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Featured Application: Cost-effective strategy for accurately diagnosing and monitoring
auditory pathologies through applied artificial intelligence methodologies. Additionally,
the production of customized hearing aids tailored for various medical and non-medical
applications, including but not limited to sports, music, and military use.

Abstract: In the current landscape of hearing rehabilitation, ear mold manufacturing
typically involves the injection of silicone into the external ear canal (EEC) of each patient.
This invasive procedure poses several risks, including the potential for silicone residue
retention and tympanic membrane perforation, which may necessitate surgical intervention.
To mitigate these risks, we present the design of a video otoscope that integrates a scanner
capable of capturing high-precision, real-time images of the EEC’s geometry. The developed
device allows (i) the generation of a 3D CAD model leading to the direct, quick, and low-
cost production of customized hearing aids using 3D printing and (ii) the establishment
of medical protocols for carrying out diagnoses and monitoring of hearing pathology
evolution using methodologies based on Artificial Intelligence. Furthermore, the use of
customized hearing aids that allow the application of Rhythmic Auditory Stimulation
(RAS) and music therapy enhances audiology as an alternative and innovative way to treat
cognitive and degenerative diseases, as well as pathological disorders.

Keywords: video-otoscope; hearing aids; 3D printing; hearing pathologies; ear protectors

1. Introduction
Hearing loss affects a significant portion of the population, with projections indicating

that nearly 2.5 billion people may experience some degree of hearing loss by 2050. The
prevalence underscores the critical need for accessible and effective hearing care services
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worldwide [1]. In fact, hearing loss leads to a lower quality of life and social, communicative,
and emotional isolation, leading, in some cases, to depression [2,3].

Understanding the etiology behind the need for hearing aids involves exploring the
different pathologies that lead to hearing loss. Hearing loss can be defined as conductive or
sensorineural depending on the causes of hearing loss, as explained by Anastasiadou [4].
Depending on the severity of hearing loss, treatment options include hearing aids, cochlear
implants, and other assistive technologies. Hearing loss assessment involves detailed
audiometric testing to accurately diagnose the type and extent of hearing loss. This
assessment includes pure-tone audiometry and tympanometry, along with Rinne and Weber
tests, to distinguish between conductive and sensorineural hearing loss components [5].

A hearing aid is a device that is used in the rehabilitation of various types of deaf-
ness or hearing loss or for hearing protection purposes. Recent studies have revealed the
potential of audiology, mainly through rhythmic RAS and music therapy, by hearing aid
use. By integrating RAS and music therapy into their patients’ treatment plans, healthcare
professionals have discovered enhanced improvements in the quality of life and functional
abilities of individuals with cognitive, degenerative, or motor disabilities compared to
conventional therapies [6–10]. Regardless of hearing aid use purpose, the commitment
to customized solutions across the range of audiology underlines the importance of per-
sonalized care to achieve the best possible results for patients and users of all ages and
with different pathologies or specific needs, such as pediatrics applications, risk of hearing
damage environments, military purposes, musicians, and others [10–14]. The selection of
the style, type of hearing aid, material and design of the ear mold, and print quality are
key factors in personalizing the adaptation of the hearing aid to the individual’s needs,
ensuring both performance and comfort [10,15–17].

Nevertheless, these choices also depend on factors such as the extent of ear loss, the
individual’s preference, anatomical considerations, and the audiologist’s recommenda-
tions [16]. The goals of a custom hearing aid include ensuring adequate acoustic sealing,
in-ear retention, acoustic signal modification, comfort, and pleasing aesthetics. These are
the advantages of custom hearing aids compared to universal parts.

This paper presents a low-cost direct digital manufacturing methodology for obtaining
customized hearing aids. A video otoscope prototype with an integrated scanner was
designed and built for this purpose. This video otoscope will also allow the real-time
acquisition of external ear canal (EEC) images, leading to quick diagnoses and evolution
monitoring of hearing pathologies through AI methodologies.

The use of AI for diagnosing and recognizing ear pathologies has grown significantly
in recent years. With the advancement of machine learning techniques and deep neural
networks, it has become possible to create systems capable of accurately identifying various
hearing conditions, often with results comparable to those of healthcare professionals.
These software programs typically use medical images, such as audiograms, MRIs, CT scans,
or even acoustic signals, such as otoacoustic emissions, to automatically diagnose conditions
such as hearing loss, e.g., otitis, and other diseases characteristic of the inner ear. Among
the most relevant applications, convolutional neural networks (CNNs) stand out, as they
have been widely used for analyzing medical images. These algorithms are trained on large
databases of otoscopic images and other related images to identify patterns that indicate
the presence of pathology. A notable research study was carried out by Rony et al. [18],
who developed an AI system to automatically detect acute otitis media through otoscopic
images, achieving diagnostic accuracy greater than that of medical professionals in some
cases. Additionally, software such as DeepHear developed by AlSamhori et al. [19] uses AI
to analyze audiometry signals and help with the early detection of hearing loss. The system
is based on recurrent neural networks (RNNs) and has been used to predict the evolution
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of hearing loss in patients, contributing to more personalized treatments. These systems
are particularly useful for diagnosis in remote areas or places with a shortage of specialized
professionals. Other examples include OtoAI software, which applies AI algorithms to
detect and classify inner ear pathology from MRI scans. The software is designed to be
used in hospital settings, helping medical professionals make faster and more accurate
diagnoses. The use of AI in diagnosing ear pathologies offers great advantages, such as
reduced human errors, greater accuracy, and the ability to analyze large volumes of data in
real time. However, the widespread implementation of these systems still faces challenges,
such as the need for broad databases and rigorous clinical validation to ensure the reliability
and safety of results.

The video otoscope with integrated scanner presented here allows the acquisition of
EEC images in real time, avoiding submitting patients to radiation, e.g., in MRI or CT scans.
Furthermore, it represents an economical and quick way to obtain the 3D EEC geometry
CAD model for customized hearing aid 3D printing through the use of Open-Source 3D
reconstruction software, such as COLMAP, developed by Schönberger and other researchers
at the Technical University of Munich [20]. The versatility and efficiency that characterize
COLMAP have made it a popular tool in 3D reconstruction projects in areas such as
archaeology, architecture, and engineering. Moreover, it has also been used in academic
and research environments [21]. In a clinical context, Scuoppo et al. [22] demonstrate the
value of using advanced computational tools, augmented visualization, and 3D printing
in pre-procedural planning for high-risk cardiac interventions, concluding the feasibility
and safety of integrative augmented reality, simulations, and 3D printing in procedural
planning. These technologies provide enhanced visualization, accurate prediction of device
interference, and increased procedural confidence prior to cardiac intervention. Additive
manufacturing (AM) offers significant cost and delivery time reductions due to the inherent
characteristics of the manufacturing process. Compared to traditional machining, AM
techniques are simpler to execute as they do not require detailed drawings, using nominal
geometry based on computer models [23]. Nevertheless, open-source photogrammetry
software, such as Meshroom [24] developed by AliceVision [25], or commercial solutions,
such as Agisoft Metashape [26], can also be used.

2. Challenges and Innovations in Hearing Aid Fitting: From
Conventional Molds to Digital Molds
2.1. Conventional Mold

The custom production of ear molds is a crucial component in the hearing device
fitting process. According to recent research conducted in the United States, more than
60% of these devices require a specific ear mold to ensure a proper fit in the user’s ear [8].
This mold is essential not only to ensure effective sound insulation but also to promote
high-quality sound transmission and prevent audio loss. To obtain this mold, an accurate
acquisition of EEC geometry is necessary to create a 3D model. This model is the basis
for the additive printing of the ear mold, into which the electronic components of the
hearing aid are integrated. Once assembled, the device is returned to the audiologist, who
fits the device to the patient. However, if the fit is not perfect, the process of obtaining a
new mold must be repeated, resulting in significant additional costs and time [27]. This
complexity highlights the need for more efficient and accessible methods in the field of
audiology, which justifies the development of the video otoscope with an integrated scanner
presented here.

The conventional method for creating EEC molds involves inserting a silicone blend
into the patient’s ear, to which a catalyst is added to solidify the material and generate
the desired EEC geometry. This procedure must be performed in specialized clinics by
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qualified professionals to ensure the required safety and accuracy. However, in cases where
the obtained mold lacks accuracy, it becomes necessary to repeat the process. Furthermore,
the quality of the mold is compromised by factors such as an excessive presence of wax,
infections, or wounds in the ear, in addition to the possible inexperience of the audiologist.
These circumstances increase the likelihood of an inadequate mold. Still more serious is that
due to its invasive nature and potential for unexpected complications, including abrasions,
trauma, inflammation, bruising, or injury to the tympanic membrane and internal auditory
structures, and in severe cases, eardrum perforations, this procedure is viewed as the
riskiest procedure performed by audiologists [28,29]. Furthermore, the existence of hidden
mastoid cavities can bring about serious risks when filled with impression material, which
requires surgical removal [28,30–33].

In the face of these challenges, adopting non-invasive, indirect ear contact procedures,
such as EEC scanning, appears to be a safer and more comfortable alternative, offering
significant advantages for both patients and hearing healthcare professionals.

2.2. Digital Mold

A study conducted by the U.S. Army Aeromedical Research Laboratory (USAARL
Report No. 2020-06) presents a comparative analysis of traditional ear mold generation
methods versus those employing ear scanning technologies. The emphasis on comfort
arises from the understanding that the more comfortable the hearing protection device is,
the more likely users will be to wear it consistently and for as long as necessary, especially
in environments with noise levels considered hazardous [13].

Recently, new alternative technologies to traditional ear printing have been developed
to eliminate the need for physical mold manufacturing. One such innovation is the Otoscan
from Otometrics, a portable 3D ear scanner that creates digital 3D impressions of the ear.
However, Otoscan still requires the introduction of a probe into the EEC, which can cause
discomfort to the patient. Furthermore, to handle Otoscan effectively, significant learning
about how the equipment works is necessary, which led its maker, Otometrics, to create a
training program with 27 modules, including videos and questionnaires, to train health
professionals in the use of the device [34]. Furthermore, the cost associated with Otoscan
limits its use in clinics with reduced financial resources [35]. Although the use of lasers
for 3D imaging acquisition is an established practice in several industries, the application
of this technology to replicate the complexities of EEC has only recently been researched
and implemented. Ear scanning devices, such as the Otoscan and Lantos instrumentation,
employ 3D laser mapping techniques to create an accurate digital image of the ear canal,
similar to the current practice of dentists constructing custom dental implants [36,37].

The Artec Space Spider from Artec 3D is another commercially available technology.
This technology integrates a portable 3D scanner that uses structured blue light to scan
small objects, transforming them into 3D models. A case study highlighted the use of
the Artec Space Spider to scan the ear’s external structure, aiming to create custom ear
prostheses for cases of deformity [38]. This device is accompanied by Artec Studio software
(Version 19) for processing and rendering scans. Like Otoscan, its cost may limit its use in
environments with fewer financial resources [39].

Another innovation is TinyScan360◦, a device designed for measuring ear canals.
This scanner has already been successfully tested and shown to be extremely useful for
fitting modern hearing aids, allowing for easy and individual customization for the user.
TinyScan360◦’s ability to accurately measure spaces as small as the ear canal clearly illus-
trates the flexibility and effectiveness of these technologies in medical applications. The 3D
stereoscopic measuring system, with a design diameter of just 3 mm, allows contactless 3D
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measurement, visualization, and reconstruction of small objects such as pipes and holes
with diameters of less than 10 mm [39].

Despite significant advances and innovations in the field of auricular scanning, cur-
rently, available systems still have substantial limitations that restrict their applicability
and effectiveness in broader contexts and with fewer financial resources. Despite being
technologically advanced and precise, these devices continue to require the insertion of
probes or membranes into the ear canal. Furthermore, the high cost of these systems
represents a significant obstacle to their adoption, especially in clinics with limited financial
resources, thus restricting access to these technologies in regions with lower purchasing
power. Another critical aspect is the operational complexity of these devices. Many require
specialized training to handle them effectively.

Additionally, given that they were designed for specific situations, such as adjusting
hearing aids or creating ear prostheses, they may not be suitable for other applications
required in audiology or otorhinolaryngology, such as quickly establishing a diagnosis or
monitoring pathologies. The lack of a truly multifunctional system that can be used effec-
tively in different clinical contexts and others, as reported in Section 1, is still a significant
limitation. Given this scenario, it is imperative to develop a new solution that not only fills
these shortcomings but is also more accessible from an economic point of view, comfortable,
and efficient. The following section will explore the proposed innovative solution, which
aims to overcome the aforementioned limitations by offering a more low-cost, adaptable,
and safer tool for auricular scanning and other associated clinical uses.

3. Development of a Video Otoscope with an Integrated Scanner: A
Low-Cost Approach

The direct digital manufacturing (DDM) methodology [40] was applied here to pro-
duce final customized hearing aids directly from digital files. This methodology has no
limitations concerning the geometry to be produced. Additionally, it allows the usage of a
wide range of materials and parts manufacturing in shorter times and with considerable
cost savings. A video otoscope with an integrated scanner was developed to obtain the EEC
geometry digital files. The concept was based on support for the video otoscope that will
act as a reference system for the EEC geometry-image acquisition. This reference system
is crucial to guarantee the image-acquired positions to build the EEC 3D CAD model to
be produced by 3D printing. The images are captured through an actuator attached to the
reference system, which performs longitudinal linear movements from the inside to the
outside of the EAC. This concept is presented in detail in the following sections.

3.1. Video Otoscope Design

The initial phase of the system development focused on defining the technical and
functional requirements of the device, followed by detailed hardware design. Ergonomic
aspects were considered, such as user comfort and ease of handling, as well as the integra-
tion of technologies to guarantee the effectiveness and precision of the system. The device
architecture was designed to be modular and easily adjustable, which facilitates its adapta-
tion to different application scenarios. All elements were designed to be quickly assembled
and disassembled. To guarantee the adaptation of the system to different ear morphologies,
strategically positioned screws were considered, which, in addition to guaranteeing the
stability of the system, enable personalized adjustment and manual insertion of the video
otoscope into the ear canal. The video otoscope is coupled to an actuator that allows its
controlled retreat and advancement within the EEC. This feature aims to facilitate accurate
image collection throughout the ear canal, ensuring a reliable and adaptable experience for
healthcare professionals and patients.
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The configuration and adjustment of the video otoscope (Figures 1 and 2) are essen-
tial to guarantee an accurate and comfortable hearing examination. The vertical position
of the video otoscope is adjusted through the support–headgear interface, see Figure 1.
This system allows precise adjustment of the height of the video otoscope using a screw
that secures the connection between the bracket and the headgear. The headgear can be
repositioned and adjusted, providing a personalized adaptation to the user ensuring that
the video otoscope is always at the desired height for the examination. Furthermore, the
angular tuning of the video otoscope, both vertically and horizontally, is achieved through
a spherical joint (Figure 2A). This joint is used to connect the part that supports the video
otoscope fitting, which allows precise adjustments to the necessary angles. This configura-
tion ensures that the video otoscope can be oriented in various directions, adapting to the
specific anatomy of each patient’s ear canal and ensuring that the examination is performed
at the correct angle.
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As referred before, the system was designed to be versatile, allowing the use of video
otoscopes with different dimensions. This way, the video otoscope support comprises a set
of easily interchangeable parts. These interchangeable parts allow the device to be adapted
to accommodate video otoscopes of various sizes without compromising the stability or
accuracy of the equipment. Changing parts is simple, ensuring that the process of adapting
to different video otoscopes is quick and effective. Additionally, to ensure that the video
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otoscope is always placed in the same way on the equipment, the part where it is attached
plays a crucial role. The geometry of this part was carefully designed to prevent any
rotation of the video otoscope along its longitudinal axis (Figure 2B). This design, created
in Solidworks 2023 SP2.1, ensures that the video otoscope is always positioned in the same
way, maintaining consistency in placement and, consequently, in the examination quality.

The device provides different and multiple adjustment points to adapt the system to
different relative positions of the ear pinna. The headgear can be adjusted to allow the
device to align correctly with the specific anatomy of the ear pinna of each patient. In
addition, the ball joint, which includes a screw, allows for additional vertical adjustment,
providing precise control over the positioning of the video otoscope in relation to the ear
canal. These adjustment options ensure that the device can be adapted to a wide range of
anatomical variations of the ear pinna. In addition, the headgear itself is fully adjustable.
This adaptability is crucial to ensure that the video otoscope remains correctly positioned
throughout the examination, regardless of variations in the size of the patient’s head.

The device is symmetrical to allow the use of the video otoscope in either the left
or right ear without additional adjustments. This symmetry avoids the need for specific
components, ensuring the device can be used conveniently and efficiently in both ears. The
linear movement of the video otoscope from the inside to the outside of the ear canal is
controlled by a system driven by a controller. The actuator is activated to extend the video
otoscope, i.e., to move it back in relation to the ear and vice versa. This mechanism allows
the movement to be performed precisely and smoothly, ensuring that the video otoscope
moves back in a controlled manner, guaranteeing the continued collection of high-quality
images throughout the examination process.

3.2. Video Otoscope Prototype

Due to its versatility, fused deposition modeling (FDM) was the additive process se-
lected to produce the various parts of the developed system. Figure 3 shows the developed
prototype, and Table 1 shows the printing conditions used, including the USB camera
connected to the Raspberry Pi.Appl. Sci. 2025, 15, 2280 8 of 19 
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Table 1. Control parameters for 3D printing by FDM.

Extrusion
Temp. (◦C)

Bed Temp.
(◦C)

Extrusion
Speed (mm/s)

Print Filling
(%)

Layer Height
(mm)

Nozzle Diameter
(mm)

Total Printing
Time (hrs)

210 60 300 15 0.2 0.4 5.22

Images were collected using a USB camera intended for ontological inspection to
validate the device developed from a functional point of view. This camera, characterized
by its simplicity and portability, was connected to a Raspberry Pi microcomputer (the
control and processing unit). The selection of these components aimed to achieve a balance
between low cost, flexibility, and efficiency in acquiring the images necessary to validate
the developed device.

A simple program was developed in Python (Python 3.11 with Library NumPy 2.0.0
and OpenCV-Python 4.10.0.84) to facilitate camera operation and image acquisition. The
program allowed the camera to be controlled effectively, capturing images directly on
the Raspberry Pi 5. This automated process simplified data collection, reducing manual
intervention and ensuring greater consistency in results. Figure 4 illustrates examples of
the collected images for different EECs: (A) EEC #1 and (B) EEC #2.
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The 3D CAD model (Figure 5) is then built by superimposing, according to a reference
system, the various 2D images captured at different angles, thus allowing a reliable rep-
resentation of the geometry of the patient’s ear canal. The images are then processed by
specialized 3D reconstruction software, which uses computer vision algorithms to generate
the 3D CAD model of the ear canal, as mentioned before. Once the 3D reconstruction is
obtained, the model can be used to produce custom hearing aids. This process begins by
converting the digital model into a file suitable for 3D printing, such as an STL file. From
this file, a 3D printer produces a physical mold that precisely replicates the anatomy of
the patient’s ear canal. Depending on the material used in printing, the mold can be used
directly or as a base to manufacture devices such as hearing aids or ear protectors.

This approach brings great advantages, such as greater precision in adapting the
hearing aids to the ear canal and consequent increase in comfort and effectiveness for the
patient. Furthermore, the use of 3D printing allows for rapid and personalized production,
reducing the time between diagnosis and availability of the hearing aids to the patient, in
addition to increasing their quality, considering that the adjustment is based on the specific
anatomy of each individual patient.
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Having technically validated the functionality of the developed device, it is now
necessary to determine the receptivity of its use by the medical team and patients. In
the following section, validation tests for the proposed video otoscope will be described
and analyzed based on the responses from surveys conducted with speech therapists and
patients. These validation tests involved both the evaluation of the technical performance
of the video otoscope and the users’ perception regarding its comfort and ease of use during
the examination. These tests covered a diverse set of conditions, including analyzing the
adaptability of the equipment to different ear morphologies. In addition, qualitative and
quantitative analyses were carried out to identify the primary deficiencies of the equipment
and proposed improvements. The evaluations included issues related to patient comfort
and ease of handling by healthcare professionals, considering different user profiles and
challenges faced in real clinical contexts.

4. Video Otoscope with an Integrated Scanner Prototype Validation
The development and adoption of new medical devices, such as the new video oto-

scope, requires systematic evaluation to ensure their effectiveness, efficiency, and accep-
tance by healthcare professionals, which is essential to ensure that they meet the needs of
healthcare professionals and provide a satisfactory and efficient user experience [41].

According to the International Organization for Standardization (ISO), usability is de-
fined as “the extent to which a system, product or service can be used by specified users to
achieve specified goals with effectiveness, efficiency, and satisfaction in a specified context
of use” [42]. To validate the new system, it is essential to measure not only its technical effi-
ciency but also the user’s experience of using the equipment in real clinical environments.

Clinical performance is related to the equipment’s ability to provide accurate, reliable,
and safe results when used in real situations. In the case of the video otoscope, clear and
detailed visualization of the structures of the EEC and tympanic membrane is crucial. Indi-
cators such as complete visualization and the ergonomics of the equipment are fundamental
to validating the device as a valuable tool in clinical practice. An efficient device reduces
examination time, improves patient comfort, and increases diagnostic accuracy, which
are essential characteristics in the clinical context of performing otoscopy. This includes
diagnostic or therapeutic efficacy, safety for the patient and the healthcare professional,
compliance with current international standards for the use of medical devices, and min-
imizing the risks and adverse effects associated with the use of the equipment. On the
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other hand, the device must also be able to adapt to the different anatomies of the EEC and
head without compromising the performance of the function for which it was designed,
maintaining its performance over time under normal conditions of use (i.e., reliability) [43].

The construction of the video otoscope prototype followed a set of stages illustrated in
Figure 6 and is now at the prototype evaluation stage.
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The analysis of ergonomics and patient safety is essential to ensure that the use of
the device does not compromise the comfort or physical integrity of the patient, so the
device’s design has been thought out to address these aspects as well. The construction of
this device took into account its physical and functional adaptation following the safety
and efficiency standards required in the medical device industry [44].

A clinical trial was carried out to validate and verify this prototype of the video
otoscope in which feedback was obtained from health professionals in the area, as well as
from users of the device, to collect qualitative and quantitative data on usability, ergonomics,
and satisfaction with the equipment [42]. The feedback was collected by self-administering
two questionnaires, one for health professionals and one for device users.

The questionnaire is a crucial tool to ensure that the new video otoscope meets the
needs of healthcare professionals, namely audiologists and patients while contributing to
advances in clinical practice and medical technology. Analysis of the results will make
it possible to identify areas for improvement and validate the device as a practical and
efficient solution in otoscopy.
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The application of this questionnaire aims to provide valuable feedback that will
contribute to the optimization of the otoscope, both in terms of performance and acceptance
in the clinical context. This evaluation aims to ensure that the new device is effective
and safe for diagnosis and to identify ways of improving the healthcare professional’s
experience, positively impacting the quality of patient care.

The first part of the questionnaire collects detailed information about the condition of
the patient’s outer ear, allowing audiologists and other healthcare professionals to assess
the specific characteristics of the EEC and eardrum, which are essential for comparing the
performance of the conventional otoscope and the new device. Analysis of the physical
aspects of the ear, such as the length and diameter of the EEC and the presence of cerumen
and/or foreign bodies in the EEC, or pathologies, are critical for determining the effective-
ness of the otoscope in a variety of conditions. The questionnaire then consists of short
closed-answer questions, which assess aspects such as the difficulty in handling the video
otoscope, the ability to adjust to the curvature of the EEC, and the learning curve to identify
barriers to its effective use. The authors believe that the design of a device should be guided
by the needs and limitations of the end users—based on the principle of user-centered
design. The questionnaire collects direct audiologist feedback, allowing for improvements
based on real user experiences. The usability of a medical device is fundamental to ensuring
that healthcare professionals can use it efficiently and safely without compromising the
quality of care.

Questions are performed to assess the efficiency of the video otoscope and explore its
comfort, stability, and ease of use. These aspects include the following: (i) the fixation of the
equipment in the patient’s external auditory canal, (ii) the depth of insertion, and (iii) the
clarity/sharpness of the image obtained, all of which determine the success of the clinical
examination. The Likert scale used in the questions makes it possible to capture subjective
levels of satisfaction and difficulty, translating qualitative opinions into quantitative data
that can be analyzed statistically, from difficulty in handling to overall satisfaction with the
equipment. These measurements are useful for identifying patterns in the user experience,
allowing for iterative device validation based on empirical feedback.

In addition, open questions are inserted into the questionnaire so that professionals
can identify specific limitations that could be improved in the device. This qualitative
information offers a more detailed view of the areas that need adjustment, whether related
to ergonomics, equipment performance, or comfort during prolonged use. According
to the Technology Acceptance Theory [45], perceived usefulness and ease of use are key
determinants of technology adoption. Collecting criticisms and suggestions helps the
researcher to align the device according to the users’ expectations.

The patient’s perspective was also taken into account through a questionnaire using
a Likert scale, where 1 corresponds to very dissatisfied/very difficult and 5 to very sat-
isfied/very easy, whose questions focus on the new device’s satisfaction, comfort, and
ergonomics. The degree of satisfaction using the video otoscope compared to conventional
otoscopy was also taken into account. As with the questionnaire aimed at healthcare
professionals, the open questions were considered an opportunity for device optimization
in future versions.

In this first validation phase, 11 health professionals answered the questionnaire, with
a minimum of one year’s professional experience and a maximum of 28 years, with an
average of 7.9 (SD ± 10.08) years of experience (Figure 7). This variation in the length
of professional experience was intentional to understand new professionals’ adherence
to the technology and, on the other hand, to see if the technology could be a barrier for
professionals with more years of experience with ingrained habits of using conventional
otoscopy. Each professional underwent two evaluations (right and left ear) for 22 experi-
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ences with the new device. Concerning the adjustment and fixation, the average response to
question 1—Difficulties in fixing/stabilizing the equipment to the participant’s head—was
3.09 (SD ± 1.3), with a mode of 4 for a maximum response of 5, corresponding to very sat-
isfied/very easy, according to the Likert scale. Regarding the second question—Difficulties
in positioning the acquisition system inside the EEC (with maximum depth) ensuring the
safety of the participant—the average was 2.67 (SD ± 0.73), with a mode of 3. Question 3—
Difficulties in adjusting the center of the image for the best visualization of the participant’s
tympanic membrane—had an average response of 2.86 (SD ± 1.03) and a mode of 3. With
regard to question 4 of this item on adjusting and fixing the new device, entitled How easy
was it to start using the video otoscope, the average response was 3.29 (SD ± 1.35), with
a mode of 4. Finally, the answers to question 5—How long did it take you to familiarize
yourself with the device’s controls?—revealed an average of 3.33 (SD ± 1.06), with a mode
of 3. Overall, we can see that with regard to adjusting and attaching the new device, the
average response was 3.03 (SD ± 1.14), with a mode of 3.
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Regarding the efficiency of the new video otoscope, we were asked two questions: the
first on the complete visualization of the tympanic membrane and the second on the visual-
ization of the entire external auditory canal, obtaining average answers of 3.18 (SD ± 1.62)
and 3.77 (SD ± 1.19), with a mode of 5 in both questions. Overall, on the effectiveness of
the new device, we found an average response of 3.48 (SD ± 1.44) with a mode of five
(maximum value).

Satisfaction with the new device was assessed through two questions: the first, How
satisfied are you with using the video otoscope?, and the second, which focused on the
comfort and ergonomics of the equipment, entitled Does the equipment seem ergonomic
and comfortable for long-term use in your clinical practice? The answers to these questions
had a mean of 3.18 (SD ± 0.98) and 2.45 (SD ± 1.21), with a mode of 3 and 2, respectively.
An overview analysis of satisfaction on the part of the Health professionals who took part
in this pre-test of the new device shows that the average response was 2.88 (SD ± 1.14),
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with a mode of 2. Open-ended questions and suggestions for improvement were put
forward, which essentially focused on attaching the equipment to the patient’s head, with
the possibility of the professional pulling the EEC, and on the ergonomics of the device with
a view to greater comfort, which is in line with the responses obtained in the questionnaire.

The results of the questionnaire addressed to patients (N = 10, 1 of the questionnaires
was not considered since the patient did not answer all the questions) revealed that their
level of satisfaction with the use of the video otoscope is 4.1 (SD ± 0.64) on the Likert scale,
with a mode of responses equal to 4 (Figure 8). Compared to conventional otoscopy, the
patients’ opinion points to a good degree of satisfaction with this new device, with an
average of 3.7 (SD ± 1.42) and a mode of 5. When asked about the ergonomics and comfort
of the device, the participants’ answers point to an average of 3.1 (SD ± 1.29) on the Likert
scale, with a mode of answers equal to 3. Facing the question, “Would you recommend this
device to a family member or friend?”, the majority of participants (80%) said yes.
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the video otoscope.

In the open-ended questions, participants mentioned improving the fit of the head
support for greater comfort.

At this stage of development, it is possible to observe that this prototype version is
already at a stage where it is producing results with some consistency. However, given the
results obtained in the pre-test, the prototype’s next iteration should consider improving
patient comfort and improving the device’s fastening system.

The optimization proposals presented as results of the usability tests will increase the
developed device’s effectiveness, comfort, and adaptability. Improvements to be taken into
account for the next iteration include the following: (i) changing geometry to unobstructed
manual retraction, (ii) reducing camera diameter, (iii) increasing insertion angle flexibility,
(iv) button integration for image capture, and (v) simplifying the harness attachment system.
Implementing these optimization proposals is crucial for the otoscope to respond to clinical
needs in a more robust way, facilitating the work of speech therapists and increasing
patients’ well-being.

However, the work does not end with the improvement proposals presented. It is
essential to continue the development process to ensure the video otoscope meets the
clinical needs in an effective and safe manner, applying the suggested changes and carrying
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out new validation tests. Future testing should include a larger sample of users to ensure
the device is tested in different scenarios and patient profiles, allowing for continued
refinement of design and functionality. Furthermore, integrating new technologies that
can further improve the performance of the video otoscope should be explored, making
it an even more efficient and versatile tool for clinical use. For example, incorporating
AI for the automatic analysis of obtained images could significantly facilitate diagnosing
and monitoring pathologies. By implementing advanced machine learning algorithms and
neural networks, the system will be able to identify patterns associated with ear pathologies,
highlighting possible abnormalities quickly and accurately. This feature would not only
reduce the time required for analysis by healthcare professionals but also minimize the
possibility of human errors during image interpretation.

Furthermore, using AI could contribute to the development of a dynamic and con-
stantly evolving database, fed by previous diagnoses and new medical discoveries, allowing
for a continuous learning process for the system. This way, the video otoscope would be
more than just a diagnostic tool; it might serve as a clinical decision support platform.
Furthermore, the use of additional sensors to monitor the positioning of the video oto-
scope during the examination could provide real-time feedback, improving the accuracy of
the procedure.

5. Conclusions
The introduction into the market of a video otoscope with an integrated scanner at

an affordable cost, providing low-cost customized hearing aid manufacturing, opens new
horizons for the application of audiology as an alternative and innovative method in the
treatment of cognitive and degenerative diseases as well as in the monitoring of otological
pathologies. This subject deserves to be explored. The prototype validation tests allowed
the identification of some limitations to the model, for which researchers are building
solutions adjusted to the needs of both healthcare professionals and customers. After
overcoming the limitations, further validation testing is required. Despite this process, the
incorporation of AI into the prototype is crucial to meeting our proposal for a completely
innovative prototype on the market, managing to combine in a simpler and safer process
the ability to create a 3D ear mold and simultaneously monitor pathologies. As such,
the following steps of this work will be to optimize the device presented to make it an
integrated and commercialized solution.

It is expected that the use of the video otoscope presented here results in (i) no risks for
the patient; (ii) a drastic time reduction to obtain the EEC geometry; and (iii) an increasing
ability to capture high-resolution and quality EEC geometry images. In fact, the device will
not only avoid the risks associated with silicone injection, but it will also allow the DDM of
hearing aids from the 3D CAD model generation. As the images are captured in real time, it
is possible to establish, by using AI methodologies, medical protocols for carrying out more
accurate diagnoses and efficient monitoring of EEC pathology evolution, e.g., exostoses
progression with more accuracy at all times. Furthermore, a significant reduction in the
time required to obtain a hearing aid and a substantial reduction in the manufacturing
process cost due to the efficiency associated with DDM application can also be expected.
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