripheral, and limbal reservoir thick-
ness, conjunctival landing, and edge profile®.

Recent studies have shown the ability to 3D print soft con-
tact lenses. This enabled microchannel geometries to be pro-
duced through computer-aided design (CAD)-based fabrica-
tion 9. The literature reviewed for this study did not identify
reports of fully 3D-printed SCLs. If similar methods could be
applied, the manufacturing process could potentially be short-
ened, although this has not yet been tested. For FDM specifi-
cally, an important drawback is thermally induced warping '!.
Because SCLs are rigid and depend on appropriate corneal
clearance and landing-zone alignment, geometric errors may
compromise their fit3. In modern 3D printing, pre-warping
is occasionally applied to models before being sent to print.
The main goal of this is to alter the model so that when the
predicted warping occurs, it conforms to the desired model '2.

This leads to the research question: can pre-warping re-
duce geometric distortions in the 3D printing of scleral lenses?
The goal of this research paper is to develop a stronger un-
derstanding of how pre-warping affects the 3D printing of
SCL models. Therefore, this study hypothesizes that digital
pre-warping will significantly reduce fabrication-induced dis-
tortion and improve the dimensional accuracy of 3D-printed
scleral-lens models.

Literature Review

The difficulty in identifying a curative therapy for DED arises
from the heterogeneity of its underlying pathophysiologic
mechanisms. As a result, existing treatments vary widely in
their targets and effectiveness, necessitating a critical evalua-
tion of current therapeutic approaches, advanced interventions
such as SCLs, and emerging manufacturing technologies. In
a review by Sheppard et al., the authors report that effective
DED management should focus on addressing underlying eti-
ologies and restoring tear-film homeostasis!. This indicates
that DED treatments should be individualized and may re-
quire long-term application to address the diverse underlying
causes of DED. Adding on to this, Wu et al. note that current
ADDE treatments mainly manage symptoms without address-
ing underlying lacrimal-gland dysfunction and may provide
only temporary relief!. These findings emphasize the need
for a long-term, sustainable DED solution.

In the search for such a treatment, Qiu et al. reviewed
the available evidence for using SCLs in DED. They explain
that the SCL design protects the corneal surface by reduc-

ing tear evaporation while keeping it continuously hydrated®.
These properties provide a rationale for using SCLs to pro-
tect and hydrate the ocular surface, although Qiu et al. em-
phasize that high-quality evidence remains limited. Further
supporting this claim, Qiu et al. report that studies of SCL
use found significant improvements in Ocular Surface Disease
Index (OSDI) scores, reduced tear osmolarity, and improve-
ments in corneal and conjunctival staining in selected DED
populations®. Taken together, these findings support the use
of SCLs as a treatment option for DED.

Despite their clinical utility, SCLs remain constrained by
their demanding manufacturing and high geometric sensitiv-
ity. In a comprehensive review, Barone et al. note that SCL fit-
ting remains complex and requires precise alignment'*. Fur-
ther, in a survey study, Shorter et al. found that fewer SCL
wearers than corneal gas-permeable lens wearers reported an-
nual out-of-pocket costs below $1,000 (41% versus 60%) 1.
In a separate survey of patients with DED, Shorter et al. found
that SCL wearers reported a median annual dry-eye expendi-
ture of $1,500, and only 38% considered it easy to locate a dry-
eye specialist 1. Together, these findings highlight the finan-
cial and access-to-care burden associated with SCL treatment.
Moreover, Nunziata et al.’s case series reported initial fitting
difficulties; the authors also noted, citing expert opinion, that
customized production may take longer than production of
preformed lenses?. This further highlights the restricted na-
ture of SCLs and raises the question if SCLs can realistically
be applied more freely to DED cases.

Recent clinical studies have further evaluated the effective-
ness of SCLs and the importance of their fit. Moon et al.
reported improvements in visual acuity, ocular-surface stain-
ing, and patient-reported symptoms after 12 weeks of large-
diameter SCL wear in patients with intractable ocular surface
diseases 7. Similarly, Lu et al. found that one month of SCL
treatment reduced OSDI and corneal staining scores in pa-
tients with severe DED '8, However, the lens must still be fit-
ted correctly. Kumar et al. evaluated central clearance, limbal
clearance, haptic compression, and edge alignment as separate
parts of SCL fit!°. Villa et al. found that increasing central
clearance affected refraction and higher-order aberrations?’.
In a randomized study, Litvin et al. found no clinically signif-
icant change in intraocular pressure during five hours of wear
with two well-fitted lens diameters in young, healthy partic-
ipants?!. Schornack et al. also found that practitioners use
several lens diameters and landing-zone designs when fitting
SCLs?2,

Additional studies have further shown the clinical value of
SCLs and the importance of fitting. Lee et al. found that best
lens-corrected visual acuity was significantly better than ha-
bitually corrected visual acuity across 62 eyes with various
corneal disorders>3. Hadimani et al. also found improvements
in high- and low-contrast visual acuity and vision-related qual-
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ity of life after three months of SCL wear in patients with kera-
toconus >*. Together, these findings demonstrate that the bene-
fits of SCLs extend beyond DED but still depend on achieving
an appropriate lens fit. Yoon et al. evaluated corneoscleral
profilometry for free-form SCL fitting and reported that an
average of 2.1 lenses and 2.9 follow-up visits were required
to complete fitting?>. This suggests that even when patient-
specific surface data are used, fitting may still require multiple
adjustments. Wang et al. measured fluid-reservoir thickness
across 17 corneal regions and found that it decreased during
four hours of wear, with the greatest asymmetry along the ver-
tical meridianZ®. These results further demonstrate that the
relationship between the lens and ocular surface can change
across both location and wear time.

Three-dimensional (3D) printing has emerged as a powerful
enabling technology, allowing rapid, patient-specific fabrica-
tion of ophthalmic devices. Debellemaniére et al. demon-
strated that a 3D-printed biconvex optical lens was feasible,
although its surface quality remained far from clinical stan-
dards?’. For example, in a review discussing the extent of 3D
printing in ophthalmology, Fakhoury et al. described its use in
orbital implants, ocular prostheses, surgical guides, and even
eye models?®. Collectively, these applications set a strong
foundation for 3D printing and its potential expansion into
other ophthalmic areas. Further testing the scope of 3D print-
ing, Alam et al. showcased a proof-of-concept study demon-
strating the ability to fabricate contact lenses using a special-
ized 3D printerlo. With continued advancements, SCLs may
represent the next ophthalmic device suitable for 3D print-
ing. These studies suggest possible ways in which 3D print-
ing might address manufacturing limitations associated with
SCLs. Hisham et al. produced complete multimaterial contact
lenses from CAD models and demonstrated that complex pat-
terns could be created through CAD modification?®. Hisham
and Butt used a low-cost vat-photopolymerization method
to print customizable functional structures onto commercial
contact lenses>?. Although neither study evaluated SCLs or
demonstrated reductions in clinical costs, fabrication time, or
access barriers, their findings show that contact-lens designs
and features can be digitally customized using 3D-printing
methods. A comparable CAD-based workflow could poten-
tially support more direct modification of patient-specific SCL
designs, but this possibility remains to be tested.

Research on 3D-printed contact lenses has also expanded
beyond the initial proof-of-concept study by Alam et al. Hit-
tini et al. used vat photopolymerization to print colored hydro-
gel contact lenses and then evaluated their optical, mechanical,
and cytotoxic properties3!. Goto et al. printed PEGDA con-
tact lenses containing azithromycin and found that material
composition and secondary curing affected lens thickness, me-
chanical strength, and drug release3?. Using a different print-
ing process, Mohamdeen et al. combined hot-melt extrusion

with FDM to fabricate timolol-releasing contact lenses>3. The
measured diameters of these lenses were slightly smaller than
the CAD dimensions because of thermoplastic shrinkage3>.
These studies produced functional contact-lens prototypes, but
they also reported material and dimensional limitations that
would have to be addressed before clinical use.

A major consideration in translating 3D printing to SCLs is
the importance of dimensional accuracy for appropriate lens
fit'®. In a study similar to Alam et al., Garg et al. evalu-
ated the shape fidelity of 3D-printed contact lenses using cir-
cularity, for which a value of 1 represents a perfect circle.
The P-Gel-3% lenses had a circularity value of 0.872, indicat-
ing some departure from an ideal circular geometry>*. Small
geometric differences are particularly important for scleral-
lens fitting because central clearance, limbal clearance, hap-
tic compression, and edge alignment are evaluated as separate
components of fit 19 This underscores that, before 3D-printed
SCLs are feasible, warping and dimensional inaccuracies dur-
ing printing must be better controlled.

Geometric errors during 3D printing are not limited to
ophthalmic devices.  Pre-warping, also known as pre-
compensation, is a method used to reduce these deforma-
tions. Pre-warping is the process of intentionally distorting the
CAD model in the opposite direction of the expected process-
induced error, so that, after shrinkage and warpage, the printed
part ends up closer to the nominal geometry'?. Marczis et
al. found that, in selective laser sintering (SLS), geometric
compensation improved the nominal dimensional difference
by “18% for distances between parallel planes>>. Several man-
ufacturing studies have tested methods for controlling these
dimensional errors. Jadayel and Khameneifar used 3D scans
of repeated FDM prints to calculate an average deviation field
and then applied the inverse error to the CAD mesh3®. The
compensated print had deviations approximately three times
smaller than the uncompensated prints. Haldar followed a
similar concept by measuring X-, Y-, and Z-axis errors in low-
cost fused filament fabrication (FFF) and stereolithography
(SLA)- and digital light processing (DLP)-based printers and
using the measured errors to adjust the next solid model®’.
Dong et al. reported distortion reductions of up to 82.5%
for a lattice structure and 77.8% for a canonical part after
data-driven pre-compensation38. Afazov et al. used optically
scanned data to pre-distort an Inconel 718 component and re-
duced its distortion from approximately +400 um to 100
um '2. Lechner et al. found that compensation should focus on
repeatable deviations because compensating random print-to-
print variation can increase manufacturing instability>?. Rz
et al. also found that part position and build arrangement
affected deformation during MJF printing*?. These findings
support the use of repeated baseline measurements before ap-
plying changes to the digital model. Applying this process
to the 3D printing of SCLs could help bridge the technologi-
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cal gap currently limiting their fabrication. The literature re-
viewed for this study did not identify research applying pre-
warping specifically to the fabrication of SCLs.

Research Gap

This analysis of the current academic discussion in the field of
3D-printed SCLs for DED did not identify research directly
evaluating the impact of digital pre-warping on fabrication-
induced distortion and dimensional accuracy in 3D-printed
SCL models. Although prior research identifies warping as
a major barrier to 3D-printed SCLs, the effectiveness of pre-
warping strategies remains poorly understood. Thus, the goal
of this study is to address this gap by analyzing geometric dis-
tortion and dimensional deviation in pre-warped versus non-
pre-warped 3D-printed SCL models in relation to dimensional
accuracy. Through this research, a comparative experimental
method was used to apply digital pre-warping and quantita-
tively evaluate post-print accuracy, generating results that ad-
dress the lack of empirical evidence on pre-warping effective-
ness.

Methods

Method Justification

To ensure the effectiveness of pre-warping in 3D printing,
there must first be a baseline warping measurement. This
serves as a basis to quantify improvement as well as a start-
ing point to generate the pre-warping needed for a print. Ex-
perimental work with acrylonitrile butadiene styrene (ABS)
has shown that FDM warping is influenced by thermal con-
ditions, including nozzle and bed temperature!'. Under the
ABS-cuboid printing conditions evaluated by Ramian et al.,
repeated prints demonstrated similar dimensional behavior !,
Measuring deviation across multiple identical prints allowed
estimation of systematic mean bias and within-batch variabil-
ity.

In precision manufacturing, pre-warping has been imple-
mented by applying the inverse of a measured deformation
field to the digital model prior to fabrication. In this study,
that principle was simplified to global anisotropic axis scaling
based on mean baseline dimensional errors. By applying the
inverse of the measured baseline warping and keeping all other
variables constant such as temperature, printer model, and pa-
rameters, we can effectively gauge the increased dimensional
accuracy attributed to the pre-warping.

Although the fused deposition modeling (FDM) setup
used here was intended only as a proof of concept and not
for clinical lens production, geometric distortion and pre-
compensation have also been reported in powder-bed fusion
and SLS!?33. Accordingly, success with pre-warping using

FDM printers would provide proof-of-concept evidence sup-
porting further testing with specialized SLA- and DLP-based
printers; however, similar levels of success cannot be assumed
because the printing processes and materials differ.

Statistical analysis was selected to evaluate both dimen-
sional accuracy and manufacturing consistency. Shapiro-Wilk
tests were first used to assess normality and determine whether
parametric testing was appropriate for each dataset; Khatun
identified Shapiro—Wilk as one of the most powerful normal-
ity tests examined*'. Histograms and Q-Q plots were exam-
ined alongside the formal tests because normality tests can
be sensitive to sample size*!. One-sample t-tests were then
used to compare sagittal-height and X-and Y-axis diameter
means from each printed-model group against the intended
CAD dimensions because the reference values were fixed de-
sign targets rather than values from another group*?. Edge
thickness was analyzed using Wilcoxon signed-rank tests be-
cause its distributions departed from normality. Welch’s two-
sample t-tests were used to compare sagittal height and X- and
Y-axis diameter measurements between the baseline and pre-
warped groups because they do not require equal variances,
making them more appropriate than Student’s t-tests for man-
ufacturing data with potentially unequal spread **. Edge thick-
ness was compared between groups using a Mann-Whitney U
test. The Mann—Whitney U test used a two-sided asymptotic
calculation with corrections for tied values. Brown-Forsythe
tests were additionally used to compare variability in the raw
dimensional measurements between groups, since improved
consistency was a key outcome alongside improved mean ac-
curacy 4.

Experimental Procedure

Objective 1 — Calculating Baseline Warping

A discarded commercial scleral lens, manufactured by ABB
Optical Group (ICD FLEXFIT) and obtained from True Eye
Experts of New Tampa, underwent 3D scanning using equip-
ment provided by Micro-Epsilon to produce a digital STL
mesh representing its geometry. The resulting mesh did not
fully encapsulate the lens geometry because portions of the
scan were cropped. Therefore, a complete radial profile from
an intact portion of the mesh was extracted and revolved
through 360 degrees to generate a rotationally symmetrical
model based on the captured lens profile. The model was uni-
formly enlarged by a factor of 2.2288 before printing because
the printer could not reliably reproduce the original lens at its
clinical scale. The enlargement factor of 2.2288 was selected
to produce target X- and Y-axis diameters of 36.6158 mm, al-
lowing the model to be reliably reproduced by the printer. The
STL file was then sliced and printed using fixed printing pa-
rameters on an Elegoo Neptune 4 Pro FDM printer with Du-
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ramic PLA+ filament and a 0.4 mm nozzle. Thirty identical
prints were produced and labeled (B1-B30).

Four global dimensions, sagittal height, X-axis diameter,
Y-axis diameter, and edge thickness, were measured at pre-
defined landmarks using a Fisherbrand™ Traceable™ Dig-
ital Caliper (Catalog number, 06-664-16; measuring range,
0-203.2 mm [0-8 in]; resolution, 0.01 mm; accuracy, £0.03
mm). The instrument was supplied with a serial-numbered
certificate from an ISO 17025 calibration laboratory docu-
menting traceability to National Institute of Standards and
Technology (NIST) standards. Its measurement range encom-
passed all dimensions of the enlarged test models. The Y-
axis diameter was measured across each printed model along
the visible printed reference line, and the X-axis diameter was
measured perpendicular to that line at 90 degrees. Edge thick-
ness was measured at four circumferential locations (0, 90,
180, and 270 degrees) and the four readings were averaged to
obtain one edge-thickness value for each printed model. Sagit-
tal height was measured with each printed model supported in
a custom 3D-printed base to maintain a consistent orientation,
and the base height of 9.67 mm, measured using the same dig-
ital caliper, was subtracted from the combined measurement.
Each measurement was compared with the corresponding tar-
get dimension of the enlarged reference model, and mean de-
viations were calculated to quantify global dimensional bias.
All caliper measurements were performed by the same inves-
tigator to maintain consistency between the baseline and pre-
warped printed models.

Objective 2 — Testing Pre-Warping Effectiveness

Previously obtained baseline deviation values were used to
generate a compensated digital model. The compensated
model was generated in Shapr3D using global anisotropic
scaling rather than a local deformation-field correction. For
each dimension j, where j represents X, Y, or Z, T; rep-
resented the target CAD dimension and B; represented the
mean baseline printed dimension. The measured undersiz-
ing was calculated as d; = T; — Bj. The compensated CAD
dimension was calculated as C; = T; +d;, and the scale fac-
tor was calculated as s; = C; +7;. The measured undersiz-
ing was 0.2395 mm for X, 0.2401 mm for Y, and 0.2401
mm for Z. The resulting scale factors entered in Shapr3D
were 1.0065409 for X, 1.0065573 for Y, and 1.0230 for
Z, with the Z axis corresponding to sagittal height. Uni-
form scaling was disabled during this compensation step.
No axis translation or local displacement of mesh vertices
was performed, and edge thickness was not independently
compensated. Because of the anisotropic scaling, the nom-
inal edge thickness of the compensated model was approxi-
mately 0.255 mm. The resulting compensated standard tes-
sellation language (STL) dimensions were 36.8553 mm along

the X-axis, 36.8559 mm along the Y-axis, and 10.6992 mm
along the Z axis. The original enlarged and compensated
STL files are provided as Supplementary Files S1 (Supple-
mentary_File_S1_Original_Enlarged_Model.stl) and S2 (Sup-
plementary_File_S2_PreWarped_Compensated_Model.stl), re-
spectively. Figure 1 shows the resulting spatial difference
between the original enlarged model and the compensated
model.

Figure. 1 Spatial comparison of the original enlarged and compen-
sated digital models. (A) Bottom view and (B) side view, with both
models at the same display scale. The original model is shown in
gray and the compensated model shown in orange.

After compensation, the mesh was visually reviewed for ob-
vious surface discontinuities. Slicing of the compensated STL
file was performed using the same fixed parameters applied
in the baseline stage. A new set of thirty prints was fabri-
cated under the same conditions as Objective 1 and then la-
beled (W1-W30). Each compensated printed model was mea-
sured at the same landmarks as Objective 1. Collected mea-
surements were compared directly to the intended dimensions
defined by the original reference model. Mean deviation val-
ues across all compensated samples were computed to assess
remaining distortion after pre-warping. Comparison between
compensated and baseline deviations was performed to evalu-
ate whether systematic error had been reduced.

Objective 3 — Evaluating CAD Fidelity

Measurement data from both baseline and pre-warped samples
were organized for each geometric parameter, including sagit-
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tal height and outer diameter along X and Y axes. Deviation
values were calculated relative to each sample’s corresponding
digital model, with baseline prints referenced to the original
CAD model and pre-warped prints to the compensated model.
Absolute deviation values were used to represent the magni-
tude of geometric error for each printed model. Distribution
characteristics were assessed using Shapiro—Wilk tests along-
side histogram and Q-Q plot visualization to evaluate normal-
ity. A two-sample Welch’s t-test was applied to compare ab-
solute deviations between baseline and pre-warped groups for
each parameter. Statistical significance was determined using
an alpha threshold of 0.05.

Method Limitations

While effective in assessing the effectiveness of pre-warping,
there are several limitations to this methodology. Firstly, FDM
printing was used as opposed to a custom SLA-based printer
or a DLP-based printer. If the pre-warping outcomes for
FDM-based printing of SCL models are shown to be bene-
ficial, future research would still be needed to confirm similar
effectiveness in SLA-based printers and other systems special-
ized for ophthalmic devices such as SCLs. Because only one
enlarged reference geometry was evaluated, the findings can-
not be generalized to all scleral-lens shapes, sizes, or patient-
specific geometries. The single model provided a controlled
proof-of-concept for evaluating pre-warping under one set of
printing conditions. Additional geometries should be evalu-
ated in future studies. Because the scan did not fully encap-
sulate the lens, the reconstructed model was based on one in-
tact radial profile rather than the complete three-dimensional
geometry of the source lens. Furthermore, non-clinical ther-
moplastics were used in the creation of the prints rather than
clinical-grade materials that enable oxygen permeability and
other essential properties of a scleral lens. Again, like the
use of FDM printers, these findings may indicate the poten-
tial for applying pre-warping in future developments; how-
ever, without further testing, they cannot confirm translational
applicability. Because edge thickness was not independently
compensated, conclusions regarding the effectiveness of pre-
warping are primarily limited to the X, Y, and Z dimensions.
The influence of nozzle diameter was not experimentally iso-
lated, and measurement uncertainty may have been introduced
through caliper placement and use of the custom measure-
ment base. Additionally, only one baseline batch and one pre-
warped batch were evaluated under a single printing condi-
tion; therefore, the repeatability of the observed improvements
across independent printing batches was not assessed. Finally,
the four landmark measurements provided information about
selected global dimensions but did not capture full-field sur-
face error, local warping, asymmetry, surface waviness, or
haptic-zone deviations. Full-field scanning and registration

of the printed models to the nominal CAD model were not
performed because repeat access to suitable three-dimensional
scanning equipment was unavailable. Consequently, the find-
ings are limited to sagittal height, X- and Y-axis diameter, and
edge thickness at the predefined measurement locations and
should not be interpreted as a complete evaluation of overall
surface fidelity or clinical scleral-lens fit.

Results

Baseline Prints

Before evaluating the accuracy of the printed models, the in-
tended geometry of the digital scleral-lens model was first ex-
amined. The reference CAD model used for printing had the
following measurements: a sagittal height of 10.4591 mm, an
outer diameter of 36.6158 mm, and an edge thickness of 0.25
mm. These values represent the target geometric dimensions
of the model. A perfect printing scenario would produce base-
line printed models that closely match the target. A future
clinical-scale lens made from an appropriate material would
require further optical, safety, and patient-fit testing before
clinical use.

Thirty SCL models were printed under identical conditions
to characterize the baseline geometric distortion produced by
the printing process. Each printed model was measured at the
same four locations as the reference CAD model. These mea-
surements were chosen as simplified global indicators of di-
mensions of printed-model geometry rather than as a complete
clinical fitting assessment.

Inspection of the printed models revealed that print #13 had
a major structural deformation (see Figure 2). This printed
model showed a significant inward curve along the diameter
instead of maintaining the expected dome-shaped geometry.
It is unlikely to represent a systematic error in the printing
process due to it only occurring once among the thirty prints.
Instead, it likely reflects a sporadic printing failure, which can
occasionally occur in FDM printing. Therefore, this deforma-
tion is not considered representative of the typical geometric
distortion produced by the printing process. However, because
the localized deformation did not intersect the predefined mea-
surement landmarks, print #13 was retained in the analysis;
its four recorded landmark measurements remained within the
ranges of the other baseline prints.

Aside from this isolated defect, the baseline printed models
exhibited relatively consistent deviations from the reference
model, summarized in Figure 3. The average sagittal height
measured across the baseline prints was 10.2190 mm, mean-
ing a deviation of 0.2401 mm. This represents a percent error
of 2.30%. Similarly, the outer diameter measurements demon-
strated consistent inward shrinking relative to the reference
model. The average outer diameter was 36.3757 mm along

6 | NHSJS Reports

© The National High School Journal of Science 2026



Figure. 2 Two printed scleral-lens models. Print #13 (left) shows lo-
calized deformation along the left edge, while print #1 (right) main-
tains a consistent circular geometry with no major visible warping.
(A) Side view. (B) Top view.

the Y-axis, and 36.3763 mm along the X-axis. Interestingly,
like the sagittal height, the outer diameter shrunk by 0.2401
mm on the Y-axis, and by 0.2395 mm on the X-axis.

Unlike the other measurements, the average edge thickness
measured on the baseline prints was larger than the reference
model, with the reference model having 0.25 mm in thickness
and the prints having roughly 0.61 mm. This means the mod-
els grew in size as opposed to shrinking like in the other areas.
This large deviation is consistent with a process-resolution
limitation under the printer’s 0.4 mm nozzle condition; how-
ever, nozzle size was not experimentally varied. Nevertheless,
the intended 0.25 mm edge thickness was not accurately re-
produced under the printing conditions used in this study. As
a result, this measurement was not used in the primary anal-
ysis and instead serves as a limitation of the current printing
method. Future studies using higher-resolution printers may
be able to reproduce this feature more accurately.

Pre-warped Prints

To compensate for the systematic deviations observed in the
baseline dataset, the inverse of the measured deviations was
applied to the reference digital model. This process produced
a new pre-warped digital model designed to be intentionally
distorted during printing with the goal of improving accuracy.

Figure. 3 Violin plots showing absolute dimensional deviations of
the baseline printed models from the target model. Sagittal height and
outer diameter (X and Y) display consistent deviations across prints,
while edge thickness shows the largest absolute deviation, consistent
with its 0.25 mm target being below the printer’s 0.4 mm nozzle di-
ameter.

A second set of 30 printed models was produced under the
same conditions as the baseline prints using this compensated
digital model. The pre-warped printed models were then mea-
sured at the same four landmarks. The results of these mea-
surements are summarized in Figure 4, which shows the abso-
lute deviations for the baseline and pre-warped printed mod-
els. The average values for the pre-warped printed models
were 10.3957 mm for the sagittal height, 36.5057 mm for the
diameter on the Y-axis, and 36.5080 mm for the X-axis. These
measurements corresponded to signed target-minus-mean de-
viations of 0.0634 mm for sagittal height, 0.1101 mm for the
Y-axis diameter, and 0.1078 mm for the X-axis diameter. The
mean edge thickness was 0.6083 mm, which was 0.3583 mm
greater than the target; however, edge thickness was not in-
dependently compensated and was treated as a secondary out-
come. These results indicate an overall reduction in geometric
deviation to the original digital model, suggesting that pre-
warping compensation improved dimensional accuracy. The
corresponding mean absolute deviations for the pre-warped
printed models plotted in Figure 4 were 0.0649 mm, 0.1101
mm, and 0.1081 mm, respectively.

Data Analysis

To determine the statistical properties of the collected mea-
surements, normality tests were first performed on each
dataset. Statistical analyses were performed in Python us-
ing the SciPy statistical-computing library. Shapiro-Wilk tests
were used to assess whether the measurement distributions
showed a statistically detectable departure from normality.
The results indicated that sagittal height and diameter mea-
surements produced p-values greater than 0.05, meaning that
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Figure. 4 Violin plots comparing absolute dimensional deviations of
baseline and pre-warped (PW) printed models from the target model.
Baseline prints (light blue) show larger deviations in sagittal height
and X- and Y-axis diameter, while PW prints (dark blue) display
lower errors, indicating improved accuracy after pre-warping. Edge
thickness deviations remain similar between groups.

the tests did not detect statistically significant departures from
normality. However, both edge-thickness datasets produced
p-values below 0.05, indicating statistically detectable depar-
tures from normality. The Shapiro—Wilk normality results for
the baseline and pre-warped measurements are shown in Fig-
ures 5 and 6, respectively.

Following evaluation of the distributional assumptions, in-
ferential statistical tests were conducted to identify any signif-
icant differences between the printed models and the reference
digital model.

First, baseline printed-model measurements were compared
to the intended geometric values of the digital model through
one-sample t-tests, except for edge thickness, which was ana-
lyzed using a Wilcoxon signed-rank test because it was not
normally distributed. All statistical tests were two-sided.
Wilcoxon signed-rank tests used an asymptotic approximation
without a continuity correction. The test results identified that
there was a significant difference between the baseline prints
and the original design as shown by the following test statis-
tics:

Sagittal height: t(29) = -21.9951, p = 1.22896 x 10~

Outer diameter (Y): t(29) = -32.9753, p = 1.52716 x 10~

Outer diameter (X): t(29) = -31.1254, p = 7.79253 x 10~

Edge thickness: W =0, p = 1.42250 x107°

The test outcome confirmed that measurable geometric dis-
tortion relative to the intended design is introduced by the
printing process.

Repeating the testing process using pre-warped printed
models, with a Wilcoxon signed-rank test again used for edge
thickness, also produced statistically significant differences
between the pre-warped printed measurements and the orig-
inal reference CAD model as shown below:

Sagittal height: t(29) = -9.4097, p = 2.57606 x 10~ 10

Outer diameter (Y): t(29) = -14.4789, p = 8.33165 x 10~ 1

Outer diameter (X): t(29) = -13.3087, p = 7.04079 x 10~ 4

Edge thickness: W =0, p = 1.36168 x 107°

The magnitude of the deviations was, however, reduced
from those detected in the baseline dataset, reinforcing the no-
tion that the dimensional accuracy of the printed models could
be improved through pre-warping compensation.

Welch’s two-sample t-tests were conducted to directly com-
pare the mean dimensions of the baseline and pre-warped
printed models. Because edge thickness was not normally
distributed, it was compared using a Mann—Whitney U test in-
stead of Welch’s t-test. A two-sample Welch’s t-test was used
to provide a direct comparison between the two manufactur-
ing approaches to counter the possibility of unequal variance
between the independent samples represented by the datasets.
The test results identified a statistically significant difference
between the baseline and pre-warped prints as shown by the
following test statistics:

Sagittal height: t(48.3108) = -13.7700, p = 2.39764 x
10—18

Outer diameter (Y): t(57.8903) = -12.3452, p = 7.41680 x
10718

Outer diameter (X): t(57.8470) = -11.7860, p = 5.18042 x
10717

Edge thickness: U =488.5, p =0.559746

These Welch tests compared raw mean dimensions rather
than absolute error magnitudes. The test results identified
statistically significant shifts in sagittal height and X- and Y-
axis diameter toward the original target dimensions when pre-
warping was applied. No statistically significant difference
was identified in edge thickness between baseline and pre-
warped prints (p = 0.559746); however, edge thickness was
not independently compensated.

Manufacturing behavior was further gauged by conducting
atwo-sample Welch’s t-test to compare the absolute deviations
of the baseline and pre-warped prints against their respective
CAD models. For this analysis, baseline deviations were cal-
culated relative to the original CAD model, while pre-warped
deviations were calculated relative to the compensated CAD
model. It was determined that significantly greater deviation
was present in the pre-warped prints across all primary geo-
metric parameters:

Sagittal height: t(48.3108) = -4.9442, p = 9.62528 x10~°

Outer diameter (Y): t(57.8903) = -10.4555, p = 5.93936
x10715

Outer diameter (X): t(57.8470) = -9.6526, p = 1.16264
x10713

Despite improved alignment with the original reference tar-
get, the pre-warped printed models demonstrate greater mean
absolute deviation from their own compensated CAD design
during fabrication. This indicates lower process fidelity to the
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Figure. 5 Histograms and Q—Q plots showing the distribution and normality of baseline measurement deviations for sagittal height, outer
diameter (X and Y), and edge thickness. Shapiro-Wilk tests did not detect statistically significant departures from normality for sagittal height
(p = 0.276761), X-axis diameter (p = 0.172266), or Y-axis diameter (p = 0.150532), while edge thickness showed a statistically detectable

departure from normality (p = 0.027577).
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Figure. 6 Histograms and Q—Q plots showing the distribution and normality of pre-warped measurement deviations for sagittal height, outer
diameter (X and Y), and edge thickness. Shapiro—Wilk tests did not detect statistically significant departures from normality for sagittal height
(p = 0.623569), X-axis diameter (p = 0.704807), or Y-axis diameter (p = 0.597260), while edge thickness showed a statistically detectable
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10 | NHSJS Reports © The National High School Journal of Science 2026



compensated input geometry rather than poorer accuracy rela-
tive to the original target. In turn, whether additional iterations
of the pre-warping process can reduce residual geometric error
should be evaluated.

Finally, the raw dimensional measurements were subjected
to Brown-Forsythe tests to determine the difference in vari-
ability of the prints.

Sagittal height: F(1, 58) = 3.3814, p = 0.071059

Outer diameter (Y): F(1, 58) = 0.2357, p =0.629133

Outer diameter (X): F(1, 58) =0.1084, p =0.743123

Edge thickness: F(1, 58) = 0.0000, p = 1.000000

The tests did not identify statistically significant differences
between the variability in the two sets of prints; however, these
nonsignificant results do not establish that their variability was
equal.

Discussion

Conclusions

This study has identified that digital pre-warping techniques
can be used to both evaluate and partially correct geometric
distortions generated as a result of 3D printing. Analysis of
the baseline dataset also demonstrated systematic mean un-
dersizing between the printed models and the reference digital
model within the tested batch, which provided the basis for the
applied compensation.

Accordingly, applying the inverse of the identified distor-
tions to the digital design before printing enabled a reduc-
tion in the degree of geometric error in subsequently produced
printed models, with sagittal height deviation decreasing from
0.2401 mm in baseline prints to approximately 0.0634 mm in
pre-warped prints, alongside similar reductions in outer diam-
eter deviation. Whilst some deviation in the required geometry
was observed after the correction was applied, the magnitude
of the deviation was reduced when compared to the baseline
prints made.

The proof-of-concept results indicate that digital compensa-
tion improved the dimensional accuracy of the printed models
under the tested conditions, with reductions in sagittal-height
and X- and Y-axis diameter deviations but no significant im-
provement in edge thickness. Although these findings support
further investigation of digital compensation, whether this ap-
proach can reduce clinical fitting iterations or manufacturing
time remains unknown because the study did not test clinical-
scale lenses, patient fit, or manufacturing duration.

Limitations of Research

This research focused directly on the geometric accuracy of
the printed models and did not take into consideration the
overall functional design. Dimensional accuracy is essential

for the effective performance of SCLs; however, factors such
as optical clarity, surface smoothness, oxygen permeability,
and material biocompatibility must also be considered to ren-
der SCLs suitable for clinical use.

Although the study was successful in identifying that im-
provements in geometric accuracy can be achieved through
digital pre-warping, research would need to continue in or-
der to determine whether the degree of improvement achieved
would be of a high enough standard to be applied to real-world
clinical applications.

Implications of Research

The key finding of the research is that additive manufactur-
ing combined with digital compensation techniques may pro-
vide a new approach to improving the dimensional accuracy
of printed SCL models. A closer match to the intended CAD
design may support future research investigating whether pre-
warping can reduce iterative adjustments during manufactur-
ing. However, clinical fitting, manufacturing time, production
costs, and patient access were not evaluated in this study and
remain subjects for future testing.

Future Work

Having observed that pre-warping partially improved dimen-
sional accuracy under the tested conditions, further research
in this area should be directed towards the use and impact
of higher-precision additive manufacturing systems, such as
SLA and digital light processing, to address geometric distor-
tion. Future studies should evaluate whether SLA and DLP
printers can produce the fine geometric detail and smooth sur-
faces required for SCLs. In addition to the technology used,
expansion of this research should also consider the baseline
materials used for testing. To that end, biocompatible oxygen-
permeable materials should be introduced into the research as
these materials are currently used to manufacture commercial
SCLs. A further expansion of the research could also be to
include patient-specific ocular surface scans into the design
process. Combining patient-specific scans with predicted ge-
ometric distortions of the lens material could further improve
the efficiency of 3D printing as a means of manufacturing
SCLs. The evaluation of the impact of improving geometric
accuracy on clinical outcomes including comfort, visual acu-
ity, and tear reservoir stability, could provide important mark-
ers on the path to real-world application of this technology.

Contributions to Literature

Awareness of DED has risen in recent years, and, conse-
quently, the ability to assist with the management of this grow-
ing disorder is vitally important. This research contributed to
an increasing body of literature covering the exploration of the
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use of additive manufacturing in ophthalmic device produc-
tion. Previous studies have demonstrated the potential for ad-
ditive manufacturing within ophthalmology, while also high-
lighting limitations in surface finish and post-processing %28,
However, there has been relatively little research focusing on
the challenge of dimensional accuracy involved in the pro-
duction of rigid SCLs. Through the quantification of base-
line geometric distortion and subsequent testing incorporating
digital pre-warping compensation, this study has provided a
framework for evaluating dimensional compensation in 3D-
printed scleral-lens models. In addition, the findings of this
paper could provide a foundation for future research investi-
gating computationally optimized manufacturing techniques
for other ophthalmic devices that require precise, patient-
specific production.
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