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1.INTRODUCTION

RESUMEN

Este estudio aborda la aplicacién de la realidad aumentada (RA) como herramienta complementaria en el disefio
y la validacién de dispositivos biomédicos personalizados mediante impresién 3D, destacando su papel en los
procesos de innovacién tecnoldgica en biomedicina. La investigacién analiza la interaccion entre lo digital y lo
fisico para comprender como la superposicién de modelos tridimensionales sobre el entorno clinico contribuye
auna validacién anatémica mas precisa y a una mejor toma de decisiones durante el desarrollo de dispositivos.
La integracién de la RA en este contexto permite observa, ajustar y validar los modelos antes de su fabricacion,
optimizando el flujo de trabajo y fomentando la colaboracién interdisciplinaria entre profesionales del disefio, la
ingenierfa y la medicina. Ademads, se examinan los factores técnicos, humanos y organizativos que condicionan
suimplementacién, como la interoperabilidad del hardware y el software, la curva de aprendizaje y los costes de
adopcién. Finalmente, reflexiona sobre el potencial de esta herramienta para transformar los procesos tradicio-
nales de disefio biomédico, promoviendo un enfoque mas eficiente, participativo y centrado en el paciente, que
consolida la realidad aumentada y la impresién 3D como pilares en la transicién hacia tratamientos personaliza-
dos e interactivos.

ABSTRACT

It addresses the application of augmented reality (AR) as a complementary tool in the design and validation of
personalized biomedical devices using 3D printing, highlighting its role within the processes of technological
innovation in biomedicine. The research analyzes the interaction between the digital and the physical to unders-
tand how the overlay of three-dimensional models on top of the clinical environment contributes tomore accura-
te anatomical validation and better decision-making during device development. The integration of AR in this
context makes it possible to observe, adjust and validate models before they are manufactured, optimizing the
workflow and fostering interdisciplinary collaboration between design, engineering and medical professionals.
In addition, the technical, human and organizational factors that condition its implementation are examined,
such as hardware and software interoperability, the learning curve and adoption costs. Finally, it reflects on the
potential of this tool to transform traditional biomedical design processes, promoting a more efficient, participa-
tory and patient- centered approach, which consolidates augmented reality and 3D printing as pillars in the
transition to personalized and interactive treatments.

In a complementary way, 3D printing has enabled the production

The development of immersive and digital fabrication technologies
has significantly transformed contemporary biomedical practice,
driving new methods of diagnosis, simulation, and computer-aided
design [1]. Among these innovations, augmented reality (AR) has
emerged as a key tool for integrating digital environments with
physical spaces, facilitating anatomical understanding and direct
interaction with three-dimensional models during clinical and
design processes [2].

of personalized biomodels and patient-specific medical devices,
contributing to the development of precision medicine and
user-centric approaches [3],[4]. The convergence of both technolo-
gies poses an interdisciplinary scenario where engineering,
industrial design and medical sciences converge to improve the
effectiveness of validation, ergonomics and clinical communica-
tion processes [5],[6].

This article addresses the use of an augmented reality tool applied
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to the design and validation of personalized biomedical devices
using 3D printing, based on a documentary review of recent
research. The objective is to analyze its application, principles and
relevance in current biomedical processes, highlighting the
technological and human factors that condition its adoption. This
review seeks to

offer a comprehensive vision of the opportunities and challenges
thataccompany the incorporation of these technologies in contem-
porary clinical practice, contributing to strengthening the link
between technological innovation and health [7],[9],[12].

2.STATE OF THE ART AND CONTEXT
2.1. AUGMENTED REALITY IN THE HEALTHCARE SECTOR

In the context of biomedical design, augmented reality (AR) has
been positioned as an essential tool to optimize the creation and
validation of personalized devices; by allowing the superimposition
of three-dimensional information on the clinical environment or
on physical models generated by 3D printing. This interaction
between the digital and the tangible makes it possible to simulate,
adjust and accurately evaluate the geometry and behavior of
implants, prostheses or surgical guides before their final manufac-
ture. The principle of integrating AR into the biomedical design
process seeks to reduce positioning errors, reduce times, improve
interdisciplinary communication, and facilitate early validation of
patient-centered customized solutions [1].

2.2. APPLICATION CASES

Several studies have demonstrated the submillimeter precision
achieved with this technology; in cranio-orbit facial reconstruction
procedures assisted by Microsoft HoloLens 2, errors of less than
1mm were reported, and 1°which confirms the usefulness of AR to
guide placement and alignment during surgical [2] planning,
Similarly, validation experiments such as 3D printed phantoms
showed navigation 1.71 times faster than that obtained with
conventional methods, maintaining a margin of error within the
clinically acceptable range.  [3] Other work focused on neuronavi-
gation based on printed 3D markers recorded average errors of 1.56
mm, demonstrating the compatibility between AR and 3D printing
for intraoperative guidance [4].

In spinal interventions, the use of AR with 3D intraoperative
imaging improved the accuracy of pedicle screw placement
compared to traditional neuro- navigated techniques [5] . Beyond
the surgical setting, AR has proven its effectiveness in medical
education and clinical communication, enabling immersive anato-
mical visualization and spatial analysis of complex structures using
mixed environments and physical biomodels [6].

2.3. IMPLEMENTATION REQUIREMENTS

The effective implementation of an augmented reality (AR) tool for
the design and validation of personalized biomedical devices
requires the balanced integration of technological, human and
organizational components, which can be classified into four areas:
hardware, software, training, human factors.

Hardware: The most successful configurations combine high-re-
solution optical viewers such as Microsoft HoloLens or HoloLens 2,
along with devices capable of running real-time three-dimensional
visualization. [2] Some workflows included printed 3D markersthat
acted as anatomical landmarks and allowed for accurate spatial
recording of the digital model about the patient[4]. Other advanced
settings. These devices must ensure minimal latency and submilli-
meter resolution to maintain the correct alignment between the
virtual model and the physical environment, and compatibility
between the viewer and the 3D modeling and printing stations is
critical to avoid scaling or anatomical matching errors. [7], [8].

Software: The programs used mustinclude segmentation, anato-
mical registration, surface modeling and direct export to 3D
printing functions, in addition to allowing integration with rende-
ring engines compatible with mixed reality; in addition, computer
security and the management of sensitive data are necessary condi-
tions to ensure compliance with ethical standards and clinical
confidentiality. [1], [9] Some references mention the use of custom
mobile applications that operate on Android or iOS systems to plan
surgical trajectories and display anatomical overlays in real time
[10].

Training: Various studies agree that the adoption of AR systems
and 3D printing require structured training for medical personnel,
designers and engineers, focused on the spatial interpretation of 3D
models, manipulation of interfaces and calibration of equipment
[1]. The learning curve may represent an initial barrier, but pract-
cal experience significantly improves the user's accuracy and
confidence after the sessions; training programs interdisciplinary
learning between students from different areas demonstrate that
joint learning increases acceptance and innovation in the hospital
environment [11].

Human Factor: Perception studies highlight that users positively
value visual clarity, the ability to interact and the fluid integration
with existing clinical protocols [1]. However, challenges are identi-
fied such as institutional resistance to new technologies, the need
for broader clinical validation, and implementation costs, factors
that still limit their massification in health centers [12].

3.METHODOLOGY
3.1. WORKFLOW USED

Anatomical capture: The process begins with obtaining the
patient's medical data by means of computed tomography (CT) or
magnetic resonance imaging (MRI), which will be converted into
DICOM files for subsequent segmentation. This stage allows the
extraction of the morphological information necessary for the
precise anatomical reconstruction, an essential condition in the
design [6].

3D processing and modeling: Medical images are processed with
specialized software capable of segmenting anatomical structures
and generating three-dimensional models in STL or OBJ format.
During this phase, the cut points, contact edges and dimensional
tolerances are defined, optimizing the geometry to ensure compa-
tibility with 3D printing processes [10] .

Visualization and adjustment with augmented reality: Once the
digital models were obtained, they were integrated into the projec-
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tion in the physical environment, devices such as Microsoft
HoloLens 2 and tablets with 3D overlay software were used, which
allow realtime evaluation of the fit of the model on the anatomical
biomodel or on the corresponding body region [2].

3D printing of the biomedical component: Once the model has
been digitally validated, the device or biomodel is 3D printed,
compatible materials such as photopolymeric resins and medical
or commercial PLA polymers are used, this is selected according to
the application (surgical guides, prostheses, supports or reference
markers) This stage allows the generation of physical models with
proven dimensional accuracy ready for validation tests [3].

Experimental validation and precision measurement: The

manufactured device is compared with the digital reference data to
verify dimensional deviations and positioning accuracy. The results
obtained previously report mean errors of 1.5 to 1.8 mm, remai-
ning within the clinically acceptable range, in addition the imple-
mentation of AR allowed to reduce surgical time by 25-30%, equiva-
lent to 45-90 min less per intervention [10].

3.2. UNIVERSITY EXPERIMENTAL CASE

As a practical validation of the workflow described, an experimen-
tal exercise was carried out within the Technical University of
Ambato, in the Faculty of Design and Architecture, in which the
stages of digital modeling, lamination, 3D printing

and anatomical verification of a personalized biomedical device in
the cervical region were applied.

This example allowed us to verify the technical feasibility of the
proposed methodology, from digital planning to the physical
validation of the prototype, evidencing the precision of fit and the
ergonomiics of the design generated.

During the process, PLA filament was used as the base material,
configuring optimized printing parameters for organic geometries
and low-density perforated structures, which facilitate ventilation
and user comfort, the result was a functional printed model that
was evaluated directly on the body surface, verifying the morpholo-
gical adaptation of the design.

The following figures document the most relevant phases of this
procedure.

Figure 1 shows the initial configuration of the three-dimensional
model in the laminating software, where the 3D printing parame-
ters were defined, such as layer height, fill percentage, model
orientation, and structural support layout. This stage allowed for
optimization of manufacturing and prevention of deformation
during the printing process.

Fig.1.
Configuration of the three-dimensional model in laminating software,
showing the arrangement of supports and 3D printing parameters.

<

Figure 2 shows the complete simulation of the customized biome-
dical model with structural support, ready for physical printing. In
this phase, the estimated manufacturing times, material consump-
tion, and total volume of the model were validated. The prototype
was planned to be manufactured in PLA thermoplastic material,
selected for its rigidity, dimensional stability, and ease of printing,
ideal for physical validation of the design.

Fig .2.
Simulation of the customized biomedical model with structural support,
ready for physical printing on PLA material.

Figure 3 shows the physical model freshly printed in PLA, prior to
the removal of the structural supports. This result allowed us to
verify geometric fidelity with respect to the digital design and the
correct execution of the printing process.

Fig.3.
Physical model newly printed in PLA, prior to the removal of structural
supports.

Subsequently, Figure 4 shows an overview of the biomedical device
once the supports have been removed, highlighting its ergonomic
geometry and structural flexibility. These characteristics are essen-
tial to ensure comfort and correct morphological adaptation in the
user's cervical area.

Fig 4.
General view of the finished biomedical device, showing its ergonomic
geometry.
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Finally, Figure 5 shows the application of the model on the user,
highlighting the accuracy of fitness, comfort, and ergonomics of
the design. This result confirms the feasibility of the proposed
methodological flow, from digital modeling to physical validation,
demonstrating the potential of 3D printing and augmented reality
in the development of customized biomedical devices.

Fig .5.
Application of the model on the user, evidencing the flexibility, ergono-
mics and precision of attachment in the cervical area.

4 .RESULTS AND DISCUSSION
4.1. BENEFITS AND IMPACT

The integration of augmented reality (AR) and 3D printing in the
design and validation of personalized biomedical devices has
demonstrated direct benefits in the accuracy, visualization, and
efficiency of clinical procedures. In terms of visualization, AR
allowed anatomical structures to be observed with greater clarity
and precision, achieving alignment errors of less than Imm in
cranioorbitofacial reconstructions [2] and 1.56 mm in neuro-gui-
ded navigation using 3D printed markers [4].

In decision-making, personalized models accelerated surgical
planning; in orthopedic oncology, a reduction in operative time of
25 to 30% was recorded, maintaining an average accuracy of 1.7
mm/[10].

Remote collaboration was strengthened through the use of mixed
environments with motion sensors (IMUs), which enabled simulta-
neous interaction between physicians, designers, and engineers
during the planning and adjustment of surgical guides [7].

In terms of efficiency, trials with 3D printed phantoms showed
that the increased navigation was 1.71 times faster than conventio-
nal methods, reducing costs and the need for additional prototypes
[3].

4.2. CHALLENGES AND LIMITATIONS

Several studies point to the difficulty of linking AR systems with
medical imaging equipment and 3D modeling stations, which can
lead to scale mismatches or loss of spatial accuracy during data
transfer. [8]. In addition, interoperability between platforms
remains limited, forcing the use of hybrid configurations that
require manual calibrations and constant validations [4].

In terms of cost, the acquisition of both specialized machinery,
software, and biocompatible materials represents a considerable
investment for hospitals, laboratories and for the user himself [9].

CONCLUSIONS

The integration of the Augmented Reality (AR) with the 3D printing
represents a significant advance in the field of Design and valida-
tion of personalized biomedical devices, by allowing the digital
environment to be linked to the physical environment through
interactive anatomical models [1], [4], [5]. Its application makes it
possible to visually and dimensionally verify devices before they
are manufactured, improving the accuracy, interdisciplinary
communication and efficiency of clinical and design processes [2],
[3]. This technological convergence between industrial design and
biomedical engineering constitutes methodological support for
contemporary medical practice, by offering tools that integrate
precision, ergonomics and adaptability in patient care [6], [10].

Beyond the technical benefits, the implementation of AR in
biomedicine shows the need to strengthen the processes of
training and technological adoption, considering human, econo-
mic, and organizational factors that condition its application [9],
[11]. Overcoming limitations such as interoperability between
systems, equipment costs and the learning curve will consolidate
this tool as an essential part of the clinical flow and the develop-
ment of medical products. Together, AR and 3D printing are
emerging as strategic pillars of biomedical innovation, guiding the
transition towards a more precise, participatory and patient-cen-
tred medicine [7], [9], [12].
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