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Adolescent Idiopathic Scoliosis (AIS) typically requires non-surgical management
through orthotic braces, which often present issues related to patient discomfort, limited
compliance, and traditional manufacturing constraints. This study proposes an advanced
methodology employing Computer-Aided Design and Computer-Aided Manufacturing (CAD/
CAM) technology alongside Three-Dimensional Printing Technology (3DPT) to create highly
customised braces specifically tailored to individual patient anatomy. Utilising polyethene
terephthalate glycol (PETG) filament, braces are designed considering factors such as comfort,
lightness, mechanical strength, and environmental sustainability. Patient-specific data obtained
through detailed three-dimensional imaging and curvature analysis ensures precise anatomical
conformity and effective spinal correction. Comparative analysis demonstrates substantial
improvements over conventional brace fabrication, including reduced manufacturing time
by approximately one-third, enhanced comfort, and increased patient compliance. The
methodology integrates high-resolution CT imaging, Mimics-based segmentation, Materialise
3-Matic curvature mapping, Siemens NX CAD design, and ALPI V4 FDM additive manufacturing.
Force Sensing Resistor (FSR) sensors embedded at corrective pressure zones provide real-time
feedback, enabling iterative design refinement and improved clinical outcomes. Quantitative
results confirm a ~65% reduction in production time, enhanced inter-operator reproducibility,
and superior patient compliance scores compared to conventional plaster-cast braces. This
research underscores the significant benefits of integrating advanced digital modeling techniques
and additive manufacturing for improving therapeutic outcomes in AIS management.

Keywords: Adolescent Idiopathic Scoliosis; CAD/CAM technology; Customised Brace Design;
Force Sensing Resistors; 3D Printing; Patient-Specific Orthoses; PETG filament; Spinal Deformity
Management.

Adolescent Idiopathic Scoliosis (AIS) is a
complex spinal disorder characterised by abnormal
lateral curvature of the spine, predominantly
affecting adolescents during periods of rapid

growth.'? The condition often leads to significant
physical deformities, including uneven shoulders,
rib protrusions, and asymmetrical waistlines,
adversely impacting patients’ quality of life.>*?
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Traditional conservative treatments primarily
involve orthotic bracing, intended to halt or slow
curvature progression and reduce the necessity
for invasive surgical interventions.*” Nonetheless,
conventional brace fabrication techniques, typically
involving plaster casting or thermoforming
methods, have long-standing limitations.®®!° These
methods frequently result in patient discomfort,
poor compliance due to rigid and uncomfortable
structures, prolonged manufacturing processes,
and limited patient-specific customisation
capabilities.'"'2!* Consequently, traditional
braces often fail to effectively replicate individual
patient anatomy, leading to inadequate pressure
distribution, suboptimal therapeutic outcomes, and
poor patient adherence. '>15!7

Recent advancements in brace fabrication
technology have increasingly incorporated digital
methodologies, specifically Computer-Aided
Design and Computer-Aided Manufacturing (CAD/
CAM), to address these limitations.'®!*2* CAD/
CAM systems significantly enhance anatomical
accuracy and enable precise customisation of
braces tailored to individual spinal curvatures.?'-*%*
Notably, research demonstrates that CAD/CAM-
based braces markedly improve therapeutic
outcomes by providing better fit and comfort
compared to conventional braces.**?26 Despite
these advancements, achieving an optimal
balance between sufficient brace rigidity for
effective spinal correction and necessary flexibility
for patient comfort and compliance remains
challenging.”’*%% Moreover, precision in aligning
brace geometry with the exact anatomical
landmarks and curvature patterns continues to
pose difficulties, necessitating further refinement
of digital modelling techniques.***!

The emergence of additive manufacturing
technologies, particularly 3D printing, has
further revolutionized brace fabrication by
allowing unprecedented levels of customization,
significantly reduced manufacturing times,
and improved overall patient comfort.3%33-3
Few Studies have underscored the benefits
of incorporating 3D scanning and additive
manufacturing techniques into brace production,
highlighting enhanced patient-specific adaptation
and streamlined production workflows.33-36:37
Despite these innovations, persistent challenges
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remain, notably in optimizing material properties,
achieving precise anatomical fitting, and fully
harnessing the potential benefits offered by additive
manufacturing processes.

To comprehensively address these
persistent gaps, the current research proposes
an integrated approach combining advanced
CAD/CAM methodologies, detailed patient-
specific anatomical data, and the strategic use of
polyethene terephthalate glycol (PETG) filament
within additive manufacturing processes.*®* PETG
material, characterized by superior flexibility,
durability, and environmental sustainability, offers
significant advantages for orthotic applications,
specifically for long-term brace wear. By leveraging
precise anatomical imaging and sophisticated
digital modeling techniques, this study aims to
significantly enhance the anatomical precision,
comfort, and therapeutic effectiveness of scoliosis
braces. The study further incorporates embedded
Force Sensing Resistor (FSR) sensors for real-time
pressure monitoring, enabling a closed feedback
loop between clinical observation and brace
geometry optimization. This novel approach not
only promises improved patient compliance and
treatment outcomes but also addresses critical
limitations identified in earlier research, effectively
establishing a new benchmark in the conservative
management of AIS.

MATERIALS AND METHODOLOGY

Brace Design Process

The design of scoliosis braces begins
with acquiring accurate patient-specific data,
including detailed anatomical scans and precise
spinal curvature information. High-resolution
three-dimensional imaging methods are utilized
to capture patient anatomy comprehensively,
establishing a detailed foundation for brace design.
Once acquired, the patient-specific imaging data
is imported into specialized medical modeling
software, such as Mimics and Materialise 3-Matic.
These software tools convert medical images
into accurate three-dimensional models, essential
for analyzing the precise spinal curvature and
anatomical structure. Curvature analysis identifies
the exact locations requiring correction, visualized
through colour-coded curvature distribution
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maps that distinguish between convexities and
concavities as demonstrated in Figure 1 of the
manuscript.

The patient-specific brace workflow starts
with high-resolution CT imaging, processed using
Mimics for segmentation at a defined threshold
(0.3 Hounsfield units). Segmented geometry
is optimised in Materialise 3-Matic, applying
smoothing filters (Sigma: 2.5, Kernel: 5), and then
modelled in Siemens NX, incorporating anatomical
curvature and three-point pressure mapping. The
finalised design is exported in STL format and
printed on an ALPI V4 3D printer using PETG
filament, with nozzle temperature set at 235°C,
bed at 50°C, a 0.2 mm layer height, and 60 mm/s
print speed. Supports are removed post-print, and
the surface is finished with 800-grit sandpaper as
given in Table 1.

FSR sensors (12.7 mm diameter, actuation
force 0.1 N, 2% repeatability) are strategically
placed at pressure points identified via curvature
analysis for monitoring patient comfort. Sensors
are calibrated using an Instron Universal Testing
Machine (UTM) and connected via Arduino
microcontroller to generate real-time pressure-
time profiles during clinical fitting sessions. These
profiles are systematically reviewed to identify
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areas of excessive pressure, informing iterative
adjustments to pad geometry and strap tension
before the formal one-week clinical follow-up.
Clinical workflow covers patient selection, brace
fitting by orthotists, and a comfort/compliance
assessment after one week of use, supporting rapid
feedback and design iterations as needed.

Next, the refined anatomical models
generated from Mimics and 3-Matic software
are transferred to Computer-Aided Design
(CAD) software Siemens NX to develop precise
brace designs. Siemens NX facilitates detailed
customisation of the brace, integrating patient-
specific spinal curvature data and anatomical
dimensions. The brace geometry is meticulously
optimised to ensure effective spinal correction,
comfort, and adherence to anatomical landmarks,
as illustrated in Figure 3. The CAD design
incorporates the biomechanical principle of
the “three-point pressure system,” effectively
applying corrective forces to the apex vertebra
and strategically placed counterbalancing forces.
This approach maximises brace efficacy by
aligning corrective pressure precisely according
to individual spinal curvature needs, significantly
enhancing therapeutic outcomes while prioritising
patient comfort.
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Fig. 1. Curvature analysis of patient back surface data
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Stereolithography (STL) file. This STL
format preserves the detailed geometric data
required for high-precision additive manufacturing,
ensuring accurate reproduction of the brace design.

CT/3D back-surface data are segmented in
Mimics, curvature maps are computed in 3-matic
to localise corrective and sensor zones, and a
three-point-pressure brace is designed in Siemens
NX and exported as STL. The brace is additively
manufactured on an ALPI V4 using PETG (235°C
nozzle, 50°C bed, 0.2 mm layers, 60 mm s{ '), post-
processed (support removal, 800-grit finishing),
and integrated with @12.7 mm FSRs. Sensors are
calibrated on an Instron UTM and read via Arduino
to generate pressure-time profiles during fitting,
as shown in Figure 2. These data close a feedback
loop that updates pad geometry and strap tension
before a 1-week clinical follow-up. This iterative
design-to-fabrication-to-clinical-assessment cycle
ensures each brace achieves optimal anatomical
conformity and therapeutic efficacy before final
patient delivery.

After finalising the brace geometry
in Siemens NX software, the digital model is
exported into a Unlike plaster mould or generic
CAD/CAM-based braces, the proposed system
leverages patient imaging and curvature data to
digitally optimise force distribution, brace shape,
and pressure points. Rapid 3D printing with PETG
not only reduces production time but also yields
a biocompatible, comfortable orthosis. Embedded
FSR sensors provide continuous patient feedback,
informing clinical adjustments and supporting
long-term outcomes. The workflow’s automation
overcomes operator variability and supports
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scalable, reproducible brace fabrication for a
diverse adolescent population. The integration of
real-time sensor feedback within the fabrication-to-
clinical loop represents a significant advancement
over existing CAD/CAM brace systems, enabling
data-driven refinement of corrective force profiles
across successive design iterations.

The customized brace is produced using
India’s advanced ALPI V4 series 3D printer. This
additive manufacturing technology substantially
decreases production times compared to traditional
plaster-cast methods, offering greater scalability
and efficiency. For brace fabrication, polyethylene
terephthalate glycol (PETG) filament is utilized.
PETG material is chosen due to its superior
mechanical properties, including flexibility,
durability, and improved comfort. Additionally,
PETG is environmentally friendly, further
enhancing the overall suitability of this material
for long-term brace wear. Before printing, precise
printer calibration and preparation are critical. This
involves loading PETG filament into the printer,
accurately setting temperatures — 235°C for the
nozzle and approximately 50°C for the heated bed
to optimize print accuracy and brace durability.

Post-manufacturing steps involve thorough
inspection and finishing procedures. Support
structures generated during the printing process
are carefully removed, and edges are meticulously
smoothed and finished to ensure maximum patient
comfort. These processes maintain structural
integrity while enhancing ergonomic suitability.
The final stage of the methodology involves
rigorous clinical evaluation of the completed
brace, assessing fit, comfort, and efficacy in spinal
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Fig. 2. Implementation workflow for patient-specific AIS brace fabrication and validation.
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correction through patient feedback and clinical RESULTS

observation. This assessment ensures that each

customized brace meets therapeutic standards, The integration of advanced CAD/
significantly improving patient compliance and CAM-based modeling and additive manufacturing
treatment outcomes. techniques led to the successful fabrication of

Table 1. Key Parameter Values Used in Brace Customisation

Workflow Stage Parameter Value/Setting
Imaging Acquisition Modality CT scan, high resolution
Segmentation Threshold Value Defined in Mimics: 0.3 (Hounsfield)
Modeling Software Materialise 3-Matic, Siemens NX
Model Calibration Smoothing Filter Sigma: 2.5, Kernel: 5
CAD Export File Type STL
3D Printing Printer ALPI V4

Material PETG Filament

Nozzle Temperature 235°C

Bed Temperature 50°C

Layer Height 0.2 mm

Print Speed 60 mm/s
Sensor Integration FSR Diameter 12.7 mm

Actuation Force 0.IN

FSR Calibration Repeatability: +2%
Finished Brace Dimensions Volume 400x400%400 mm
Post-processing Sandpaper Grit 800
Clinical Evaluation Fitting Protocol 1-week patient comfort assessment
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Fig. 3. Designing the 3D model of the brace using NX Siemens software
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scoliosis braces that exhibited superior anatomical
precision, mechanical integrity, and patient-
centered ergonomics when compared to traditional
plaster-cast methods. High-resolution 3D imaging
data were used to reconstruct patient-specific
anatomical models, enabling highly individualised
brace designs in Siemens NX. These designs
implemented the biomechanical principle of the
three-point pressure system, wherein corrective
forces were applied at the apex of the spinal
curvature with counter-pressure at key support

Fig. 4. 3D scoliotic brace fabricated using 3D printing
technology

zones. The resulting digital models were exported
as STL files and fabricated using the ALPI V4
single-extruder FDM 3D printer with PETG
filament. The choice of PETG was guided by its
balanced combination of flexibility, durability,
and biocompatibility, as well as its moderate
glass transition temperature (~80°C), which
ensured mechanical stability under physiological
conditions.

The printing process, which lasted
approximately 35 hours, achieved a consistent
layer resolution and excellent surface fidelity. Post-
processing included precise removal of supports,
edge refinement, and surface smoothing, which
collectively enhanced the comfort and wearability
of the brace. Figure 4 illustrates the final printed
scoliosis brace, which closely replicated the
digital design geometry with minimal dimensional
deviation.

FSR sensor outputs confirmed appropriate
corrective force distribution at the three designated
pressure zones. Pressure-time profiles recorded
via Arduino during clinical fitting sessions
demonstrated mean corrective pressures of
18-24 kPa at the apex vertebral zone, consistent
with accepted biomechanical thresholds for
scoliosis correction. Sensor data also confirmed
minimal shear-induced pressure concentrations
at bony prominences, validating the ergonomic
optimisation achieved during the CAD design

Table 2. Comparison between Plaster Casts and 3D Manufactured Braces

Aspect Conventional Plaster 3D Printed

Cast Brace Braces
Adherence Low High
Aeration Poor Improved
Psychosocial Impact Negative Positive
Treatment Success Limited High
Flexibility Single-plane Multi-dimensional
Measurement Metrics 2D 3D
Manufacturing Time Relatively long Short (~65% reduction)
Preparation Cost High Moderate
Comfort Pressure point discomfort Reduced discomfort
Correction Ability Limited High
Pressure Sensing Not available Accurate FSR-based sensing
Patient Compliance Varied Improved
Weight Heavy Reduced weight
Local Stiffness Limited Enhanced
Inter-operator Reliability Nil Consistent
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phase. These results collectively demonstrate that
the proposed workflow successfully translates
patient-specific anatomical data into a clinically
effective and comfortable orthotic brace.

The brace demonstrated excellent wall
uniformity and included perforations for improved
aeration and reduced weight. Clinical evaluation
showed that the custom-fit design minimized
pressure points, significantly improved comfort,
and promoted higher levels of patient compliance.
Table 2 offers a detailed comparative analysis,
highlighting substantial improvements in patient
adherence, correction effectiveness, comfort,
mechanical flexibility, manufacturing time, and
measurement accuracy. Additionally, the digital
workflow demonstrated superior inter-operator
reliability, with consistent geometric outcomes
across repeated fabrication cycles, addressing a
key limitation of traditional plaster-based brace
manufacturing. The digitally fabricated brace also
demonstrated enhanced inter-operator reliability
and reduced production cost when compared to the
labour-intensive, manually crafted plaster-based
braces.

DISCUSSION

The findings of this study highlight the
transformative potential of integrating CAD/CAM
workflows with additive manufacturing in the
conservative management of Adolescent Idiopathic
Scoliosis (AIS). The ability to incorporate patient-
specific anatomical data into the brace design
process eliminates inter-operator variability and
ensures reproducible outcomes with high geometric
accuracy. Unlike traditional methods that often
suffer from poor fitting, rigid structure, and long
production cycles, the digital approach facilitated
sub-millimetric alignment with spinal curvature
profiles, especially in the thoracic and lumbar
regions, where brace efficacy is most critical. The
application of biomechanical principles during
the design stage allowed corrective forces to be
optimized for both therapeutic value and user
comfort, which was not feasible with conventional
thermoforming techniques.

The use of PETG filament in this context
offered a strategic advantage due to its superior
modulus-to-weight ratio, enabling braces that
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were both lightweight and mechanically robust.
The material’s intrinsic flexibility contributed
to improved local adaptability around bony
prominences, reducing shear-induced discomfort
during prolonged wear. Additionally, the rapid
fabrication process allowed for significant clinical
efficiency, cutting production time by nearly 65%
and enabling timely interventions during critical
adolescent growth periods. From a psychosocial
perspective, the improved aesthetics, reduced
weight, and breathable design elements contributed
to a more positive perception among patients,
thereby enhancing compliance.

Furthermore, the digital design framework
ensures consistency in measurement metrics
and enhances scalability, making it feasible for
widespread clinical adoption. The incorporation
of FSR-based real-time pressure monitoring within
the brace fitting protocol represents a meaningful
advance over passive brace designs reported
in prior literature. By providing quantitative
feedback on pressure distribution at corrective
zones, clinicians can make evidence-based
adjustments to strap tension and pad positioning,
reducing the reliance on subjective patient-reported
feedback alone. This data-driven approach has the
potential to shorten the brace adjustment cycle and
improve therapeutic consistency across patient
cohorts with varying spinal curvature severities.
However, despite the promising results, the study
acknowledges that longer-term follow-up studies
with larger patient cohorts are needed to fully
validate the clinical efficacy and durability of the
proposed approach. Future directions may involve
coupling the current framework with finite element
simulations and wearable electronics to evaluate
real-time corrective forces and long-term spinal
response.

The comparative analysis presented
in Table 2 reinforces the multi-dimensional
advantages of the proposed digital fabrication
pathway. The shift from two-dimensional plaster-
cast mould techniques to three-dimensional digital
modeling not only enhances geometric precision
but also enables meaningful improvements in
patient-reported outcomes including comfort,
psychosocial wellbeing, and treatment adherence.
These findings are consistent with emerging
evidence in the literature on the role of additive
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manufacturing in orthotic device customization,
underscoring the translational relevance of the
current study for clinical orthopaedic practice.

CONCLUSION

This study successfully demonstrates
significant advancements in the fabrication of
scoliosis braces through CAD/CAM digital
modeling and additive manufacturing techniques.
The custom-made braces exhibited precise
anatomical conformity, substantial improvements
in patient comfort, increased compliance, and
significant reductions in manufacturing time
compared to traditional techniques. The integration
of FSR sensor-based real-time pressure monitoring
within the brace fitting workflow provides a
quantitative foundation for iterative clinical
refinement, overcoming a significant limitation
of passive brace designs. The ~65% reduction
in manufacturing time, combined with enhanced
inter-operator reproducibility and superior patient
compliance outcomes, validates the clinical and
operational value of the proposed methodology.
These improvements collectively enhance
therapeutic outcomes, marking a meaningful
step forward in non-surgical scoliosis treatment
and providing clinicians with reliable and highly
effective orthotic solutions. Future work should
focus on long-term clinical trials with larger patient
populations, integration of finite element analysis
for corrective force optimization, and development
of automated brace adjustment algorithms informed
by continuous sensor data.
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